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Abstract—A semiempirical equation of state was derived for magnesite under the thermodynamic conditions
of the Earth’s mantle. Within experimental uncertainties, it is consistent with thermochemical, ultrasonic, X-ray,
and shock-wave data at temperatures from 15 K to the melting point and pressures of up to 100130 GPa. The fol-
lowing values were recommended for the isothermal bulk modulus and its pressure derivative: Kt = 111.71 GPa
and K' =4.08. Thermodynamic analysis showed that magnesite does not decompose to periclase and CO, under
the thermodynamic conditions of the Earth’s lower mantle and outer core.
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Recent experimental studies [1, 2] have shown that
magnesite (MgCOs) is stable and retains its structure to
a pressure of at least ~110 GPa at temperatures of
2000-3000 K. At a pressure of ~115 GPa, magnesite
converts to a new form, which was referred to as mag-
nesite II by Isshiki et al. [2]. First principles calcula-
tions [3] showed that magnesite transforms into a
pyroxene structure at a pressure of 113 GPa and into a
CaTiOs-type structure above 200 GPa, which is in
agreement with direct experimental measurements.
Consequently, magnesite is stable under the P-T param-
eters of the Earth’s upper and lower mantle and outer
core. Phase relations of magnesite with silicates at high
temperatures and pressures are of considerable interest
for the assessment of the role of carbon in the Earth’s
interiors and have been a subject of extensive experi-
mental research (for instance, see the review of Liu [4]).
Of equal importance in the investigation of carbonate—
silicate phase relations is the thermodynamic analysis
of physicochemical processes in the Earth’s interiors
[5, 6], the reliability of which is primarily controlled by
the quality of thermodynamic information. It is no won-
der, therefore, that a number of models has been pro-
posed during the past decades for the equation of state
of minerals that can be used to solve this problem
[7-16]. They concern mainly silicates and oxides. The
thermodynamic properties of carbonates are available,
for instance, in the database of Holland and Powell
[17], but they are not appropriate for the thermody-
namic analysis of phase relations under the conditions
of the Earth’s upper and lower mantle. Because of this,
the goal of the present study was to comprehensively
evaluate experimental and theoretical data for magnes-
ite, derive its equation of state, and analyze magnesite
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stability under the thermodynamic conditions of the
Earth’s lower mantle.

The equation of state of magnesite was derived on
the basis of the modified formalism proposed in [12,
15, 18]. The Helmholtz free energy is written as a sum
of several contributions, one of which depends on vol-
ume only and others, on temperature and volume:

F=Uy+EV)+ F(V,T)+ Fpun(V, T), (1)

where U, is the reference energy, which is introduced to
obtain reference AH; 593 values under standard condi-
tions; E(V) is the potential (cold) part of the free energy
on the reference isotherm which depends on volume
(V) only; Fy(V, T) is the quasiharmonic part of the
Helmbholtz free energy, which is a function of volume
and temperature; and F,,,(V, T) is the contribution of
intrinsic anharmonicity.

The cold energy is expressed as [19]
E(V)

= 9K Von [1=[1-n(1 - y)]exp[(1-ymIl,
where y = x'3 = (V/V)? and n = 1.5(K' - 1).
The quasiharmonic part of the Helmholtz free
energy is approximated as
: (di-1)
F, = ZmBiR[z—a,iGBi— Thn(1 + bi)}
1

j 3)
+ ZmEjR[% + Tln(l - exp%ﬂ,
1

where Og; and Og; are the characteristic temperatures
depending on volume, which is usually expressed in a
dimensionless form as x = V/V,, (V, is the volume under



562

Table 1. Parameters of the equations of state of magnesite
and periclase

Parameter MgCO;, MgO
Uy, J/mol -1130999 —609687
Vo, cm® 28.018 11.248
Ky, GPa 111.71 160.31
K 4.08 4.18
051, K 339.3 4473
dg, 6.479 11.243
mg, 3.350 1.429
Op,, K 828.8 384.0
dg, 12.635 3.593
My, 3914 0.276
O, K 1677.6 703.8
Mg, 3914 2.570
Op, K 384.1 446.0
Mg, 4.125 1.725
Yo 1.048 1.528
Yoo 0.757 1111
B - 4.509
a, K1 *E6 -20.5 13.56
m 1.5 5.23

standard conditions); d; is the exponential parameter
controlling the behavior of the heat capacity near 0 K;
b = 1/lexp(g) —1], g=dIn[1 + ©y/(Td;)]; and mg; and
myg; are the degrees of freedom, the sum of which must
be 3n, where n is the number of atoms in the unit cell.

The volume dependence of characteristic tempera-
tures was expressed after [20] as

© = Oyx'"exp [X%zf(l —xﬁ)} 4)

where Y, V., and B are adjusted parameters. It was
assumed that the vy, and B values of magnesite are
linked by the equation B = y,/(Y, — Y..) [20]. Equation (4)
yields
_ dln® _ B
= TSV Yo (Yo—Ve)x',
_dlny _ 4 pYo— V-
1= v ~ Px vy o
The contribution of anharmonicity is expressed in
the form [21] (other models were discussed in [22, 23])

m

&)
2 2 o/T
x{(zm_@g J e T}
20 T) (2" - 1)
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Pressure on the shock-wave adiabat was calculated
using the equation [18]

P(x) - LIE(x) - Eo]
T R ©
2x

Then, taking into account these analytical expres-
sions, all the desired thermodynamic functions can be
obtained by differentiating Eq. (1) with respect to tem-
perature at constant volume and with respect to volume
at constant temperature: entropy S =—(dF/dT) internal
energy £ =F + T8, constant volume heat capacity Cy, =
(OE/OT),; pressure P = —(dF/dV)y isothermal bulk mod-
ulus K; = —V(0P/dV);; and pressure slope at constant
volume (dP/dT), = oKy, where o= 1/V(dV/oT), Heat
capacity at constant pressure is determined from Cp =
Cy + 0’TVK,, adiabatic bulk modulus is Ky = K; +
VT(0K7)?/C\, enthalpy is H = E + PV, and the Gibbs
free energy is G = F + PV. Thus, all the necessary ther-
modynamic functions can be determined as functions

of Tand P or T and V.

It should be noted that, the during the practical
implementation of the equation of state, the Helmholtz
free energy is written as F=U,+ E(V)+ F(V, T)- F(V, T,),
and the obtained fitted parameters of the equation of
state correspond, therefore, to the reference conditions
T,=1298.15 K and P, = 1 bar. Furthermore, it should be
kept in mind that Egs. (1)-(6) are written as functions
of temperature and volume, and the calculation of ther-
modynamic functions under given 7'and P must involve
a preliminary determination of volume from these
equations.

The results of simultaneous treatment of the experi-
mental measurements of the heat capacity [24, 25] and
thermal expansion of magnesite [26], ultrasonic [27,
28], V=P [29-33], V-P-T [34], and shock data [35] are
illustrated below in diagrams and the adjusted parame-
ters are given in Table 1. Figures 1 and 2 show the devi-
ation of calculated heat capacity values from experi-
mental data at low temperatures, heat capacity at con-
stant pressure and constant volume, thermal expansion
coefficient, and adiabatic and isothermal bulk moduli as
functions of temperature at zero pressure, which are
compared with the available experimental and compu-
tational data. Also shown are the isobaric heat capacity
and thermal expansion coefficient of magnesite at pres-
sures of 3 and 100 GPa.

The low-temperature heat capacity is in good agree-
ment with the measurements of [24] (Fig. 1a), and the
calculated standard entropy of magnesite, S,;3 =
65.07 J/mol K, coincides with the data of [24, 25]. The
high-temperature isobaric heat capacity is in good
agreement with the values given in the handbook of
Robie et al. [25] (Fig. 1b) and the value calculated by
Matas et al. [36], who used an equation of state based
on the analysis of the IR and Raman spectra of magne-

No.6 2007



EQUATION OF STATE OF MAGNESITE FOR THE CONDITIONS

O (a)

) 1 1 1 |
0 100
Cp, Cy, J/(mol K)

150
130
110

90

800 1100 1400 1700 2000

T,K

Fig. 1. (a) Deviation of the calculated heat capacity of mag-
nesite from experimental data at low temperatures, (AC,, =
(Cpexp = Cpeal)/Cpexp X 100) and (b) heat capacities at con-
stant pressure and constant volume at pressures of 1 bar,
3 GPa, and 100 GPa.

site. Noteworthy is the very high isobaric heat capacity
of magnesite at temperatures higher than 1000 K
according to the handbook of [37]. Such a considerable
increase in heat capacity can only be provided by a very
large value of the anharmonicity parameter, which is
not supported by experiments [36]. In contrast to metals
[15], the comprehensive estimation of the anharmonic-
ity parameters a and m of magnesite is hampered by the
scarcity of experimental measurements (e.g., thermal
expansion coefficient at low temperatures and adiabatic
bulk modulus as a function of temperature); therefore,
we accepted m = 1.5 after [36]. The isobaric heat capac-
ity of magnesite obtained here is slightly higher than
high-temperature Cj calculated by Matas et al. [36] but
significantly lower than the handbook values [25, 37].
Our calculations for o(7) and K/(7)) are in adequate
agreement with the results of [36] (Fig. 2), and the dif-
ference in slope is related to the different values of the
anharmonicity and Gruneisen parameters.

Zhang et al. [34] reported the results of V—P-T mea-
surements for magnesite up to a pressure of 8.6 GPa
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Fig. 2. (a) Thermal expansion coefficients at pressures of
1 bar, 3 GPa, and 100 GPa. (b) Adiabatic and isothermal
bulk moduli at atmospheric pressure compared with the
available experimental and computational data.

and a temperature of 1285 K. These authors fitted their
data to the high-temperature Birch—-Murnahan equation
in two approximations: (1) the parameter K' = dK;/dP
was fixed at K' =4 and (2) K was adjusted to 2.33. As a
result, they obtained almost identical o7) dependencies
and contradictory results for the isothermal bulk modulus
(Fig. 2). The second variant with the lower K' value is
more consistent with ultrasonic measurements [27, 28].
This demonstrates that the processing of V—P—T data only
without invoking even the simplest models of the equation
of state (for instance, the Mie—Gruneisen—Debye model)
cannot be successful in terms of the choice of a physi-
cally justified variant.

The volume—pressure (V—P) relations of magnesite
were studied up to a pressure of 110 GPa at room tem-
perature [2, 30-33, 38]. Based on thermodynamic con-
siderations, the measurements of [30, 38] plotting
above the shock adiabat of [35] in the P-x diagram were
rejected. Reproducible results were obtained in subse-
quent studies under quasi-hydrostatic conditions with
various internal pressure standards. They are compared

2007
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Fig. 3. Calculated isotherms and adiabat of magnesite compared with experimental data and first principles calculations [40].
(a) Isotherms of 300, 1073, and 2000 K at pressures of 0—40 GPa. (b) Isotherms of 300, 2000, and 3000 K and the shock-wave adi-
abat (thick line) at pressures of 40—120 GPa obtained in various pressure media, including Ar, epoxy resin, silicon oil, methanol—etha-
nol-water (MEW), and methanol-ethanol (ME), and under nonhydrostatic conditions (no medium). H denotes shock-wave data.

in Fig. 3 with the calculated isotherms of 300, 1073,
2000, and 3000 K and pressure values on the shock-wave
adiabat. As can be inferred from this diagram, the use
of silicon oil and methanol-ethanol-water as a pres-
sure-transmitting medium does not provide hydrostatic
conditions at pressures of above 12 GPa and 10 GPa,
respectively. The results of measurements in an argon
medium at pressures of higher than 20 GPa [31]
revealed a certain influence of stress, which resulted in
a significant pressure shift to higher values. The results

GEOCHEMISTRY INTERNATIONAL  Vol. 45

of P-V-T measurements by Zhang et al. [34], who used
epoxy resin as a pressure medium, are in agreement
with our calculations, including those for the 1073 K
isotherm (Fig. 3a).

The P-V and P-V-T relations of magnesite were
also measured under nonhydrostatic conditions [2, 31,
32]. In order to minimize stresses, these authors used
laser heating up to 2000-2500 K and quenching to
room temperature under the same pressure at which

No.6 2007
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unit-cell parameters were measured; however, contra-
dictory results were obtained (Fig. 3b). On the one
hand, the room-temperature isotherms after [2, 31]
appeared to be similar to the shock-wave adiabat and
lie above our room isotherm. On the other hand, the
room-temperature isotherms reported in [32] almost
coincides with the calculated 2000 K isotherm. This
discrepancy could be related either to different pres-
sure scales used by these authors or to interlaboratory
biases. Platinum was used as a pressure standard in
[31, 32], whereas Isshiki et al. [2] obtaining the room-
temperature isotherm on the basis of the ruby pressure
scale for nonhydrostatic conditions [39]. The ruby scale
significantly underestimates pressure at 50-100 GPa
[13]. Taking into account this fact, the room-tempera-
ture isotherm of [2] must lie between the 2000 and
3000 K isotherms (Fig. 3b).

Thus, a comparison of calculations and experiments
shows that the proposed equation of state of magnesite
is consistent within the experimental errors with ther-
mochemical, ultrasonic, X-ray, and shock-wave data
and does not contradict first principles calculations
[40]. The following values were obtained for the iso-
thermal bulk modulus and its pressure derivative under
standard conditions: K, = 117.74 GPa and K' = 4.06.

The values of K; and K reported in previous studies
[29-36, 38] ranged from 99 to 156 GPa and from 2.3 to
9, respectively. It should be pointed out that the bulk
moduli vary nonlinearly with temperature at atmo-
spheric pressure (Fig. 2b), and they must be extrapo-
lated to high temperatures with great care. As was noted
above, simple equations of state linking P-V-T data
only [34] provide an excellent approximation of vol-
ume as a function of temperature and pressure but do
not permit an unequivocal choice of, say, isothermal
bulk modulus (Fig. 2b).

Finally, let us constrain the stability field of magne-
site using the thermodynamic data, i.e., calculate the
equilibrium line of the reaction MgCO; = MgO + CO,.
Previous calculations [32] showed that, depending on
the accepted slope (0K;/0T) magnesite can either be
stable under the conditions of the Earth’s lower mantle
and outer core [if (0K/dT), =—-0.021 GPa/K] or decom-
pose to periclase and carbon dioxide at a temperature of
3000 K and pressures of higher than 100 GPa [if
(0K/oT)p = —0.013 GPa/K].

Since the numerical implementation of the proposed
equation of state is rather complicated, Tables 2 and 3
list the Gibbs free energy of magnesite according to the

Table 2. Gibbs free energy of magnesite (kJ/mol) as a function of 7'and P

Pressure, Temperature, K

GPa 298.15 500 1000 1500 2000 2500 3000
0 -1130.996 -1148.924 —1225.421 —-1333.830 —1468.749 -1615.299 —-1781.890
1 -1103.105 -1120.866 —1196.806 -1304.517 —1438.504 —-1584.067 —1749.180
2 -1075.450 —-1093.053 -1168.463 -1275.515 —1408.633 —-1553.293 -1717.109
3 -1048.026 —-1065.477 —-1140.382 -1246.810 -1379.114 -1522.939 —1685.595
5 -993.830 -1010.999 —-1084.959 -1190.228 —-1321.040 -1463.367 -1624.004
10 -861.801 -878.351 -950.257 -1053.034 -1180.714 -1319.981 —-1476.692
20 —610.140 —625.719 —694.397 —793.319 -916.308 -1051.106 —-1202.394
30 -371.729 —386.557 —452.733 —548.695 —668.667 —799.667 —947.095
40 -143.952 —-158.169 —222.297 —315.843 —432.543 -561.344 —705.740
50 74.959 61.258 -1.133 -92.632 —207.011 -333.540 —475.427
60 286.283 273.029 212.148 122.428 10.030 -114.510 —254.246
70 490.987 478.127 418.582 330.440 219.765 97.005 -40.844
80 689.830 677.321 618.975 532.251 423.097 301.957 165.792
90 883.419 871.228 813.969 728.535 620.739 501.092 366.450
100 1072.255 1060.353 1004.091 919.839 813.266 695.009 561.760
110 1256.866 1245.251 1189.733 1106.618 1001.154 884.201 752.235
120 1437.384 1425.933 1371.418 1289.223 1184.803 1069.081 938.305
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Fig. 4. Magnesite stability field after [43] compared with cal-
culations for two different equations of state of CO, [41, 42].

data of Table 1 and periclase [15] up to 3000 K and
130 GPa calculated as Gr.p = Hyp — Sy p X T. The stan-
dard enthalpy was taken from [17], and the correspond-
ing values of U, (Eq. 1) are given in Table 1. The fugac-
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ity of carbon dioxide was calculated using modern
equations of state of CO, [41, 42]. As expected, the cal-
culated equilibrium line of the reaction MgCO; =
MgO + CO, is in good agreement with experimental
data [43] in the region of high temperatures and rela-
tively low pressures (Fig. 4). It was more interesting
to calculate the equilibrium line of this reaction for the
pressure—temperature region around 100 GPa and
3000 K, which is already accessible to experimental
methods [2]. Our calculations with the equation of state
of CO, after [41] suggested that magnesite is stable at
pressures of at least 130 GPa and 3000 K. The equation
of state of CO, after [42] is valid for pressures of up to
10 GPa, and CO, fugacity at higher pressures was
obtained by extrapolation (S. Churakov, personal com-
munication). It appeared that the use of this equation of
state of CO, also indicated magnesite stability at pres-
sures of at least 130 GPa and 3000 K. Thus, the calcula-
tions unambiguously demonstrated that magnesite is
thermodynamically stable under the conditions of the
Earth’s lower mantle and outer core. It should be noted
that this analysis ignored high-pressure structural trans-
formations in magnesite, which were revealed by direct

Table 3. Gibbs free energy of periclase (kJ/mol) as a function of 7' and P

Pressure, Temperature, K

GPa 298.15 500 1000 1500 2000 2500 3000
0 —609.686 —617.421 -650.920 —697.629 —753.394 —-816.181 —884.819
1 -598.474 —606.131 —-639.395 —685.835 —741.295 -803.732 -871.957
2 —587.328 -594.910 —627.949 —674.130 —729.299 —791.406 —-859.249
3 -576.249 —583.758 -616.579 —662.512 —717.404 —779.198 —846.685
5 —554.280 -561.651 -594.057 —639.521 —693.893 —755.109 —821.945
10 -500.389 -507.449 -538.924 —583.344 —636.575 —696.547 —762.019
20 -396.451 —403.001 —432.940 —475.660 =527.072 -585.103 —648.510
30 -296.807 -302.947 —331.642 -372.998 —422.967 —479.489 -541.318
40 -200.743 —206.540 —234.187 —274.395 -323.162 —378.435 -438.972
50 -107.744 —-113.248 —139.986 -179.201 -226.931 —281.133 —340.569
60 -17.424 -22.673 —-48.608 -86.944 —-133.760 -187.021 —245.491
70 70.519 65.497 40.282 2.735 -43.261 -95.679 —153.289
80 156.329 151.511 126.949 90.119 44.868 —6.787 —63.618
90 240.205 235.572 211.608 175.436 130.868 79.913 23.795
100 322314 317.849 294.437 258.875 214.939 164.630 109.171
110 402.799 398.489 375.589 340.594 297.245 247.538 192.691
120 481.779 477.612 455.191 420.726 377.929 328.784 274.510
GEOCHEMISTRY INTERNATIONAL  Vol. 45 No.6 2007
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experimental measurements [2] and first principles cal-
culations [3, 44] but could not be accounted for in our
calculations because of the lack of thermodynamic data.
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