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Thermochemical modeling of molten silicates 

In general, activity ai and mole fraction Xi are related via 𝑎! = 𝛾!𝑋! 

with 𝛾! = 1 for ideal solutions and 𝛾! ≠ 1 for non-ideal solutions 

 

Figure shows activity << mole fraction for Na2O 

We want to compute a = f(T,P,X) for multicomponent silicate melts. 

Then we can compute all other properties of the silicate melts. 

Define some concepts and nomenclature for thermodynamics of 

solutions before proceeding 
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Thermodynamics of solutions 
 

Mole Fraction Notation 

We express concentration as mole fraction Xi, e.g., for the Na2O – 

SiO2 binary solution, the mole fraction of Na2O is 

𝑋!"!! =
𝑛!"!!

𝑛!"!! + 𝑛!"#!
 

where n is the number of moles of Na2O or SiO2, respectively. 

The sum of mole fractions for a solution is unity. For example, 

considering molten soda-lime glass (Na2O – CaO – SiO2) 

𝑋!"!! + 𝑋!"# + 𝑋!"#! = 1 

Typical Na2O/SiO2 molar ratios in planetary materials: 

Object Na2O/SiO2 molar ratio 

Bulk silicate Moon 0.0010 

Bulk silicate Earth 0.0076 

Earth’s crust 0.052 

CI Chondrites (= solar ratio) 0.029 

 

The SiO2-rich end of Na2O – SiO2 melts is most relevant for us. 
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Thermodynamics of solutions II. 

Gibbs Energy of Solution 

Two or more components form solutions because it is energetically 

favorable to do so – the solution has a lower Gibbs energy G than the 

physical mixture of the two (or more) components.  

Δ𝐺! = 𝐺!"#$%&"' − 𝐺!"#$%&' 

We call ΔGM the Gibbs energy of mixing. For the Na2O – SiO2 binary, 

Δ𝐺! = 𝑛!"!! 𝐺!"!! − 𝐺!,!"!!
! + 𝑛!"#! 𝐺!"#! − 𝐺!,!"#!

!  

Δ𝐺! = 𝑛!"!! 𝑅𝑇𝑙𝑛𝑎!"!! + 𝑛!"#! 𝑅𝑇𝑙𝑛𝑎!"#!  

The terms in the equations are the number of moles (ni) of each 

component, the partial molal Gibbs energy of each component in the 

solution (e.g., 𝐺!"!!), the molar Gibbs energy of each pure liquid 

oxide (e.g., 𝐺!,!"!!
! ) at the same temperature, and the activity (𝑎!"!!, 

𝑎!"#!) of each component (see Solution Thermodynamics slide IV).  

All the other thermodynamic properties of solutions can be derived by 

differentiation of ΔGM the Gibbs energy of mixing using the 

fundamental equation dG = VdP – SdT and the Gibbs – Helmholtz 

equation G = H – TS.  
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Thermodynamics of solutions III. 

Other Properties Derived From ΔGM 

For example, the entropy of mixing is given by the partial derivative at 

constant pressure (P) and composition (X) 

Δ𝑆! = −
𝜕∆𝐺!

𝜕𝑇
!,!

 

The volume of mixing is given by 

Δ𝑉! =
𝜕∆𝐺!

𝜕𝑃
!,!

 

The enthalpy (or heat) of mixing is given by 

Δ𝐻! =
𝜕∆𝐺!/𝑇
𝜕(1 𝑇

!,!
 

The constant pressure heat capacity CP (𝜕𝐻 𝜕𝑇) of mixing is given by 

∆𝐶!! = −𝑇
𝜕!∆𝐺!

𝜕𝑇!
!,!
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Thermodynamics of solutions IV. 

Definition of Thermodynamic Activity 

Thermodynamic activity (a) – henceforth activity – G.N. Lewis 1907 

𝑎 =
𝑓
𝑓∗
≅
𝑝
𝑝∗

 

The activity of a material is approximately equal to the ratio of the 

partial pressure (p) of the material at some P,T,X and the saturation 

vapor pressure (p*) of the pure material at the same total pressure 

(P) and temperature (T). The activity is exactly equal to the fugacity 

ratio where f = Γp with Γ = 1 for ideal and Γ ≠ 1 for non-ideal gases. In 

the absence of PVT data for many high temperature gases, we 

assume Γ = 1 for our discussion and define activity as 

𝑎 =
𝑝
𝑝∗

 

Example: At 1600 C (1873 K) the vapor pressure of pure liquid Fe is 

0.0572 mm Hg and the Fe vapor pressure over molten Fe – Ni alloy 

(Fe0.9Ni0.10) is 0.05124 mm Hg. Calculate the activity of pure liquid Fe 

and Fe in the molten alloy from these data. 

𝑎!"(!"#) =
!.!"#$
!.!"#$

= 1 and 𝑎!!(!""#$) =
!.!"#$%
!.!"#$

= 0.90 
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Thermodynamics of solutions V. 

Ideal Solutions 

These follow Raoult’s Law at all concentrations: 

𝒂𝒊 = 𝑿𝒊 =
𝑓!
𝑓!!

≅
𝑝!
𝑝!!

 

Ethylene and propylene bromide (C2H4Br2 – C3H6Br2) form an ideal 

solution (𝑝! = 𝑋!𝑝!!) giving a characteristic straight-line plot:
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Thermodynamics of solutions VI. 

Enthalpy of Mixing 

Ideal solutions also are athermal  

Δ𝐻! = 0 =
𝜕∆𝐺!/𝑇
𝜕(1 𝑇

!,!
 

This is easy to understand if we use the definition of an ideal solution 

and substitute into our expression for the Gibbs energy of mixing. 

Any two components A and B in an ideal solution (ai = Xi) 

Δ𝐺! = 𝑛! 𝑅𝑇𝑙𝑛𝑎! + 𝑛! 𝑅𝑇𝑙𝑛𝑎!  

Δ𝐺! = 𝑛! 𝑅𝑇𝑙𝑛𝑋! + 𝑛! 𝑅𝑇𝑙𝑛𝑋!  

The ideal gas constant R, number of moles, and mole fractions are 

constant, hence  

𝜕∆𝐺!/𝑇
𝜕(1 𝑇

!,!
=

𝜕
𝜕 1 𝑇

𝑅 𝑛!𝑙𝑛𝑋! + 𝑛!𝑙𝑛𝑋! = 0 

Conversely non-ideal solutions have ΔHM ≠ 0 because γi ≠ 1 

𝜕∆𝐺!/𝑇
𝜕(1 𝑇

!,!
=

𝜕
𝜕 1 𝑇

𝑅 𝑛!𝑙𝑛𝛾! + 𝑛!𝑙𝑛𝛾! ≠ 0 

The next page shows ΔHM for ideal and non-ideal solutions. 

The large negative ΔHM values for Na2O – SiO2 occur because 

activity coefficients << 1 for Na2O 
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where HMix(NS− S),323,α
G is the enthalpy of mixing of glasses at 323 K

determined by Hovis et al. [35].
Other experimental data include the enthalpies of dissolution by

lead borate solution calorimetry at 876 K [51]. In the calorimetry
measurements, because the samples between 60–84 mol% SiO2 are
super cooled liquids but glasses in SiO2 end-member, the following
correction must be made:

HL
Mix NS−Sð Þ;α = HL

Mix NS−Sð Þ;876;α + XL
SiO2

∫
Tg−SiO2

876

CpLSiO2
−CpGSiO2

! "
dT ð18Þ

where HMix(NS− S),876,α
L is the enthalpy of mixing at 876 K determined

by Rogez and Mathieu [51].
HMix(NS− S),T,α
L in Eqs. (17) and (18) can be converted to the

enthalpy of mixing of liquids in the Na2O–SiO2 system by the
following relation:

HL
Mix;α = HL

Mix NS−Sð Þ;α + 2−2XL
SiO2

! "
HL

Mix;NS ð19Þ

where HMix,NS
L is the HMix,α

L at 50 mol% SiO2.
From the enthalpy data of the present study, Fan [10], Naylor [37],

Richet et al., [38], and the data listed in Table 2, a weighted average of
HMix,NS
L is calculated to be −110.2±0.3 kJ/mol.
The values of HMix,α

L were obtained from Eqs. (17–19) using the data
on solution calorimetries obtainedbyRogez andMathieu [51] andHovis
et al. [35], published heat capacities [38], Tg [45], and HMix,NS

L =
−110.2 kJ/mol.

Figs. 2 and 3 show the comparisons between the enthalpies of
mixing of liquids in the Na2O–SiO2 system (HMix,α

L ) and in the
orthosilicate (1/3 Na4SiO4)–SiO2 system converted from HMix,α

L ,
respectively. The values of HMix,α

L determined by DSC tend to be
slightly higher than those determined by transposed-temperature
drop calorimetry [10]; however, they are consistent within errors. The
enthalpies calculated using HMix(NS− S)

G by Hovis et al. [35] are in good
agreement with the HMix,α

L calculated in the present study. The
enthalpies in the Na2O–SiO2 and 1/3 Na4SiO4–SiO2 systems are the
most exothermic around XSiO2

L =0.35~0.40 and 0.50~0.60, respec-
tively, and they are convex upward around XSiO2

L =0.80~0.90.
In the case of a binary system, the Gibbs energy or enthalpy of

mixing can be obtained from the data of composition dependence of
partial molar properties (ΔG

L
Na2O;α or ΔH

L
Na2O;α) using Gibbs-Duhem

integration. Therefore, instead of the calorimetric measurement of
melt enthalpy, activity measurements of Na2O have been extensively

performed by various techniques including mass spectrometry [1–4],
EMF measurement [5–8], and mixed-phase equilibria [9]. In these
literatures, it has been reported that, in the composition range from
40 to 80 mol% SiO2, log aNa2O,α

L decreases with an increase in the SiO2

content and a decrease in the temperature, as shown in Fig. 4. The
activity of Na2O is related to hi, si, and ΔG

L
Na2O;α through Eq. 14. The

relationship between ΔG
L
Na2O;α and the SiO2 contents is shown in

Fig. 5.
In addition to the above experimental data, the temperatures and

compositions of cristobalite and tridymite liquidus [42,52] and
metastable liquid immiscibility [53–57] were considered to constrain
the mixing properties of the SiO2-rich liquids. In the equilibrium
condition, the following relations must be satisfied:

GS
SiO2 ;T−GL

SiO2 ;T = RT ln aLSiO2 ;T ð20Þ

and

∂GL
Mix; T

∂XL
SiO2

 !

X=α2

=
∂GL

Mix; T

∂XL
SiO2

 !

X=α1

and
∂2GL

Mix; T

∂XL
SiO2

2

 !

X=α2

= 0 ð21Þ

where GSiO2,T
S −GSiO2,T

L is the difference in Gibbs energy at the
temperature and composition of cristobalite liquidus. α1 and α2
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Ideal Mixing of Complex Components (IMCC) Model 

Developed by Hastie & colleagues at NIST(NBS) in 1980s 

Very negative ΔHM values (e.g., Na2O – SiO2) show aoxide << Xoxide  

The IMCC model computes 

𝑎!"#$% = 𝑋!"#$%∗  

The 𝑋!"#$%∗  is the mole fraction of unbound oxide in the melt 

The activity coefficient is calculated from 

𝛾!"#$% =
𝑋∗

𝑋!
 

The 𝑋! is the total mole fraction of the oxide added to the melt. 

Combination of these two equations is simply 

𝑎!"#$% = 𝛾!"#$%𝑋! 

The change from 𝑋!to 𝑋!"#$%∗  is computed using chemical equilibria 

between fictive components (aka pseudo-species) in the melt.  

K2SiO3 (liq), K2Si2O5 (liq), and K2Si4O9 (liq) used for K2O – SiO2 melts 

 

IMCC model – precursor of models by Allendorf, Spear & colleagues 

Does not depend on actual (poorly known) speciation in the melts 

Good agreement with experimental data (shown later) 

Can be modified for oxides with 𝛾!"#$% > 1 
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MAGMA Code Example for K2O – SiO2 melts 

1. K2O (liq) + SiO2 (liq) = K2SiO3 (liq) 

𝐾! =
𝑎!!!"#!
𝑎!!!𝑎!"#!

 

2. K2O (liq) + 2 SiO2 (liq) = K2Si2O5 (liq) 

𝐾! =
𝑎!!!"!!!
𝑎!!!𝑎!"#!

!  

3. K2O (liq) + 4 SiO2 (liq) = K2Si4O9 (liq) 

𝐾! =
𝑎!!!"!!!
𝑎!!!𝑎!"#!

!  

The equilibrium constants are calculated from literature data 

The activity coefficient for K2O is given by 

𝛾!!! =
𝑎!!!

𝑎!!!"#! + 𝑎!!!"!!! + 𝑎!!!"!!!
 

The activity of K2O calculated from the reactions above and from the 

vaporization reaction below must be equal. 

2 K2O (liq) = 4 K (gas) + 2 O2 (gas) 

𝐾!"# =
𝑃!!𝑃!!

!

𝑎!!!
!  

Gas phase equilibrium chemistry including thermal ionization, also 

computed, e.g., K, K2, K+, e-, KO, K2O for potassium 

☛ See figure showing pseudo-species, 1500 K isotherm 
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MAGMA Code 

Includes SiO2, MgO, FeO, CaO, Na2O, K2O, TiO2, and Al2O3 

Most abundant oxides in silicates on Earth and other rocky planets 

Consequence of two factors 

– solar abundances of the elements 

– geochemical affinity (atmophile, chalcophile, lithophile, siderophile) 

 

 

 

 

 

 

 

 

Look at some examples of code calculations vs.  

– experimental data 

– theoretical calculations by other groups 

Vapor pressures of pure oxides 

Na2O – SiO2 and K2O – SiO2 binary systems 

Multicomponent systems  

218 L. Schaefer, B. Fegley / Icarus 169 (2004) 216–241

Table 1
Species included in MAGMA code calculations

Melt species Vapor species
SiO2,MgO, FeO, CaO, Al2O3, TiO2, O, O2
Na2O, K2O Si, SiO, SiO2
MgSiO3, Mg2SiO4, MgAl2O4,MgTiO3, MgTi2O5, Mg, MgO
Mg2TiO4,Mg2Al4Si5O18 Fe, FeO
FeTiO3, Fe2SiO4, FeAl2O4 Ca, CaO
CaAl2O4, CaAl4O7, Ca12Al14O33, CaMgSi2O6, Al, AlO, AlO2,
Ca2MgSi2O7, Ca2Al2SiO7, CaAl2Si2O8, CaTiO3, Al2O, Al2O2
Ca2SiO4, CaTiSiO5, CaAl12O19, CaSiO3 Ti, TiO, TiO2
Al6Si2O13 Na, Na2, NaO,
Na2SiO3, Na2Si2O5, NaAlSiO4, NaAlSi3O8, Na2O, Na+
NaAlO2,Na2TiO3, NaAlSi2O6 K, K2, KO,
K2SiO3, K2Si2O5, K2Si4O9, KAlSiO4, K2O, K+
KAlSi3O8,KAlO2, KAlSi2O6, KCaAlSi2O7 e−

where x∗
i is the mole fraction of the unbound oxide in the

melt. By definition, x∗
oxide ! xoxide in the IMCC model be-

cause formation of more complex pseudospecies (see Ta-
ble 1) can reduce the number of unbound oxide molecules.
The activity coefficient is calculated from

(3)γi = x∗
i /xi

where xi is the total mole fraction of the oxide.
For example, the concentrations of MgO and SiO2 in the

melt can be reduced by a reaction such as

(4)MgO (liq) + SiO2 (liq) =MgSiO3 (liq),

which has an equilibrium constant K4 given by

(5)K4 = aMgSiO3
aMgO × aSiO2

and by the reaction

(6)2MgO (liq) + SiO2 (liq) =Mg2SiO4 (liq)

with an equilibrium constant

(7)K6 = aMg2SiO4
a2MgO × aSiO2

.

The activity coefficient for MgO in this system is given by

(8)γMgO = aMgO

aMgO + aMgSiO3 + 2× aMg2SiO4
.

The activity of MgO could be reduced by reactions in other
binary and ternary systems (e.g., MgO–Al2O3–SiO2). The
actual expression for the MgO activity used in the MAGMA

code has 10 terms in the denominator. A total of 38 melt
species are considered in the MAGMA code (Table 1).
The potassium pseudospecies K2Si4O9 and KCaAlSi2O7
are new additions to the code. Thermodynamic data for
these new species and revised data for the potassium sili-
cate pseudospecies are given in Table 2, while data for the
remaining pseudospecies are given in Table 3 of Fegley and
Cameron (1987).
Equilibrium in the melt and between melt and vapor

are calculated simultaneously. The melt–vapor equilibria are
calculated assuming that the oxides vaporize stoichiometri-
cally, i.e., an SiO2 molecule vaporizes to gas with a bulk
Si/O ratio of 1 : 2. In order to satisfy the dual constraints
of mass balance and mass action, the activities of the melt
components calculated from the melt–vapor equilibria must
equal the activities calculated from the melt chemistry de-
scribed above. For example, the activity of MgO calculated
from the reactions above and from the reaction

(9)MgO (liq) =Mg (g) +O (g),

(10)K9 = PMgPO

aMgO

must be equal. The MAGMA code also calculates the equi-
librium distribution of the vaporized metals into different
gaseous species. A total of 30 gases are considered (Table 1).
Thermal ionization products (Na+, K+, e−) are new addi-
tions to the code. The thermodynamic data for these species
come from the JANAF Tables (Chase, 1998). Thermody-
namic data for all other species are the same as given in
Tables 1 and 2 of Fegley and Cameron (1987).
Fractional vaporization of the lava, in which mass is con-

tinually lost from the system, is computed in a step-wise
fashion. As in Fegley and Cameron (1987), the step size
is defined by removing 5% of the most volatile metal ox-
ide. Relative proportions of the other metal oxides are also
removed. Equilibrium between the vapor and lava is then
recomputed. This is repeated until the system has almost
completely vaporized. Although the 5% step size is arbitrary,
there is no change in the calculated results for step sizes of
1, 2, 4, and 10%.

2.3. Comparisons with prior work

The results from the MAGMA code have been compared
to theoretical and experimental work found in the literature.

Table 2
Revised thermodynamic data (log10K = A + B/T )

Reaction A B Ref.
K2O (liq)+ SiO2 (liq)=K2SiO3 (liq) 0.27 12735 Hastie and Bonnell (1985)
K2O (liq)+ 2SiO2 (liq)=K2Si2O5 (liq) 0.35 14685 Hastie and Bonnell (1985)
K2O (liq)+ 4SiO2 (liq)=K2Si4O9 (liq) −0.96 17572 Hastie and Bonnell (1985)
0.5K2O (liq)+CaO (liq)+ 0.5Al2O3 + 2SiO2 (liq)=KCaAlSi2O7 (liq) 4.30 17037 Hastie and Bonnell (1985)
Na (g)=Na+ (g)+ e− (g) −15.33 36735 Chase (1998)
K (g)=K+ (g)+ e− (g) 2.76 23760 Chase (1998)
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Figure 6: Left: Comparison of experimental results (filled symbols; Markova et al. 1986) with MAGMA
calculations (solid lines; 2000 K) of the residual melt composition vs. fractional extent of vaporization of a
lunar basalt (Apollo 16, 68415.40). The experiments involved continuous heating of the basalt from 1577 to
2473 K; no uncertainties on the experimental data are given by Markova et al. (1986). Figure after Schaefer
& Fegley (2004). Right: Preliminary unpublished results showing the evolution of a BSE-composition melt
as a function of the melt fraction vaporized. ZnO and Na2O are quickly lost from the system, followed by
K2O and FeO. More refractory elements initially become enriched in the condensed phase. Our preliminary
results are consistent with observed fractionations in lunar materials, which suggest loss of up to > 90% of
Zn (Paniello et al. 2012) but just . 2% loss of K from the disk (Humayun & Clayton 1995; Moynier et al.
2007; Poitrasson et al. 2004).

1.3.4 Fractional Vaporization and Loss from the Disk338

Fractional vaporization is considered in the MAGMA code using step-wise approach. The step339

size is defined by removing some small percentage (e.g., 1-5%) of the most volatile metal oxide340

in the system (based upon its vapor pressure over the melt), along with relative proportions of341

other metal oxides. Equilibrium is then recomputed and the process can be repeated until the melt342

is almost completely vaporized. For the protolunar disk, however, the fraction of material lost343

must have been relatively small (<5%) in order to fit elemental and isotopic abundance constraints344

(e.g., Humayun & Clayton 1995; Humayun & Cassen 2000; Pritchard & Stevenson 2000; Moynier345

et al. 2006). We will therefore explore smaller vaporization fractions (e.g., <5%) over smaller346

step sizes. Furthermore, we will specifically examine the behavior of elements more volatile than347

K under disk conditions (cf. Figure 2) that are more susceptible to loss from the protolunar disk348

atmosphere.349

The results of Schaefer & Fegley (2004) and our preliminary results (Visscher & Fegley 2013)350

show the volatility trend Zn > Na > K > Fe > Si > Mg > Ca > Ti > Al, which is generally con-351

sistent with the apparent mass-dependent fractionation patterns observed in lunar materials (see352

§1.1). This trend is also consistent with the vaporization experiments of Markova et al. (1986) us-353

ing lunar basalts, and Figure 6 compares the residual compositions of the silicate melt as a function354
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Figure 11. Atmospheric composition for a planet similar to CoRoT-7 b using the dry adiabatic temperature pressure profiles shown in Figure 9. Starting compositions
were taken for the continental crust (left) and the BSE (right) at 2500 K and 10−2 bars.
(A color version of this figure is available in the online journal.)

We calculated the scale height, which is given by

H = RT

µ̄g
, (10)

where R is the ideal gas constant, g is 8.89 m s−2 for GJ 1214 b,
and µ̄ is the mean molecular weight of the atmosphere. The
calculated scale heights for these atmospheres are ∼42 and
50 km for the continental crust and the BSE, respectively. In
comparison, a pure H2 atmosphere would have a scale height of
∼600 km, and a pure H2O atmosphere would have a scale height
of 69.1 km. The model scale heights are therefore too small
to account for the deeper Ks-band observations of Croll et al.
(2011). However, results for the BSE indicate that it is possible
to get substantial amounts of H2 from planetary outgassing,
particularly with variations in the total O abundance, and the
calculations presented in this paper could be useful in developing
comparative spectral models such as those of Miller-Ricci &
Fortney (2010).

4.2.2. Hot Super-Earths

CoRoT-7 b was the first known planet with a radius close to
that of the Earth. The mass of CoRoT-7 b has been the subject
of debate (Queloz et al. 2009; Bruntt et al. 2010; Hatzes et al.
2010, 2011; Ferraz-Mello et al. 2011; Pont et al. 2011; Boisse
et al. 2011). The uncertain mass has led to diverse models
for the planet’s bulk composition ranging from the remnant
of a gas giant (Valencia et al. 2010; Jackson et al. 2010) to
a volatile-depleted lava world (Léger et al. 2011). The Kepler
team discovered a second planet, Kepler-10 b, which has very
similar stellar, orbital, and planetary properties to CoRoT-7 b
(Batalha et al. 2011). Additionally, Kepler-9 d, whose mass has
not yet been directly determined, is estimated to have a similar
density based on mass upper limits from transit timing variations
(Holman et al. 2010). These planets could be explained with an
interior structure similar to that of Mercury (i.e., a large iron/
silicate mass ratio). More than likely, these planets migrated to
their current orbital period and may once have had a significant
volatile component that was lost over time.

Little is known about the atmospheres of these planets.
In our initial models of the atmosphere of CoRoT-7b, we

assumed complete loss of all volatile elements (H, C, N, S,
etc.; Schaefer & Fegley 2009; Léger et al. 2011). However,
detailed models for the loss of these elements have not yet
been done. Valencia et al. (2010) found that the planet could
have lost significant mass over time, and that the mass-loss rate
did not appreciably depend upon the composition or phase of
the material being vaporized. However, it has been shown by
Tian (2009) that atmospheres with larger molecular weights
should be more resistant to evaporative loss. Mass loss should
preferentially remove lighter material (H, C, N, etc.) and further
increase the mean molecular weight of the atmosphere over
time. Therefore, over the planet’s lifetime, it may well evolve
from something similar to the Earth (Figures 1 and 2), to
volatile-depleted, as described by Schaefer & Fegley (2009).
Figures 1 and 2 show that if volatiles remain on this planet,
then the signature of evaporating silicates could be obscured
by large amounts of steam, CO2, and possibly SO2, for surface
temperatures of 1800–2600 K for atmospheric pressures greater
than ∼10−2 bars. At lower pressures, the vaporizing silicate
material is much more abundant, and H2O and CO2 dissociate
to atomic forms at much lower temperatures. For atmospheric
pressures from 10−6 to 10−2, the major gases between 1800 and
2600 K are Na, K, O, SiO, and O2, which is not appreciably
different from the compositions predicted for the volatile-free
compositions of Schaefer & Fegley (2009).

Figure 11 shows our calculations of atmospheric composi-
tion along the vertical temperature–pressure profiles shown in
Figures 9(b) and (c). For these calculations, we set the sur-
face atmosphere composition equal to the gas phase at 2500 K,
10−2 bars. We took only those gases with mole fractions >10−3

for the sake of simplicity, so the compositions of the two at-
mospheres differ in elemental make-up. The continental crust
atmosphere at these conditions contains significantly more O
and Si, and less H, Na, Ti, and Fe than the BSE. Also under
these conditions, the BSE has significant amounts of N and Cl;
by contrast, these elements have abundances <10−3 for the con-
tinental crust, and so are not included in the vertical calculations
presented in this section.

For the vertical profile calculations, the gas is allowed to
re-equilibrate at each step upward along the adiabatic profile.
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CoRoT-7b dry adiabatic P-T profiles
continental crust (left), BSE (right)
surface T 2500 K, surface P 0.01 bar
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Sodium oxide. 

Sublimation and vaporization of Na2O(s, liq) occur congruently and 

proceed mainly via the net reaction 

2Na2O (s, liq) = 4Na(g) + O2 (g) 

Only minor amounts of NaO, Na2O, Na2O2, NaO2 in the vapor.  

 

The calculated vapor pressures from the MAGMA code for Na2O(s) 

from 950 – 1405 K and for Na2O (liq) from 1405 – 2000 K are 

 

Na2O (solid) 950 – 1405 K: log10P (bar) = 5.995  – 12,124.1/T  

Na2O (liquid) 1405 – 2200 K: log10P (bar) = 5.091  – 10,854.4/T  

 

These two equations give a triple point pressure of ~ 0.0023 bar and 

a one bar boiling point of 2132 K. At the boiling point the saturated 

vapor is ~ 78% Na(g), 19% O2(g), 1.5% NaO(g), 1.0% Na2O(g), and 

0.5% all other gases (O, O+, Na+, e-, Na2). 
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Water Vapor and Hydroxide Gases 

In the absence of water the vaporization of alkali metals from silicate 

melts proceeds via net thermochemical reactions exemplified by 

2Na2O (melt) = 4Na(g) + O2(g) 

Water. Water vapor increases the amount of alkali metals in the gas 

phase over silicate melts via net thermochemical reactions such as 

H2O (g) + Na2O (melt) = 2NaOH(g) 

𝐾!" =
𝑃!"#$!

𝑃!!!𝑎!"!!
 

The ratio of the NaOH and Na gas pressures over a melt is 

𝑃!"#$
𝑃!"

=
𝐾!"𝑃!!!

𝐾!"#𝑓!!
!!!

!
!

> 1 

The NaOH/Na molar ratio is > 1 unless 𝑃!!! is sufficiently small that 

𝐾!"# > 𝐾!"𝑃!!!𝑓!!
!
!  

Argent et al (1979) calculated Na gas speciation above a float glass 

melt (by moles: 12% Na2O, 10% CaO, 6% MgO, 72% SiO2) and 

found NaOH is the predominant Na gas at 1300 – 1800 K, in a gas 

containing (by volume) 0.5-4% O2, 10-20% water vapor.  

MAGMA code and hand calculations at 1600 K give  

NaOH/Na molar ratio ~ 5.4 
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Future plans 

1. Complete comparison of K2O – SiO2 binary with experimental 

data & other theoretical models 

2. Include newer thermodynamic data for other key binaries 

a. Na2O – Al2O3 and K2O – Al2O3 binaries  

b. CaO – Al2O3 and MgO – SiO2 binaries 

c. MgO – SiO2 and CaO – SiO2 binaries 

3. Update M2O – SiO2 – Al2O3 ternary 

4. Add S- and halogen-bearing gases into code 

☛ Can be major species for alkalis – Schaefer et al (2012) 

5. Add H-bearing gases into code – water, hydroxides, hydrides 

☛ 1st approximation – no water solubility in melts T > 2000 K 

☛ No water solubility data in this T-range 

Revisions motivated by newer thermodynamic data for liquid oxides 

and silicates and the need to compare different new datasets for the 

liquid oxides and silicates (e.g., geological vs. materials science) 
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Some Suggestions for Experimental Studies 

Vaporization of peridotite rock – major constituent of Earth’s mantle 

(Using Earth as a starting point to study extrasolar rocky planets, 

could also use the Moon, Mars, EPB or also study their analogs) 

1. Chemistry & mineralogy of vaporization residue as a function of 

the fraction vaporized 

2. Partial pressures of SiO, O2, Na, K, Fe, Mg as f(T) 

a. Can compute activities of SiO2, Na2O, K2O, “FeO”, MgO 

in molten peridotite  

b. Determine vaporization coefficients for major gases 

☛ gives observations to test and improve MAGMA code, also guides 

future astronomical observations 

Effect of water vapor on vaporization chemistry 

1. Control H2O partial pressures during vaporization of peridotite 

and constrain the importance of hydroxides/oxyhydroxides for 

Na, K, Fe, Mg, Si gas chemistry 

2. If #1 is not feasible, try olivine Fo90Fa10 (this is 90% Mg2SiO4 

Forsterite Fo – 10% Fe2SiO4 Fayalite, Fa) and study importance 

of H2O for Fe, Mg, Si gas chemistry 
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