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ABSTRACT

Silicate vapors play a key role in planetary evolution, especially dominating early

stages of rocky planet formation through outgassed magma ocean atmospheres. Our

open-source thermodynamic modeling software “VapoRock” combines the MELTS

liquid model (Ghiorso & Sack 1995) with gas-species properties from multiple ther-

mochemistry tables (e.g. Chase 1998). VapoRock calculates abundances of 34 gaseous

species in equilibrium with magmatic liquid in the system Si-Mg-Fe-Al-Ca-Na-K-Ti-

Cr-O at desired temperatures and oxygen fugacities (f O2, or partial pressure of O2).

Comparison with experiments shows that pressures and melt-oxide activities (which

vary over many orders of magnitude) are reproduced within a factor of ∼3, consis-

tent with measurement uncertainties. We also benchmark against a wide selection

of igneous rock compositions including bulk silicate Earth, predicting elemental va-

por abundances that are comparable (Na, Ca, & Al) or more realistic (K, Si, Mg,

Fe, & Ti) than those of the closed-source MAGMA code (with maximum deviations

by factors of 30-300 for K). Calculated vapor abundances depend critically on liquid

activities, and the MELTS model underpinning VapoRock was specifically calibrated

on natural igneous liquids and has been extensively tested & refined over the last 3

decades. In contrast, MAGMA’s underlying liquid model assumes ideal mixtures of

liquid pseudo-species, which are incapable of capturing the non-ideal compositional

interactions that typify the behavior of natural silicate melts. Using VapoRock, we

finally explore how relative abundances of SiO and SiO2 provide a spectroscopically
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measurable proxy for oxygen fugacity in devolatilized exoplanetary atmospheres, po-

tentially constraining f O2 in outgassed exoplanetary mantles.

Keywords: Planet formation; Chemical thermodynamics; astrochemistry; planets &

satellites: atmospheres; planets & satellites: composition

1. INTRODUCTION

Silicate vapors play a key role in planetary evolution that spans the full range of

planetary length- and time-scales, from the earliest proto-dust grains (Hewins et al.

2005; Fedkin et al. 2006) to the catastrophic end-stage erosion (O’Neill & Palme 2008)

and full-scale vaporization of rocky planets (Fegley & Cameron 1987; Sossi et al. 2019).

At near-equilibrium conditions, rocky silicate vapors—those incorporating variable

oxidation states of the major and minor rock-forming elements (e.g. Si, Mg, Fe,

Al, Ca, Na, K, Ti, Cr, and O)—are present above condensed liquid or solid phases,

though usually at very low pressures at typical magmatic temperatures (≤ 10−10 bar;

e.g. Sossi & Fegley 2018). In most situations, these vapors are thus insignificant when

compared with the atmospheric pressures of major gaseous species, such as CO2 or

H2O, around rocky planets.

However, silicate vapor is present in key high-temperature stages of planetary evo-

lution. Prior to the formation of the planets, the solar nebula—composed largely of

H2—condensed to form minerals and (in some cases) silicate liquids (Ebel & Grossman

2000). These components subsequently accreted to form the terrestrial planets yield-

ing compositional variability driven primarily by the range of condensation tempera-

tures and strong radial & vertical thermal gradients in the protoplanetary disk (e.g.

Wänke & Dreibus 1988; Humayun & Cassen 2000; Sossi et al. 2022). In later stages

of planet formation, giant impacts were likely ubiquitous (Morbidelli et al. 2012)

and readily produce global-scale melting and vaporization (Nakajima & Stevenson

2015; Stewart et al. 2020), reaching temperatures at which rock vapor atmospheres

are likely to have formed (e.g., Charnoz et al. 2021; Lock et al. 2018). As a result,

rocky planets probably experienced at least one deep magma ocean stage, in which

exchange in both volatile and refractory elements between their mantle and silicate

vapor atmospheres occurred (Pahlevan et al. 2019; Stewart et al. 2020). During these

magma ocean stages, silicate vapors coexist with abundant volatile gases of H2O and

CO2, generating volatile-dominated atmospheres of several hundred bars (e.g. Bower

et al. 2022; Gaillard et al. 2022). Finally, over the prolonged secular evolution of

the planet, volcanic outgassing controls the long-term exchange of matter—primarily

volatile and moderately volatile elements—between interiors and atmospheres (Or-

tenzi et al. 2020; Liggins et al. 2022).

Further from home, some exoplanets with close-in orbits of their parent star, may

undergo progressive vaporization and whole-scale erosion by atmospheric escape,



VapoRock: Modeling vaporized silicate melts 3

claiming victims of both planetary migration and runaway stellar expansion in the

red-giant phase (Owen 2019). Indeed, the atmospheres of hot rocky exoplanets, such

as 55-Cancri-e, are prime targets for characterisation using the James Webb Space

Telescope (Zilinskas et al. 2022) and complementary ground-based techniques (Jin-

dal et al. 2020). However, understanding how rock-forming elements are distributed

between the vapor and condensed phase during these processes requires not only

knowledge of the behaviour of the vapor phase, but, importantly, their chemical po-

tentials (or activities) in silicate liquids. Therefore, solving the puzzles of planetary

evolution depends critically on our ability to model silicate vapors and their interplay

with liquid and solid phases during condensation and vaporization processes.

Given the strong scientific motivation for better understanding silicate vaporiza-

tion processes, we have developed and thoroughly validated a new code, VapoRock1,

(Wolf et al. 2021; Jäggi et al. 2021) which combines the MELTS liquid model—as

implemented by the ThermoEngine2 code (ThermoEngine Team et al. 2022)—with

gas-species properties from the thermochemistry tables of NIST-JANAF (Chase 1998)

and Lamoreaux and coworkers (Lamoreaux & Hildenbrand 1984; Lamoreaux et al.

1987), enabling coexisting vapor speciation calculations similar to those provided by

the MAGMA code (Schaefer & Fegley 2004). VapoRock is capable of determining

the abundances of gaseous species in equilibrium with a silicate magma, using the

MELTS liquid model (Ghiorso & Sack 1995). MELTS has been rigorously tested and

validated by the petrology community over three decades and has also proven useful

in simulating coexisting silicate vapors for magmatic planetary outgassing (in the

private code of Ito et al. 2015), chondrule evaporation (Fedkin et al. 2006; Alexander

2002), and condensation of the early solar nebula (in the no longer operable VA-

PORS code, Ebel et al. 2000). Currently, the closed-source tool MAGMA is the only

code available that is capable of predicting gas abundances in equilibrium with a

magma ocean. In this work, we exhaustively compare the predictions of VapoRock

and MAGMA and demonstrate significantly improved results for VapoRock, owing to

the greater accuracy of its underlying liquid model for natural silicate melts. Finally,

we use the model to explore using the observed SiO to SiO2 ratio as a simple proxy

for oxygen fugacity in devolatilized exoplanet atmospheres.

2. METHOD

2.1. Modeling vaporized silicates overview

To quantitatively study rock vaporization processes, we require a complete set of ac-

curate thermodynamic models for condensed and vapor phases sampling broad ranges

in composition and temperature. It is critical that these solution models faithfully

represent geologically realistic compositions, including the dominant refractory rock-

forming elements (e.g. Si, Mg, Fe, etc.) as well as the minor moderately volatile

1 https://gitlab.com/ENKI-portal/vaporock
2 https://gitlab.com/ENKI-portal/ThermoEngine
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elements (e.g. K, Na), which play key roles in vaporization due to their strong pref-

erence for the vapor phase. Fortunately, this burden is eased by the typically low-

pressure conditions of vaporization, where thermodynamic models of the gas phase

can neglect the complications introduced by compression—with the notable excep-

tion of super-critical vapors in high-energy giant impacts (Lock et al. 2018). As such,

we rely on the ideal gas approximation to extend to arbitrarily low partial pressures

and mixed compositions. Calculating the composition, speciation, and abundance of

the gas phase likewise requires an extensive and detailed thermodynamic database of

vapor species, conveniently provided by standard thermochemical tables.

In this paper, we will focus exclusively on the vapor-limited “outgassing” regime of

vaporization, where molten rock dominates the system coexisting with an exceedingly

small amount of equilibrium vapor. A system is vapor-limited when the amount of

vapor (by mass) is vastly outweighed by condensed phase(s) (in our case the silicate

liquid), ensuring that the overall bulk composition is nearly equal to that of the liquid,

with vapor negligibly affecting the elemental budget of the system. The conditions

of equilibrium are therefore controlled by the liquid, which dictates the chemical

potentials of the system (~µ) and thus the corresponding vapor abundances, which are

calculated in a separate secondary step.

2.2. Modeling silicate liquid/vapor equilibrium

Our thermochemical model relies on the silicate liquid MELTS model (Ghiorso &

Sack 1995), and thus describes a subset of the SiO2–MgO–FeO–Fe2O3–Al2O3–CaO–

Na2O–K2O–TiO2–Cr2O3 system, to which liquid and vapor compounds are readily

converted using stoichiometric constraints. The MELTS model itself adopts liquid

endmember components (see Table 1) that were chosen to maximize model accuracy

while retaining a simple quadratic mathematical form (appropriate to regular solu-

tion theory). To couple with MELTS, we adopt a description of the potential vapor

species in this chemical system, considering all lone elements and energetically favor-

able molecular species. This chosen set of system components and vapor species is

comparable to the volatile-free model space of the MAGMA code (Schaefer & Fegley

2004; Fegley & Cameron 1987).

High-temperature thermochemical models rest upon comprehensive databases of

vapor species energetics. Given low density conditions where the ideal gas approxi-

mation holds, a complete model can be built solely from Gibbs energy models. These

models are typically presented as tabular data evaluated on a grid of temperatures,

suitable for interpolation lookup, or as empirical equations as a function of tempera-

ture. The most widely used example is the NIST-JANAF thermochemical database

(Chase 1998), which contains an exhaustive set of materials described by both lookup

tables and analytic expressions (using the Shomate equations; see Appendix A). Like-

wise, the IVTAN thermochemical tables (Gurvich et al. 1989) provide comprehensive
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Table 1. Thermochemical database of VapoRock

system components (c) liquid components (l) vapor species (v)

SiO2 SiO2 Si, Si2, Si3, SiO, SiO2

MgO Mg2SiO4 Mg, Mg2, MgO

FeO, Fe2O3 Fe2SiO4, Fe2O3 Fe, FeO

Al2O3 Al2O3 Al, Al2, Al2O, AlO, Al2O2, AlO2

CaO CaSiO3 Ca, Ca2, CaO

Na2O Na2SiO3 Na, Na2, NaO

K2O KAlSiO4 K, K2, KO

TiO2 TiO2 Ti, TiO, TiO2

Cr2O3 MgCr2O4 Cr, CrO, CrO2, CrO3

- - O, O2

Note—Cr- and Ti-based species are exclusive to JANAF implementation, as they
are not included in Lamoreaux & Hildenbrand (1984); Lamoreaux et al. (1987).
Fe thermochemical data from JANAF is used in Lamoreaux calculations due to
the critical importance of Fe to most natural igneous systems. Outside this ex-
ception, vapor databases are not mixed to allow independent comparison of model
predictions.

thermal data on a similarly large set of compounds (derived from Russian-based

rather than American research efforts), though digital access to this database is sig-

nificantly more challenging than the free and open access to the JANAF tables. A

more limited dataset focused specifically on metal- and metal oxide gas species is

provided by Lamoreaux & Hildenbrand (1984) and Lamoreaux et al. (1987), which

uses a polynomial description of relative Gibbs energy changes (∆G/RT ). As one

might hope, the energetics described by each of these independent data sources are

in reasonable agreement (typically at the level of ±100J), sufficient for vaporization

modeling purposes. In VapoRock, the option to toggle between both the JANAF-

and Lamoreaux-based expressions for gas species thermodynamic properties is pro-

vided, so as to prevent mixing of data sources and to explore any potential predictive

differences that may arise.

Silicate liquid properties are given by the 10-component (volatile-free) MELTS liquid

model (Ghiorso & Sack 1995), which rapidly calculates the chemical potentials of the

system as a function of current system conditions (i.e. temperature, pressure, molar

composition, and fO2). This computation provides the chemical potentials in terms

of the liquid endmember components, but we can readily convert to oxide system
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components by relying on the linearity of chemical potentials (see Appendix B for

details).

2.3. Calculating equilibrium vapor abundances

In the vapor-limited regime, thermodynamics provides a straightforward framework

for predicting vapor compositions, where the abundance of each vapor species is

independently adjusted to equalize its chemical potential with the liquid. Using

mass-balance constraints, we write the balanced chemical reaction that forms the ith

gaseous species from the liquid by exchange of basic system components, e.g., the

oxides with additional oxygen consumed or produced as needed:

φiv =
∑

j

νijcj + νiO2
cO2

(1)

where φiv is the chemical formula of the ith vapor species, cj and cO2
are the vec-

tor of basic system components (oxides plus oxygen), whereas νij and νiO2
give the

stoichiometry of the vapor species in question, expressing its composition in terms

of system components. With the law of mass action, the corresponding equilibrium

condition is written:

µiv =
∑

j

νijµj + νiO2
µO2

µ0
iv +RT lnPiv =

∑

j

νijµj + νiO2
· (µ0

O2
+RT ln fO2

)
(2)

where Piv is the equilibrium partial pressure of vapor species i expressed in bars,

fO2 is the oxygen fugacity, and µiv, µj, and µO2
are the chemical potentials of vapor

species i, component j, and molecular oxygen, respectively. Critically, the pure-

phase energetics of each gas species, expressed in terms of their molar Gibbs energy

or chemical potential µ0
iv & µ0

O2
, are given by the 1 bar thermochemical databases

(JANAF and Lamoreaux) detailed in Sec. 2.1. This expression of equilibrium imposes

equality of chemical potentials for gas species i in terms of system components that

are freely exchanged with the coexisting liquid. The above formulation uses chemical

potentials directly, but is equivalent to the activity-focused formulation of Sossi &

Fegley (2018). Rearranging, we obtain the governing equation for the abundances of

each vapor species in terms of its partial pressure:

logPiv =
1

RT ln 10

[∑

j

νijµj + νiO2
µ0
O2
− µ0

iv

]
+ νiO2

log fO2
(3)

where the factor of ln 10 is included for convenience to convert from natural log-

arithms to more intuitive base-10 logarithms for the pressure and oxygen fugacity.

The equilibrium abundance of each vapor species is thus determined by environmental

conditions (temperature and oxygen fugacity), the liquid composition (which dictates
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the chemical potentials of the system), and the 1 bar thermal properties of each vapor

species (µ0
iv and µ0

O2
).

Calculation of species abundances using the governing expression above, rests upon

the simplified behavior of ideal gases in the low density limit, where species in a

mixed vapor do not interact with one another. This enables us to model mixed

vapors without needing to consider compositional mixing terms, ensuring that the

fugacity of any gaseous species is simply equal to its partial pressure, fiv = Piv,

enabling the abundance of each vapor species to be determined independently of all

others. Additionally, the ideal gas law (Piv = nivRT ) relates partial pressures to

molar number densities for each species, niv, allowing us to trivially determine the

bulk elemental composition of the vapor.

3. RESULTS

Before discussing potential applications of the VapoRock code, it is critical to un-

derstand the accuracy of the partial pressures it computes, and compare them to

independent experimental constraints. This may be achieved in two primary ways, i)

direct comparison of measured partial vapor pressures and ii) calculation and assess-

ment of activity coefficients in the silicate melt. These comparisons can be applied

to both direct experimental measurements as well as benchmark calculations made

by VapoRock and the existing MAGMA model for a representative set of natural

magmatic compositions.

3.1. Thermodynamic analysis of experimental measurements

Up to now, our thermodynamics presentation has been focused on direct assess-

ment of the chemical potentials (or partial molar Gibbs energies) of the liquid/vapor

system. For many experimental vaporization studies, it is convenient to instead view

vaporization from an alternate thermodynamic activity model perspective. These two

approaches are equivalent and are easily converted from one to the other using the

thermodynamic definition of activity:

µi = µ0
i +RT ln ai (4)

By comparing this expression with that of an ideal solution, the activity (ai) acts as

an effective mole fraction of the ith species or component. The factor that relates

activity to mole fraction is the activity coefficient, γi (where ai = γi × xi), which

expresses the degree of non-ideality through how much it deviates from unity. The

activity coefficient can formally adopt any non-negative value (0 ≤ γi < +∞), but

typically maintains values less than but of order unity (0.1 . γi . 1), with important

exceptions for silicate liquids (see discussion in Sec. 4.1). The activity coefficient

can be determined by relating the partial pressure of the ith gaseous species in the

complex system, pi (e.g. as predicted by VapoRock or determined in experiments),

to the expected partial pressure in an idealized system, p0i :

γi = pi/p
0
i (5)
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This idealized system contains a liquid with the same composition as the true mixed

liquid, but that behaves as an ideal solution (i.e., a0i = xi). The idealized pressure

of the species, p0i , can then be directly determined from thermochemical tables by

rearranging the law of mass action, which relates the equilibrium constant for a par-

ticular reaction to a ratio of the activities of products and reactants (see Appendix

D). The ratio of the true pressure to this idealized pressure then yields the activity

coefficient of the component in the liquid that is in equilibrium with the gaseous

species of interest, for instance providing an estimate of the γSiO2(l) based on the

known pSiO(g).

These vapor-constrained liquid activity coefficients are readily examined in terms

of their temperature-dependence, allowing quantitative comparison between theoreti-

cally modeled values and experimentally measured ones. Integration of the Clausius-

Clapeyron equation (or its equivalent the van’t Hoff equation for activities) over the

temperature range, T, under a set of simplifying assumptions appropriate to liquids

and gases yields an equation of the form:

ln γi = A/T +B (6)

where A and B are constants related to the enthalpy and entropy of the reaction,

respectively. The simplifying assumptions are merely that the heat capacity of the

liquid and gas are temperature-independent, ∆CP = 0, producing constant values for

the enthalpy and entropy of formation for gaseous species from the liquid. The values

of A and B are determined by plotting ln(pi/p
0
i ) (equivalent to lnγi from Eqn. 5) as a

function of reciprocal temperature. Thus, we are able to both model the temperature

evolution of vapor abundances as well as compare theory and experiment in terms of

their differences in the implied enthalpy and entropy of the vaporization reaction.

Validation of the vapor species abundances directly is achieved by contrasting our

results with Knudsen Effusion Mass Spectrometry (KEMS) measurements of the par-

tial pressures for vapor species composed of rock-forming elements. The goal in our

comparison is to characterize the log partial pressure deviation:

δpi = log(pVR
i /pexpi ) (7)

with small values reflecting good agreement between VapoRock (VR) modeled and

experimentally (exp) measured vapor pressures. It should be noted that the deriva-

tion of equilibrium partial pressures using the KEMS method, although well-suited

for simple solids (e.g. Sergeev et al. 2019; Copland & Jacobson 2001; Costa et al.

2017; Drowart et al. 2005), becomes complicated for multicomponent silicate melts

due to their tendency to react with and creep out of the Knudsen cell. Moreover, the

fragmentation of molecular gas species pollute the mass spectrum, rendering identi-

fication of the parent molecule ambiguous.

Alternatively, validation can be performed by comparing the inferred activity co-

efficients for the silicate liquid, which directly control the vapor species abundances.
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For activity-based comparisons, we can assess the log activity coefficient deviation:

δγi = log(γVR
i /γexpi ) (8)

with smaller values indicating better agreement between modeled and measured ac-

tivity coefficients.

As discussed in section 2.2, the tabulated values of the free energies of gas species

from different databases are typically within± 100 J of one another. This observation,

combined with the approximation that the gas behaves ideally, means that much of

the discrepancy between experimental data and models is expected to arise from

differences in the activity models for the liquid in most situations (see discussion in

Sec. 4.1).

3.2. Experimental validation in complex synthetic systems

The most extensive body of literature for complex synthetic silicate liquids is on sili-

cate ‘slags’, which are important for industrial and mining applications. The inherent

challenge in comparing with experimental measurements of vapors above slags is that

most industry-relevant melting and vaporization experiments examine compositions

that do not readily typify terrestrial magmas, and thus do not represent relevant tests

of the model for astronomical and geological applications.

We therefore limit our direct comparison with experiments to the most geologically-

relevant slag glasses carried out in a series of studies by J. W. Hastie and colleagues

in the 1980s, namely, the NIST standard glass SRM 621 and an illite-based glass (see

Fig.1 caption for compositions). Partial pressures of SiO(g), Na(g), O2(g), & K(g)

above SRM 621 liquid and illite liquid were simultaneously measured by the KEMS

method over temperature ranges from 1340 - 1710 K and 1550 - 1960 K, respectively

(Hastie et al. 1981; Hastie & Bonnell 1985, 1986). Based on the recorded oxygen

fugacities and the known glass composition, we use VapoRock to predict the partial

pressures of SiO, Na, and K as shown in Fig.1.

For the illite composition, the level of agreement in partial pressures between Va-

poRock and KEMS is excellent, with pK being reproduced to within 50 % across the

entire temperature range (Fig. 1). The agreement with pSiO is also good, partic-

ularly at the highest temperatures at which its measurement is more precise, with

VapoRock predicting values within a factor 2. This concordance worsens at lower

temperatures to a factor 5, likely owing to poor counting statistics on SiO during the

KEMS measurements. This translates into a near-constant γSiO2 of 0.80 ± 0.01 for

VapoRock, while the data of Hastie et al. (1981) imply decreasing γSiO2 from 3.7 at

1550 K to 1.5 at 1960 K. For γKO0.5, both the KEMS data and the VapoRock output

can be fit to the equation ln(γKO0.5) = -29380/T + 4.13, reflecting their excellent

level of correspondence.

Vapor pressures of pNa and pK measured above SRM 621 glass, in comparison,

show a similar offset to the values predicted by VapoRock. Na abundances are un-

derpredicted by VapoRock by a factor of 3 - 4, while K is overpredicted by a factor
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Figure 1. VapoRock comparison for vaporization experiments on synthetic illite and
SRM 621 glasses. Experimental determinations from Hastie et al. (1981) & Hastie &
Bonnell (1985) are shown as color-coded points, and VapoRock predictions are shown
in solid lines (using the JANAF gas species database), while MAGMA code predictions
are shown in dashed lines (where available Schaefer & Fegley 2004). Glass compositions
in wt% are illite: (SiO2 = 60.2, Al2O3 = 26.0, MgO = 2.1, Fe2O3= 4.4, K2O = 7.4)
and SRM 621: (SiO2 = 71.39, Al2O3 = 2.78, MgO = 0.27, Fe2O3 = 0.04, K2O = 2.02,
Na2O = 12.75). VapoRock results based on Lamoreaux thermochemical data coincide with
JANAF results and are not shown (Lamoreaux & Hildenbrand 1984; Lamoreaux et al. 1987).

of 2 - 3. Activity coefficients for NaO0.5 are given by ln(γNaO0.5) = -19350/T +

1.74 (VapoRock) and ln(γNaO0.5) = -18320/T + 2.40 (Hastie et al. 1981). Similarly,

we find ln(γKO0.5) = -28040/T + 5.41 (VapoRock) and ln(γKO0.5) = -24080/T +

1.95 (Hastie et al. 1981). It should be noted that this level of agreement is actually

a net improvement over the MAGMA model (Schaefer & Fegley 2004), which shows

somewhat better values for Na (generally matching the experiments) but performs

substantially worse for K, where abundances are under-predicted by 1 to 1.5 orders

of magnitude for both illite and SRM 621 glass compositions (Fig 1, Table 3).

3.3. Experimental validation in natural systems

The 1970s saw a major scientific push to study lunar samples returned from the

Apollo missions, spurring a host of experimental studies aimed at understanding the

geological history of the lunar surface and its interior. In particular, the observation

that lunar mare basalts are highly depleted in moderately-volatile elements (notably

Na and K) relative to terrestrial rocks was interpreted to indicate a high-temperature

past involving significant vaporization, either during their eruption (O’Hara et al.

1970) or on a whole-Moon scale (Ringwood & Essene 1970).
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As reviewed in Sossi & Fegley (2018), vaporization experiments were carried out on

lunar samples by DeMaria & Piacente (1969), De Maria et al. (1971), Naughton et al.

(1971), Gooding & Muenow (1976), and Markova et al. (1986). Of these, by far the

most systematic study is that of De Maria et al. (1971), in which two Low-Ti mare

basalts, 12022 and 12065, were heated in Re Knudsen cells to 2270 K and 2500 K,

respectively (see Table 2 for the composition of sample 12065). The partial pressures

of Na, K, O2, Fe, SiO, Mg, Mn, Cr, Ca, Al, AlO, TiO and TiO2 were determined as

a function of temperature by mass spectrometry. As the pO2 values are required as

an input for VapoRock, we limit our comparison to Na and K only (see Fig. 2). This

is because these were the two elements present in measurable quantities in the vapor

phase over the temperature range (1396 - 1499 K; De Maria et al. 1971) at which

pO2 was determined.

Figure 2. Vapor pressures of Na(g) (green) and K(g) (orange) during evaporation of lunar
basalt (Apollo sample 12065, see composition in Table 2) as determined by KEMS (De
Maria et al. 1971, points) and as calculated by VapoRock (dashed lines).

As shown in Fig.2, the partial pressures of Na and K given by VapoRock are in

broad agreement with those determined by De Maria et al. (1971). On average, Va-

poRock nicely captures the observed Na(g) partial pressures, though it somewhat

underestimates the temperature dependence, with a maximum factor of two devia-

tion from measured pNa at the temperature extremes of 1400 K and 1500 K. Ad-

ditionally, the observed rate of increase of pK with temperature is well-reproduced

by VapoRock, though the absolute values are roughly three times lower than obser-

vations, improving to within a factor two by 1500 K. Expressions derived for the

melt activity coefficients of the cation-normalized oxide components in VapoRock

are ln(γNaO0.5) = -20264/T + 2.37 and ln(γKO0.5) = -28743/T + 3.36. The ratio

γKO0.5/γNaO0.5 in lunar basaltic melt predicted by VapoRock therefore varies from



12 Wolf et al.

0.006 (1400 K) to 0.009 (1500 K). At the highest temperatures (1500 K), where mea-

surements of partial pressures are most reliable, the KEMS-derived γKO0.5/γNaO0.5

is also 0.01. As KEMS-derived partial pressures are frequently not known to better

than ∼50 % relative (De Maria et al. 1971; Drowart et al. 2005) a conservative error

on this figure would be log(γKO0.5/γNaO0.5) = -2 ± 0.3, which agrees with VapoRock

predictions over the entire temperature range.

The challenges in obtaining quantitatively useful measurements of partial pressures

from multicomponent liquids are not to be underestimated. Differential fractional va-

porization of the most volatile components of the silicate liquid cause the composition

of the liquid to evolve as evaporation progresses. These changes are nearly unavoid-

able since collection times needed for precise measurements are on par with evapo-

ration timescales, and thus measurements are unavoidably following a moving target

in terms of both vapor abundances and liquid composition. This is compounded by

uncertainties in ionization cross sections, fragmentation of complex molecules, and

contribution of cell material to the mass spectrum of the analysed gas species in

KEMS. In light of these challenges, the level of agreement to within a factor of 2-3

in calculated partial pressures by VapoRock for lunar basaltic samples is on par with

the uncertainties in the measurements themselves, building confidence in the model’s

predictive power for natural magmatic systems.

3.4. Model benchmark against existing MAGMA code

The MAGMA code (Fegley & Cameron 1987; Schaefer & Fegley 2004) is the com-

munity’s standard tool for the prediction of partial pressures of metal- and metal

oxide components above silicate melts, and has been extensively employed to un-

derstand the evaporation of the Earth (Schaefer & Fegley 2009), the Moon (Canup

et al. 2015) and super-Earths (Schaefer & Fegley 2009). It employs the ‘equilibrium

constant’ approach, in which partial pressures are computed according to equilibrium

constants at a given temperature and pressure. The liquid activity model differs from

that employed by VapoRock (MELTS) in that a number of intermediate melt compo-

nents are devised that are then assumed to mix ideally in order to simulate non-ideal

mixing. The resulting liquid and gas phase proportions are given by a combination

of mass action and mass balance to yield unique solutions for the speciation of the

vapor and of the equilibrium melt.

To assess the predictive differences between VapoRock and MAGMA, we examine

four of the complex natural rock compositions simulated by the MAGMA code (see

Schaefer & Fegley 2004, their Table 5) and two additional compositions (Bishop Tuff

and Type B CAI), covering a broad cross-section of igneous rocks (Table 2).

Resulting partial pressures of the 15 most abundant gas species are shown in Fig.

3, computed over a temperature range from 1500 K to 3000 K (at a constant relative
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Table 2. Model compositions in wt% for a wide range of igneous rocks.

Alkali Bishop Type B Lunar

Oxide Tholeiite basalt Komatiite Dunite Tuff CAI basalt BSE

SiO2 50.71 44.80 47.10 40.20 75.60 44.78 46.87 45.97

MgO 4.68 11.07 29.60 43.20 0.25 17.05 7.82 36.66

Al2O3 14.48 13.86 4.04 0.80 13.00 11.41 10.05 4.77

TiO2 1.70 1.96 0.24 0.20 0.21 0.00 3.34 0.18

Fe2O3 4.89 2.91 0.00 1.90 0.00 0.00 0.00 0.00

FeO 9.07 9.63 11.5 11.9 1.10 0.00 19.76 8.24

CaO 8.83 10.16 5.44 0.80 0.95 26.76 10.73 3.78

Na2O 3.16 3.19 0.46 0.30 3.35 0.00 0.27 0.35

K2O 0.77 1.09 0.09 0.10 5.55 0.00 0.073 0.04

Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Oxides not considered in VapoRock

MnO 0.22 0.17 0.22 0.20 0.00 0.00. 0.256 0.14

H2O 1.04 0.73 0.00 0.40 0.00 0.00 0.00 0.11

P2O5 0.36 0.55 0.05 0.10 0.00 0.00 0.00 0.02

NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.24

Total 99.91 100.12 100.04 100.10 100.01 100.00 100.36 100.50

Refs. [1] [2] [3] [4] [5] [6] [7] [8]

Note— [1] Murase & McBirney (1973); [2] Carmichael et al. (1974), p. 501 #1; [3] Arndt
(2002, personal communication to B. Fegley); [4] Macdonald (1972)); [5] Gualda et al.
(2012); [6] Richter et al. (2007); [7] Lunar basalt, Apollo sample 12065 Maxwell & Wiik
(1971); Meyer (2004), De Maria et al. (1971); [8] Bulk Silicate Earth (BSE) O’Neill et al.
(1998).

log fO2 of ∆IW=+1.5)3 The results indicate that Na and K are typically the most

abundant gas species over most compositions up to ∼2750 K, before SiO(g) becomes

more abundant. This cross-over occurs at log(pi) near -2, but in detail it varies

depending on the bulk composition of the liquid. In general, the temperature of

the cross-over is negatively correlated with the SiO2 content of the melt, with the

Bishop Tuff (SiO2 = 75.6 wt. %; 3.35 wt. % Na2O) reaching the transition at 2500

K, whereas for Dunite (SiO2 = 40.2 wt. %; 0.30 wt. % Na2O) it is in excess of 3000

K. However, it should be noted that the cross-over temperature is also positively

correlated with alkali content of the liquid. Because SiO2 and the alkalis typically

increase in tandem during igneous differentiation as broadly incompatible elements,

this conspires to keep the cross-over temperature relatively constant for a wide range

of terrestrial igneous rocks. The next most abundant species are typically O2, O, Fe,

and Mg. The most refractory elements are Al, Ti, and Ca and are only present in

3 The ∆ notation refers to the log10 unit deviation of oxygen fugacity from the Iron-Wüstite (IW)
buffer, where logf O2 (IW) = 28776.8/T + 14.057 + 0.055×(P -1)/T - 0.8853×ln(T ), with P in bar
and T in K (O’Neill & Pownceby 1993; Hirschmann et al. 2008).
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the vapor as minor species at levels below 10−6 bar, even at 3000 K.

To facilitate comparison with Schaefer & Fegley (2004), we convert the vapor species

abundances to mole fractions of each element present in the gas phase using the ideal

gas law (Table 3). Elemental abundances are presented relative to Na, the dominant

vapor species, and the ratio of predicted values from VapoRock over those from

MAGMA are given for each composition. Due to modest systematic differences in

predicted Na abundances between the two models, we also present the Ca-normalized

ratios, which benefit from more regular and comparable behavior in both models

and reduce disagreement for most elements. A clear mismatch of ∼2-3 orders of

magnitude is observed between the partial pressures of total K (relative to either

Na or Ca) between VapoRock and MAGMA. This significant underestimation of the

vapor pressures of K species in the MAGMA code is a widely-known issue (compare

pNa/pK in the Moon composition of Canup et al. (2015) to that of Visscher & Fegley

(2013)). Using the Ca-normalized ratios, we can see that VapoRock predicts lower

Na values by a factor of only 3-5 compared to MAGMA, a level of agreement that

is acceptable for moderately volatile elements given the overall match to external

experimental constraints (see Sec. 3.2-3.3).

The agreement between MAGMA and VapoRock for the abundances of refractory

elements (ΣM/ΣCa where M = Al, Si, Ti, Fe, or Mg) is considerably better than K

or Na, but important differences still exist with modeled abundance ratios ranging

from 0.5 to 5. Both MAGMA and VapoRock yield similar ΣAl/ΣCa values for the

vapor, while those for Ti, Si, Fe, and Mg show larger discrepancies in ratios of up to

3 to 5. As stated in Schaefer & Fegley (2004), the construction of the MAGMA code

solution model does not allow for activity coefficients that are greater than unity.

For most major elements, this is not a critical setback, as the melt oxide components

containing Ca, Mg, Si, and Al all have activity coefficients <1 (cf. supplement Table

??). However, this is not the case for Fe and Ti, whose melt oxide activity coefficients,

γFeO and γTiO2 are typically of the order of 1 - 3 and 3 - 5, respectively, in basaltic

melts at 1673 K (cf. O’Neill & Eggins 2002; Borisov & Aranovich 2020). As such, one

would expect the partial pressures of Ti- and Fe-bearing species to be underpredicted

to the same extent in the MAGMA code (see Eqn. 5), similar to what is observed

(Table 3). Furthermore, there is evidence that the MAGMA code underpredicts

γSiO2 by a factor of 3 for CAI-type liquid compositions based on the experimental

measurements of Richter et al. (2007) (see Schaefer & Fegley 2004, their Fig. 6). Thus,

previously published studies also see accuracy limitations to the predictions of the

MAGMA code for refractory rock-forming elements that are consistent with the offsets

observed between the VapoRock and MAGMA presented in the test compositions in

Table 3.
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Table 3. Comparison of predicted elemental abundances for vaporized lavas

Composition Na K Al Si Ca Ti Fe Mg

100 10−4 10−9 10−3 10−8 10−6 10−3 10−4

Tholeiite
VapoRock 1 1262 13.52 9.37 2.63 8.55 23.50 3.91

MAGMA 1 2.11 8.77 2.35 0.83 1.68 4.10 0.45

ratio 1 598 1.5 4.0 3.2 5.1 5.7 8.6

ratio [M/Ca] .3 188 0.5 1.3 1.0 1.6 1.8 2.7

Alkali Basalt
VapoRock 1 2470 7.49 3.42 2.21 4.27 13.70 3.90

MAGMA 1 1.88 2.68 0.35 0.42 0.67 1.26 0.37

ratio 1 1314 2.8 9.8 5.3 6.4 10.9 10.4

ratio [M/Ca] .2 247 0.5 1.8 1.0 1.2 2.0 2.0

Komatiite
VapoRock 1 1134 10.54 10.31 1.68 1.44 28.65 15.83

MAGMA 1 1.87 5.79 1.27 1.03 0.21 4.53 3.70

ratio 1 606 1.8 8.1 1.6 6.9 6.3 4.3

ratio [M/Ca] .6 372 1.1 5.0 1.0 4.2 3.9 2.6

Dunite
VapoRock 1 15306 1.99 0.74 0.31 0.45 15.88 19.20

MAGMA 1 29.20 0.40 0.08 0.08 0.03 1.26 1.45

ratio 1 524 5.0 8.9 3.9 13.6 12.6 13.2

ratio [M/Ca] .3 134 1.3 2.3 1.0 3.5 3.2 3.4

Bishop Tuff VapoRock 1 4354 13.13 22.83 0.38 14.12 8.07 1.35

Note— Predictions from VapoRock are compared with MAGMA (Schaefer & Fegley 2004)
calculated at 1900 K for various compositions (assuming ∆IW=+1.5 for VapoRock) and
are reported relative to Na (with scale factors for each element in column header). The
ratio of elemental abundances in VapoRock relative to MAGMA are reported for each com-
position using Na-scaled values (ratio) as well as preferred Ca-scaled values (ratio [M/Ca]),
which limit bias from systematic offsets in Na abundances between the two models.

4. DISCUSSION

4.1. Key differences in the underlying liquid model

To better understand the three- to five fold differences between the predictions of

VapoRock and MAGMA for the vapor pressures of certain elements, especially for

silica-related quantities, it is useful to contrast the form of the underlying MAGMA

liquid model with that of the VapoRock (MELTS) model. The MAGMA code relies

upon the Ideal Mixing of Complex Components (IMCC) liquid model, which postu-

lates the existence of a large number of representative species in the silicate liquid

which mix together ideally (Fegley & Cameron 1987). In effect, the liquid is itself

mathematically represented as an ideal gas composed of liquid species which each
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Figure 3. Vapor pressures for dominant gas species calculated using VapoRock for multiple
igneous rock compositions from Schaefer & Fegley (2004), Bishop Tuff composition from
Gualda et al. (2012), and Type B CAI from Richter et al. (2007). Partial pressures computed
at log fO2 of ∆IW=+1.5. Gas species are color-coded by primary cation type (see legend)
and line styles reflect the number of oxygen atoms for each species, with more broken lines
indicating more oxygens.
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possess their own fixed enthalpies and entropies of formation, which is quite conve-

nient as it treats both the liquid and vapor phases symmetrically. There is a cost

to this simplicity, however, as it ignores the fundamental interactions between liquid

components in complex silicate liquids.

The thermodynamic properties of silicate melts are manifestations of the atomic

structure of the liquid. The physical state of the liquid is described by the overall

degree of polymerization, describing how interconnected the strong silica network

is within the liquid’s atomic pseudo-lattice, as well as the population of oxygen-

bonded species for each metal cation (e.g. Mysen & Richet 2018). These properties

describe how ‘active’ a given element or species is within the silicate liquid, and

therefore influences its activity coefficient. In studies of silica-metal oxide liquid

binaries (e.g. Charles 1967; Ryerson 1985), the nature and mole fraction of the metal

oxide influences the activity of silica. The activity coefficient, γSiO2, exceeds 1 for

alkaline earth oxides (e.g. Mg and Ca) and decreases below 1 for alkali oxides (e.g.

Na and K). The magnitude of the effect is proportional to the cation’s ability to

disrupt (or strengthen) the silicate melt network, which can be estimated by its

Z/r (charge/ionic radius) ratio. For example, the silica activity coefficient (γSiO2)

experiences larger negative deviations from ideality due to K2O than Li2O, while the

largest positive deviations from ideality for alkaline earth cations decrease in the order

Mg > Ca > Sr > Ba, reflecting differences in cation size.

These effects are not composition-independent, however, since each metal cation

has a different energetic preference for particular sites in the liquid pseudo-lattice,

enabling higher order mixtures to deviate significantly from behavior along simple

binaries (Ryerson 1985). The ‘mixed alkali effect’—which applies to all network-

modifying and network-forming cations to varying degrees (e.g. Na, K, Mg, Ca, Fe,

Ti, P)—describes how intermediate liquid mixtures involving multiple metal oxides

are energetically stabilized or disrupted far beyond expectations from simple silica

metal-oxide binaries (e.g. Mysen 1990). A clear illustration of this effect can be seen

in the simplified NaAlSiO4–KAlSiO4–SiO2 liquid system, where the heat of mixing

describing Na-K exchange becomes increasingly negative and asymmetrically biased

toward Na as the silica content is reduced, strongly favoring mixed Na-enriched com-

positions with a maximum depth to the energy well appearing at Al/(Al+Si)≈1/3

and Na/(Na+K)≈1/4 (see discussion in Mysen 1990). The pronounced asymmetry

and energetic magnitude of this mixing effect violates the assumptions of ideal mixing

embedded in the IMCC model underpinning the MAGMA code. The end result is

that silicate liquid models built upon simplified subsystems (which cannot possibly

account for the mixed alkali effect) unavoidably underestimate the stabilities of (or

energetic preference for) intermediate mixed compositions.

The IMCC model at the heart of the MAGMA code is entirely calibrated on data

from liquid binary and ternary subsystems and presupposes ideal interactions between

these pseudo-species. The MELTS model on the other hand, which supports liquid
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calculations within VapoRock, permits explicitly non-ideal interactions between liq-

uid components, representing them with quadratic excess energies. The components

of the model were selected to maximize the accuracy of the symmetric regular solu-

tion approximation, and the model was calibrated entirely on a wide range of natural

magmatic compositions. The quadratic interaction (Margules) parameters of the reg-

ular solution model were calibrated on 4666 statements of mineral-melt equilibria,

80% of which were performed at 1 bar, the conditions at which VapoRock is exclu-

sively run. As a demonstration of its accuracy for natural magma compositions, the

MELTS model correctly predicts the saturation temperatures of silicate and oxide

minerals typically to within ± 10 K relative to experimentally-determined tempera-

tures (Ghiorso & Sack 1995). Thus, these natural compositions lie comfortably within

the compositional region of the MELTS calibration data, whereas the MAGMA liquid

model relies entirely on extrapolation from simplified binary and ternary subsystems

(Fegley & Cameron 1987; Schaefer & Fegley 2004).

VapoRock is clearly able to reproduce experimental data generally to within a factor

of 3, and performs similar to (Ca, Al, & Na) or better than (Si, Ti, Fe, Mg, & especially

K) the MAGMA code for terrestrial igneous rock compositions. In general, owing to

the ability of MELTS to account for non-ideality of mixing by a regular solution model

using pseudocomponents, the activities it calculates are expected (from both theory

and experiment) to be more precise than in the MAGMA code for complex natural

silicate liquids.

4.2. VapoRock limitations and ongoing developments

The MELTS liquid model underlying VapoRock employs non-oxide components to

better predict activities in compositional systems relevant to terrestrial magmatism

(see Sec.4.1). A drawback of this approach, however, is that the components do not

allow for low SiO2 compositions to be accessed, as numerous non-oxide components

are silica-based (e.g., KAlSiO4, Fe2SiO4, Na2SiO3 etc.). Hence, these elements (Fe2+,

K, Na) cannot be represented without sufficient silica (and/or alumina) in the bulk

composition. Therefore some exotic compositions, notably, a subset of Type B CAIs

(e.g., Stolper & Paque 1986) and indeed more extreme exoplanetary compositions

(e.g., Unterborn et al. 2020) with low SiO2 contents are inaccessible with VapoRock

at present. In future, the MELTS model could be extended to enable the calculation

of compositions lying outside the current compositional system.

Although VapoRock returns partial pressures for Ti- and Cr-bearing gas species,

caution is advised for the potential user. MELTS only treats Ti4+ and Cr3+ in its

solution model as the TiO2 and MgCr2O4 melt components, respectively. This poses

a potential problem for planetary mantles, which are thought to have largely formed

in equilibrium with iron-nickel metal during core-formation (Frost et al. 2008; Righter

et al. 2006), and thus experienced oxygen fugacities near or below the iron-wüstite

buffer. In particular, Cr is known to exist predominantly as Cr2+ at high tempera-
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tures (rather than Cr3+ as implicitly assumed by MELTS), with the Cr2+/Cr3+ ratio

approaching unity at ∆IW=+3.5 and 1673 K in typical basaltic melts (Berry et al.

2006, 2021). Of all the multi-valent cations, MELTS only directly represents multiple

oxidation states for Fe, and subsumes any redox effects for Ti and Cr into the average

behavior of liquids with Ti- or Cr-bearing compositions. Therefore, partial pressures

of Cr-bearing calculations performed at temperatures > 1673 K and oxygen fugacities

below ∆IW=+3.5 should only be taken as indicative of the net average behavior of

natural systems containing these elements.

A similar caveat applies to Ti-bearing gas species, though the range of temperatures

and oxygen fugacities over which VapoRock is applicable is considerably wider. This

comes from the lower relative f O2 at which the Ti4+ to Ti3+ transition takes place

in basaltic melts. Leitzke et al. (2018) found no evidence for Ti3+ in synthetic lunar

mare basaltic glass equilibrated at ∆IW=-2, though trivalent Ti does occur in some

lunar pyroxenes (Simon & Sutton 2018). VapoRock can therefore be used to faithfully

predict Ti-bearing gas species down to ∆IW=-2, but caution is advised at oxygen

fugacities much below this, where predictions may begin to diverge from realistic

behavior.

The compositional space in VapoRock comprises only metals and their associated

oxides. As such, H, C and other major volatile species are not included. These el-

ements readily bind with metal species as ligands, replacing or in conjunction with

oxygen (see Fegley et al. 2016; Sossi & Fegley 2018) to form additional species. In

steam atmospheres that can exert pressures of 102 to 103 bars on their planetary

surface, associated gas species of major elements such as Si(OH)4 and Mg(OH)2 be-

come more abundant than SiO and Mg, respectively (Fegley et al. 2016). This occurs

because the partial pressures of hydroxide species are related to the water fugacity of

the atmosphere, by reactions of the type MO(s,l) + H2O(g) = M(OH)2(g). Conse-

quently, the hydroxide species become predominant as f H2O increases. As noted by

Fegley et al. (2016); Sossi & Fegley (2018), some elements (in particular the alkalis)

are sensitive to the halogen content of the atmosphere through reactions of the form

A(g) + 0.5Cl2(g) = ACl(g) (where A = an alkali metal). Because there are 1.5 moles

of gas in the reactants and 1 mole in the products, p(ACl)/p(A) ratio is proportional

to (PT )0.5, where PT is the total pressure of the atmosphere. In planetary scenarios,

the PT may exceed 1 bar, promoting the formation of these species. Clearly, a self-

consistent understanding of the speciation of atmospheres surrounding rocky planets

is a complex question, for which VapoRock, at present, is best suited to modelling

nominally anhydrous, low-pressure examples. Future work must be done to incorpo-

rate volatiles into the VapoRock modeling framework and to assess the accuracy of

such a volatile-bearing model.

4.3. Vaporization of the Bulk Silicate Earth
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The Bulk Silicate Earth (BSE) represents an estimate for the composition of the

Earth minus its iron-nickel core, calculated by combining geological and cosmo-

chemical constraints (Palme & O’Neill 2014). To explore the outgassing of molten

terrestrial mantle materials after significant volatile loss, we model the vaporization

of the molten BSE without major volatiles (H, C, N, S). The partial pressures of

the equilibrium atmosphere above the BSE are calculated over a temperature range

from 1500 to 3000 K, at an f O2 given by Schaefer & Fegley (2009) for congruent

vaporization, and ranges from approximately ∆IW=+4.5 at 1500 K to ∆IW=+1

at 3000 K (Fig. 4). As per the other compositions listed in Table 2, Na(g) is the

predominant species in the vapour until ∼2700 K, at which point it is overtaken by

SiO(g). This basic behavior was also seen in previously published calculations using

VapoRock for a variety of other natural liquid compositions explored in Jäggi et al.

(2021). The major gas species for each element is Mg(g), AlO(g), TiO2(g), Fe(g),

Ca(g), K(g) and CrO2(g).

Most elements therefore vaporize via reactions in which the gaseous species is more

reduced than in the liquid. In terms of number of electrons transferred (n), the

dominant reactions for Si, Mg, Al, Fe and Ca involve n = 2, such as Fe2+O(l) =

Fe0(g) + 0.5O2(g). Even though the dominant species are also monatomic gases,

the alkalis evaporate according to n = 1 reactions, namely, A+O0.5(g) = A0(g) +

0.25O2(g). Titanium differs in that its speciation in the melt is identical to that in the

vapour, TiO2, such that its partial pressure is independent of f O2. At more reducing

conditions, TiO(g) becomes more significant relative to TiO2, proportional to f O−0.5
2 .

Of the elements studied here, chromium is unique in that it is the only element

whose most stable gas species, Cr4+O2 is more oxidised than in the silicate liquid

(Cr 3+
2 O3, see also Sossi et al. 2019). More oxidizing conditions therefore promote the

vaporization of Cr, as opposed to all other major elements whose volatilities decrease

with increasing f O2.

4.4. Constraining oxygen fugacity during vaporization

As highlighted for the BSE, the oxygen fugacity during vaporization of silicate melts

exerts strong controls on vapor abundances, since O2 appears as either a reactant or

product in most liquid vaporization reactions (assuming oxides are used as system

components). And yet, due to its low partial pressure in most situations, determining

oxygen fugacity in either experiments or natural systems poses immense challenges.

Though some experiments do measure and report molecular (or atomic) oxygen abun-

dances, these often do not cover the full range of the experiments and shift depending

on the composition of the sample (which itself can change due to fractional vaporiza-

tion). Indeed, owing to the high background levels of O2 relative to other molecular

species, most KEMS studies no longer determine f O2 directly, but rather calculate it
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Figure 4. Predicted gas species partial pressures for vaporization of Bulk Silicate Earth
(BSE) liquid calculated using VapoRock. Thermal trends are separated according to cation
type and use an expanded color-coding and line-style convention consistent with Fig. 3.
BSE composition and oxygen fugacity trend with temperature are taken from Schaefer &
Fegley (2009) and O’Neill et al. (1998), respectively.
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assuming congruent evaporation of other components (see Kobertz et al. 2014, their

eq. 8).

Beyond constraining experimental conditions based on empirical measurements,

building a true understanding of the underlying factors that govern evolving oxygen

abundances in natural systems poses even greater challenges. Much of the published

modeling work (see work of Fegley and Schaefer, e.g. Fegley & Cameron 1987; Schae-

fer & Fegley 2004) proceeds as if the samples themselves possess unique intrinsic

oxygen fugacities that are well constrained at different vaporization temperatures.

This is achieved by iteration, until the f O2 is equal to the sum of the number of

moles of oxygen associated with the congruent vaporization reaction(s) of each melt

oxide component. These models assume, therefore, that the oxygen budget of the

condensed phase dominates that in gas phase. However, due to the low oxygen abun-

dances in the vapor, its budget is liable to change by processes such as removal by

escape or deposition, molecular processing, or inflow of highly reducing nebular H2

gas. Even in cases where the redox state of the condensed phase does dictate the

oxygen fugacity, the oxidation state of nominally ‘fully-reduced’ compositions (with

no measurable ferric iron) like that of the BSE are not fully defined by their measured

oxide composition alone. Thus additional constraints on oxygen abundance must be

imposed to estimate and predict the evolving oxygen fugacity during vaporization of

highly reduced materials like primitive planetary mantles.

4.5. Constraining oxygen fugacity in planetary atmospheres

From an atmospheric standpoint, the oxygen fugacity can be inferred from the

relative abundances of coupled vapor species with variable oxidation states (like TiO2

and TiO) with the help of a thermochemical database of vapor species, though this

calculation is rarely presented in most experimental studies. Calculations of the

evaporation of silicate materials indicate, unsurprisingly, that SiO(g) is one of the

prevailing species throughout the temperature range 1500 - 3000 K, reaching 0.01 to

0.1 bar at the upper end of this range. It has a sister species, SiO2(g), that is typically

present at levels 10 - 100 times lower than SiO(g) (cf. Fig. 4). At equilibrium, the

partial pressures of the two species are related by the oxygen fugacity:

SiO(g) + 1/2O2(g) = SiO2(g) (9)

By the law of mass action and given an ideal gas, the equation can be rearranged to

solve for f O2:

fO2 = (pSiO2/[pSiO.K(9)])
2 (10)

An expression for the equilibrium constant of equation 9, K(9), is given by tabulated

data from JANAF, as implemented in VapoRock:

logK(9) = 10278/T − 4.0436 (11)

These series of equations can be used to predict the f O2 of a given atmosphere

provided the pSiO, pSiO2 and temperature are known, and chemical equilibrium is
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assumed. A grid of f O2 values as a function of these variables is shown in Fig. 5.

Figure 5. Oxygen fugacity trends as a function of the log(pSiO2/pSiO) ratio of the atmo-
sphere, expressed as log unit deviations relative to the iron-wüstite buffer. Lines represent
different isotherms ranging from 1500 K to 3000 K. Horizontal lines show reference oxygen
fugacity for air (at 3000 K) and the Earth’s mantle (today and during core formation).
Earth mantle oxygen fugacity data from Frost et al. (2008).

Zilinskas et al. (2022) modelled predicted spectral responses from the emission

of fictive silicate atmospheres around rocky exoplanets, including 55-Cnc-e, among

others. These authors demonstrated that SiO and SiO2 have strong characteristic

features, at 9 µm and 7 µm, respectively, which are readily observable with the MIRI

instrument of JWST. Moreover, the broad feature produced by SiO is expressed as an

emission band, whereas SiO2 is a strong absorber, giving rise to an acute contrast in

the mid-infrared as a result of the presence of the two molecules. In cases of extreme

vaporization, like the anhydrous compositions explored by Zilinskas et al. (2022),

Si-containing vapor species provide a unique opportunity for directly measuring the

oxygen abundances within planetary mantles.

Fig. 5 illustrates that the temperature dependence of reaction 9 is weak relative to

the expected range of f O2 variation. Consequently the pSiO2/pSiO, if determined
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accurately together with temperature, is a sensitive probe of oxygen fugacity of the

atmosphere. Given the slope of logf O2 = 2log(pSiO2/pSiO), an uncertainty of ± 1

log unit in (pSiO2/pSiO) corresponds to an uncertainty of ± 2 log units in f O2 at

constant temperature. This level of precision would be sufficient to distinguish (in

terms of oxygen abundance) between an atmosphere similar to that of Earth during

core formation (∆IW=-2.2) from its present-day mantle value (∆IW=+3.5; see Fig.

5; Frost et al. (2008)) and therefore would be able to track large-scale transitions in

the oxidation state of planetary atmospheres.

This conclusion does come with several caveats. As noted, VapoRock does not cur-

rently account for H-bearing species, that may overwhelm any IR fingerprint coming

from SiO and SiO2. However, the presence of volatiles like H or C provide ample op-

portunity for spectral retrieval of atmospheric oxygen abundances. The assumption

of chemical equilibrium may also break down due to photochemical reactions induced

by UV absorption at wavelengths shorter than 300 nm (see Schaefer & Fegley 2009,

and references therein) in the upper regions of the atmosphere. Nevertheless, we

propose that the SiO/SiO2 ratios of rocky planetary atmospheres are most promising

proxies of f O2, and, consequently, the interior redox state of their mantles.

5. CONCLUSION

We develop and fully validate a new open-source code for silicate liquid vaporization,

VapoRock, relevant for modeling outgassing of silicate magma oceans and volcanic

venting in the volatile-free Si-Mg-Fe-Al-Ca-Na-K-Ti-Cr-O system. This code com-

bines descriptions of the thermodynamic properties of vapor species from the NIST-

JANAF (Chase 1998) thermochemical tables—and alternative expressions of Lam-

oreaux and coworkers (Lamoreaux & Hildenbrand 1984; Lamoreaux et al. 1987)—

with the silicate liquid model of MELTS (Ghiorso & Sack 1995). Vapor pressures

and associated melt oxide species activities calculated by VapoRock are shown to

reproduce experimental results for vaporization of complex synthetic and natural sil-

icate liquids to within a factor of ∼3 (consistent with experimental uncertainties) for

quantities that vary over 6 to 10 orders of magnitude. Furthermore, we carry out an

extensive comparison of calculated vapor pressures using VapoRock and the existing

community-standard benchmark code MAGMA (Fegley & Cameron 1987; Schaefer &

Fegley 2004), for a wide range of natural magma compositions ranging from dunites

to rhyolites. We find that VapoRock yields vapor pressures that are on par with (Ca,

Al, & Na) or more accurate than (Si, Mg, Ti, Fe, & especially K) the MAGMA code.

These systematic differences (which are as large as 2-3 orders of magnitude for K)

are generally attributable to fundamental distinctions in the underlying liquid models

and their ability to capture non-ideal interactions for realistic natural silicate melts.

The model is used to explore anhydrous vaporization of a bulk silicate Earth compo-

sition representative of rocky planetary mantles, showing that the major species are

Na(g) below 2700 K and SiO(g) above 2700 K (confirming observations of a previous
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application of VapoRock in Jäggi et al. 2021). We additionally explore the possibil-

ity of using the ratio of silica vapor species, SiO and SiO2, as a spectroscopic proxy

for inferring the oxidation state of mantle-outgassed exoplanetary atmospheres. It

is shown that a precision of ± 1 log unit on SiO/SiO2 would be sufficient to dis-

cern between different evolutionary stages experienced over Earth’s history and, by

extension, those of exoplanets.
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APPENDIX

A. SHOMATE EQUATION

To evaluate the chemical potential of each vapor species, the ideal gas approximation

must be coupled with an analytic expression for energy as a function of temperature,

like the Shomate equation used by the thermochemical tables of JANAF, Lamore-

aux & Hildenbrand (1984) and Lamoreaux et al. (1987). The Shomate equation

empirically captures energy variations for a wide selection of materials over a broad

temperature range, and multiple piecewise models are sometimes combined to retain

desired accuracy over 1000+ degree intervals. The generalized polynomial form of

the Shomate equation describes molar enthalpy in kJ/mol:

∆H̄0 = H̄0 − H̄0
298.15

= At+
B

2
t2 +

C

3
t3 +

D

4
t4 − Et−1 + F

(A1)

molar entropy in J/mol/K:

S̄0 = A ln t+Bt+
C

2
t2 +

D

3
t3 − E

2
t−2 +G (A2)

and molar heat capacity in J/mol/K:

C0
P = A+Bt+ Ct2 +Dt3 + Et−2 (A3)
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where t is temperature given in kilo-Kelvin (t = T/1000). These are combined to

evaluate the molar Gibbs energy (or chemical potential):

Ḡ0 ≡ µ0 = ∆H̄0 − T S̄0 (A4)

These numerical coefficients (A,B,C,D,E, F,G) are provided for a huge set of phases

in the JANAF thermochemical database, as well as the tables of Lamoreaux & Hilden-

brand (1984) and Lamoreaux et al. (1987). Using these expressions, we can rapidly

evaluate the chemical potential reference state for every vapor species in the system,

allowing us to determine the equilibrium partial pressure of each one.

B. STOICHIOMETRIC CONVERSION BETWEEN LIQUID AND SYSTEM

COMPONENTS

Generalizing the specific examples given, compositional conversion of the liquid

endmembers is determined by stoichiometry:

φ`
i =

∑

j

ν`ijcj (B5)

where φ`
i is the ith endmember component for the liquid phase, cj is the vector of basic

system components (like oxides), and ν`ij is the stoichiometry matrix for the liquid

phase reflecting the composition of the ith endmember in terms of the jth system

component. Given the linearity of chemical potentials, the relation between phase

and system chemical potentials can be written:

µ`
i =

∑

j

ν`ijµj (B6)

which is inverted to obtain the expression needed for thermodynamic computation:

µj =
∑

i

ν̃`jiµ
`
i (B7)

where ν̃` = (ν`)−1 is the inverse stoichiometry matrix for the liquid phase. Thus

we obtain the chemical potentials of the system in terms of the desired (oxide) com-

ponents through a simple dot product with the inverse liquid stoichiometry matrix.

Having brought both the liquid endmember and vapor species into a common basis

of system components, we are able to meaningfully combine the thermochemical data

on each phase to preform useful computations.

C. CONVERTING LIQUID/VAPOR COMPOUNDS TO COMMON OXIDE

BASIS

To carry out equilibrium liquid/vapor computations with our thermochemical

database, we first convert both liquid components and vapor species into their equiva-

lent representation using system components (oxides) with additional oxygen (vapor)
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as needed to ensure stoichiometric balance. Some representative examples are given

for a number of liquid components and vapor species of varying complexity:

liquid components

Fe2O3(`) = Fe2O3(c)

Fe2SiO4(`) = 2 FeO(c) + SiO2(c)

KAlSiO4(`) =
1

2
K2O(c) +

1

2
Al2O3(c) + SiO2(c)

vapor species

Na2O(v) = Na2O(c)

NaO(v) =
1

2
Na2O(c) +

1

4
O2(v)

Si2(v) = 2 SiO2(c)− 2 O2(v)

Al2O2(v) = Al2O3(c)−
1

2
O2(v)

(C8)

where chemical compounds exist in the liquid (`) or vapor (v) phase are represented

using system components (c), typically oxides. Due to the linearity of chemical po-

tentials, this allows us to work in a common basis of oxides while interfacing between

the condensed and vaporized portions of the system.

D. CALCULATING PARTIAL PRESSURES FROM THE LAW OF MASS

ACTION

In order to determine the hypothetical partial pressure of the ith gas species in an

idealized system, given a composition for the liquid and an oxygen fugacity (f O2),

the law of mass action is used. A common example is the congruent dissociative

evaporation of SiO2(l) into its gaseous constituents, SiO(g) and O2(g). The reaction

takes the form:

SiO2(l) = SiO(g) + 0.5O2(g) (D9)

The equilibrium constant, K for this reaction (assuming p = f ) is:

K = p(SiO).p(O2)
0.5/a(SiO2) (D10)

By the law of mass action, the equilibrium constant can be related to the Gibbs

Free Energy change of the reaction by:

∆Grxn = −RT. lnK (D11)

Where ∆Grxn is given by:

∆Grxn = G(SiO) + 0.5G(O2)−G(SiO2) (D12)
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Values of the Gibbs energies of the compounds, G, can be compiled from lookup

tables such as in JANAF (as Gibbs Energies of formation from the elements, ∆fG◦),

or calculated using the Shomate equations. Equation D10 is re-arranged to solve for

p(SiO) and evaluated over the desired temperature range. In order to recover p(SiO),

p(O2) must also be known. For the idealized system, a(SiO2) = x (SiO2), yielding

p(SiO)0 that can be compared with experimental data or VapoRock outputs.
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ABSTRACT

This document contains supplementary figures and discussion for ”VapoRock: Ther-

modynamics of vaporized silicate rocks & melts for modeling magma ocean atmo-

spheres and stellar nebula”.

1. VAPOROCK PARTIAL PRESSURES OF BSE COMPOSITION BASED ON

LAMOREAUX DATA

VapoRock vapor pressures for BSE composition based on Lamoreaux thermochem-

ical database (Lamoreaux & Hildenbrand 1984; Lamoreaux et al. 1987). Figure 1

thereby recreates Fig. 4 in the parent manuscript. Cr and Ti species are absent, as

they are not included in the original database. Fe thermochemical data was added

from NIST-JANAF data (Chase 1998).

2. EXPERIMENTAL VALIDATION FOR SIMPLIFIED SYNTHETIC SYSTEMS

The activity model for the liquid in VapoRock is that employed in the MELTS code

(Ghiorso & Sack 1995), which was itself calibrated on experimental data for basaltic

liquids relevant to terrestrial magmatism. To better treat these complex systems,

MELTS employs pseudocomponents that simplify expressions for chemical potentials

(and activities) of solutions. However, this approach comes at the cost of being able

to access the entire space of liquid compositions. As such, the performance of the
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Figure 1. VapoRock partial pressures for all components separated by species. BSE
composition and oxygen fugacity as a function of temperature was taken from Schaefer &
Fegley (2009) and O’Neill et al. (1998) respectively. The thermochemical data of Lamoreaux
and colleagues (Lamoreaux & Hildenbrand 1984; Lamoreaux et al. 1987) was used. Cr and
Ti species are absent, as they are not included in the original database. Fe thermochemical
data was added from NIST-JANAF data (Chase 1998).
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MELTS code in simpler ternary- and quaternary systems remains uncertain.

Given the underlying importance of the liquid activity coefficients in determining

the vaporized species abundances, a second validation method involves comparison of

experimentally determined activity coefficients with those predicted by the model. In

these phase equilibria experiments, the compositions of two phases (a silicate liquid

and a metal or sulfide liquid) are measured analytically. Provided that the thermody-

namic properties for the metal or sulfide liquid (in terms of an activity-composition

model for one or more of the components in each phase) are well-known, the activity

of the unknown component can be determined thermodynamically, e.g. by integrating

the Gibbs-Duhem equation (e.g. O’Neill & Eggins 2002; Holzheid et al. 1997; Rein

& Chipman 1965; Wood & Wade 2013). To examine the accuracy of both the vapor

pressures and liquid activities predicted by VapoRock, we performed calculations at

given temperature and oxygen fugacity to match those in experimental determinations

of partial pressures and melt component activities in diopside (Shornikov et al. 1997),

anorthite (Stolyarova et al. 1996), the anorthite-diopside eutectic (Rein & Chipman

1965), and the system FeO-MgO-SiO2 (Plante et al. 1992). The results are compared

in Figure 2 and Table 1.

The equilibrium partial pressures above diopside liquid as calculated by VapoRock

agree favourably with those determined by KEMS (Shornikov et al. 1997) for SiO(g)

and SiO2(g), particularly when considering the free energy data for gases from the

JANAF tables (Fig. 2). The agreement, however, is considerably worse for Mg(g) and

Ca(g), where both the JANAF- and Lamoreaux-based versions of VapoRock predict

higher and lower partial pressures, respectively, by a factor ∼20 in each case. This

systematic offset indicates that the activities of MgO(l) and CaO(l) in VapoRock are

higher, and lower, respectively, than those derived from KEMS-determined partial

pressures (see Table 1). However, when comparing the VapoRock activities to those

determined by Rein & Chipman (1965), the concordance is much improved, to within

∼15 % for γMgO and γSiO2 and a factor of ∼2 for γCaO.

For anorthite liquid at 1933 K, a similar discrepancy is observed for γCaO between

KEMS (0.019) and VapoRock (0.0014). The result is that VapoRock predicts lower

partial pressures at a given temperature than the KEMS data indicate. Again, how-

ever, the γCaO is in excellent agreement with that determined by Rein & Chipman

(1965), as well as the model of Berman et al. (1984). The silica activity determined by

VapoRock for the anorthite-diopside eutectic composition is also in good agreement

with the data of Rein & Chipman (1965). Owing to the scarcity of experimental

data, it is difficult to assess the relative accuracy of either dataset (KEMS vs. phase

equilibria). However, the KEMS experiments of Stolyarova et al. (1996); Shornikov
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Table 1. Comparison of activity coefficients determined in simple silicate liquids by a
variety of methods with those returned from VapoRock.

Composition Method T [K] γSiO2 γAl2O3 γMgO γCaO γFeO

Diopside liquid

S+97 KEMS 1873 0.32 − 0.006 0.070 −
RC65 Gibbs-Duhem 1873 0.50 − 0.090 0.004 −

VapoRock 1873 0.59 − 0.105 0.002 −
Anorthite liquid

S+96 KEMS 1933 0.52 0.69 − 0.0190 −
VapoRock 1933 0.57 0.60 − 0.0014 −

RC65 Gibbs-Duhem 1823 0.42 0.80 − 0.0010 −
VapoRock 1823 0.57 0.60 − 0.0009 −

An42-Di58

RC65 Gibbs-Duhem 1873 0.45 − − − −
VapoRock 1873 0.64 0.23 0.133 0.0016 −

45S : 45M : 10F

P+92 KEMS 1973 − − − − 4.04

VapoRock 1973 1.13 − 0.104 − 2.55

40S : 40M : 20F

P+92 KEMS 1973 − − − − 3.02

VapoRock 1973 1.16 − 0.112 − 1.95

35S : 35M : 30F

P+92 KEMS 1973 − − − − 2.33

VapoRock 1973 0.63 − 0.169 − 2.48

Note—S = SiO2, M = MgO, F = FeO, S+97 = Shornikov et al. (1997), RC65 = Rein &
Chipman (1965), S+96 = Stolyarova et al. (1996), P+92 = Plante et al. (1992).

et al. (1997) were performed in Mo Knudsen cells, which contributed significantly to

the mass spectrum of the vapor phase, indicating Mo did not behave in an inert man-

ner under their experimental conditions. Moreover, DeMaria & Piacente (1969) cited

Mo as inappropriate for use as Knudsen cell material owing to its reactivity with melt

components and vapor species. Indeed, O’Neill & Eggins (2002) noted a negative

correlation between γMoO3 and xCaO in CMAS melts, which they attributed to the

formation of CaMoO4 complexes. For these reasons, we would encourage additional

investigation of these systems by KEMS using more suitable Knudsen cell material,
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namely Ir or Re (Bischof et al. 2021; De Maria et al. 1971).

Figure 2. Partial pressures of vapor species determined by KEMS above diopside liquid
(Shornikov et al. (1997), points) compared with those calculated using VapoRock with
either the JANAF (Chase 1998) or the Lamoreaux thermochemical data (Lamoreaux &
Hildenbrand 1984; Lamoreaux et al. 1987). Although the partial pressures in some instances
are in disaccord, the calculated activities from the vapor pressures shown coincide well with
data from Rein & Chipman (1965) (Table 1). See text for discussion.

In iron-bearing systems experimental determination of activities are complicated

by its multiple oxidation states. Nevertheless, the KEMS-measurements of Plante

et al. (1992) examined liquids in the SiO2-MgO-FeO system at molar SiO2/MgO =

1 and varying xFeO between 0.1 and 0.9. Direct comparison of vapour pressures

was not performed, as Plante et al. (1992) used only measured ion intensities (e.g.,

Fe+) and by integrating the Gibbs-Duhem equation (cf. Belton & Fruehan 1967) at

constant SiO2/MgO. VapoRock is only able to access compositions at xFeO = 0.3

and below, with the resulting activities shown in Table 1. In each of the compositions

tested, the value of γFeO is within a factor of 1.5 of that determined by Plante

et al. (1992). Moreover, γFeO has been widely determined in simple silicate melts

in the CaO-MgO-SiO2, CaO-Al2O3-SiO2 and CaO-MgO-Al2O3-SiO2 systems by the

phase equilibria method, and is typically within the range 1 ≤ γFeO ≤ 3 at similar

temperatures (Holzheid et al. 1997; O’Neill & Eggins 2002; Wood & Wade 2013). This

exercise demonstrates the applicability of the MELTS code, even in simple ternary

and quaternary systems, to a typical level of accuracy of better than a factor of 2.
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