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Introduction: The ability to calculate chemical
equilibria from thermochemical constants (e.g., H, S,
Cp) or other experimental data is a tool widely
employed by scientists. However, phase equilibria for
planetary science problems is limited by easy access to
libraries of thermochemical data, as well as the software
to invert that data. Many academic software packages
are focused on specific types of problems (e.g., aqueous
solutions or melting and crystallization of magmas).
This focus makes them excellent tools for specific uses,
but poorer tools for other scenarios, especially those
involving elements or chemical species that are less
well-studied in that specific scientific field (e.g. NaCl
vapor).

Amongst the more general thermodynamic software
tools, there are closed academic software packages,
open-source options, as well as commercial software.
We have explored the extent to which commercial
chemistry/chemical engineering software may be able
to satisfy the need for thermochemical modeling
packages that can accommodate the diverse species and
conditions of planetary science problems. Here we
compare the output of software package HSC
Chemistry™ (Metso Outotec) to published vapor-solid
phase diagrams for a variety of major and minor
elements [1].

HSC Chemistry™ has been used in several recent
geochemical studies of terrestrial volcanic systems [2-
4]. However, it has not to our knowledge been
benchmarked against peer-reviewed model results for
the conditions and compositions relevant to planetary
science. We present one such comparison here, the low-
pressure environment of the solar nebula, using
literature data. In short, we find excellent agreement
between HSC Chemistry™ and the well-regarded
academic software package CONDOR [1]. These
preliminary results suggest that at least some
commercial software packages are capable of robust
thermochemical calculations for planetary science.

Experimental Design: We selected the calculations
made on Solar System compositions using CONDOR
[1] for this test for the following reasons: 1) The bulk
chemistry is well-described for all elements; 2) The
species used in the modeling are thoroughly
documented; 3) Results are provided for a selection of
major and minor elements; 4) The models lack silicate
liquids (melts) which constitute an additional
complication that we deemed unsuitable for this
preliminary test.

The HSC Chemistry™ Gibbs Equilibrium Module
(GEM) was used to calculate the abundances of solid
and vapor species for Solar System abundances [5] as a
function of temperature at 10 bars, to facilitate direct
comparison with published results [1]. Solid-solution
with ideal mixing is allowed where appropriate (e.g.,
feldspars, clino- and orthopyroxenes, amphiboles).

Results: Species abundances for individual
elements (i.e., all the species that contain at least that
element) are plotted against temperature for the
following elements: Mg, Si, Fe, Ti, Ca, and S. NB:
Species are reported here with the notation used in the
HSC Chemistry™ database (e.g., *2CaO*AI1203*Si02
instead of CaxAl,SiO7 for gehlenite).
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Magnesium. GEM and CONDOR yield similar
model output for Mg, with Mg distribution dominated
by an enstatite component in orthopyroxene and a
forsterite component in olivine. Differences include a
small CaMgSiO4 component in olivine and lower
stability of calcic clinopyroxene in GEM, as well as a
small (<5%) stability field for MgAl,O4 in GEM that is
not observed in CONDOR output, and a similar
MgCr,04 field observed in CONDOR that is not present
in GEM. The origin of the spinel discrepancy is
unknown.
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Silicon. For Si-bearing species at the ~5% modal
abundance level or higher, GEM predictions are very
similar to CONDOR. This includes a peak in the



abundance of forsterite at ~1300 K, as well as the
appearance of vapor species SiO and SiS at T > 1200 K.
GEM npartitions albite into two phases (alkali feldspar
and plagioclase), but the total abundance is comparable
to that of CONDOR.
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Iron. GEM and CONDOR differ in which iron
sulfide phase is stable at low temperatures, but other
phases/species are very similar in the output of the two
models. Fe(s) dominates from 700-1300 K, with ~100%
of Fe present as Fe(g) above 1300 K.
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Titanium. GEM and CONDOR yield similar model
output for all 7 species present. Ti is present as a
combination of Ti(g), TiO(g), and TiO2(g) above ~1550
K, with the fraction of TiO» decreasing as T rises.
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Calcium. GEM and CONDOR yield similar model
output for most major Ca-bearing species, with the
exception of Ca- and CaMg-olivine components stable
in GEM. These species disappear from the assemblage
if ideal mixing is turned off for olivine and all olivine
components are required to saturate as separate phases.
Clinopyroxene (T < 1000 K), plagioclase (1000-1350
K), and ghelenite (1350-1500 K) constitute more than
50% of the solid assemblage. Ca(g) vapor first appears
at ~1450 K and comprises 100% of the Ca above ~1650
K.
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Sulfur. GEM and CONDOR yield similar model
output for all phases excepting FeS (which in GEM is
observed as a combination of Feps77S and FeS, as
mentioned above). Above ~1200 K the fraction of S
present as H»S decreases, with first SiS(g), then HS(g),
then S(g) as the prevent species, with only a small
amount of Sx(g).

Discussion: Output from GEM is consistent with
CONDOR, strong evidence that HSC Chemistry™ can
be applied to planetary science problems. HSC
Chemistry™ also permits the user to implement their
own composition- and temperature-dependent activity
models, as well as supplementation or modification of
the thermodynamic database provided. These features
should further increase the utility of HSC Chemistry™
for geochemical and planetary science applications.
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