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Abstract

We present thermodynamic and empirical calculations for the iron-wiistite (IW) buffer applicable from 100 kPa to 100 GPa
and from 1000 to 3000 K. The thermodynamic calculation self-consistently accounts for changing stoichiometry of iron-
saturated wiistite as a function of temperature and pressure. In contrast to some previous models for calculating IW at high
pressure, the model incorporates a thermodynamically valid representation of the free energy of stoichiometric FeO at
100 kPa. Earlier high pressure models that relied on the JANAF thermochemical tables (Chase, 1998) were compromised
because JANAF has erroneous values for the properties of FeO. This resulted in predicted oxygen fugacities buffered by
IW that are between 0.2 and 1.1 log units too reducing at 3000 and 1000 K, respectively. The revised thermodynamic calcu-
lations indicate that iron-saturated wiistite becomes more nearly stoichiometric with increasing pressure, but that this shift
depends on temperature. Near-stoichiometric FeO (y < 0.01, for Fe;_,O) is reached close to 8 GPa at 1000 K and 17 GPa
at 2000 K. An empirical function is presented that accurately reproduces the thermodynamic calculation and facilitates easy
quantification of the fo, of IW over the full range of temperatures and pressures covered by the model. Some caution is war-
ranted in calculation of IW at high pressures, after FeO undergoes a transition from an insulator to a conductor and where
low spin Fe?" is stabilized, as the present model does not incorporate the effects of these transitions on the IW buffer.
© 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The equilibrium coexistence of iron metal and wiistite,
Fe,,O, (IW) fixes the oxygen fugacity according to the
reaction

(I1-y)Fe +1/20, <= Fe,,0 (1)
metal wustite

and is an important reference buffer applied in earth and
planetary science (Papike et al., 2005; Frost et al., 2008;
Wadhwa, 2008). Although oxygen fugacities set by IW
are significantly more reduced than those found for most
rocks from Earth’s crust and shallow mantle (Frost and
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Lindsley, 1991), they are relevant to conditions in the deep
mantle (O’Neill et al., 1993; Frost et al., 2004; Rohrbach
et al., 2007; Frost and McCammon, 2008), and in the
Moon, Mars, and many meteorite parent bodies (Papike
et al., 2005; Herd, 2008; Wadhwa, 2008). IW is also a crit-
ical reference buffer for processes of core formation in
which silicate reacts with Fe-rich alloy (Frost et al. 2008).
Further, in many experimental studies, the fo, set by IW
is used to quantify the fo, through coexistence of FeO-
bearing silicate with iron-precious metal (Pt, AuPd, Ir)
alloys (Grove, 1981; Kessel et al., 2001; Medard et al.,
2008; Barr and Grove, 2010; Stagno and Frost, 2010).
The fo, set by the IW buffer at 100 kPa has been estab-
lished to high accuracy by numerous studies from both met-
allurgists and earth scientists (Chipman and Marshall,
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1940; Darken and Gurry, 1945; Vallet and Raccah, 1964;
Takayama and Kimizuka, 1980; Jacobsson and Rosen,
1981; Sjoden et al., 1986; O’Neill, 1988; O’Neill and
Pownceby, 1993), but extension to high pressures requires
equations of state of the condensed solids participating in
the reaction, Fe metal and Fe;,O oxide (Eugster and
Wones, 1962; Campbell et al., 2009; Fischer et al., 2011b).
An additional consideration is that the stoichiometry of
Fe;,O in equilibrium with Fe varies with temperature
and pressure, and becomes essentially stoichiometric FeO
(y = 0) at high pressure (McCammon and Liu, 1984;
McCammon, 1993; Fei, 1996; Stolen and Grenvold, 1996;
Seagle et al., 2008; Campbell et al., 2009). From this com-
plication, two issues arise. First, in addition to an EOS
needed to account for the effects of pressure, extension of
calculated IW reaction to high pressure requires a valid
thermodynamic representation for the properties of stoi-
chiometric FeO at 100 kPa. Second, calculation of the fo,
set by IW at intermediate pressures, in which wiistite has
stoichiometry between the equilibrium value prevailing at
100 kPa and FeO, requires accounting for the effect of sto-
ichiometric variations on fo,.

Eugster (1959) introduced the IW buffer to earth science
and Eugster and Wones (1962) quantified the effects of
pressure with a simple calculation employing the 100 kPa
volumes of wiistite and Fe metal. Though this treatment
does not account for changes in stoichiometry, it is a rea-
sonable approximation for the modest effects of pressure
in the crust and shallow mantle. This approach to calculat-
ing IW above 100 kPa persisted in the earth and planetary
science community for nearly 50 years (e.g., Herd, 2008),
until Campbell et al. (2009) and Fischer et al. (2011b)
applied more advanced equations of state to allow exten-
sion to higher pressures.

Campbell et al. (2009) and Fischer et al. (2011b) con-
ducted high pressure high temperature EOS measurements
of coexisting Fe and FeO at pressures up to 200 GPa and
used them to construct functions for IW applicable to deep
planetary mantles. Because FeO is nearly stoichiometric at
high pressure, Campbell et al. (2009) and Fischer et al.
(2011b) calculated IW by combining their EOSs with the
100 kPa properties of FeO, taking the latter from the
JANAF thermochemical tables (Chase, 1998). Between
1000 and 3000 K, the resulting low pressure functions for
IW are between 0.9 and 0.2 log units more reduced than
the well-established values for 100 kPa IW with equilibrium
stoichiometry (e.g., O’Neill and Pownceby, 1993) (Fig. 1).
These functions, thought to be valid above 5 GPa, do not
address how IW should be interpolated at pressures
between 100 kPa and 5 GPa, a region of considerable inter-
est to processes such as basalt generation in shallow plane-
tary mantles, or to calculation of fo, in shallow magma
oceans. For the latter, Zhang et al. (Zhang et al., 2017)
assumed that between 100 kPa and 5 GPa, IW could be
approximated by a simple linear interpolation between
the high pressure and low pressure functions. More prob-
lematic, however, is that the properties of FeO given in
the JANAF tables (Chase, 1998) are erroneous, as will be
demonstrated below.
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Fig. 1. Calculated log fo, at 100 kPa as a function of temperature
for Fe coexisting with stoichiometric FeO, from the JANAF
thermochemical tables (Chase, 1998), Campbell et al. (2009) and
Fischer et al. (2011b), relative to that calculated for the equilibrium
iron-wiistite (IW) assemblage, from Pownceby and O’Neill (1993).
JANAF (Chase, 1998) predicts conditions between 0.9 and 0.2 log
units more reducing than IW; Campbell et al. (2009) and Fischer
et al. (2011b), guided by the JANAF values, predict similar
differences. However, as demonstrated in the text, the thermody-
namic requirement is that stoichiometric Fe-FeO impose condi-
tions more oxidizing than equilibrium IW.

Here we present a revised thermodynamic function for
wilstite that self-consistently calculates Fe;.,O stoichiome-
try in equilibrium with iron as a function of temperature
and pressure and gives values of fo, that account for these
changes. Additionally, we calibrate a revised empirical
function for the fo, buffered by the coexistence of Fe and
equilibrium stoichiometry wiistite that is valid from 1000-
3000 K and from 100 kPa to 100 GPa.

2. WUSTITE THERMODYNAMICS AND THE
PROPERTIES OF STOICHIOMETRIC FEO

IW is commonly calculated from empirical functions in
which the stoichiometry of wiistite is implicit (e.g., Eugster
and Wones, 1962; O’Neill, 1988; O’Neill and Pownceby,
1993; Herd, 2008), but these are based on data only from
100 kPa, where wiistite composition varies only slightly
and remains far from stoichiometric. At high pressure
and/or to treat wiistite stoichiometry explicitly, the fo, buf-
fered by the coexistence of pure iron metal and wiistite can
be examined from the reaction

Fe +1/2 0, < FeO (2)

metal wustite

where FeOis the stoichiometric FeO endmember within an

wu stite
Fe;.yO wustite solid solution. Based on the equilibrium con-
stant for reaction (2),
awuslite
(Gheo = 1/2Gh, = Gi) = —RTIn 10, (3)
agetf 0,

the oxygen fugacity can be calculated from
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log fo, = (ﬁ) [(Gho —1/2G5, — Go.) /R + Inayg™]
(4)

where G? are the standard state free energies of the compo-
nents and afi® is the activity of FeO in wiistite solid
solution.

This approach requires specification of G%eoas a func-
tion of temperature at 100 kPa, which has not been mea-
sured directly because FeO isn’t stable at low pressure.
Even if synthesized at high pressure or by some other
means, thermodynamic measurement of stoichiometric
FeO would present challenges, as it could decompose to
Fe + Fe;,O at high temperature in an EMF cell or
calorimeter. For incorporation in the JANAF tables,
Chase (1998) derived the properties of FeO crystal from
those of FeO liquid, using the experimentally-derived
enthalpy of fusion for non-stoichiometric wiistite
(Coughlin et al., 1951). However, the properties they used
for FeO liquid are based on an assumption unlikely to be
correct. Describing their methodology for FeO liquid,
Chase (1998) wrote (p. 1237),

“An assumption was made that during melting, the
reaction

Fep.0470(cr) = 0.947 FeO (1) + (0.053/2) O, (g) occurs.”

Wiistite should not melt to stoichiometric FeO liquid, as
the phase diagram determined by Darken and Gurry (1946)
shows that above the melting point of wiistite, FeO is in the
stability field of Fe metal and non-stoichiometric Fe; ,O
liquid (Fig. 2). Further, the putative incongruent melting
of wiistite should not yield O, gas, as wiistite stability is
only viable at conditions far too reducing for such high
O, fugacities. Thus, the properties of FeO liquid given in
the JANAF tables (Chase, 1998) are inaccurate and this
propagates to their derived properties of crystalline FeO.

A second reason that the JANAF properties of stoichio-
metric FeO solid are suspect is that the fo, resulting from
calculating the free energy change of the putative reaction

Fe +1/20, <= FeO,

metal stoich.
oxide (5)

is more reduced than the fo, for stable coexistence of Fe
and equilibrium, non-stoichiometric wiistite (Eq. (2)). This
accounts for the offset in fo, between Campbell et al. (2009)
and Fischer et al. (2011b) and low pressure IW calibrations
(Fig. 1). Although it might seem sensible that stoichiometric
FeO would impose conditions more reduced than wiistite
with appreciable Fe*", this cannot be correct in the pres-
ence of Fe. Rather, the fo, calculated from the Fe + FeO
assemblage must be more oxidizing than equilibrium IW.

As the equilibrium assemblage must be that which has
the lowest free energy at the conditions of interest, at low
pressure the assemblage IW (Eq. (1)) must have a lower
Gibbs free energy than an Fe-FeO assemblage (Eq. (5)).
JANAF predicts incorrectly that the Fe-FeO assemblage
has a lower free energy than equilibrium IW. This can be
inferred by comparing the fo, calculated for IW as compare
to that calculated from an assumed Fe-FeO assemblage, as
detailed in the following paragraphs.
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Fig. 2. Compositions of wiistite, Fe;.,O in equilibrium with Fe
metal as a function of temperature at 100 kPa. Experimental
compositions are from the compilation of Wriedt (1991). Also
shown are iron-wiistite phase boundaries calculated from the
thermodynamic models of Sundman (1991) (S91), Stelen and
Gronvold (1996) (SG96), Hidayat et al. (2015) (H15), also used in
this study, and Myhill (2016) (M16). Above the melting temper-
ature of wiistite (1640 K, Coughlin et al., 1951), metastable
extensions of the calculated Fe-Fe;.;,O boundaries are shown as
dashed curves. Except for Stolen and Greonvold (1996), which was
calibrated only up to 1200 K and diverges from experimental
bounds at high temperature, the thermodynamic models predict
phase boundaries similar to each other and consistent with
experimental observations. Also shown are experimental bounds
on the composition of Fe-oxide liquid coexisting with Fe metal
(Darken and Gurry, 1946), and with metallic liquid (Distin et al.,
1971) demonstrating that wiistite cannot melt to liquid with FeO
stoichiometry, as assumed by JANAF (Chase, 1998). Gray lines
and phase assemblages indicate approximate additional phase
boundaries after Distin et al. (1971) and Hidayat et al. (2015),
though fields of coexisting wiistite + liquid above the solidus,
required by the phase rule but unconstrained by experiment, are
omitted.

Consider a bulk composition consisting of Fe and Fe-
oxide at a particular pressure and temperature in the system
Fe-O, with thermodynamic components Fe and O,. This
same bulk composition can consist either of the IW assem-
blage or a combination of Fe and pure FeO. The total free
energy of each, G, is given by

W _ IW IW W IW

G = Nge :uFe + nOZ /402 (63)
FeFeO __ FeFeO , FeFeO FeFeO , FeFeO

G = Npe Fe 7o, 0, (6b)

where 1} are the number of moles of component 7 in assem-

blage j, and ,u%is the chemical potential of component i in
assemblage j. Because both assemblages have the same bulk
composition,
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O (7
ng 0 = ngY = no, (7b)

and because both are saturated in Fe,

Y = ®
Therefore
GV _ GFeFeO _ o, ( ngzv _ ungeO>’ 9)

As IW is the equilibrium assemblage,
GIW < GFeFeO (10)
and so, because no,must be a positive number,
1o, < po, (1)
Finally, as
o, = GY, +RTInf, (12)
fo, <for . (13)
Therefore, as illustrated in Fig. 3, the fo, of equilibrium
IW must be less than for the disequilibrium Fe-FeO assem-
blage at 100 kPa. JANAF (Chase, 1998) predicts that the
foo of the Fe-FeO assemblage is less than that of IW
(Fig. 1), which Fig. 3 shows must be incorrect if
GV < GFF© Therefore, Campbell et al. (2009) and
Fischer et al. (2011b) predict fo,s that are at least 0.9-0.2
log units too reducing at 100 kPa across the temperature
interval 1000-3000 K (Fig. 1). This inaccuracy propagates
to foo calculated at high pressure.
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Fig. 3. Schematic G-X diagram for the system Fe-O with compo-
nents Fe and O,, showing that iron coexisting with the equilibrium
non-stoichiometric wiistite must impose a more reduced oxygen
fugacity (lower fo,) than that coexisting with stoichiometric FeO,
even though the wiistite has significant Fe*". For a given bulk
composition, indicated by the vertical dashed line, the lowest free
energy is obtained for Fe metal coexisting with equilibrium non-
stoichiometric Fe;.,O, and the resulting chemical potential of
oxygen, oy, is represented by linear projection to the O,
component. Fe metal coexisting with pure FeO would produce a
higher free energy and the corresponding po, would be higher, and
therefore more oxidized. Also shown is the relationship implied by
JANAF (Chase, 1998), which predicts coexisting Fe and stoichio-
metric FeO imposes an fo, more reduced than IW (Fig. 1). This
cannot be correct, as it requires that Fe-FeO, rather than IW, be
the equilibrium assemblage, and proves that Gg.o from JANAF is
erroneously low.

To better understand the properties of Fe;,O solution
and how they may be accurately extrapolated to stoichio-
metric FeO, we compared 4 different thermodynamic mod-
els for wiistite (Sundman, 1991; Stelen and Grenvold, 1996;
Hidayat et al., 2015; Myhill et al., 2016). The wiistite mod-
els of Kowalski and Spencer (1995) and Fabrichnaya and
Sundman (1997), in common use in both earth science
and metallurgy, are effectively identical to that of
Sundman (1991). All of the thermodynamic models consid-
ered predict thermodynamic properties of end-member
FeO. These necessarily are products of extrapolation and
are interdependent with other model parameters, including
the way that entropies of mixing and excess free energy
terms are treated. However, if the models successfully pre-
dict multiple types of experimental observations across
the range of compositional stability of wiistite, the extrapo-
lated properties of FeO can be considered to be reasonably
constrained. We examined the models for their accuracy
with respect to (a) their ability to predict wiistite composi-
tion along the iron-wiistite phase boundary (Fig. 2) (b) their
ability to predict wiistite composition along the wiistite-
magnetite phase boundary (c) the accuracy of the fo, calcu-
lated for IW, compared to experimental measurements
(Fig. 4) (d) the accuracy of the relationship between wiistite
stoichiometry verses fo, in the wiistite stability field in
between the bounding reactions with iron and magnetite.
All of the models examined except that of Stelen and
Gronvold (1996) reproduce these experimental constraints
with high accuracy. And though none of them account
for effects of short-range ordering or of vacancies on the
anion site, complexities in the wiistite solution that can
influence thermodynamic properties (Gavarri and Carel,
2019), their accuracy in reproducing diverse experimental
constraints suggest that they can be extrapolated to stoi-
chiometric FeO with confidence.

—Thermodynamic
---Empirical

* O’'Neill, 1988
Sjoden et al. 1986
°Darken & Gurry, 1945
& «Vallet & Raccah, 1964
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Jacobbson and Rosen, 1981
+Takayama & Kimizuka, 1980
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Fig. 4. Comparison of thermodynamic and empirical calculations
of the IW buffer at 100 kPa from this work versus selected
experimental studies (Chipman and Marshall, 1940; Darken and
Gurry, 1945; Jacobsson and Rosen, 1981; O’Neill, 1988; Sjoden
et al., 1986; Takayama and Kimizuka, 1980; Vallet and Raccah,
1964), both compared and referenced to the empirical parameter-
ization of O’Neill and Pownceby (1993) (OP93). The kink in the
thermodynamic calculation near 1800 K is owing to a discontinuity
in the Gibbs function for bcc iron near its melting point (1811 K).in
the SGTE database (Dinsdale, 1991).




78 M.M. Hirschmann /Geochimica et Cosmochimica Acta 313 (2021) 74-84

As illustrated in Fig. 5, all of the wiistite thermodynamic
models examined fulfill the requirement that equilibrium
wiistite coexisting with Fe impose lower fo, than FeO
and Fe. Also, all predict fo, values for Fe + FeO within
a narrow interval (£0.05 log units) and values for IW close
to those given by high-accuracy models such as O’Neill and
Pownceby (1993). Given that these employ different rela-
tions for the entropies and excess free energies of mixing,
we take this agreement to affirm the accuracy of the extrap-
olated thermodynamic properties of FeO.

Among the models examined, we selected Hidayat et al.
(2015) for the calculations that follow. Hidayat et al. (2015)
reproduce the experimental measurements noted in the pre-
vious paragraph as well or better than the two models not
selected (Myhill et al., 2016; Sundman, 1991), but as a prac-
tical matter, application of any of these three would yield
nearly indistinguishable results. However, we favored
Hidayat et al. (2015) because they examined multiple candi-
date entropy of mixing models and selected that which best
fit all the experimental data, including heat capacities and
3rd law entropies of wiistite with variable stoichiometry.

3. CALCULATIONS
3.1. Wiistite stoichiometry and IW

To calculate the fo, imposed by the stable coexistence of
Fe and wiistite as a function of temperature and pressure,
we employ the model of Hidayat et al. (2015), which treats
wiistite as a solution between FeO and FeO, 5. Details of
the end-member properties are given in Tables Sl
and S2, and the solid solution model described in the
Appendix A. Cast with these endmembers, the condition
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Fig. 5. Calculated log fo, at 100 kPa and 1473 K for Fe metal
coexisting with stoichiometric FeO and with equilibrium non-
stoichiometric wiistite from JANAF (Chase, 1998) and from the
wiistite solution models of Sundman (1991), Stelen and Grenvold
(1996) .Hidayat et al. (2015), and Myhill et al. (2016). For the
thermodynamic models, the equilibrium wiistite composition is
calculated self-consistently. For JANAF, the wiistite is for
Feg 9470, comparable to the equilibrium composition at 1473 K
(Fig. 2). All the solution models plot to the right of the 1:1 line,
showing that they are consistent with the thermodynamic require-
ment that fo, for Fe-wiistite is lower than for Fe-FeO (Fig. 3), but
JANAF is not. Also shown is the equilibrium fo, for IW from
O’Neill and Pownceby (1993) (OP93), showing the correspondence
to the predictions of the solution models.

defining the stoichiometry of wiistite in equilibrium with
Fe is given by the reaction

Fe] +2 FeO;5 <= 3FeO (14)
meta’ wustite wustite
and

(3Gho = 2Gho,, — Gh.) + RTI(@o/dg,, ) =0 (15)

For the resulting wiistite composition in equilibrium
with iron, the fo, of IW is derived from the reaction

FeQ +1/40, = FeOs (16)
and
log fo, = B/RTIN(10)]|(Gho,, ~ Gho ~ 1/4G,)
+RTIn (apeo,_s/aFeo)} . (17)

In cases where Fe and wiistite are in equilibrium, Egs.
(4) and (17) return the same oxygen fugacity, but Eq. (4)
can be applied when Fe and wiistite or FeO coexist without
being in equilibrium (e.g., Figs. 3 and 5) and Eq. (17) can be
applied for wiistite that is not saturated in Fe, for example,
in the wiistite-only field between the Fe metal and mag-
netite phase boundaries.

For the calculation of free energies of O, and the Fe
polymorphs fcc (y Fe), bee (o Fe and & Fe) and hep (e
Fe), we use the SGTE database of properties of pure ele-
ments (Dinsdale, 1991) (Table S1). The SGTE database is
widely adopted in the metallurgical literature and consistent
with many subsequent studies (Sundman, 1991; Kowalski
and Spencer, 1995; Fabrichnaya and Sundman, 1997;
Komabayashi, 2014), including Hidayat et al. (2015).

3.2. Extension to high pressure

To calculate the properties of iron and iron oxide at high
pressure, we use the models of Komabayashi (2014), who
employed a wuniversal (Vinet) EOS for isothermal
compression combined with an Anderson-Griineisen treat-
ment of thermal pressure for FeO and Fe metal (See
Appendix A). Komabayashi (2014) reproduces experimen-
tal P-V-T measurements of Fe and FeO, including those
from Campbell et al. (2009) and Fischer et al. (2011b), up
to 360 and 220 GPa, and is consistent with the experimental
phase diagrams for Fe and FeO.

Komabayashi (2014) provides EOS constraints for stoi-
chiometric FeO, but no guidance for the thermoelastic
properties of Fe’'-bearing wiistite. Extension of the
Hidayat et al. (2015) thermodynamic model for wiistite to
high pressure requires EOS applicable to FeO;s. As
FeO, 5 is a fictive endmember, located well past the stability
limit of actual wistites (i.e, considering wiistite as Fe;_,O,
y = 0.3333 for FeO, s whereas the limit of wiistite stability
is near y = 0.12; Fig. S1), the EOS properties must be
extrapolated from less Fe**-rich materials. As elaborated
in the Appendix A, we extrapolated the reference volume,
Vo, from wiistite of variable composition (Fig. S1) and took
the bulk modulus, Kj, to be compositionally invariant
(Fig. S2), as also concluded by Stelen and Grenvold
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(1996), Fei (1996) and Haavik et al. (2000). Other parame-
ters in the EOS are also assumed to be constant (Table S2).

For Fe metal, Komabayashi (2014) did not consider the
EOS parameters of the bcc phase, so we adopt a value of 7,
(Table S2) consistent with Dorogokupets et al. (2017) and
EOS parameters otherwise the same as for fcc iron. Because
bcce is only stable at low pressure, refined values of its bulk
modulus and thermal expansion have little impact on either
phase diagram or fo, calculations. The resulting calculated
fields of Fe polymorph stability are given in Table S3. For
FeO, the calculations are valid for the cubic Bl high spin
phase of FeO. Where the rhombohedral B1 or B§ poly-
morphs are stable at high pressure and low temperature
(Ozawa et al., 2010), we do not present calculated values
of fo» (Table S4). An additional important consideration
is the effect of the transition of wiistite to a metallic phase
and the stabilization of low spin Fe?' at high pressure
(Badro et al., 2003; Holmstrom and Stixrude, 2015) and this
is examined further in the Discussion.

The calculated IW buffer is strictly applicable to equilib-
rium coexistence of crystalline iron and iron oxide. How-
ever, it is also possible to calculate the fo, defined by the
crystalline IW buffer above the melting temperatures of
FeO and/or Fe. At these conditions, the metastable IW buf-
fer is defined by the crystalline polymorph of Fe that has
the lowest free energy at that P and 7. Application of a
solid—solid buffer to metastable conditions is standard prac-
tice in petrology, as for example, the characterization of
basaltic magmas relative to the quartz-fayalite-magnetite
buffer above the melting point of fayalite (1477 K at
100 kPa; Stebbins and Carmichael, 1984).

4. RESULTS

Calculated stoichiometry of Fe;.,O and fo, of the IW
buffer are given in increments of 1 GPa and 20 K from
100 kPa to 100 GPa and from 1000-3000 K in Tables S4
and S5, respectively. At 100 kPa these mirror those
obtained by Hidayat et al. (2015) and are compared to
experimental constraints in Figs. 2 and 4. To facilitate com-
parison, the IW experiments and calculation are referenced
to the widely-adopted and precise 100 kPa function of
O’Neill and Pownceby (1993). The calculated fo, is consis-
tent with experimental measurements and with the O’Neill
and Pownceby (1993) parameterization to within 0.02 log
units up to 2000 K (Fig. 4). At high temperature, the mod-
els diverge slightly, amounting to 0.06 log units at 3000 K.
This difference is attributable to the stabilization of the bcc
Fe polymorph at high temperature. The O’Neill and
Pownceby (1993) model, calibrated only to 1644 K, does
not account for the high temperature transition from fcc
to bec iron. Consequently, the present calculation is consid-
ered to be more accurate for extrapolation to high temper-
ature. Predicted fo,s for IW at high pressure are considered
in the Discussion.

Calculations indicate that wiistite in equilibrium with Fe
metal becomes more nearly stoichiometric FeO with
increasing pressure (Fig. 4). At 1000 K, y diminishes from
0.05 at 100 kPa to 0.007 at 10 GPa and only 0.001 at 20
GPa. The decrease is more gradual at higher temperatures.

For example, at 2000 K, y is 0.026 at 10 GPa and 0.007 at
20 GPa. The trend towards more stoichiometric wiistite
with increasing pressure is in qualitative agreement with
the prediction of Stelen and Grenvold (1996), which indi-
cated that values of y at 1200 K are reduced to zero above
5 GPa.

5. EMPIRICAL CALCULATION OF IW TO 3000 K
AND 100 GPA

To facilitate ready calculation of IW, we fit the thermo-
dynamically calculated oxygen fugacity imposed by the
coexistence of solid Fe and Fe;.;,O to empirical functions
from 1000-3000 K and 0.0001 to 100 GPa. Two separate
functions are provided (Table 1), a low pressure fit for con-
ditions in which fcc or bece Fe are stable (or metastable with
respect to Fe liquid) and a high pressure version in the field
of stability of hcp Fe. The two are applicable below and
above the calculated pressure of the fcc-hep boundary,
which between 1000 and 3000 K and 0.0001 and 100 GPa
is given by the function

P(GPd) = X +X1T+ x2T27 (18)

where xo = —18.64, x; = 0.04359, and x, = —5.069 x 107
and T is in Kelvins.

Over the full range of temperatures and pressures, the
empirical function matches the underlying thermodynamic
calculation with an r.m.s. of 0.0065 log units and the largest
deviation over the calculation space is 0.028 log units. At
100 kPa, the resulting empirical and thermodynamic func-
tions differ with an r.m.s. of 0.0024 and a maximum devia-
tion of 0.0077 log units. The 100 kPa portion of the
function fits experimental data with an accuracy compara-
ble to other high precision IW parameterizations (Fig. 4)
(e.g., O'Neill, 1988; O’Neill and Pownceby, 1993) and is
therefore appropriate for application to low pressure
conditions.

Empirically calculated log fo, values are tabulated from
0.001 to 100 GPa and 1000 to 3000 K and at intervals of 1
GPa and 20 K in Table S6. Also included (Table S7) is a
spreadsheet calculator that facilitates calculation of IW
from the empirical functions at user-supplied temperatures
and pressures.

6. DISCUSSION

6.1. Comparison to IW calculated from previous high
pressure parameterizations

The fo, calculated for IW from the revised model indi-
cates conditions systematically more oxidizing than those
resulting from the models of Campbell et al. (2009) and
Fischer et al. (2011b) (Fig. 7), with the largest differences
(0.9-1.1 log units) at 1000 K and smaller differences (0.2—
0.4) at 3000 K. At 2000 K the offset is 0.4-0.7 log units.
These offsets largely follow the 100 kPa trend depicted in
Fig. 1. Additional distinctions with increasing pressure
derive from slightly different quantitative predictions from
the respective EOSs, particularly at higher pressures.
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Table 1
Empirical expressions for calculating IW between 1000 and 3000 K, 100 kPa-100 GPa. For fcc and bec iron: log foo=a+b T+ ¢ TIn T+
d/T. For hep iron: log for = e+ f T+ g T'ln T+ h/T. For each parameter m in equations above, m = mg + m; P+ m, P>+ mz P> + my P2,

0 1 3 4
fee and bcce iron:
a 6.844864 1.175691 E—01 1.143873 E—03 0 0
b 5.791364 E-04 —2.891434 E—04 —2.737171 E-07 0 0
c —7.971469 E—05 3.198005 E—05 1.059554 E—10 2.014461 E—07
d —2.769002 E+04 5.285977 E+02 —2.919275 E+00 0 0
hcp iron:
e 8.463095 —3.000307 E-03 7.213445 E—05 0 0
f 1.148738 E—03 —9.352312 E-05 5.161592 E—07 0 0
g —7.448624 E—04 —6.329325 E—06 —1.407339 E-10 1.830014 E—04
h —2.782082 E+04 5.285977 E+02 —8.473231 E-01 0 0

Units: 7 Kelvins, P: GPa. r.m.s. 0.00647 log units. Maximum mismatch 0.0283 log units.

Use hcp iron when P (GPa) > xo + x; T+ x5 T2, where xo = -18.64, x; = 0.04359, and x, = -5.069 x 10°°. This parameterization is robust in
interpolation between the temperature and pressure bounds given. It extrapolates smoothly to higher temperature, though not calibrated
above 3000 K. Extrapolation to lower temperatures (<1000 K) or higher pressures (>100 GPa) is not recommended.

The simple formulation employed by Eugster and
Wones (1962), in which the effects of pressure are attributed
to a single constant, remains reasonably accurate at low
pressures, particularly at high temperature, but diverges sig-
nificantly at high pressure. For example, at 1500 K and
above, it differs from the present model by no more than
0.1 log units up to near 10 GPa, after which the differential
compressibilities of Fe and wiistite become important and
the predicted fo,s become too oxidized (Fig. 7).

6.2. Wiistite stoichiometry at high pressure and impact on IW

The calculated trend in wiistite stoichiometry versus
pressure (Fig. 6) is intermediate between those reported

0.05 1
0.04 Multianvil (quenched) 1273 K
b4 McCammon, 1993
o Multianvil (in situ) 873-1273 K
O>0.03 r \b Campbell et al. 2009
> -
(V)
w 0.02
0.01

e
O 0 10 20 30 40 50
P (GPa)

Fig. 6. Calculated stoichiometry, y, of Fe;_,O wiistite as a function
of pressure, with curves in 500 K increments from 1000 K to
3000 K. Wiistite becomes more nearly stoichiometric at high
pressure, but the effect is more gradual at higher temperature. Also
shown are the experimentally-determined compositions of wiistite
quenched and recovered from multianvil experiments
(McCammon, 1993), with assumed pressure uncertainties of 1
GPa, and compositions of wiistite observed by in situ XRD in
synchrotron multianvil experiments (Campbell et al. 2009), with
NacCl pressure monitors. The latter were reported to be stoichio-
metric FeO based on lattice parameter determinations. As these are
also affected by pressure, the uncertainties in y were estimated from
the pressure uncertainties and the relationship between wiistite
volume and stoichiometry (Fig. 2).

from wiistite crystals retrieved from multianvil experiments
at 1273 K (McCammon, 1993) and measured in situ in syn-
chrotron multianvil experiments at 873-1273 K (Campbell
et al., 2009). In the former, values of y remained close to
0.02 at 10-18 GPa, whereas the latter indicated nearly sto-
ichiometric wiistite between 4 and 10 GPa (Fig. 4). These
differing experimental results are not mutually compatible,
and they may reflect partial disproportionation of retrieved
wiistite during quenching. Seagle et al. (2008) retrieved
nearly stoichiometric wiistite crystals (y = 0.994 4+ 0.006)
from diamond anvil cell (DAC) experiments between 19—
93 GPa, perhaps owing to the more rapid quench of the
DAC. Unfortunately, Seagle et al. (2008) did not record
the final pressure imposed on the retrieved crystals prior
to quench. (C. Seagle, writt. com, January 2021).

The predicted retention of small amounts of Fe** in
wiistite at high pressure equilibrium with Fe metal is also
consistent with experiments on ferropericlase solid solu-

04¢
E o
ook ~ | Eugster & Wones, 1962
o . Broooret 2 —— Fischer etal. 2011
B3 o= Campbell etal. 2009 [

Fig. 7. Difference between IW log fo, calculated from the present
model and those calculated from Eugster and Wones (1962),
Campbell et al. (2009), and Fischer et al. (2011b) as a function of
temperature and pressure. The simple 1-parameter pressure term of
Eugster and Wones (1962) reproduces the present model within 0.1
log units up to 10 GPa, but then diverges to more oxidizing
conditions at higher pressures. The models of Campbell et al.
(2009) and Fischer et al. (2011b) are offset to more reduced
conditions: at 1000 K, with differences of 0.8-1.1 log units and at
3000 K they diminish to 0.2-0.4 log units. The kinks evident in
these curves mark the transition from fcc to hcp iron.
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tions coexisting with metal that indicate the persistence of
Fe>™. Otsuka et al. (2013) reported 1-2% Fe*™ from fer-
ropericlase coexisting with FePt alloy recovered from mul-
tianvil experiments up 24 GPa, with Fe®>" concentrations
increasing with Fe/(Fe + Mg), though considerable alloy-
ing Pt concentrations (>50 wt.%) enforced conditions some-
what more oxidizing than saturation with pure Fe. Frost
et al. (2001) reported a similar trend of increasing Fe** with
Fe/(Fe + Mg) for ferropericlase coexisting with iron at 15—
23 GPa, though the reported Fe*" concentrations were not
clearly above detection limits.

Resolution of discrepancies between experiments and
better  evaluation of the accuracy of the
thermodynamically-predicted stoichiometry-pressure trend
awaits further developments, but fortunately, the shifts in
stoichiometry with pressure are not likely to have large
effects on the fo, imposed by coexisting wiistite and iron.
The analysis presented in Fig. 5 suggests that for accurate
wiistite solution models, the fo, imposed by Fe coexisting
with wiistite has only a small dependence on stoichiometry.
At 1473 K, models of Sundman (1991), Hidayat et al.
(2015), and Myhill et al. (2016) all indicate that iron coex-
isting with equilibrium wiistite (y ~ 0.05) and with stoichio-
metric FeO differ in imposed fo, by no more than 0.1 log
units. These small differences require that the G-X curve
of wiistite solid solution through this compositional interval
describes a trend that is nearly parallel to the tangent line
defined by the equilibrium assemblage of Fe + wiistite.
Consequently, the shifts in wiistite stoichiometry from
100 kPa to higher pressure have only small effects on the
foo of the IW buffer, and the uncertainties in the quantita-
tive relationship between pressure and wiistite stoichiome-
try are of secondary importance to defining the fo, of IW.

6.3. Effects of the insulator/conductor and high spin/low spin
transitions in wiistite.

At pressures applicable to Earth’s lower mantle, wiistite
and ferropericlase transform from insulators to a metallic
phase and the Fe?" goes from the high spin to low spin state
(Badro et al., 2003; Lin et al., 2007; Fischer et al., 2011a;
Ohta et al., 2012; Holmstrém and Stixrude, 2015). The pre-
cise onset of these transitions and the relationships between
the conductor/metallic and high spin/low spin states are not
firmly established, though it appears that the insulator/con-
ductor and high spin/low spin boundaries are distinct phase
transitions (Lin et al., 2007). Based on enhanced electrical
conductivity, the metallization transition begins near 30
GPa at 2500 K and at 90 K at 1500 K (Ohta et al.,
2012), but emissivity measurements suggest a smaller effect
of temperature, with the boundary at 50 GPa and 2700 K
and at 75 GPa and 1300 K (Fischer et al., 2011a). The
observation of a negative P-T slope for the insulator/con-
ductor transition indicates that it is distinct from the high
spin-low spin transition, which should have a positive slope,
owing to expected reductions in both entropy and volume
associated with the latter (Holmstrom and Stixrude,
2015). Low spin Fe*" stabilizes FeO compared to its meta-
stable high spin equivalent (Badro et al., 2003) and conse-
quently the fo, buffered by coexisting Fe and wiistite

containing low spin Fe*" should be more reduced than that
calculated from a thermodynamic model that accounts only
for high spin Fe*". This stabilizing effect is illustrated by
enhanced partitioning of Fe*" into ferropericlase coexisting
with bridgmanite at high pressure, though experiments and
theoretical calculations regarding the magnitude and locus
in P-T space of Fe-enrichment in ferropericlase are not in
full agreement (Badro et al.,, 2003; Piet et al., 2016;
Prescher et al., 2014; Xu et al., 2017).

Though the effect of the insulator-conductor transition
on P-V-T relations of FeO was found to be small, Fischer
et al. (2011a) refit the data from Campbell et al. (2009)
and Fischer et al. (2011b) to calibrate distinct EOS param-
eters for insulating and metallic FeO. To do so, they
assumed that ¥V, for metallic FeO is 0.5% smaller than for
the insulator, and regressed fits to other EOS parameters
(K1, K, Griineisen parameter), yielding values for both
phases that are similar within statistical uncertainty. The
influence of the insulator-conductor transition on FeO
entropy, which should be evident from differences in the
Griineisen parameter, may not be well-resolved from exist-
ing P-V-T data.

As the locus and nature of the insulator/conductor and
high spin/low spin transitions in FeO are not well con-
strained and because their effects on FeO thermodynamics
remain poorly quantified, the present calibration does not
incorporate their influence on calculated values of IW. To
the extent that these transitions are not fully accommo-
dated in a single EOS for FeO, calculated oxygen fugacities
buffered by the coexistence of crystalline Fe and insulating
high spin FeO may be less accurate when the conducting
and/or low spin phases are stabilized. Beyond this limit,
the calculated iron wiistite buffer may be taken as a meta-
stable reference frame for oxygen fugacity, recognizing that
experimental or natural coexistence of Fe and FeO at
higher pressures could impose conditions that are more
reduced. Improved accuracy of the IW buffer above 30-50
GPa will require accounting for the thermodynamic proper-
ties of metallized FeO.

7. CONCLUSIONS

This work provides a self-consistent calculation of the
oxygen fugacity buffered by the coexistence of iron and
wiistite that accounts both for effects of pressure and chang-
ing wiistite stoichiometry. It corrects previous inaccuracies
that stemmed from adoption of properties of stoichiometric
FeO from the JANAF thermochemical tables (Chase,
1998), a source that is generally considered to be highly reli-
able, but in this case has apparently erroneous values. We
provide an empirical parameterization and a readily usable
calculator that will facilitate quantification of oxygen
fugacities in deep planetary mantles and in high pressure
experiments.
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APPENDIX A
Thermodynamic model for wiistite

The wiistite model of Hidayat et al. (2015) considers a
solid solution between FeO and FeO, 5. The mole fractions
of these components are related to the non-stoichiometric
factor y of Fe;.,O by

Xro, s :2<ﬁ— 1) (Ala)
Xro =1—Xro, (Alb)
The Gibbs free energy of the solution is
G= XFCOcho + Xreo, 5 chol_5
+ RT(XFeolnXFeO + XFe0, 5 lnXFeOM) +G* (A2)
where G*° is given by a Bragg-Williams function

G* = (qy + 9, X Fe0)XFe0 X Fe0, 55 (A3)

and values of ¢y and ¢; are —59400 and 42700 J/mole.
The activities of components are given by

a; = X (S4)
for which
RTInyeo = (g0 + 2611XFe0)X12rcol_5 (S5a)

RTInygeo, , = Xteo(do + 41 — 2, Xve0,5) (S5b)

Values of G, at 100 kPa for FeO and FeO, 5 are from
Hidayat et al. (2015) (Table S1). Extension of end-
member free energies to high pressure comes from the
expression

P

GO(T,P):GU(T,PO)—i-/ VdP (S6)
Py

where Py = 100 kPa and the VdP integral is evaluated

numerically at 7 from the thermal equation of state

(EOS) of Komabayashi (2014). The 298 K portion of this

EOS is given by a Universal (Vinet) equation

Pog :3%(1 fx)expB(K’f 1 7x)], (A7)

where K, is the bulk modulus (Table S1), x = (V/ V0)1/3, Vo
is the volume at 298 K and 100 kPa, and V(298,P) is deter-
mined by implicit solution to Eq. A(7). V(T,P) is deter-
mined from V(298,P) by

V(T,P) =V (298, P)exp(a(T — 298)), (A8)

where o is

o= cxoexp|:(—50 /x) (1 - <V10) )} (A9)

(Komabayashi, 2014). EOS parameters for condensed
phases are given in Table S2. MATLAB scripts that uses
these relations to calculate the fo, imposed by the IW buffer
as a function of pressure and temperature, as well as the
predicted equilibrium wiistite composition, are included
with the Supplementary data.

VOLUME AND EOS FOR FEO, s ENDMEMBER OF
WUSTITE

FeO, 5 is the fictive oxidized endmember employed in
the 100 kPa wiistite thermodynamic model by Hidayat
et al. (2015). Volume and other EOS parameters for
FeO, s are required to extend this model to high pressure.
Because the FeO; s composition is well beyond the stability
limit of wiistite, these parameters must be extrapolated
from wiistites of variable composition.

The volume of FeO, s at 298 K and 100 kPa, V,, is
derived from the regression shown in Fig. S1. The regres-
sion gives V' = 12.256+(4.065 £ 0.145)y cm*/mole on a 1
oxygen basis. Extrapolated to y = 0.3333 and converted
to 1.5 oxygens per mole gives V; for FeO; 5 of 16.372 £ 0.
072 cm®/mole.

A survey of experimentally determined values of Kj
reveals no correlation with wiistite composition (Fig. S2).
The best fit line to the Kj vs. y data, not shown on the plot,
has an 2 of 0.007. Therefore, the value of K, for FeOy s is
taken to be 149 GPa, the same as that given for FeO by
Komabayashi (2014). This value is not distinguishable from
the average of recent (1996-2013) experimental measure-
ments on wiistites of diverse composition (153 + 6,
n = 11). McCammon (1993) suggested that the persistence
of non-stoichiometry in wiistite recovered from high pres-
sure multianvil experiments (Fig. 6) may be owing to a lar-
ger K, near 180 GPa, for FeO-rich compositions.
Subsequent work on compositions at or close to stoichio-
metric FeO (Campbell et al., 2009; Fei, 1996; Haavik
et al., 2000; Fischer et al., 2011b) has not supported this
conjecture.

APPENDIX B. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2021.08.039.
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