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Abstract

The density contrast at Earth's inner core boundary can act as an important constraint on the
chemical and thermal structure of the core, if the melting relationships of relevant Fe-rich alloys
were accurately known. Currently, there are no experimental constraints on these solid—melt
phase loops at appropriately high pressure, temperature conditions. However, a simplified
thermodynamic analysis, using available melting curves for Fe-rich binaries and their
endmember alloys, suggests that high pressure melting relations can be reasonably approximated
using an entropy change of melting of AS,, = 0.70-0.75 R for these systems. With this parameter,
and extrapolated melting curves, multicomponent phase diagrams are calculated to inner core
boundary conditions. The phase relations so calculated are compatible with geophysical

constraints on the alloy in Earth's core.



Introduction

The differentiation of the Earth into its metallic core and rocky mantle and crust is one of the
most significant events in the planet's formation and evolution. The composition and dynamics of
the core today carry the imprint of those early differentiation processes, and a closer
understanding of the core's current composition and thermal state would provide insight into the
chemical and physical conditions relevant to the birth of our planet. Cosmochemical abundances
and the seismological structure of Earth's deep interior together indicate that the core's main
constituent is iron, alloyed with ~5 wt% nickel and perhaps ~10 wt% of lighter elements [Birch,
1952]. This light element alloying component is regarded to be mainly S, O, Si, and/or C, in
uncertain relative importance, and other elements including H and Mg are also sometimes
considered potentially important. An important research goal in high pressure mineral physics is
to better define the light element component of Earth's core, whose identity will improve our

understanding of Earth's formation and current thermal structure.

Mineral physics investigations into the core's light element component rest on the comparison
between measured or computed properties of a candidate alloy with the seismologically
determined density and velocity structure of the core, which provide several key constraints.
First, the density and velocity of the outer core must be satisfied by the properties of the alloy.
This is an important and widely used constraint, but ultimately limited because the tradeoffs
between compositions and temperature leave the problem underdetermined. An important
additional constraint is the density (and velocity) jump at the inner core boundary (ICB), which
is a consequence of crystallization of a denser solid inner core from the liquid, light element-rich

outer core. This 7% density contrast [Masters and Gubbins, 2003] represents a compositional tie



line in the phase relations that describe the properties of the core's alloy composition at the ICB
pressure (330 GPa) and temperature (uncertain, but in the range of 5000 K). A successful
candidate core composition will match this solid/liquid density contrast on its liquidus at the ICB
temperature, and moreover, an adiabat for the model composition anchored near that ICB
temperature defines, through the alloy's equation of state, the density and velocity profiles that
must match those of PREM [Dziewonski and Anderson, 1981] or any similar seismological

model for the core.

There has been considerable progress defining the equations of state and velocities for various
iron alloy compositions at high pressures and temperatures. A combination of static and dynamic
experimental studies, as well as ab initio investigations, have provided a useful set of equations
of state constrained to core pressures for Fe [e.g. Dewaele et al., 2006], FeO [e.g. Jeanloz and
Ahrens, 1980; Campbell et al., 2009; Fischer et al., 2011], FeS and FesS [e.g. Brown et al., 1984,
Seagle et al., 2006; Fei et al., 2000; Kamada et al., 2014b], Fe;C [Sata et al., 2010; Litasov et
al., 2013], and Fe-Si alloys [Fischer et al., 2012; 2014]. In addition, velocity data are available
for many iron-rich alloys to high pressures based on inelastic X-ray scattering measurements
[e.g. Badro et al., 2007; Antonangeli et al., 2010; Mao et al., 2012; Kamada et al., 2014a; Chen
et al., 2014]. Improvement in this direction is still needed, of course—particularly in obtaining
data from appropriate liquid alloys [Morard et al., 2013], and higher experimental P, T
conditions covering the entire range of Earth's core—but the available data are adequate to

resolve density and velocity comparisons to the core.

In contrast, the phase diagrams of candidate core-forming alloys are much more poorly resolved,



and this is nonetheless the subject of the present chapter. The tools that have permitted
impressive growth in our understanding of the physical properties of iron-rich alloys—namely
synchrotron X-ray scattering methods in diamond anvil cells, and dynamic compression studies
—are not as well suited for detailed chemical investigations. Prospects for the near future are
good though, because improvements in sample recovery methods (principally focused ion beam
micromachining) promise to allow petrological studies of these and other geologically relevant
systems to core conditions. Recent studies have reported high resolution electron microscopy of
samples recovered from outer core conditions [e.g. Nomura et al., 2014], and one can anticipate
that similar studies on candidate core compositions will soon follow. In the meantime, however,
there is lamentably poor understanding of Fe-rich phase diagrams at the P, T, X conditions
relevant to Earth's inner core boundary. There is no experimental information on solid/melt
partitioning in Fe-alloys at the conditions of Earth's core, much less at the more extreme
conditions of the ICB. Consequently there are no data with which to benchmark the accuracy of
the handful of ab initio studies that exist on this subject [e.g. Alfé et al., 2007; Zhang and Yin,
2012]. In this chapter I review the essential thermodynamics of the melting relations in core-
forming alloys and apply these principles to the limited available data, in hope of outlining where

future experimental studies can best be applied to constrain the composition of Earth's core.

Thermodynamic Basis

Here we consider the thermodynamics of phase loops during eutectic melting of Fe-rich alloys
relevant to studies of Earth's core. The binary alloy endmembers (FeO, FeSi, Fe3S, and Fe;C) are
described here using an associated solution model, applied previously for this use by Stevenson

[1981] and Svendsen et al. [1989]. In associated Fe—Z solutions, the solute Z is present as



monomers in addition to associated Fe;Z; complexes [Prigogine and Defay, 1954]. Although
binary compounds are sometimes taken as the solute (e.g. FeO in Komabayashi [2014]),
associated solution models successfully describe both alloy solutions (e.g. Sharma and Chang,
1979; Chuang and Chang, 1982) and silicate melts [ Wen and Nekvasil, 1994; Ghiorso, 2004].
The purpose of revisiting this approach is that there is now more detailed information available
for not only the melting curves of some endmembers but also the binary eutectics between them.
This information can be used, in the context of the associated solution model, to estimate the
shapes of the liquidus curves, including the eutectic compositions. Furthermore, we extend this
model here to multicomponent Fe-rich alloy systems, whereas the earlier analyses were restricted

to binary systems because of the limited experimental data available.

For endmember compositions the chemical potential of the liquid (po") can be related to that of

the solid (po®) to first order by

1) ug = uy — AS,(T-T,)

where AS,, is the entropy change upon melting and T, is the melting temperature of the pure
substance. Here, differences in heat capacity between solid and liquid are assumed negligible
near the melting point. Accordingly, in a solid-liquid phase loop the activities (a) of this

endmember component are related to one another by

because ;i = y1;° for each component i in the solutions, and p =y + RT In a. This approach was



used, for example, by Williams and Jeanloz [1990] to estimate the eutectic from melting curves
of Fe and FeS, assuming a value for AS,. Below we will build upon recent measurements of
eutectic temperatures to evaluate AS,, at high pressures for different binary systems, allowing us
to extend the existing data to inner core boundary conditions with greater confidence in our

assumptions.

For binary compounds Fe;Z;, where Z represents any candidate light element in the core, we
model both the solid and liquid phases as fully associated mixtures, such that FeO, FesS, etc. are
distinct, energetically favored species in both phases: i Fe + j Z ~ Fe;Z;. This leads to [Prigogine
and Defay, 1954]:

(3) Wrez = IWp *+ jUz = iWgp + IRTInag + ju,, + jRTIna,
Worez, + RTINGE;

where 1, for Fe,Z; refers to the stoichiometric endmember, with mole fraction X; = j/(i+j). From

3,

_ i _j —AWRT
(4) aFeiZ] = dgaze

with the definition Ap = Poreizj — I Hore —j Mo,z This term can be obtained by considering that gz

=1 at Xg. = i/(i+j), Xz = j/(i+j). Assuming ideal solution behavior for each element, e**" = (i+j)™

/ (i) and (4) becomes
i+ i+ j . ]
(5) aFeiZ]- = ( 11113 XFeX]Z



Equations (2) and (5) describe the phase relations between liquid and solid alloy at a given
pressure. In the following section these will be compared to experimental melting curves,
including eutectic melting temperatures in binary systems, to show that the AS,, term can be
reasonably estimated as R In2 per mole atoms at high pressure conditions. This will serve as a
basis for estimating multicomponent (ternary) phase diagrams relevant to Earth's core at 330

GPa.

Application to Experimental Melting Temperatures

Fischer [this volume] has summarized experimental constraints on the melting curve of Fe at

high pressures, and also binary eutectic temperatures in various Fe-rich systems. In addition,

melting curves are available for endmember compounds FeO [ Fischer and Campbell, 2010], Fe;C
[Lord et al., 2009], and FeSi [Lord et al., 2010; Fischer et al., 2013]. These melting temperatures

can be applied to Equation (2) above to obtain estimates of AS,, or of solid—melt partitioning.

As an example, consider the Fe-FeO system. Available evidence from X-ray diffraction
experiments indicates that there is very limited departure in the endmembers of this binary
system from pure Fe and FeO, so the temperature along the two branches of the liquidus can be

calculated from Equations (2) and (5) as

TFe TFeO
(6) T = R"' and T = R =
1 - ASFeln(XIL?e) 1 - Feoln(4X1LﬂeXé)

where the left equation describes the liquidus on the Fe-rich side of the eutectic composition, and

the right equation describes the liquidus on the FeO-rich side. At the eutectic both equations



describe the same temperature (T..), and the eutectic composition can be computed from this,
using also Xr." + Xo" = 1. For comparison, at 80 GPa the melting points of Fe, FeO, and their
eutectic are approximately 3500 K, 3200 K, and 2600 K respectively [Anzellini et al., 2013;
Fischer and Campbell, 2010; Seagle et al., 2008; Fischer, this volume]. A pressure of 80 GPa is
practical for this comparison because it is near the upper limit of experimentally-determined
melting points for FeO and the eutectic, and it is a sufficiently pressure to be considered the 'high
pressure' regime insofar as the entropy change upon melting is concerned. These experimental
melting points can be reconciled with Equation (6) if the entropy change AS,, = 0.75 R per mole
of atoms for both Fe and FeO (Figure 1). This produces a eutectic composition at 80 GPa of 7.8
wt% oxygen, slightly lower than the ~10.5 wt% O reported by Seagle et al. [2008] but within 20

uncertainties of those experiments.

In the high pressure limit, when AV,, - 0, the entropy change of melting for simple substances is
expected to approach AS,,— R In 2 [Stishov et al., 1973; Stishov, 1988]. More exactly [Tallon,

19801,

AV
(7)  AS, = RIn2 + aK,AV, = Rln2 + yC,—

m

where y = aK7V/Cy is the Griineisen parameter of the substance. Reasonable estimates for iron
alloys in Earth's core might bey ~ 1.3, Cy ® 5R (including an approximate electronic heat
capacity at high T) [Brown and McQueen, 1986], and AV,/V ~ 1.5% [Laio et al., 2000],
producing AS,, ~ 0.79 R, close to the value of 0.75 R obtained from analysis of the Fe-FeO

system. Ab initio and molecular dynamic studies have produced higher values of AS,, = 0.86 R to



1.05 R for Fe at 330 GPa [Laio et al., 2000; Alfé et al., 2002; Zhang et al., 2015]. As Zhang et al.

[2015] noted however, these methods also overestimate AS,, for Fe at 1 bar by a similar amount.

The Fe—Fe;C provides another useful case to consider, because the melting temperatures in this
system have also been determined experimentally [Lord et al., 2009; Anzellini et al., 2013]. In

this case the analog to Equation (6) becomes

TFe Trec
(8) T = Rm and T = R =
256
1 - Aspeln(xée) 1 - Wln(fxéfxé)

m

Here again it has been assumed that the solid endmembers Fe and Fe;C are effectively
stoichiometric, although this is a less well justified assumption than in the Fe—FeO system, as
solid iron can contain up to 2 wt% C at 1 bar, and probably to some degree at high pressures too.
Nevertheless, this is a minor correction. Using melting points at 80 GPa of 3500 K, 2900 K, and
2800 K for Fe, Fe;C, and their eutectic, respectively [ Lord et al., 2009; Anzellini et al., 2013] one
finds that Equation (8) is satisfied with AS,, = 0.71 R per mole of atoms for both Fe and Fe;C
(Figure 1). Again this value is slightly greater than the high pressure limit of R In2, indicating
that a value of AS, = 0.70-0.75R is a reasonable approximation with which to estimate the

thermodynamics of melting at high pressures comparable to those in Earth's core.

An important difficulty in the Fe—C system is that at higher pressures the relevant carbide
endmember is probably Fe;Cs, not Fe;C. Less is known about the physical properties of Fe;Cs,
but it is evident from the limited melting data on this phase by Lord et al. [2009] that its melting

point is much higher than that of Fe;C, perhaps 3500 K at 80 GPa. This strongly suggests that the



eutectic melting point depression in Fe-Fe;Cs; is somewhat less than that of Fe-Fe;C, but there
are no experimental data yet to verify this. In this paper Fe;C will be used as the relevant carbide
phase, acknowledging that an important improvement will be to measure the iron-carbide
eutectic at sufficiently high pressure (~120 GPa [Lord et al., 2009]) that Fe;C; is the solidus

carbide phase.

The converse problem presently exists with the high pressure melting in the iron—sulfide system.
Experimental measurements of Fe—Fe3S eutectic melting have been accomplished up to 175 GPa
[Kamada et al., 2012], with remarkable consistency among results from different authors
[Campbell et al., 2007; Chudinovskikh and Boehler, 2007; Stewart et al., 2007; Morard et al.,
2008; Kamada et al., 2010; 2012]. However, the melting curve of the endmember Fe3S has not
been measured. Using AS,, = 0.70-0.75 R as above, and the reported melting point depression for
the Fe—Fe;S system at high pressures (1050 K from Fischer [this volume]), the melting point of

FesS can be estimated using an analysis similar to that in Equation (8):

Trl;e T;e3s
9) T = R and T = =
1 - Bon(xt) N

ASFeZS

The resulting melting point at 80 GPa is ~2450 K (Figure 1). This is indistinguishable from T,
and correspondingly places the eutectic composition near 16 wt% S, which is the sulfur content
in Fe;S. Although not impossible, this is higher than the eutectic composition of 12.5% S at 85
GPa reported by Kamada et al. [2012], and likely reflects some nonideality in the Fe—S system
persisting to high pressure. Here we have assumed again that any deviation from ideal FesS

stoichiometry is negligible, although there is evidence that this is not strictly correct [Li et al.,

10



2001].

The Fe-Si binary system is even more challenging to treat, in the absence of Si partitioning
measurements between solid and melt. Using again 80 GPa as an example condition to compare
to experimental results, the subsolidus phase diagram shows eutectic melting between fcc-Fe and
a B2-structured Si-rich alloy, although at pressures >90 GPa the Fe-rich phase becomes hcp
[Fischer et al., 2013; Anzellini et al., 2013]. At 80 GPa the melting temperature of Fe is
approximately 3500 K. There is extensive solid solution of Si into both the fcc and hcp structures
of Fe, plus various intermetallics at low pressures, and also evidence for extensive solid solution
in the B2 phase of FeSi, perhaps to as low as ~25 mol% Si [Fischer et al., 2013]. Consequently,
analysis of this phase diagram is not as easily simplified as the Fe—FeO, Fe—Fe;C, and Fe—Fe;S
systems above. Nonetheless, Equation (2) provides some insight into the Si partitioning behavior
when the high-pressure melting behavior of Fe—Si alloys is considered. As summarized by
Fischer [this volume], the melting point depression in Fe—Si alloys at high pressure is 200+200
K, which is a relatively small but uncertain degree. Using these values with AS,, = 0.70-0.75 R as
before, Equation (2) yields solid-liquid partitioning of Fe between metal and melt of Xz%/Xg." =
1.00-1.10 at the eutectic temperature, consistent with the narrow fcc+melt phase loops at 80 GPa
described by Fischer et al. [2013] on the basis of X-ray diffraction data. Additional constraints
from future work will be required to obtain the compositions of the coexisting phases.
Nevertheless, it is evident from this analysis that the partitioning of Si between solid metal and
melt is weak, and not by itself likely to produce a large density contrast like the 7% change

observed at the inner core boundary [Masters and Gubbins, 2003].
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Phase Relations at Inner Core Boundary Conditions

A principal result from the previous section is that the available experimental data on high-
pressure melting of Fe-rich alloys supports an estimate of AS, = 0.70-0.75 R for their entropy of
melting. This value of AS,, is slightly higher than the AV, 0 limit of R In2 [Stishov, 1988],
consistent with the observation that the Fe melting curve remains positive to core pressures and
has a AV, of 1-2% [Laio et al., 2000; Alfé et al., 2002]. The difference between 0.70 and 075
has an effect of only ~100 K in calculated melting temperatures, and going forward we will
assume that AS,, = 0.75 R is a suitable estimate for any Fe-rich alloy composition. In this section,
the analysis of melting phase relations will be extended to 330 GPa, the pressure at Earth's inner
core boundary, to predict of the chemistry of melting in Fe-rich systems under conditions at
which no such experimental data exist. The results will be speculative, as they are based on
assumptions of ideal mixing and extrapolations of melting curves, but they can serve as a

roadmap for future experimental exploration into these phase diagrams.

The melting curve of Fe has been extensively studied with static and dynamic experimental
methods, as well as ab initio calculations, because of its key importance to the thermal structure
of Earth's interior. Following Fischer [this volume], in this chapter the melting curve of Anzellini
et al. [2013] will be used as a reference for pure Fe (i.e. 6200 K at 330 GPa), mainly for
consistency as the experimental techniques used in that study (X-ray diffraction in a laser heated
diamond anvil cell) were similar to those used in several studies of eutectic melting in Fe-binary
systems (e.g. Campbell et al., 2007; Seagle et al., 2008; Morard et al., 2008; Asanuma et al.,
2010; Kamada et al., 2010, 2012; Fischer et al., 2012; 2013). Likewise, for convenience the

extrapolation of binary eutectic temperatures to the ICB pressure will follow the summary of

12



Fischer [this volume]. As Fischer [this volume] observed, the eutectic depressions in the Fe—
FeO, Fe-Fe;S, Fe-Fe;C, and Fe-FeSi systems remain approximately constant, within
experimental uncertainty, over the high-pressure ranges in which they have been investigated,
and therefore their extrapolations to 330 GPa can simply track the Anzellini et al. [2013] melting
curve of Fe. Constant eutectic depressions of 900 K (Fe—FeO), 700 K (Fe-Fe;C), 1050 K (Fe—
Fe;S), and 200 K (Fe—FeSi) will be applied for the respective binary systems, and the
thermodynamic framework of the previous section will be used to calculate phase relations at the

inner core boundary.

As in the previous section, Equations (6), (8), and/or (9) can be used to calculate liquidus phase
relations coexisting with solid phases Fe, FeO, Fe;C, and Fes;S. For now we can approximate
these phases as pure, i.e. a® = 1 in Equation (2) for each of these components. The phase
diagrams produced here are restricted to the Fe—O—C-S system, because the known solid
solution in Fe-Si alloys is so extensive that without further information it is pointless to project
phase relations with an Fe—Si component to inner core conditions. It is also assumed that the
relevant endmembers are FeO, Fe;C, and FesS, although it is known that Fe,C; plays an
important role at high pressures, and that Fe;S dissociates to an unidentified sulfide at P > 250

GPa [Ozawa et al., 2013].

For each ternary system, cotectic curves and eutectic points are obtained by simultaneous
solution of Equations (6), (8), and/or (9), with the additional constraint Xg.+Xo+Xct+Xs=1. The
results are shown in Figure 2. In the 330 GPa ternary systems, the eutectic temperatures lie in the

range 4600-4900 K, which are not unreasonable lower bounds on the ICB temperature. The

13



eutectic compositions in the Fe—O-S and Fe—C-S ternaries contain 10—12 wt% light element,
which is consistent with that needed to explain the core density deficit, but the Fe—O-C eutectic
is significantly more Fe-rich (5.5 wt% O+C), suggesting that sulfur may be important to the
solid/melt phase relations to obtain a core composition that is consistent with the geophysical
constraint that the liquid is ~7% less dense than the coexisting solid [ Masters and Gubbins,
2003]. The same analysis can be applied to the Fe-O-C-S quaternary system, from which one
obtains a eutectic temperature T., = 4290 K at Xo = 0.08, Xc = 0.07, Xs = 0.13. These
multicomponent eutectic compositions are compatible with the 7% density contrast observed at

the inner core boundary.

The binary eutectic melting point depressions, adapted here from Fischer [this volume], are
critical input to the calculated phase diagrams in Figure 2, and uncertainty in these melting points
propagate significantly to the liquidus phase boundary compositions. To give an example,
increasing the Fe—O eutectic depression from AT,,, = 900 K to AT.,. = 1200 K would shift the
calculated Fe-O eutectic composition at 330 GPa from Xo = 0.08 to X, = 0.12, with
corresponding shift in the neighboring cotectic curves illustrated in Figure 2. Komabayashi
[2014] obtains a much greater oxygen content in the 330 GPa Fe-O eutectic (9 wt%) by invoking
AT... = 2000 K, which is not supported by experiments at lower pressures [Seagle et al., 2008;
Fischer, this volume]. This  example underscores the importance of obtaining greater
experimental constraints on the melting curves of Fe-alloys at pressures approaching those of

Earth's inner core boundary.

There are very few multicomponent data at sufficiently high pressure with which to compare

14



such calculations, but Terasaki et al. [2011] report Fe—O-S eutectic melting temperatures that are
indistinguishable from the Fe—S binary eutectic [ Kamada et al., 2012] up to 140 GPa. This result
does not match well the analysis presented here (~500 K difference between the Fe—O-S and Fe—
S eutectics), and further highlights the need for more experimental investigations to provide a
larger foundation upon which thermodynamic models of candidate core-forming alloys can be

improved.

Outlook

The calculated phase diagrams in Figure 2 serve as examples of how reasonable approximations
(an ideal associated solution model; an entropy change of melting for all alloys AS, = 0.75 R,
slightly above the AV,,- 0 limit; binary eutectic melting point depression unchanging with
pressure) allow the construction of useful Fe—X liquidus diagrams using only melting curves as
experimental input. Obviously this approach has limitations, but these can be overcome with
continued effort from both experimental and ab initio methods. Of primary importance will be
solid/liquid partitioning experiments at the ICB pressure, 330 GPa. These are essential to
understand Fe-Si or other systems in which significant solid solution exists. Experiments like
these have not yet been reported, but continuing advances both in high pressure generation [e.g.
Tateno et al., 2010; Dubrovinsky et al., 2012] and petrological examination of recovered
diamond anvil samples [e.g. Seibert et al., 2012; Nomura et al., 2013; Ozawa et al., 2013]
indicate that they are on the horizon. Even a relatively small number of phase equilibria
experiments would allow important refinement of the calculated phase diagrams in Figure 2, and
subsolidus experiments can also provide useful constraints on the extent of solid solution

expected in metal coexisting with melt. Additionally, extending the melting curves to higher
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pressures will allow more accurate phase diagram calculations from the data. Not only eutectic
melting but also endmember melting curves are useful input to a thermodynamic framework in

which the chemistry of the inner core boundary can be understood.
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Figure Captions

Figure 1. Binary phase diagrams for Fe—FeO, Fe-Fe;C, and Fe—Fe;S at 80 GPa, calculated from
experimental melting temperatures and Equations (6), (8), and (9). Black ovals: Anzellini et al.
2013; dark gray oval: Seagle et al., 2009; light gray oval: Fischer and Campbell, 2009; hatched

ovals: Lord et al., 2009; white oval: Kamada et al., 2012.

Figure 2. Ternary phase diagrams of Fe-rich alloys at 330 GPa, calculated from experimental
melting temperatures extrapolated to inner core boundary conditions. Binary and ternary eutectic
compositions (mole fractions) and temperatures are labeled. The melting temperature of Fe is
6200 K [Anzellini et al., 2013], and those of FeO (8370 K), FesC (6310 K), and Fe;S (5460 K)
were calculated from Equations (6), (8), and (9) as described in the text, using eutectic melting
point depressions summarized by Fischer [this volume] and a value of AS,, = 0.75 R per mole

atoms. a) Fe-FeO-Fe;C ternary. b) Fe-FeO-FesS ternary. c) Fe-Fe;C-Fe;S ternary.

25



Temperature (K)

Figure 1

4000

3500

3000 |

2500

2000

Fe

FeO Fe

Fe 3C Fe

Fe S



Figure 2 a)

Fe

-

O,C

'!
-
‘1!
-* Fe67 15718

5180 K

FeO FeC



Figure 2 b)

Fe

-

.~"Fe., 0,S

70 11719

4700 K

FeO FeS



Figure 2 ¢)

FeC FeS



