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High-pressure alloying of iron and xenon:

“Missing” Xe in the Earth’s core?
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[1] ADb initio quantum mechanical calculations show that xenon (Xe) can be alloyed with
hexagonal close-packed iron at high pressure through substitutional incorporation, with a
favorable enthalpy of formation for the alloy relative to the separate elemental solids,
suggesting that Xe is soluble in the Earth’s iron-rich core (up to ~0.8 mol %). This
alloying behavior and the possible presence of a significant amount of Xe in the core are
important for understanding the accretion and evolution of the Earth and its atmosphere.
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1. Introduction

[2] With its inherent chemical inertness, noble gas xenon
has been used to study the evolution of Earth and its
atmosphere through investigation of the daughter products
from short-lived radioactive isotopes (e.g., '*°’I — '**Xe and
24Py (or 2*U) — '*°Xe systematics) [Farley and Neroda,
1998; Ozima and Podosek, 1999]. However, the Earth is
“missing” Xe in its atmosphere: Xe is depleted compared
with chondritic abundances and lighter noble gases
[Krummenacher et al., 1962; Pepin, 1991]. It has been
concluded that more than 90% of the Earth’s Xe budget is
missing; however, the loss mechanism is less obvious.
Many models have attempted to explain Earth’s Xe deple-
tion [Dauphas, 2003; Pepin, 1991; Pepin and Porcelli,
2002; Porcelli and Ballentine, 2002; Tolstikhin and
O’Nions, 1994]. Mere hydrodynamic escape or impact
vaporization is not enough to account for the missing Xe
since even lighter rare gases like argon and neon are less
depleted than heavier xenon. Additionally, extensive
searches for surface Xe reservoirs were conducted to find
the missing xenon since Xe is more readily adsorbed into
ice [Bernatowicz et al., 1985; Wacker and Anders, 1984]
and sediments [Bernatowicz et al., 1984; Matsuda and
Matsubara, 1989] than lighter rare gases. None of these
studies found such a Xe reservoir. Instead, the missing Xe
may be hidden deep in the Earth’s interior where there is
little communication with the surface [Jephcoat, 1998].

[3] Here we consider the likelihood of xenon in the
Earth’s core through the formation of a high-pressure alloy
with iron. In light of recent experimental [Balog et al.,
2003; Lee and Jeanloz, 2003; Lin et al., 2002] and theo-
retical [Alfe et al., 2000a; Lee et al., 2004] results on high-
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pressure alloying of iron with various elements (e.g., sulfur,
silicon, and potassium), the pressure-induced insulator-
metal transition in Xe at pressures above ~125 GPa [Eremets
etal.,2000; Goettel et al., 1989; Reichlin et al., 1989] and the
close-packed nature of Fe and Xe at high pressure extends the
possibility of Xe forming a solid solution with the high-
pressure form of iron, hexagonal close-packed (hcp) e-Fe,
thought to be stable in the Earth’s inner core. While e-Fe is
only expected to be stable and present in the solid inner core,
liquid iron, present in the outer core, has been found to be
close packed with a coordination number similar to that of
solid e-Fe [Alfe et al., 2000b]; therefore, in this study we
focus on e-Fe and assume the solubility of Xe into the
crystalline structure will be near that of the liquid.

2. Methods

[4] The electronic structure and energetics of the Fe-Xe
supercells, as well as those of the elemental end-members
Fe and Xe, have been calculated by density functional
theory (DFT)-based electronic structure methods. DFT is
exact except for the basic approximation for exchange and
correlation that describes the many-body interactions of
electrons in the system. Most recent computational work
on the noble gases, in particular Xe [Caldwell et al., 1997,
Cohen et al., 1997; Dewhurst et al., 2002; Tsuchiya and
Kawamura, 2002], has used the local density approxima-
tion, whereas properties of transition metals, like iron, are
more successfully described with the generalized gradient
approximation (GGA) [Perdew et al., 1992]. Because of its
success with Fe and as we study compositions close to pure
Fe we chose to use the GGA for Fe, Xe, and the Fe-Xe
compounds in order to assure compatibility of results (see
auxiliary material'). We use the projector augmented wave
method (PAW) [Kresse and Joubert, 1999] as implemented
in the Vienna Ab initio Simulation Package [Kresse and
Furthmuller, 1996; Kresse and Hafner, 1993]. As we
consider high compressions resulting in hybridization of

"Auxiliary material is available at ftp://ftp.agu.org/apend/jb/
2005JB003781.

1 of 7



B02202

LEE AND STEINLE-NEUMANN: AB INITIO Xe + Fe ALLOYING

B02202

Table 1. Vinet Equation of State Parameters for Fe and Fe-Xe Alloys®

Xe Concentration,

Supercell Size Vo, A Ky, GPa Ko Ey, eV c/a Range wt % ppm
Fep.0688X€0.0312 32 10.69 253 5.08 —7.7899 1.592-1.597 N7O,OOO
Fep 9792Xe€0.0208 48 10.54 263 5.01 —7.9855 1.592-1.602 ~48,000
Feo.0806X€0.0104 96 10.39 275 4.93 —8.1760 1.596—1.603 ~24,000
Feo.0931X€0.0069 144 10.34 278 491 —8.2404 1.581-1.597 ~16,000
Fep.9944X€0.0056 180 10.32 282 4.87 —8.2708 1.586—1.599 ~13,000
Feo.0058X€0.0042 240 10.30 282 4.88 —8.2951 1.583-1.598 ~9,700
Fe — 10.25 286 4.85 —8.3676 1.6 -

See Vinet et al. [1989]. Room pressure volume, V,; bulk modulus, Ko; its pressure derivative, Ky'; and energy, E.

low-lying electronic states in both Fe and Xe [Cohen et al.,
1997], we chose potentials that treat the 3p, 3d and 4s states
of iron and the 5s and 5p states for xenon as valence
electrons.

[5] To compare the energetics of alloying and to test the
PAW potentials used, we perform computations on iron in
the hep phase and on xenon in the face-centered cubic (fcc)
and hcp structures. For the plane wave computations the
critical computational parameters are the cutoff energy for
the expansion of the charge density in a plane wave basis
(E.u) and the number of reciprocal space vectors at which
the Kohn—Sham equations are solved (k points). The hcp
cells of iron and xenon are based on an orthorhombic
description of the hcp cell (space group Pmma with
four atoms per cell, atoms at Wyckoff positions 2f and 2e
with z=1/3 and 1/6, respectively) with cell edges of relative
lengths of v/3, 1, and the value of the c/a ratio, a k point
mesh of 6 x 8 x 6 and E_,; = 300 eV. We set the free
parameter in the unit cell, the axial ratio c¢/a, to 1.6 for Fe
and set the ideal close-packing value 4/(8/3) for Xe. In
both cases this is close to the experimentally and computa-
tionally determined axial ratio [Cohen et al., 1997; Jephcoat
et al., 1987; Mao et al., 1990; Ross and McMahan, 1980;
Steinle-Neumann et al., 1999]. For Xe we find only small
changes in the energetics in response to relaxing the c/a
ratio, justifying the choice of ideal ¢/a here and in previous
computational studies [Cohen et al., 1997; Dewhurst et al.,
2002]. For Xe we perform computations on the low-
temperature, ambient pressure Xe I structure (fcc) and the
high-pressure phase Xe II (hcp). We find, like others, that
the fcc and hep structures of Xe are closely related, showing
little difference in energetics and equations of state
[Caldwell et al., 1997, Dewhurst et al., 2002; Tsuchiya
and Kawamura, 2002]. Although the equations of state are
similar, we chose to use the high-pressure hep structure of
Xe in our comparisons of the Gibbs free energies of the pure
elements with that of the Fe-Xe alloys (see Table SI in
auxiliary material). We also obtain good agreement for our
Fe calculations with previous studies [Steinle-Neumann et
al., 1999] (see Table S1 in auxiliary material).

[6] The Fe-Xe supercells are based on the same ortho-
rhombic description of the hep cell as used for the pure
element calculations. The supercells consist of 2 x 2 x 2
(32 atoms), 2 x 3 x 2 (48 atoms), 2 X 4 x 3 (96 atoms), 3 X
4 x 3 (144 atoms), 3 x 5 x 3 (180 atoms), and 3 x 5 x 4
(240 atoms) orthorhombic cells. Forces on the atoms occur
in response to the incorporation of xenon. The atoms are
relaxed self-consistently into their instantaneous ground
state position with a quasi-Newtonian algorithm. To allevi-
ate any nonhydrostatic stress on the lattice that is induced by

the large Xe atom, we relax the initial axial ratio in the hcp
cell chosen to be that of iron (c¢/a = 1.6). Nonhydrostatic
stresses were small, resulting only in a slight modification to
c/a (Table 1).

[7] As we establish the energetics of formation of the
Fe-Xe compounds, we must assure that absolute energies
are well converged with respect to computational param-
eters. We have performed convergence tests for the
32-atom Fe-Xe supercell and the hcp phases of Fe and
Xe. With a & point mesh of 3 x 4 x 3 for the 32-atom
supercell and E.,; = 300 eV, energy differences between
the supercells and the elemental solids are converged to
within 5 meV/atom. For the larger cells we chose nearly
equivalent k& point meshes of 3 x 3 x 3,3 x 2 x 2,2 X
2 x2,2x2x2,and2 x 2 x 2 for 48, 96, 144, 180,
and 240 atoms, respectively.

[8] There are two incorporation mechanisms of elements
into a metallic hep structure: substitution and two possibil-
ities of interstitial occupation, tetrahedral or octahedral
incorporation [Hume-Rothery, 1963]. We use the supercells
to study substitution and interstitial behavior. For each
mechanism, one xenon atom is substituted on an hcp lattice
site with 32, 48, 96, 144, 180, and 240 Fe atoms (essentially
Feo.0688X€0.0312, F€0.97902X€0.0208, F€0.9806 X€0.0104> F€0.9931
Xeo.0069, Feo.9044 Xeo. 0056, and Fegoosg Xep.0042) OVer a
wide compression range and incorporated interstitially on
the tetrahedral and octahedral sites at two volumes,
corresponding to ambient pressure and a compression of
ViVy = ~0.7. We find that for Fe-Xe alloys the substitution
mechanism of forming a solid solution is energetically more
favorable than interstitial octahedral or tetrahedral incorpo-
ration at all concentrations and compressions tested; hence
we focus on the substitutional incorporation mechanism.
This result is similar to the behavior of iron-potassium
alloys where a much larger atom is placed in the confines
of a small, closely packed structure [Lee et al., 2004].

[v] We have performed computations over a wide com-
pression range from overexpanded to highly compressed
volumes. The energy-volume relations for Fe, Xe, and Fe-
Xe supercells are fit with a Vinet equation of state [ Vinet et
al., 1989] as this expression is suitable for very compress-
ible materials such as Xe [Cohen et al., 2000] while also
fitting both Fe and Fe-Xe supercells well (i.e., comparable
to third-order finite strain expressions [Birch, 1952])
(Table 1, see also auxiliary material).

3. Results

[10] We compare the Gibbs free energy difference at
static conditions (i.e., enthalpy) for the equilibrium

20of 7



B02202 LEE AND STEINLE-NEUMANN: AB INITIO Xe + Fe ALLOYING B02202
! I I I I I I
Fe ,Xe (., stable
% 0.00 e
Y xFe + (1-x)Xe stable ——= - R
0
—_ Fe 39X
Q
=
o
S
$
e
£ 005
[e]
g
>
L
>
o
©
E=
,_<IICJ FegsXe,
Inner Core
Core-Mantle Outer Core
-0.10 foc->hep Xe Boundary Boundary —|
transition range
| | | | | |
0 50 100 150 200 250 300 350
Pressure (GPa)
Figure 1. Difference in the enthalpy of the pure elements Fe and Xe compared with the Fe-Xe alloy

versus pressure: xFe + (1 — x)Xe <= Fe,Xe(;_y), where x is a value between 0.9896 and 0.9958 (96- to
240-atom supercells). Curves are labeled for the different Xe concentrations: Feg g95sX€0.0042 (Fea30Xeq,
~9700 ppm, thll’l), Feo_9944X€0_0056 (Fel79X€1, N13,000 ppm, dashed); F€0‘9931X60.0069 (Fel43Xel,
~16,000 ppm, dotted); and Fej 9g96X€0.0104 (FegsXe;, ~24,000 ppm, thick). For positive values the
Fe,Xe(_y alloy is energetically favored over the pure elements. The shaded areas represent the fcc-to-
hcp phase transition pressure regime: light (1.5—40 GPa [Errandonea et al., 2002]) and dark (14—75 GPa
[Jephcoat et al., 1987]). The seismically derived core-mantle and inner core—outer core boundary
pressures are shown for reference [Dziewonski and Anderson, 1981].

reaction: xFe + (1 — x)Xe <= Fe,Xe_, where x is a
value between 0.9688 and 0.9958 (32- to 240-atom
supercells) (Figure 1). At 0 K we find that at the lowest
Xe concentration tested, ~0.4 mol % Xe abundance
level in Fe (240-atom supercell), xenon substitution into
iron becomes favorable relative to constituent elements
above ~300 GPa, a pressure corresponding to the deep
outer core (Figure 1). This abundance compares well
with the 0.5 mol % Xe concentration obtained by high-
voltage experiments of Xe implantation into a-Fe (body-
centered cubic phase stable at room conditions) con-
ducted in the late 1960s and 1970s [Schoeters et al.,
1976]. If we assume that each side of the equilibrium
reaction has similar vibrational entropy, with the only
difference being the entropy of mixing stemming from
the large number of positions that the Xe can be
substituted in the Fe-Xe supercell, the alloy is even
more favored (i.e., stability will be achieved at lower
pressures) by entropic effects at high temperatures
(Figure 2) [Hume-Rothery, 1963]; electronic contributions
[Wasserman et al., 1996] to entropy are negligible as the
electronic density of states of the Fe-Xe supercells are
nearly indistinguishable from that of pure Fe at the same
volume (see Figure S1 in auxiliary material). Therefore,
including temperature and the entropy of mixing, xenon
substitution into iron at 350 GPa increases from less than

0.3 (£0.1) mol % Xe at static conditions to more than
~0.6 (£0.2) mol % at 5000 K (Figure 2). The uncertain-
ties in Xe solubility stem from the inherent resolution of
the energy convergence (~5 meV/atom) as well as the
third-order polynomial fit to the AGibbs free energy
versus Xe concentration (Figure 2).

[11] Previous experimental and theoretical work on
possible Fe-Xe alloys yielded nonalloying behavior be-
tween xenon and iron at all pressures relevant to the Earth
[Caldwell et al., 1997]. However, the theoretical alloys
tested are of extremely high Xe concentration: FeXe,
Fe,Xe, and FeXe, (i.e., ~33—-66 mol %). Our calculations
yield otherwise for much lower Xe concentration alloys:
Feo.0058X€0.0042, F€0.9944X€0.0056, F€0.9931X€0.0069, and
Feg.9896X€0.0104 (Figure 1). For the pressures attained in
the Earth’s core (~364 GPa) we estimate the solubility
limit of Xe into Fe at ~0.8 (+£0.2) mol % for representative
core temperatures. For a smaller planet like Mars
the solubility limit is considerably less (<0.1 mol %)
because of decreased maximum internal pressures and
temperatures.

[12] Our supercell results also show that with increasing
Xe concentration the volume of the host Fe unit cell
increases and the alloys become more compressible
(Figure 3, Table 1). Caldwell et al. [1997] did not report
any Fe unit cell deviations at ~50 GPa after heating with Xe
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Figure 2. (top) Difference in the Gibbs free energy of the pure elements Fe and Xe compared to the Fe-
Xe alloy versus Xe concentration (mol %) at 350 GPa: xFe + (1 — x)Xe <= FeXe(_y), where x is a
value between 0.9896 and 1.000 at 0 K (solid circles), 2000 K (open circles), and 5000 K (squares).
Labeled curves through the data are third-order polynomial fits. The minima of each polynomial fit are
used to construct the phase diagram below. A representative error bar is shown for energy convergence
uncertainty (£~5 meV). (bottom) Fe-Xe alloy phase diagram of temperature versus Xe concentration.
Thick curve delineates the stability boundary between the Fe-Xe alloy and a two-phase space at 350 GPa.
For comparison we also include the boundary at 150 GPa (thin curve). To the left of each curve the Fe-Xe
alloy is stable, whereas to the right of each curve a mixed region of Fe-Xe alloy and Xe phases are stable.
The curvature of the phase boundaries is determined by the quality of the polynomial fit from above.

above 3000 K. However, for the maximum amount of Xe
soluble under these conditions (<0.05 mol %) the
expected volume increase (< ~0.1%) may have been
too small to detect with the experimental resolution of the
time.

[13] As in the previous study [Caldwell et al., 1997], we
observe a lack of significant bonding between Xe and the Fe
unit cell (Figure 4). Although the nearest-neighbor distance
between Xe and the surrounding Fe atoms decreases with
increasing pressure as expected, the slope of the line is
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Figure 3. Percent volume difference, 100[V(Fe.Xe(_y) — V(Fe)]/V(Fe), versus pressure for the 96-,
144-, 180-, and 240-atom supercells. Curves are labeled according to Xe concentrations: see Figure 1.
The seismically derived core-mantle and inner core—outer core boundary pressures are shown for
reference [Dziewonski and Anderson, 1981].
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Figure 4. Nearest-neighbor distance around Xe versus lattice constant for the 48-atom (squares) and
180-atom (circles) supercells: Fey 9792Xe€0.0208 and Feg g944X€g 0056, Error bars give the spread around the
average nearest-neighbor value. The dotted (dashed) lines yield a best fit line to the 180-atom (48-atom)
supercells; the solid line is the 1:1 relation between nearest-neighbor distance and lattice constant.
Corresponding pressures are given for the Fe-Xe supercells along the top (180-atom) and bottom
(48-atom) of the top axis. With increasing pressure the nearest-neighbor distance gets smaller and more
like the lattice constant. The seismically derived core-mantle and inner core—outer core boundary
pressures are shown for reference [Dziewonski and Anderson, 1981].
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nearly parallel with the 1:1 ratio, indicating that if true
bonding between the two elements occurs, it will only do so
at higher pressures than those investigated by this study.
This is also supported by the lack of Xe contributions to the
electronic density of states near the Fermi energy (Figure S1
in auxiliary material).

4. Discussion

[14] The Earth’s atmosphere is missing a significant
portion (>90%) of its Xe budget. If the atmosphere is
assumed to approximate the total terrestrial noble gas
inventory, then it follows that this >90% depletion charac-
terizes the bulk Earth as well. Calculations based on this
bulk Xe abundance and the decay systematics of short-lived
nuclides '*°T and ***Pu then suggest a formation interval for
the Earth more in line with estimates from other radiogenic
systems [Kleine et al., 2002; Ozima and Podosek, 1999; Yin
et al., 2002]. However, instead of a preferential loss to space
of Xe over lighter noble gases we propose that much of the
Xe may be trapped in the core; thus the Earth may not be
fully degassed, and the atmospheric abundance may be a
poor approximation of the Earth’s Xe budget. If parent
elements I, Pu, and U were also sequestered into the core
[McDonough, 2004] during core formation, the Xe daughter
products may also remain in the core on the basis of the
high solubility limit we have established here. Therefore,
instead of the standard model of Xe being lost during
accretion we have the possibilities that either the xenon
could have sunk into a differentiating core by forming a
solid solution with iron during the sufficiently violent and
energetic accretion process or it is present in the core as a
radioactive decay product. It is worth noting that the tested
Xe concentrations are much greater than what is expected
for the Earth. As such, computational trends suggest that
lower concentrations require lower pressures to alloy;
therefore Xe solubility in Fe may occur at much lower
pressures in the Earth.

[15] There are limited partitioning results between sili-
cates and metal for noble gases at high pressures (<10 GPa)
and temperatures (1900 K) [Matsuda et al., 1993]. Matsuda
et al. [1993] find that the partition coefficients (metal-
silicate) decrease with increasing pressure, although their
uncertainties rise with pressure. This decrease in partition-
ing is attributed to higher surface tension from the increased
pressure. For higher-pressure experiments we expect the
surface tension to change since Fe transforms to the close-
packed hep phase at ~13 GPa [Bancrofi et al., 1956] and is
also inferred to undergo a spin transition from magnetic to
nonmagnetic at this structural transition [Zaylor et al.,
1991]. Along these lines, another study investigated the
argon solubility in silicate melt and found that above
~5 GPa an abrupt change in the argon solubility occurred
[Chamorro-Perez et al., 1996]. Argon was no longer as
incompatible in the crystalline silicate compared to the melt
as had been observed at low pressures [Carroll and Stolper,
1993], and this effect is predicted to occur at lower
pressures for the larger Xe atom. There is also additional
experimental evidence that Xe can be incorporated into
silicates at percent levels at high pressures [Sanloup et al.,
2002]. These experimental studies and our results suggest
several exceptions to the standard differentiation history for
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Xe, and hence there is a significant possibility that the
Earth’s “missing” xenon may be hidden in the Earth’s deep
interior rather than lost to space during accretion.

[16] Our results can readily explain the “missing” Xe
problem in the Earth, as cosmochemical constraints only
allow ~10~" ppm (equivalently 100 ppb, by weight) in the
Earth’s core compared to the solubility limit of ~10* ppm
(by weight) that the e-Fe unit cell volume will accommodate
at core conditions (Figures 1 and 2). Although our results
can resolve the “missing” Xe problem by placing Xe in the
core, we do not constrain the isotopic core abundances of
the Xe daughter isotoges, namely, '*Xe (from '*°I) and
131.132.134.35% 6 (from ***Pu and **®U). However, because
of the vastly different electronic structures of iodine, pluto-
nium, and uranium we can imagine a preferred partitioning
into the Earth’s core of one parent over another. A recent
model [Trieloff and Kunz, 2005] also suggests that some (of
all) of the noble gases may have been sequestered into a
young accreting core when the noble gas abundance was
great (before the Moon-forming impact) and that the core is
currently “degassing” into the mantle because of unfavor-
able metal-silicate partitioning coefficients [Matsuda et al.,
1993] evident by a higher (and at a constant factor of ~5
across all noble gases) primordial noble gas isotope versus
radiogenic isotope ratio in plume basalts when compared to
mid-ocean ridge basalts (e.g., *He/*He and '*“Xe/"*Xe).
Our results contradict this model for Xe: No degassing of
any Xe isotope from the core should take place. Indeed,
more precise measurements and theoretical calculations on
the partitioning of Xe, I, Pu, and U between metal and
silicates at high pressures and temperatures are necessary
for a better understanding of the Earth’s bulk and isotopic
xenon budget.
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