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ABSTRACT

Hydrogen is the most abundant element in the solar system and has been considered one of the main
light elements in the Earth’s core. The hydrogen content in the Earth’s core is determined normally
by matching the volume expansion caused by the incorporation of hydrogen into FeH, to the Earth’s
core density deficit. The magnitude of this volume expansion at the pressure (P) and temperature
(7) conditions of the Earth’s core is still unknown, and the effect of spin transition in FeH, at high
pressure is usually ignored. In this study, we simulate the Fe spin transition, equation of state, and
hydrogen-induced volume expansion in Fe-H binaries at high P-T conditions using density functional
theory (DFT) calculations. Our results indicate that hydrogen could stabilize the magnetic properties
of fcc Fe from ~10 to ~40 GPa. A volume expansion induced by hydrogen is linear with pressure
except at the Fe spin transition pressure, where it collapses significantly (~30%). The fcc FeH lattice
is predicted to expand at an average rate of ~1.38 and 1.07 A’ per hydrogen atom under the Earth’s
outer and inner core P-T conditions, where the hydrogen content is estimated to be ~0.54—1.10 wt%
and ~0.10-0.22 wt%, respectively. These results suggest that the Earth’s core may be a potentially
large reservoir of water, with up to ~98 times as much as oceans of water being brought to the Earth’s
interior during its formation. Based on our predicted hydrogen content in the Earth’s core, we propose
that the presence of hydrogen would induce a relatively lower core temperature, ~300-500 K colder
than it has been previously speculated.

Keywords: Hydrogen, iron hydride, spin transition, volume expansion, Earth’s core; Physics
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INTRODUCTION

The Earth’s core comprises an iron-nickel alloy with some
additional light elements such as Si, O, S, C, and H (Allégre et al.
1995; Ringwood 1984). Among these light elements, hydrogen
has been proposed as an essential candidate in the Earth’s core
(Poirier 1994). FeH adopts a face-centered cubic (fcc) structure
that can exist stably under the conditions of the Earth’s core
(Bazhanova et al. 2012; Kato et al. 2020). X-ray diffraction
(XRD) and in situ neutron diffraction experiments are usually
utilized to estimate the hydrogen content in the Earth’s core with a
linear relation: x = (Vgen, — Vre)/ AV, Where x is hydrogen concen-
tration, Ve, and Ve are the unit-cell volumes of iron hydride and
pure iron metal, respectively, and AVy; is the volume expansion
caused by a single-formula unit of hydrogen. The values of AV}
in the Fe-H system are crucial for acquiring the hydrogen content
of the core. Previous studies have reported values ranging from
1.8 t0 2.7 A’ under relatively low P-T conditions (P =4-82 GPa,
T <2000 K) (Ikuta et al. 2019; Kato et al. 2020; Narygina et al.
2011; Pépin et al. 2014; Sakamaki et al. 2009; Thompson et al.
2018). These values are obtained under conditions far from the
Earth’s core, however, and may underestimate the hydrogen
content in the Earth’s core. Therefore, the value of AV} needs to
be explored under the P-T conditions of the Earth’s core.
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There is also considerable disagreement about the spin
transition pressure of fcc FeH and its effect on volume and AV;;.
The volume expansion of fcc FeH, is approximately linear with
pressure at low-P-T conditions (4—12 GPa, 750-1200 K) (Ikuta
et al. 2019). However, the high-spin (HS) to low-spin (LS)
transition in fcc FeH leads to a volume collapse and an anomaly
in compression behavior (Kato et al. 2020), which will further
affect the values of AV4. Therefore, the pressure-driven HS to
LS transition in fcc FeH needs to be considered to properly
determine the hydrogen content in the Earth’s core. Narygina
et al. (2011) suggested that at the pressure range of 26-47 GPa,
the non-magnetic (NM) state of fcc FeH was observed in their
Maossbauer spectroscopy experiments. Thompson et al. (2018)
proposed that magnetic transition in fcc FeH is unlikely to oc-
cur at pressures up to 82 GPa. More recently, Kato et al. (2020)
reported that the ferromagnetic (FM) to NM transition in fcc FeH
happens at about 50-60 GPa based on their XRD measurements
and theoretical calculations. Thus considerable discrepancies
exist in predictions of where this transition occurs.

In this study, to examine the volume expansion AJj; in iron
hydride (FeH,), we employed theoretical calculations to model
FeH, at high-P-T conditions. We calculated the volumes of FeH,
as a function of pressure. The thermodynamic properties of FeH,
were calculated using the lattice dynamics method with quasi-
harmonic approximation. The spin transition in fcc FeH was
determined to be at ~40 GPa. Before and after the spin transition
point, the volume expansion induced by hydrogen is nearly linear

667

Downloaded from http://pubs.geoscienceworld.org/msa/ammin/article-pdf/108/4/667/5809730/am-2022-8237 .pdf
by Institute of Geochemistry Chinese Academy user

on 15 May 2024


mailto:zhangfeiwu@vip.gyig.ac.cn
https://orcid.org/0000-0002-4979-0790
http://www.minsocam.org/MSA/AmMin/special-collections.html
http://www.minsocam.org/MSA/AmMin/special-collections.html

668

at both sides. Based on our FeH, volume expansion data at the
Earth’s core P-T conditions, the maximum hydrogen content in
the Earth’s core can be precisely re-estimated by comparison with
its seismic model. Finally, we discuss hydrogen content in the
inner and outer core and its implications for the Earth’s interior
density and temperature.

METHODS

An evolutionary crystal structure prediction method (USPEX) (Lyakhov et al.
2013; Oganov etal. 2011) was used to search for stable Fe-H binaries at 100-400 GPa.
We found that P6y/mmc-Fe (hep), Fm3m-FeH (fcc), P/mmm-Fe;Hs, Pm3m-FeH;,
C2/m-Fe;H,,, and C2/c-FeHg are stable at high pressures, which is consistent with
previous studies (Bazhanova et al. 2012). Some of the cell parameters and crystal
structures of these stable components are shown in Online Materials' Table S1 and
Figure S1, respectively. The phonon dispersion curves of these stable phases are
shown in Online Materials' Figure S2, and no imaginary phonon frequencies were
found for any of these phases, which indicates their dynamical stability.

All the produced Fe-H structures were then fully relaxed by density func-
tional theory (DFT) (Kohn and Sham 1965) implemented in the Vienna Ab initio
Simulation Package (VASP) (Kresse and Furthmiiller 1996) within the generalized
gradient approximation (GGA) (Perdew et al. 1996) and the projector-augmented
wave (PAW) method (Blochl 1994). Fe-3p®3d’74s! and H-1s' were treated as valence
states. A plane wave cutoff energy of 500 ¢V and the Monkhorst-Pack scheme
(Monkhorst and Pack 1976) with a k-point grid of 21t x 0.05 A~ were found to
give excellent stress tensors and structural energy convergence for the Fe-H system
relaxations. The magnetic properties of Fe-H were calculated on a 20 x 20 x 20
k-point mesh. To determine the volume expansions and thermodynamic properties
of Fe-H, molecular dynamics (MD) simulations were used for liquid phases (outer
core), while lattice dynamics QHA runs for solid phases (inner core).

MD calculations were run at the gamma point with a cutoff of 500 eV, and the
energy converged to within 107 ¢V, and all runs were performed with 64 atoms
in fixed cubic cells corresponding to ~135 GPa. The simulations were calculated
at 10000 K for 2 picoseconds (ps) to obtain a liquid structure. Then the cell was
quenched to the target temperature of 4000 K and allowed to equilibrate for 2 ps.
Finally, another 8 ps simulations were performed to determine the equilibrium
volumes and lattice parameters by taking their averages over time. Time steps of
the simulations were set to 1 femtosecond (fs). The Nosé thermostat was used for
temperature control (Nosé 1984), and MD trajectories were implemented in the
canonical ensemble (NVT: N = number of atoms, V' = volume, 7 = temperature).
Examination of root-mean-squared displacement (RMSD) was used to ensure the
state remained in liquid, as shown in Online Materials' Figure S3. Note that MD
calculations were performed for the most stable fcc FeH alloy only, where the free
spin polarization was not included as its magnetism is completely lost under core
pressure conditions (Kato et al. 2020). The volume expansion of the liquid phase
was then used to estimate the H concentration of the outer core.

Theoretical phonon dispersion and thermodynamic properties of Fe-H binaries
were obtained using both the PHON code (Alf¢ 2009) and PHONOPY package
(Togo et al. 2008) with the direct force constant method. Supercells were used for
structure relaxation and phonon calculations (hcp Fe with 3 x 3 x 3 of 54 atoms,
fec Fe and Pm3m-FeH; with 3 x 3 x 3 of 108 atoms, Fm3m-FeH and P,/mmm-
Fe;H; with 2 x 2 x 2 of 64 atoms, C2/m-Fe;H;, with 1 x 2 x 2 of 112 atoms, and
C2/c-FeHq with 2 x 1 x 2 of 112 atoms). The phonon spectrum was calculated
by perturbing the volumes to create seven new structures and fully relaxing both
the lattice shape and ionic positions. This quasi-harmonic approximation (QHA)
neglects any additional anharmonic effects, but the total anharmonic contribution
to the free energy (Fyunam) 0f hep Fe at 360 GPa and 6000 K is only of the order of
60 meV/f.u. (Alfeé et al. 2001). By comparing the free energies obtained from both
MD and QHA studies for hep Fe and Fm3m-FeH systems, we calculated Fiypam
to be 33 meV/f.u. for Fe and 46 meV/f.u. for FeH at 360 GPa and 5000 K. Thus,
Fharm of Fe-H binaries is in the same order of magnitude as that of hep Fe, and the
inclusion of anharmonic terms will not change our conclusions about the volume
expansion in Fe-H binaries, even at very high temperatures.

Spin transition pressure calculations were determined by setting two spin states
of iron: spin-restricted (SR) and non-spin-restricted (NSR). In the SR state, the
occupation numbers for electrons with up and down spin were fixed to be equal,
which indicates that the magnetic moments are constrained to be 0 ps. In the NSR
state, the occupation numbers of every electronic orbital were varied independently
for up and down spins, allowing the iron atoms to have a net magnetic moment if
that corresponds to the minimum energy state (Vocadlo et al. 2002).
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The strain-stress method was used to compute the elastic constants tensor
under static conditions. We applied a deformation matrix to a (2 x 2 x 2) supercell
to achieve the deformation with strain values of £0.01 and +0.02, respectively.
The resulting stress tensor was then plotted against the applied strain and fitted
to second-order polynomials to evaluate the elastic constants (Karki et al. 2001).
The Voigt average was used to calculate the bulk and shear elastic modulus since
we applied a uniform strain to the supercell, and these were then propagated to
the seismic wave velocities. More elastic calculation details are given in the
Online Materials'.

RESULTS AND DISCUSSION
Spin transition

The magnetism of iron has a significant effect on its compres-
sion behavior, and the previously observed anomaly in volumes
in FeH, without a structural change may be caused by the iron
spin transition (Kato et al. 2020). Here, we determined the spin
transition in fcc FeH at a pressure range of 0-80 GPa since previ-
ous studies have suggested that the magnetic transition pressure
in fcc FeH is ~26-60 GPa (Elsdsser et al. 1998). Our calculations
found that the spin transition in fcc FeH occurs at a volume of
5.43 A? per atom, corresponding to the pressure of ~40 GPa
(Fig. 1a). This value is lower than the recently reported theoreti-
cal value of 50-60 GPa by Kato et al. (2020), but higher than
the implied experimental value found by Narygina et al. (2011)
who proposed that fcc FeH was in the NM or anti-ferromagnetic
(AFM) state at 2647 GPa, which suggests the spin transition is
at a lower pressure than this range.

It should be pointed out that our value does not use a correc-
tion for correlation of the d-electrons in iron (such as DFT+U)
and thus likely underestimates the spin transition pressure
somewhat. Determining the exact value of the spin transition
is difficult both theoretically and experimentally as the dH/dP
slope of both the HS and LS phases are similar (0.272/0.261 at
the spin transition pressure). This means that small variations
in theoretical setup or experimental conditions could lead to
large changes in the spin transition pressure, which is not well
defined in reality. As one example, we found that the spin transi-
tion pressure was very sensitive to the size of the k-point mesh
and that we used a larger k-point mesh than Kato et al. (2020),
which may account for our lower spin transition pressure. When
using corrections such as +U they are not strictly theoretically
defined and the correction is often linked to empirical measure-
ments. Our main conclusions about the effect of hydrogen on
volume expansion and the concentration of hydrogen in the core
are not affected by the location of the spin transition pressure
unless these parameters are desired directly at the spin transition
pressure or nearby pressures.

The spin transition in fcc and hep Fe was also determined at
high pressure. Figure 1b shows the Fe volume as a function of
pressure for both fcc and hep structures. The volume of fcc Fe
collapses at the pressure of ~10 GPa, indicating its spin transition
pressure. Hep Fe was found to be always stable in the NM state
across the examined pressure range, and the volume was found
to change perfectly linearly with pressure, which is consistent
with previous studies (Soderlind et al. 1996).

The magnetization behavior of the hep and dhep phases of
FeH has been reported by Kato et al. (2020), where the FM state
of hep and dhep FeH was found to be stable down to 4.25 and
5.15 A’/atom, respectively, with a pressure-induced continuous
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FIGURE 1. (a) Fe magnetic moment in fcc FeH as a function of
volume. The magnetic moment of Fe collapses at the volume of 5.4 A3,
corresponding to the pressure of ~40 GPa, comparison with 5.3 A3,
~50 GPa reported by Kato et al. (2020) (red circle). (b) Volumes of fcc
and hep Fe as a function of pressure. The fcc Fe volume dropping at
the pressure of ~10 GPa indicates the Fe spin transition. (Color online.)

decrease in magnetic moments. This indicates that hydrogen can
induce ferromagnetism in hcp Fe with pressures below ~210 GPa.
The volume of fcc Fe is much larger than the volume of hep Fe
at pressures below the fcc spin transition pressure (~10 GPa),
but above the fce spin transition pressure, the volumes of fcc
and hep iron are very similar (Fig. 1b). This makes their elastic
properties similar at high-P-T conditions (Martorell et al. 2015).
By comparing the spin transition pressure in fcc pure Fe and FeH,
we can conclude that the existence of hydrogen in the lattice
stabilizes the magnetic properties of fcc Fe to a higher pressure
(by ~30 GPa), supporting the conclusion proposed by Gomi et
al. (2018) that hydrogen can stabilize the magnetism of iron.
The bulk magnetic moments and their spin transition in other
Fe-H binaries (e.g., P,/mmm-Fe;Hs, Pm3m-FeHs, C2/m-Fe;H,,
and C2/c-FeHj) as a function of pressure are presented in Online
Materials' Figure S4. In Fe;H;s phase, the magnetic transition
happens at a pressure of ~60 GPa, while the other Fe-H phases
were found to be always stable in the NM state.
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Equation of state

The third-order Birch-Murnaghan (BM) equation of state
(EOS) was used to fit the static P-} data for fcc FeH as follows:

-5l o

where P is the pressure, V' is the volume, V; is the initial vol-
ume, K, and K’ are the bulk modulus at ambient pressure and
its pressure derivative. The equation of state of fcc FeH is listed
in Table 1 and plotted in Figure 2, where the values from the
literature are also given as references.

The initial volume ¥} calculated in this study is consistent
with previous values reported by Narygina et al. (2011) and Kato
et al. (2020), with <2% difference. As shown in Figure 2, at the
pressure range of 1040 GPa, the compressibility of fcc FeH in
the NSR state is consistent with the measurements by Narygina
etal. (2011), and it is also compatible with those of Thompson et
al. (2018). In this region, the compression behavior is controlled
by the high-spin ferromagnetism. Our results show that above the
spin transition pressure of ~40 GPa, there will be a collapse in
volume and compressibility, which is in good agreement with the
results of Kato et al. (2020). Narygina etal. (2011) and Thompson
etal. (2018) reported linear compressibility with no discontinuity
observed for fcc FeH,; across a range of 0—80 GPa; however,
there were no spin transitions observed in their measurements.
The HS to LS spin transition simulated in this study results in a
change to the FeH, compressibility, which will play an important
role in the elastic properties. As shown in Figure 3, the HS to LS
transition in fcc FeH dramatically increases its elastic modulus
and sound velocities. By comparison with previous experimental
and computational P-V curves, the differential behaviors in this
study may be due to the different site occupations of hydrogen in
the fcc FeH lattice. In this study, our iron hydride structures were
obtained from global structure prediction tools, which ensured
our structures are stable with the lowest formation energies.
Parameters of the third-order Birch-Murnaghan equation of states
for our Fe-H binaries are reported in Online Materials' Table S2.

-2

Hydrogen-induced volume expansion

To correlate the density of the core with iron-containing
hydrogen, the volume expansion induced by hydrogen in iron
must be known. As outlined in the previous sections the spin

TABLE 1. Third-order Birch-Murnaghan equation of state parameters

for fcc FeH
V, (A3/fu) K, (GPa) K Prange (GPa) Reference
FeH,_, 13.45(3) 99(5) 11.7(5) 12-68 Narygina et al. (2011)
FM FeH 135 168 4.5 <50 Kato et al. (2020)
13.25 182 4.1 <40 This study
NMFeH 123 262 42 Kato et al. (2020)
12.14 262 4.5 0-300 This study
fcc-Fe 12.26 111 53 0-24 Tsujino et al. (2013)
11.97 189 4 0-10
10.27 283 4.5 10-300 This study
hcp-Fe 11.23(12) 165(fixed) 4.9(4) 17-197 Dewaele et al. (2006)
10.15 306 43 0-300 Bazhanova et al. (2012)
10.14 311 4.3 0-300 This study

Note: Values in parentheses represent the error of each parameter from ex-
perimental data.
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FIGURE 2. Compression curves of fcc FeH calculated at 0 K (lines)
and along the geothermal temperature (points) in both non-spin-restricted
(NSR) and spin-restricted (SR) states. The data sets from the literature
are presented for comparison. [blue circle = Thompson et al. (2018),
18-82 GPa, 1500-2000 K; cyan-blue line = Narygina et al. (2011),
12-68 GPa, 300 K; gray line = Kato et al. (2020), both ferromagnetic
(FM) and non-magnetic (NM) states at 0 K]. The data of pure hcp Fe
(Dewaele et al. 2006, dark yellow line: 17-197 GPa, 300 K) and fcc
Fe (Tsujino et al. 2013, purple line: 024 GPa, 873-1873 K) are also
plotted. (Color online.)

transition induces large changes to this volume expansion and
elastic properties even at static conditions. Thus extrapolations
of properties across the spin transition are unreliable, and low-
pressure measurements of hydrogen-induced volume expansion
are likely not to be accurate. Thus we shall calculate this expan-
sion at core relevant pressures and temperatures and use these
results from hereon.

In this study, our Fe-H binary structures exhibit that hydrogen
occupies the octahedral (O) site, although Ikuta et al. (2019)
suggested that a small number of hydrogen atoms could also
occupy the tetrahedral (T) site. We infer that this is most likely
caused by temperature where the greater configurational entropy
of such sites overcomes their enthalpic penalties. The volume
expansion in Fe-H binary caused by a single-formula unit of
hydrogen, AV, can be determined by:

VFcle -V

AV, = e 2
X

where Veen, and Vg, are unit-cell volumes of iron hydride and

pure fcc or hep Fe metal, respectively, and x is the hydrogen

concentration in FeH,.

The calculated volume expansion (A V%) at low P-T conditions
(0-12 GPa, <1200 K) is presented in Figure 4. The data set from
previous measurements is also plotted for comparison. The values
of AV, were calculated to be ~1.70 and 1.94 A3 relative to fcc-Fe
and hep-Fe, respectively. Note that the volumes of pure Fe below
12 GPa were calculated from the experimental EOS (Dewaele et
al. 2006; Tsujino et al. 2013) since theoretical absolute densities
suffer from small but non-negligible systematic errors of theory
at low pressure (see Online Materials! Fig. S5-S6). Our predicted
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AVy values are smaller than the experimental value of 2.22 A’
reported by Ikuta et al. (2019) but are compatible with those
of other 3d-transition metal hydrides (i.e., &-MnH,.q: 1.66 A2,
§-CoH,: 1.8 A%) (Fukai 2005), and our results are also similar
to the experimental value of ~1.90 A’ reported by Sakamaki
et al. (2009). We confirmed that the volume expansion is ap-
proximately linear under low pressures (0—12 GPa), consistent
with the findings of Tkuta et al. (2019). However, in the whole
Earth pressure range, the volume expansion is no longer linear
as it collapses at ~40 GPa due to the iron HS to LS spin transi-
tion after which a new linear regime is obtained, as shown in
Figure 5. This is consistent with the results proposed by Gomi
et al. (2018), as they observed a decrease in volume attributed
to the magnetic transition in hcp FeH.

Volume expansion of all considered Fe-H binaries at core P-T'
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F1GURE 3. Seismic properties of fcc FeH at the HS to LS transition
pressure range. (a) bulk modulus (K) and shear modulus (G); (b) sound
velocities (V},, V;, and V,). In a and b, the straight lines represent the SR
states while the curves represent the NSR states of fcc FeH. The spin
transition in fcc FeH dramatically increases its elastic modulus and sound
velocities. (Color online.)
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FIGURE 4. Hydrogen induced FeH volume expansion at low
temperatures (<1200 K) and pressures (0—12 GPa). The black squares and
red cubes are relative to the volume of hep-Fe and fcc-Fe, respectively.
Blue circles and the orange lower triangle are the experimental results
determined by Ikuta et al. (2019) and Narygina et al. (2011), respectively.
The green upper triangle is iron deuteride (FeDj) at 6.3 GPa and 988 K
determined by Machida et al. (2014). The dashed lines are the linear fit
to the data points. (Color online.)

conditions (300-380 GPa, ~5000 K) are presented in Figure 6.
We have plotted the volume expansion with respect to fcc-Fe
(Fig. 6a) and hep-Fe (Fig. 6b), respectively. The AV in fcc FeH
was calculated as ~1.07 A’ at the Earth’s inner core P-T condi-
tions. This is considerably smaller than the numbers obtained at
low-P-T conditions. Thus using values AV} obtained at low P-T'
conditions will severely underestimate the amount of hydrogen
in the Earth’s core. These underestimates are mostly due to the
low-P values, which neglect the spin transition, but a low T"also
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FiGure 5. Hydrogen induced FeH volume expansion at the pressure
range of 10-300 GPa. The black squares and red circles represent the
results calculated relative to V.. and K, re, respectively. Ve e and Ve, e
are calculated from the equation of state of fcc Fe (Tsujino et al. 2013)
and hep Fe (Dewaele et al. 2006), respectively. The Fe spin transition
in FeH induced volume expansion collapse at the pressure of ~40 GPa.
(Color online.)
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FIGURE 6. Hydrogen induced volume expansion in Fe-H binaries at
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Fe (a) and hep-Fe (b). The literature data relative to fcc-Fe at ambient
temperature conditions are plotted for comparison (c¢). (Color online.)

affects the results. At static conditions with inner core P values,
we predict AVy to be ~1.10 A3, and thus both P and T must be
accurately represented in estimates of the volume expansion.
In Figure 6¢, we show previous estimates of volume expan-
sion taken from the literature of fcc FeH (Kato et al. 2020), hep
FeH (Caracas 2015), and dhcp FeH (Pépin et al. 2014) at ambient
temperature (300 K). They reported volume expansion values
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of ~1.06—1.15 A3, which are slightly higher or lower than those
determined in our calculation. The various crystal structures of
FeH alloy, extrapolation error of data from low temperature,
and the different site occupancies of hydrogen in FeH lattice
may account for these volume expansion differences. Since our
values are determined with the most stable FeH lattice and at
the correct temperature, we shall use our core P-T AV values
to estimate hydrogen contents.

IMPLICATIONS

The Earth’s core is mainly composed of a Fe-Ni alloy along
with a few percent of light elements, such as Si, C, O, S, N, and
H required to explain its density deficit and seismic properties
(Birch 1952). The outer and inner core are ~5—-10% and ~1-2%
less dense, respectively, than pure iron at relevant temperature
and pressure conditions (Anderson and Isaak 2002; Shearer
and Masters 1990; Stixrude et al. 1997). Hydrogen is the most
abundant element in the solar system, and therefore, it is plau-
sibly one of the main light element candidates in the Earth’s
core. The solubility of hydrogen in iron increases considerably
with pressure (Fukai 1984; Ohtani et al. 2005; Okuchi 1997).
Based on high-temperature and high-pressure in situ neutron
diffraction experiments, lizukaoku et al. (2017) proposed that
iron preferentially incorporates hydrogen, which may affect other
light elements partitioning into the core in the later processes.

The hydrogen content in the Earth’s core has been previously
estimated (Ikuta et al. 2019; Narygina et al. 2011; Thompson et
al. 2018) by comparing the volume expansion and density deficits
introduced by hydrogen in the Fe lattice with the profile of PREM
(Dziewonski and Anderson 1981). However, in those previous
studies, the volume expansion A};; was obtained at low-pressure
conditions and was extrapolated linearly to high pressure to
calculate the hydrogen content in the Earth’s core. As we have
discussed above, due to a volume collapse caused by the iron
spin transition, the hydrogen-driven volume expansion (A ;) of
Fe at high pressure has a much lower value (~30% less) than it
does at lower pressures. Therefore, we conclude that the previous
works which used a high value of AV might underestimate the
H content of the Earth’s core.

We re-examined the hydrogen content in the Earth’s core
using our updated volume expansion (A}j) determined at the
Earth’s core conditions (135 GPa and 4000 K for the CMB
and 330 GPa and 5000 K for the ICB). The results are given in
Table 2, where the results of previous studies are also listed for
comparison. Using these methods, we estimate a hydrogen con-
tent of the outer core of ~0.54—1.10 wt% (equal to 15.07 +5.15 x
102! kg). Umemoto and Hirose (2015) previously examined the
hydrogen content of the outer core by constraining both density
and sound velocities. They suggested that liquid Fe with ~1 wt%
hydrogen could satisfy the seismic properties of the outer core,
which is exactly within the range of our estimated value. This
hydrogen content stored in the outer core would be equivalent
to 97 £ 33 times the mass of liquid water in the ocean.

Figure 7 plots the hydrogen contents required to meet the
inner core density deficit (1-2%) as in all considered FeH,
binaries (e.g., Fm3m-FeH, P,/mmm-Fe;Hs, Pm3m-FeHs, C2/m-
Fe;H;,, and C2/c-FeHg), with respect to both fcc and hep Fe. To
estimate the average hydrogen content in the combination of
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TaBLE 2. Hydrogen content in the Earth’s core based on the volume
expansion of fcc FeH,

Hydrogen content (wt%)

Outer core Inner core

AV, (A3) Reference

Relative to fcc-Fe

1.45%/(1.05) 0.80-1.10 0.20-0.30 Thompson etal. (2018)

2.22 0.40-0.90 0.07-0.17 lkuta et al. (2019)

1.37*%/(1.06) 0.55-1.10 0.10-0.22 This study
Relative to hcp-Fe

1.90 0.50-1.00 0.08-0.16 Narygina et al. (2011)

1.39%/(1.07) 0.54-1.08 0.10-0.20 This study

Notes: The values with asterisk represent the volume expansion for the CBM,
while values in parentheses are for the ICB.

these FeH, phases, we adopted their phase distribution probability
results with an ideal mixture of 30% of fcc FeH, 22% of each
Fe;Hs and Fe;H,;, 11% of FeHs, and 15% of FeHy (see Online
Materials' Table S3) The average hydrogen content in the Earth’s
inner core is then estimated to be ~0.10-0.22 wt% (equal to 0.16
+ 0.6 x 10%! kg). Although the solid inner core, at the center of
the wide iron ocean, represents only 4.3% of the volume of the
core and <1% of the volume of the Earth, its maximum hydrogen
content could be equivalent to 1.0 = 0.4 times the mass of liquid
water in the ocean.

Determination of the temperature of hydrogen-bearing Earth’s
core is essential for understanding its thermal evolution. Saka-
maki et al. (2009) and Hirose et al. (2019) have reported that
the melting temperature of Fe-H alloys under CMB pressure is
~2380-2600 K, lower than that of Fe alloyed with the other pos-
sible core light elements though its melting temperature at inner
core pressure conditions has not yet been well determined. By
using the Simon-Glatzel equation, Tieiing = 7o [(Pretiine — Po)/a +
11", a=24.6,c¢=3.8, T,= 1473 K, and P,=9.5 GPa (Sakamaki
et al. 2009), these melting temperatures can be extrapolated
to higher pressures. This gives a melting temperature of FeH

0.4
™ Relative to fcc-Fe (This study)
< Relative to hep-Fe (This study)
Relative to fcc-Fe (Thompson et al., 2018)
03
E
= Se
o= -
o2 = mw om
=}
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FIGURE 7. Hydrogen content in the Earth’s inner core as a function
of volume expansion relative to both fcc-Fe (black square) and hep-Fe
(red cube). The varied values of volume expansion are determined by
different Fe-H binaries (Fig. 6). The gray area (0.2-0.3 wt% hydrogen
content) was estimated by Thompson et al. (2018). According to the
calculated Fe-H binaries phase distribution and the density deficit of the
inner core (~1-2%), the hydrogen content in the inner core is estimated
to be ~0.10-0.22 wt%. (Color online.)
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(~1.77 wt% H) at ICB pressure (~330 GPa) ~2950 K. The melting
temperature of pure iron at ICB pressure has been estimated to
be ~6200 K (Alfé 2009; Sun et al. 2018). The melting tempera-
ture of a real hydrous core is predicted to be between these two
temperatures as hydrogen will depress the melting temperature
from pure iron, but the estimation of FeH melting temperature is
too low as its hydrogen content is much higher than we predict
for the core. The CMB temperature is estimated to be ~4550 K
from the adiabatic temperature gradient (Gomi et al. 2018). A
linear extrapolation of the effect of hydrogen would give a melt-
ing temperature of hydrogen-bearing components in the ICB and
CMB as ~5900 + 100 K and ~3650 + 300 K, respectively (see
color regions in Fig. 8). These results indicate that hydrogen
would induce a relatively low core temperature. The temperature
of hydrogen-bearing ICB is ~300 K lower than that of pure iron,
and the CMB temperature is ~500 K colder than the previous
estimation (~4150 + 250 K) by Boehler (1993, 1996).

Note that a linear relationship of melting temperature with
hydrogen would require that the variation of free energy with
hydrogen should be the same in the solid and the liquid. How-
ever, this will not be the case. The width of this phase loop will,
in part, define the nonlinearity. As the partitioning of hydrogen
between the two phases is not particularly strong (Okuchi 1997),
this phase loop will necessarily be narrow, and thus deviations
from linearity as varied partitioning will not be strong. The error
involved in extrapolating the FeH melting temperature to higher
pressures limits the ability to constrain this melting temperature
further with more detailed consideration of the partitioning, but
the partitioning of hydrogen to the liquid phase will likely lower
the actual melting temperature somewhat.

The density deficit in the core is a crucial consideration for
geochemical models of the core composition. Other light ele-
ments (e.g., Si, O, S, N, and C) will also play an essential role
in the volume expansion, which needs to be addressed in future
studies. However, the presence of Ni at Earth’s core P-T condi-

7000 ().:0 0.:22wl%H
o Fe-H
6200K |
I~
6000 | Typ=5900£100 K
< RN
> SN p=3s06p CMB
2 5000} N Sakamaki et al., 2009
2 4550K ~
< ~
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5] \ . ~ -
g 4000 L P=135GPa N
5 \ Tcﬁ%52i300 K
3000 - | \
1 ' 2950 K
E i 2600 K
10.54 1110 wt% H
2000 1 ' 1 N1 1
0.0 0.3 0.6 0.9 1.2 1.5 1.8

H content (wt%)

FIGURE 8. The melting temperatures of hydrogen-bearing ICB (red
line) and CMB (black line) as a function of H content. The dash vertical
lines represent the H content in our calculations, and the corresponding
temperatures of hydrogen-bearing ICB and CMB are shown by the color
regions. (Color online.)
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tions does not noticeably change the density deficits from pure
iron (Anderson and Isaak 2002; Martorell et al. 2013) though
it may impact on the properties of hydrogen-containing iron by
changing the properties of the interstitial sites where hydrogen
resides. It is worth pointing out that the elastic properties of the
core are another constraint on estimating its composition. Only
by comparison and matching with both density and elastic models
of the Earth’s core can we estimate precisely the composition
of the core, which might be a mixture of iron with several light
elements, including hydrogen. On the other hand, the density
deficit of the core is still an unsolved problem. In this study,
we demonstrated that higher amounts of hydrogen are needed
to resolve this problem than previously predicted. Other light
elements may change this story somewhat, and the presence of
all elements needs to be considered simultaneously, especially
at the temperature and pressure conditions of the core.
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