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Abstract 9 

Hydrogen is the most abundant element in the solar system and has been 10 

considered one of the main light elements in the Earth's core. The hydrogen content in 11 

the Earth's core is determined normally by matching the volume expansion caused by 12 

incorporation of hydrogen into FeHx to the Earth's core density deficit. The magnitude 13 

of this volume expansion at the pressure and temperature conditions of the Earth's 14 

core is still unknown, and the effect of spin transition in FeHx at high pressure is 15 

usually ignored. In this study, we simulate the Fe spin transition, equation of state, and 16 

hydrogen induced volume expansion in Fe-H binaries at high P-T conditions by using 17 

density functional theory (DFT) calculations. Our results indicate that hydrogen could 18 

stabilize the magnetic properties of fcc Fe from ~10 GPa to a higher pressure of ~40 19 

GPa. A volume expansion induced by hydrogen is linear with pressure except at the 20 

Fe spin transition pressure where it collapses significantly (~30%). The fcc FeH 21 

lattice is predicted to expand at an average rate of ~1.38 and 1.07 Å3 per hydrogen 22 
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atom under the Earth’s outer and inner core P-T conditions, where the hydrogen 23 

content is estimated to be ~0.54-1.10 wt% and ~0.10-0.22 wt%, respectively. These 24 

results suggest that the Earth's core may be a potentially large reservoir of water, with 25 

up to ~98 times as much as oceans of water having been brought to the Earth's interior 26 

during its formation. Based on our predicted hydrogen content in the Earth's core, we 27 

propose that the presence of hydrogen would induce a relatively lower core 28 

temperature, ~300-500 K colder than it has been previously speculated. 29 

Keywords: Hydrogen, iron hydride, spin transition, volume expansion, Earth's core 30 

Introduction 31 

The Earth's core is constituted of an iron-nickel alloy with some additional light 32 

elements such as Si, O, S, C, H, etc. (Allègre et al. 1995; Ringwood 1984). Among 33 

these light elements, hydrogen has been proposed as an essential candidate in the 34 

Earth's core (Poirier 1994). FeH adopts a face-centered cubic (fcc) structure that can 35 

exist stably under the conditions of the Earth's core (Bazhanova et al. 2012; Kato et al. 36 

2020). X-ray diffraction (XRD) and in situ neutron diffraction experiments are usually 37 

utilized to estimate the hydrogen content in the Earth's core with a linear relation: x = 38 

(VFeHx – VFe)/ΔVH, where x is hydrogen concentration, VFeHx and VFe are the unit cell 39 

volumes of iron hydride and pure iron metal, respectively, and ΔVH is the volume 40 

expansion caused by a single formula unit of hydrogen. The values of ΔVH in the 41 

Fe-H system are crucial for acquiring the hydrogen content of the core. Previous 42 

studies have reported values ranging from 1.8 to 2.7 Å3 under relatively low P-T 43 

conditions (P = 4-82 GPa, T < 2000 K) (Ikuta et al. 2019; Kato et al. 2020; Narygina 44 
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et al. 2011; Pépin et al. 2014; Sakamaki et al. 2009; Thompson et al. 2018). These 45 

values are obtained in conditions far from the Earth's core, however, and may 46 

underestimate the hydrogen content in the Earth's core. Therefore, the value ofΔVH 47 

needs to be explored under the P-T conditions of the Earth's core.  48 

There is also considerable disagreement about the spin transition pressure of fcc 49 

FeH and its effect on volume andΔVH. The volume expansion of fcc FeHx is 50 

approximately linear with pressure at low P-T conditions (4-12 GPa, 750-1200 K) 51 

(Ikuta et al. 2019). However, the high spin (HS) to low spin (LS) transition in fcc FeH 52 

leads to a volume collapse and an anomaly in compression behavior (Kato et al. 2020), 53 

which will further affect the values ofΔVH. Therefore, the pressure driven HS to LS 54 

transition in fcc FeH needs to be explored and considered to properly investigate the 55 

hydrogen content in the Earth's core. Narygina et al. (2011) suggested that at the 56 

pressure range of 26-47 GPa, the non-magnetic (NM) state of fcc FeH was observed 57 

in their Mössbauer spectroscopy experiments. Thompson et al. (2018) proposed that 58 

magnetic transition in fcc FeH is unlikely to occur at pressures up to 82 GPa. More 59 

recently, Kato et al. (2020) reported that the ferromagnetic (FM) to NM transition in 60 

fcc FeH happens at about 50-60 GPa in their XRD measurements and theoretical 61 

calculations. Thus considerable discrepancies exist in predictions of where this 62 

transition occurs. 63 

In this study, in order to examine the volume expansionΔVH in iron hydride 64 

(FeHx), we employed theoretical calculations to model FeHx at high pressure and 65 

temperature conditions. We calculated the volumes of FeHx as a function of pressure. 66 
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The thermodynamic properties of FeHx were calculated by using the lattice dynamics 67 

method with quasi-harmonic approximation. The spin transition in fcc FeH was 68 

determined to be at ~40 GPa. Before and after the spin transition point, the volume 69 

expansion induced by hydrogen is nearly linear at both sides. Based on our FeHx 70 

volume expansion data at the Earth's core P-T conditions, the maximum hydrogen 71 

content in the Earth's core can be precisely re-estimated by comparison with its 72 

seismic model. Finally, we will discuss hydrogen content in the inner and outer core 73 

and its implications for the Earth's interior density and temperature. 74 

Methods 75 

An evolutionary crystal structure prediction method (USPEX) (Lyakhov et al. 76 

2013; Oganov et al. 2011) was used to search for stable Fe-H binaries at 100-400 GPa. 77 

We found that P63/mmc-Fe (hcp), Fm3m-FeH (fcc), P4/mmm-Fe3H5, Pm3m-FeH3, 78 

C2/m-Fe3H11, and C2/c-FeH6 are stable at high pressures, which is consistent with 79 

previous studies (Bazhanova et al. 2012). Some of the cell parameters and crystal 80 

structures of these stable components are shown in Table S1 and Figure S1, 81 

respectively. The phonon dispersion curves of these stable phases are shown in Figure 82 

S2, no imaginary phonon frequencies were found for any of these phases, which 83 

indicates their dynamical stability.  84 

All the produced Fe-H structures were then fully relaxed by density functional 85 

theory (DFT) (Kohn and Sham 1965) implemented in the Vienna Ab initio Simulation 86 

Package (VASP) (Kresse and Furthmüller, 1996) within the generalized gradient 87 

approximation (GGA) (Perdew et al. 1996) and the projector-augmented wave (PAW) 88 
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method (Blöchl 1994). Fe-3p63d74s1 and H-1s1 were treated as valence states. A plane 89 

wave cutoff energy of 500 eV and the Monkhorst-Pack scheme (Monkhorst and Pack 90 

1976) with a k-point grid of 2π × 0.05 Å-1 were found to give excellent stress tensors 91 

and structural energy convergence for the Fe-H system relaxations. The magnetic 92 

properties of Fe-H are calculated on a 20 × 20 × 20 k-point mesh. To determine the 93 

volume expansions and thermodynamic properties of Fe-H, molecular dynamics (MD) 94 

simulations were used for liquid phases (outer core) while lattice dynamics QHA runs 95 

for solid phases (inner core). 96 

MD calculations were run at the gamma point with a cutoff of 500 eV and the 97 

energy converged to within 10−5 eV, all runs were performed with 64 atoms in fixed 98 

cubic cells corresponding to ~135 GPa. The simulations were calculated at 10,000 K 99 

for 2 picoseconds (ps) to obtain a liquid structure. Then the cell was quenched to the 100 

target temperature of 4000 K and allowed to equilibrate for 2 ps. Finally, another 8 ps 101 

simulations were performed to determine the equilibrium volumes and lattice 102 

parameters by taking their averages over time. Time steps of the simulations were set 103 

to 1 femtosecond (fs). The Nosé thermostat was used for temperature control (Nosé 104 

1984) and MD trajectories were implemented in the canonical ensemble (NVT: 105 

N-number of atoms, V-volume, T-temperature). Examination of root-mean-squared 106 

displacement (RMSD) was used to ensure the state remained in liquid as shown in 107 

Figure S3. Note that MD calculations were performed for the most stable fcc FeH 108 

alloy only, where the free spin polarization was not included as its magnetism is 109 

completely lost under core pressure conditions (Kato et al. 2020). The volume 110 
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expansion of the liquid phase was then used to estimate the H concentration of the 111 

outer core. 112 

Theoretical phonon dispersion and thermodynamic properties of Fe-H binaries 113 

were obtained by using both the PHON code (Alfè 2009) and PHONOPY package 114 

(Togo et al. 2008) with the direct force constant method. Supercells were used for 115 

structure relaxation and phonon calculations (hcp Fe with 3 × 3 ×3 of 54 atoms, fcc Fe 116 

and Pm3m-FeH3 with 3 × 3 ×3 of 108 atoms, Fm3m-FeH and P4/mmm-Fe3H5 with 2 117 

× 2 × 2 of 64 atoms, C2/m-Fe3H11 with 1 × 2 × 2 of 112 atoms, and C2/c-FeH6 with 2 118 

× 1 × 2 of 112 atoms). The phonon spectrum was calculated by perturbing the 119 

volumes to create 7 new structures and fully relaxing both the lattice shape and ionic 120 

positions. This quasi-harmonic approximation (QHA) neglects any additional 121 

anharmonic effects but the total anharmonic contribution to the free energy (Fanharm) 122 

of hcp Fe at 360 GPa and 6000 K is only of the order of 60 meV/f.u. (Alfè et al. 2001). 123 

By comparing the free energies obtained from both MD and QHA studies for hcp Fe 124 

and Fm3m-FeH systems, we calculated Fanharm to be 33 meV/f.u. for Fe and 46 125 

meV/f.u. for FeH at 360 GPa and 5000 K. Thus Fanharm of Fe-H binaries is in the same 126 

order of magnitude as that of hcp Fe, and the inclusion of anharmonic terms will not 127 

change our conclusions about the volume expansion in Fe-H binaries, even at very 128 

high temperatures. 129 

Spin transition pressure calculations were determined by setting two spin states 130 

of iron: spin-restricted (SR) and non-spin-restricted (NSR). In the SR state, the 131 

occupation numbers for electrons with up and down spin were fixed to be equal, 132 

which indicates that the magnetic moments are constrained to be 0 μB. In the NSR 133 

state, the occupation numbers of every electronic orbital were varied independently 134 

for up and down spins, allowing the iron atoms to have a net magnetic moment if that 135 

corresponds to the minimum energy state (Vočadlo et al. 2002). 136 
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The strain-stress method was used to compute the elastic constants tensor under 137 

static conditions. We applied a deformation matrix to a (2×2×2) supercell to achieve 138 

the deformation with strain values of ±0.01 and ±0.02, respectively. The resulting 139 

stress tensor was then plotted against the applied strain and fitted to second-order 140 

polynomials to evaluate the elastic constants (Karki et al. 2001). The Voigt average 141 

was used to calculate the bulk and shear elastic modulus since we applied a uniform 142 

strain to the supercell, and these were then propagated to the seismic wave velocities. 143 

More elastic calculation details are given in the supplementary. 144 

Results and discussion 145 

Spin transition 146 

The magnetism of iron has a significant effect on its compression behavior, and 147 

the previously observed anomaly in volumes in FeHx without a structural change may 148 

be caused by the iron spin transition (Kato et al. 2020). Here, we determined the spin 149 

transition in fcc FeH at a pressure range of 0-80 GPa since previous studies have 150 

suggested that the magnetic transition pressure in fcc FeH is ~26-60 GPa (Elsässer et 151 

al. 1998). Our calculations found that the spin transition in fcc FeH occurs at a 152 

volume of 5.43 Å3 per atom, corresponding to the pressure of ~40 GPa (Fig. 1a). This 153 

value is lower than the recently reported theoretical value of 50-60 GPa by Kato et al. 154 

(2020), but higher than the implied experimental value found by Narygina et al. (2011) 155 

who proposed that fcc FeH was in the NM or anti-ferromagnetic (AFM) state at 26-47 156 

GPa which suggests the spin transition is at a lower pressure than this range. 157 

It should be pointed out that our value does not use a correction for correlation of 158 
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the d-electrons in iron (such as DFT+U) and thus likely underestimates the spin 159 

transition pressure somewhat. Determining the exact value of the spin transition is 160 

difficult both theoretically and experimentally as the dH/dP slope of both the HS and 161 

LS phases are similar (0.272/0.261 at the spin transition pressure). This means that 162 

small variations in theoretical setup or experimental conditions could lead to large 163 

changes in the spin transition pressure and that is a value that is not well-defined in 164 

reality. As one example we found that the spin transition pressure was very sensitive 165 

to the size of the k-point mesh and that we used a larger k-point mesh than Kato et al. 166 

(2020) which may account for our lower spin transition pressure. When using 167 

corrections such as +U they are not strictly theoretically defined and the correction is 168 

often linked to empirical measurements. Our main conclusions about the effect of 169 

hydrogen on volume expansion and the concentration of hydrogen in the core are not 170 

affected by the location of the spin transition pressure unless these parameters are 171 

desired directly at the spin transition pressure or nearby pressures. 172 

The spin transition in fcc and hcp Fe was also determined at high pressure. 173 

Figure 1b shows the Fe volume as a function of pressure for both fcc and hcp 174 

structures. The volume of fcc Fe collapses at the pressure of ~10 GPa, indicating its 175 

spin transition pressure. Hcp Fe was found to be always stable in the NM state across 176 

the examined pressure range and the volume was found to change perfectly linearly 177 

with pressure, which is consistent with previous studies (Söderlind et al. 1996). 178 

 The magnetization behavior of the hcp and dhcp phases of FeH has been 179 

reported by Kato et al. (2020), where the FM state of hcp and dhcp FeH was found to 180 



9 
 

be stable down to 4.25 Å3/atom and 5.15 Å3/atom, respectively, with a 181 

pressure-induced continuous decrease in magnetic moments. This indicates that 182 

hydrogen can induce ferromagnetism in hcp Fe with pressures below ~210 GPa. The 183 

volume of fcc Fe is much larger than the volume of hcp Fe at pressures below the fcc 184 

spin transition pressure (~10 GPa), but above the fcc spin transition pressure, the 185 

volumes of fcc and hcp iron are very similar (Fig. 1b). This makes their elastic 186 

properties similar at high P-T conditions (Martorell et al. 2015). By comparing the 187 

spin transition pressure in fcc pure Fe and FeH, we can conclude that the existence of 188 

hydrogen in the lattice stabilizes the magnetic properties of fcc Fe to a higher pressure 189 

(by ~30 GPa), supporting the conclusion proposed by Gomi et al. (2018) that 190 

hydrogen can stabilize the magnetism of iron. The bulk magnetic moments and their 191 

spin transition in other Fe-H binaries (e.g., P4/mmm-Fe3H5, Pm 3 m-FeH3, 192 

C2/m-Fe3H11, and C2/c-FeH6) as a function of pressure are presented in Figure S4. In 193 

Fe3H5 phase, the magnetic transition happens at a pressure of ~60 GPa, while the 194 

other Fe-H phases were found to be always stable in the NM state.  195 

Equation of state  196 

The third-order Birch-Murnaghan (BM) equation of state (EOS) was used to fit 197 

the static P-V data for fcc FeH as follows:  198 𝑃(𝑉) = ଷ௄బଶ ቂ(௏బ௏ )ళయ − (௏బ௏ )ఱయቃ ቄ1 + ଷସ (𝐾ᇱ − 4) ቂ(௏బ௏ )మయ − 1ቃቅ       (1) 199 

where P is the pressure, V is the volume, V0 is the initial volume, K0 and Kʹ are the 200 

bulk modulus at ambient pressure and its pressure derivative. The equation of state of 201 

fcc FeH is listed in Table 1 and plotted in Figure 2, where the values from the 202 
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literature are also given as references.  203 

The initial volume V0 calculated in this study is consistent with previous values 204 

reported by Narygina et al. (2011) and Kato et al. (2020), with less than 2% difference. 205 

As shown in Figure 2, at the pressure range of 10-40 GPa, the compressibility of fcc 206 

FeH in the NSR state is consistent with the measurements by Narygina et al. (2011), 207 

and it is also compatible with those of Thompson et al. (2018). In this region, the 208 

compression behavior is controlled by the high spin ferromagnetism. Our results show 209 

that above the spin transition pressure of ~40 GPa, there will be a collapse in volume 210 

and compressibility which is in good agreement with the results of Kato et al. (2020). 211 

Narygina et al. (2011) and Thompson et al. (2018) reported linear compressibility 212 

with no discontinuity observed for fcc FeHx~1 across a range of 0-80 GPa, however, 213 

there were no spin transitions observed in their measurements. The HS to LS spin 214 

transition simulated in this study results in a change to the FeHx compressibility, 215 

which will play an important role in the elastic properties. As shown in Figure 3, the 216 

HS to LS transition in fcc FeH dramatically increases its elastic modulus and sound 217 

velocities. By comparison with previous experimental and computational P-V curves, 218 

the differential behaviors in this study may due to the different site occupations of 219 

hydrogen in the fcc FeH lattice. In this study, our iron hydride structures were 220 

obtained from global structure prediction tools, which ensured our structures are 221 

stable with the lowest formation energies. Parameters of the third-order 222 

Birch-Murnaghan equation of states for our Fe-H binaries are reported in Table S2. 223 

Hydrogen induced volume expansion 224 
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To correlate the density of the core with iron-containing hydrogen, the volume 225 

expansion induced by hydrogen in iron must be known. As outlined in the previous 226 

sections the spin transition induces large changes to this volume expansion and elastic 227 

properties even at static conditions. Thus extrapolations of properties across the spin 228 

transition are unreliable and low-pressure measurements of hydrogen induced volume 229 

expansion are likely not to be accurate. Thus we shall calculate this expansion at core 230 

relevant pressures and temperatures and use these results from hereon. 231 

In this study, our Fe-H binary structures exhibit that hydrogen occupies the 232 

octahedral (O) site, although Ikuta et al. (2019) suggested that a small number of 233 

hydrogen atoms could also occupy the tetrahedral (T) site. We infer that this is most 234 

likely caused by temperature where the greater configurational entropy of such sites 235 

overcomes their enthalpic penalties. The volume expansion in Fe-H binary caused by 236 

a single formula unit of hydrogen, ΔVH, can be determined by: 237 𝛥𝑉ு = ௏ಷ೐ಹೣି௏ಷ೐௫       (2) 238 

where VFeHx and VFe are unit cell volumes of iron hydride and pure fcc or hcp Fe metal, 239 

respectively, and x is the hydrogen concentration in FeHx.  240 

The calculated volume expansion (ΔVH) at low P-T conditions (0-12 GPa, 241 

<1200 K) is presented in Figure 4. The dataset from previous measurements is also 242 

plotted for comparison. The values ofΔVH were calculated to be ~1.70 and 1.94 Å3 243 

relative to fcc-Fe and hcp-Fe, respectively. Note that the volumes of pure Fe below 12 244 

GPa were calculated from the experimental EOS (Dewaele et al. 2006; Tsujino et al. 245 

2013) since theoretical absolute densities suffer from small but non-negligible 246 
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systematic errors of theory at low pressure (see Figure S5-6). Our predicted ΔVH 247 

values are smaller than the experimental value of 2.22 Å3 reported by Ikuta et al. 248 

(2019) but are compatible with those of other 3d-transition metal hydrides (i.e. 249 Ɛ-MnHx>0.6: 1.66 Å3, Ɛ-CoHx<0.6: 1.8 Å3) (Fukai 2005), and our results are also similar 250 

to the experimental value of ~1.90 Å3 reported by Sakamaki et al. (2009). We 251 

confirmed that the volume expansion is approximately linear under low pressures 252 

(0-12 GPa), consistent with the findings of Ikuta et al. (2019). However, in the whole 253 

Earth pressure range, the volume expansion is no longer linear as it collapses at ~40 254 

GPa due to the iron HS to LS spin transition after which a new linear regime is 255 

obtained as shown in Figure 5. This is consistent with the results proposed by Gomi et 256 

al. (2018) as they observed a decrease in volume attributed to the magnetic transition 257 

in hcp FeH. 258 

Volume expansion of all considered Fe-H binaries at core P-T conditions 259 

(300-380 GPa, ~5000 K) are presented in Figure 6. We have plotted the volume 260 

expansion with respect to fcc-Fe (Fig. 6a) and hcp-Fe (Fig. 6b), respectively. The Δ261 

VH in fcc FeH was calculated as ~1.07 Å3 at the Earth's inner core P-T conditions. 262 

This is considerably smaller than the numbers obtained at low P-T conditions. Thus 263 

using values ΔVH obtained at low P-T conditions will severely underestimate the 264 

amount of hydrogen in the Earth's core. These underestimates are mostly due to the 265 

low P values which neglect the spin transition but a low T also affects the results. At 266 

static conditions with inner core P values, we predict ΔVH to be ~1.10 Å3, and thus 267 

both P and T must be accurately represented in estimates of the volume expansion. 268 
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In Figure 6c we show previous estimates of volume expansion taken from the 269 

literature of fcc FeH (Kato et al. 2020), hcp FeH (Caracas 2015), and dhcp FeH 270 

(Pépin et al. 2014) at ambient temperature (300 K). They reported the volume 271 

expansion values of ~1.06-1.15 Å3 which are slightly higher or lower than those 272 

determined in our calculation. The various crystal structure of FeH alloy, 273 

extrapolation error of data from low temperature, and the different site occupancy of 274 

hydrogen in FeH lattice may account for these volume expansion differences. Since 275 

our values are determined with the most stable FeH lattice and at the correct 276 

temperature and so we shall therefore use our core P-T ΔVH values to estimate 277 

hydrogen contents. 278 

Implications 279 

The Earth's core is mainly composed of a Fe-Ni alloy along with a few percent of 280 

light elements, such as Si, C, O, S, N, and H required to explain its density deficit and 281 

seismic properties (Birch 1952). The outer and inner core are ~5-10% and ∼1-2% less 282 

dense respectively than pure iron at relevant temperature and pressure conditions 283 

(Anderson and Isaak 2002; Shearer and Masters 1990; Stixrude et al. 1997). 284 

Hydrogen is the most abundant element in the solar system, and therefore, it is 285 

plausibly one of the main light element candidates in the Earth's core. The solubility 286 

of hydrogen in iron increases considerably with pressure (Fukai 1984; Ohtani et al. 287 

2005; Okuchi 1997). Based on high-temperature and high-pressure in-situ neutron 288 

diffraction experiments, Iizukaoku et al. (2017) proposed that iron preferentially 289 

incorporates hydrogen, which may affect other light elements partitioning into the 290 



14 
 

core in the later processes. 291 

The hydrogen content in the Earth's core has been previously estimated (Ikuta et 292 

al. 2019; Narygina et al. 2011; Thompson et al. 2018) by comparing the volume 293 

expansion and density deficits introduced by hydrogen in the Fe lattice with the 294 

profile of PREM (Dziewonski and Anderson 1981). However, in those previous 295 

studies, the volume expansionΔVH was obtained at low-pressure conditions and was 296 

extrapolated linearly to high pressure to calculate the hydrogen content in the Earth's 297 

core. As we have discussed above, due to a volume collapse caused by the iron spin 298 

transition, the hydrogen-driven volume expansion (ΔVH) of Fe at high pressure has a 299 

much lower value (~30% less) than it does at lower pressures. Therefore, we conclude 300 

that the previous works which used a high value ofΔVH might underestimate the H 301 

content of the Earth's core. 302 

We re-examined the hydrogen content in the Earth's core using our updated 303 

volume expansion (ΔVH) determined at the Earth's core conditions (135 GPa and 304 

4000 K for the CMB and 330 GPa and 5000 K for the ICB). The results are given in 305 

Table 2, where the results of previous studies are also listed for comparison. Using 306 

these methods we estimate a hydrogen content of the outer core of ~0.54-1.10 wt% 307 

(equal to 15.07±5.15 × 1021 kg). Umemoto and Hirose (2015) previously examined 308 

the hydrogen content of the outer core by constraining both density and sound 309 

velocities. They suggested that liquid Fe with ~1 wt% hydrogen could satisfy the 310 

seismic properties of the outer core, which is exactly within the range of our estimated 311 

value. This hydrogen content stored in the outer core would be equivalent to 97±33 312 
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times the mass of liquid water in the ocean. 313 

Figure 7 plots the hydrogen contents required to meet the inner core density 314 

deficit (1-2%) as in all considered FeHx binaries (e.g., Fm3m-FeH, P4/mmm-Fe3H5, 315 

Pm3m-FeH3, C2/m-Fe3H11, and C2/c-FeH6), with respect to both fcc and hcp Fe. In 316 

order to estimate the average hydrogen content in the combination of these FeHx 317 

phases, we adapted their phase distribution probability results with an ideal mixture of 318 

30% of fcc FeH, 22% of each Fe3H5 and Fe3H11, 11% of FeH3, and 15% of FeH6 (see 319 

Table S3). The average hydrogen content in the Earth's inner core is then estimated to 320 

be ~0.10-0.22 wt% (equal to 0.16±0.6 × 1021 kg). Although the solid inner core, at the 321 

center of the wide iron ocean, represents only 4.3% of the volume of the core and <1% 322 

of the volume of the Earth, its maximum hydrogen content could be equivalent to 323 

1.0±0.4 times the mass of liquid water in the ocean. 324 

The temperature of hydrogen-bearing Earth's core is essential for understanding 325 

its thermal evolution. Sakamaki et al. (2009) and Hirose et al. (2019) have reported 326 

that the melting temperature of Fe-H alloys under CMB pressure is ~2380-2600 K, 327 

lower than that of Fe alloyed with the other possible core light elements though its 328 

melting temperature at inner core pressure conditions has not yet been well 329 

determined. By using the Simon-Glatzel equation, Tmelting = T0 [(Pmelting – P0)/a + 1]1/c, 330 

a = 24.6, c = 3.8, T0 = 1473 K and P0 = 9.5 GPa (Sakamaki et al. 2009), these melting 331 

temperatures can be extrapolated to higher pressures. This gives a melting 332 

temperature of FeH (~1.77 wt% H) at ICB pressure (~330 GPa) ~2950 K. The 333 

melting temperature of pure iron at ICB pressure has been estimated to be ~6200 K 334 
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(Alfe 2009; Sun et al. 2018). The melting temperature of a real hydrous core is 335 

predicted to be between these two temperatures as hydrogen will depress the melting 336 

temperature from pure iron but the estimation of FeH melting temperature is too low 337 

as its hydrogen content is much higher than we predict for the core. The CMB 338 

temperature is estimated to be ~4550 K from the adiabatic temperature gradient 339 

(Gomi et al. 2018). A linear extrapolation of the effect of hydrogen would give a 340 

melting temperature of hydrogen-bearing components in the ICB and CMB as 341 

~5900±100 K and ~3650±300 K, respectively (see color regions in Figure 8). These 342 

results indicate that hydrogen would induce a relatively low core temperature. The 343 

temperature of hydrogen-bearing ICB is ~300 K lower than that of pure iron, and the 344 

CMB temperature is ~500 K colder than the previous estimation (~4150±250 K) by 345 

Boehler (1993, 1996). 346 

Note that a linear relationship of melting temperature with hydrogen would 347 

require that the variation of free energy with hydrogen will be the same in the solid 348 

and the liquid. This will not be the case and instead a phase loop will. The width of 349 

this phase loop will in part define the non-linearity. As the partitioning of hydrogen 350 

between the two phases is not particularly strong (Okuchi 1997), this phase loop will 351 

necessarily be narrow and thus deviations from linearity due to varied partitioning 352 

will not be strong. The error involved in extrapolating the FeH melting temperature to 353 

higher pressures limits the ability to constrain this melting temperature further with 354 

more detailed consideration of the partitioning, but the partitioning of hydrogen to the 355 

liquid phase will likely lower the actual melting temperature somewhat. 356 
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The density deficit in the core is a crucial consideration for geochemical models 357 

of the core composition. Other light elements (e.g., Si, O, S, N, and C) will also play 358 

an essential role in the volume expansion, which needs to be addressed in future 359 

studies. However, the presence of Ni at Earth's core P-T conditions does not 360 

noticeably change the density deficits from pure iron (Anderson and Isaak 2002; 361 

Martorell et al. 2013) though it may impact on the properties of hydrogen-containing 362 

iron by changing the properties of the interstitial sites where hydrogen resides. It is 363 

worth pointing out the elastic properties of the core are another constraint on 364 

estimating its composition. Only by comparison and matching with both density and 365 

elastic models of the Earth's core can we estimate precisely the composition of the 366 

core, which might be a mixture of iron with several light elements, including 367 

hydrogen. On the other hand, the density deficit of the core is still an unsolved 368 

problem. In this study, we demonstrated that higher amounts of hydrogen are needed 369 

to resolve this problem than previously predicted. Other light elements may change 370 

this story somewhat, and the presence of all elements needs to be considered 371 

simultaneously, especially at the temperature and pressure conditions of the core. 372 
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Figure Captions: 487 
 488 
Figure 1. (a) Fe magnetic moment in fcc FeH as a function of volume. The magnetic moment of 489 
Fe collapses at the volume of 5.4 Å3, corresponding to the pressure of ~40 GPa, comparison with 490 
5.3 Å3, ~50 GPa reported by Kato et al. (2020) (red circle). (b) Volumes of fcc and hcp Fe as a 491 
function of pressure. The fcc Fe volume dropping at the pressure of ~10 GPa indicates the Fe spin 492 
transition. 493 
 494 
Figure 2. Compression curves of fcc FeH calculated at 0 K (lines) and along the geothermal 495 
temperature (points) in both non-spin-restricted (NSR) and spin-restricted (SR) states. The 496 
datasets from the literature are presented for comparison. [blue circle = Thompson et al. (2018), 497 
18-82 GPa, 1500-2000 K; cyan-blue line = Narygina et al. (2011), 12-68 GPa, 300 K; grey line = 498 
Kato et al. (2020), both ferromagnetic (FM) and non-magnetic (NM) states at 0 K]. The data of 499 
pure hcp Fe (Dewaele et al. 2006, dark yellow line: 17-197 GPa, 300 K) and fcc Fe (Tsujino et al. 500 
2013, purple line: 0-24 GPa, 873-1873 K) are also plotted.   501 
 502 
Figure 3. Seismic properties of fcc FeH at the HS to LS transition pressure range. (a) bulk 503 
modulus (K) and shear modulus (G); (b) sound velocities (Vp, Vs, and Vφ). In a and b, the straight 504 
lines represent the SR states while the curves represent the NSR states of fcc FeH. The spin 505 
transition in fcc FeH dramatically increases its elastic modulus and sound velocities. 506 
 507 
Figure 4. Hydrogen induced FeH volume expansion at low temperatures (<1200 K) and pressures 508 
(0-12 GPa). The black squares and red cubes are relative to the volume of hcp-Fe and fcc-Fe, 509 
respectively. Blue circles and the orange lower triangle are the experimental results determined by 510 
Ikuta et al. (2019) and Narygina et al. (2011), respectively. The green upper triangle is iron 511 
deuteride (FeDx) at 6.3 GPa and 988 K determined by Machida et al. (2014). The dashed lines are 512 
the linear fit to the data points. 513 
 514 
Figure 5. Hydrogen induced FeH volume expansion at the pressure range of 10-300 GPa. The 515 
black squares and red circles represent the results calculated relative to Vfcc-Fe and Vhcp-Fe, 516 
respectively. Vfcc-Fe and Vhcp-Fe are calculated from the equation of state of fcc Fe (Tsujino et al. 517 
2013) and hcp Fe (Dewaele et al. 2006), respectively. The Fe spin transition in FeH induced 518 
volume expansion collapse at the pressure of ~40 GPa. 519 
 520 
Figure 6. Hydrogen induced volume expansion in Fe-H binaries at Earth's core P-T conditions 521 
(300-380 GPa, ~5000 K) in relative to fcc-Fe (a) and hcp-Fe (b). The literature data relative to 522 
fcc-Fe at ambient temperature conditions are plotted for comparison (c).  523 
 524 
Figure 7. Hydrogen content in the Earth’s inner core as a function of volume expansion relative to 525 
both fcc-Fe (black square) and hcp-Fe (red cube). The varied values of volume expansion are 526 
determined by different Fe-H binaries (Fig. 6). The grey area (0.2-0.3 wt% hydrogen content) was 527 
estimated by Thompson et al. (2018). According to the calculated Fe-H binaries phase distribution 528 
and the density deficit of the inner core (~1-2%), the hydrogen content in the inner core is 529 
estimated to be ~0.10-0.22 wt%. 530 
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 531 
Figure 8. The melting temperatures of hydrogen-bearing ICB (red line) and CMB (black line) as a 532 
function of H content. The dash vertical lines represent the H content in our calculations, and the 533 
corresponding temperatures of hydrogen-bearing ICB and CMB are shown by the color regions. 534 
  535 
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 536 
Table 1. Third-order Birch-Murnaghan equation of state parameters for fcc FeH. Values in 537 
parentheses represent the error of each parameter from experimental data. 538 

 

V0 
(Å3/f.u.) 

K0 (GPa) K' 
P range 
(GPa) 

Reference 

FeHx~1 13.45(3) 99(5) 11.7(5) 12-68 Nargina et al. (2011)  
FM FeH 13.5 168 4.5 <50 Kato et al. (2020) 

13.25 182 4.1 <40 This study 
NM FeH 12.3 262 4.2 Kato et al. (2020) 

12.14 262 4.5 0-300 This study 
fcc-Fe 12.26 111 5.3 0-24 Tsujino et al. (2013) 

 
11.97 
10.27 

189 
283 

4 
4.5 

0-10 
10-300 

This study 

hcp-Fe 11.23(12) 165(fixed) 4.9(4) 17-197 Dewaele et al. (2006) 

 

10.15 
10.14 

306 
311 

4.3 
4.3 

0-300 
0-300 

Bazhanova et al. (2012) 
this study 

 539 
  540 
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 541 
Table 2. Hydrogen content in the Earth's core based on the volume expansion of fcc FeHx. The 542 
values with asterisk represent the volume expansion for the CBM, while values in parentheses are 543 
for the ICB. 544 

ΔVH (Å3) 
Hydrogen content (wt%) 

Reference 
outer core inner core 

relative to fcc-Fe 
1.45*/(1.05) 0.80-1.10 0.20-0.30 Thompson et al. (2018) 

2.22 0.40-0.90 0.07-0.17 Ikuta 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 
 545 
 546 
 547 
 548 
 549 
 550 
 551 
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