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Determining the water or hydrogen partition coefficient at 
high-pressure and high-temperature conditions between 
iron and silicate melts is not easy due to the low scatter 

cross-section area of hydrogen, and therefore various methods 
have been used to detect hydrogen indirectly. In 1996, Kuramoto 
and Matsui1 estimated the partition coefficient of hydrogen 
between iron and silicate melts using a thermodynamic model 
based on gas solubility. They reported that hydrogen is sidero-
phile and that the partitioning of hydrogen into iron increases 
with increasing pressure and temperature. A year later, Okuchi2 
measured the hydrogen partition coefficient by calculating the 
amount of hydrogen trapped in the bubbles of quenched FeHx 
phases and determined the hydrogen concentration in the silicate 
melt through mass balance calculations. Their result agreed with 
the thermodynamic model in that over 95% of water accreted to 
the Earth should have reacted with iron and gone into the core. 
Several years later, Shibazaki et al.3 employed a different method 
to determine the hydrogen partition coefficient between solid iron 
and ringwoodite, for which they estimated the hydrogen concen-
tration in iron from hydrogenation-induced lattice expansion, and 
by Fourier transform infrared spectroscopy in ringwoodite. Their 
experiments also indicate the siderophile nature of hydrogen. In 
contrast, Zhang and Yin4 reported an almost neutral behaviour 
of hydrogen between liquid iron and silicate melts at 3,200 K and 
40 GPa by performing two-phase ab initio molecular dynamics 
(AIMD) simulations. Recently, Clesi et al.5 used elastic recoil detec-
tion analysis to determine the hydrogen concentration in both iron 
and silicate melts at pressures of 5~20 GPa. They obtained a hydro-
gen metal–silicate partition coefficient of ~0.2, which indicates the 
lithophile behaviour of hydrogen. The contradiction with previous 
results was attributed to fugacity and possibly also to the presence 
of carbon in samples. Malavergne et al.6 coupled the use of elastic 
recoil detection analysis and secondary ion mass spectrometry to 
measure the hydrogen partition coefficient. Their study confirmed 
the pressure effect on hydrogen partitioning observed before, and 
also suggest that hydrogen could change from lithophile to sidero-
phile above ~15 GPa.

Free energy calculations
The discrepancies in the literature and the complexity of hydrogen 
partitioning hinder our further understanding of water in the Earth 
and necessitate a comprehensive study that can accurately describe 
the partitioning behaviour under various pressure, temperature 
and fugacity conditions. Ab initio thermodynamics is a reliable and 
widely used method for partition calculations under high-pressure–
high-temperature conditions7. In this study, we calculated the 
Gibbs free energy of a series of iron and silicate melts with differ-
ent concentrations of H2/H2O (Extended Data Fig. 1) by perform-
ing AIMD with thermodynamic integration. We considered two 
end-member systems: PH2O=PH2þH2O ¼ 1

I
 and PH2=PH2þH2O ¼ 1

I
 

(namely, in the context of experiments, iron and silicate are equili-
brated in the environment of pure H2O or H2 in these two cases), 
which represent oxidized and reduced conditions, respectively. 
The calculations were done at conditions above the solidus of our 
silicate melt at 20, 50, 90 and 135 GPa (ref. 8), which correspond 
to temperatures of 2,800, 3,500, 3,900 and 4,200 K, respectively. We 
express the Gibbs free energy by G p;T; xð Þ ¼ �G p;T; xð Þ � TSmix

I
, 

where x is the concentration of H or H2O in iron or silicate melts, 
�G
I
 is the pure component of Gibbs free energy and the term TSmix 

is the entropy contribution from mixing. From the calculated 
Gibbs free energies, we derived the chemical potential of H/H2O as 
μH=H2O p;T; xð Þ ¼ �μH=H2O p;T; xð Þ � TSH=H2O

mix

I
 (Methods). With the 

calculated chemical potentials μH=H2O p;T; xð Þ
I

, the partition coeffi-
cients can be derived. Here, we use ‘hydrogen’ to refer to the general 
definition of ‘water’, and use H2 and H2O to denote the hydrogen 
and water molecules, respectively.

Figure 1a,b show our calculated Gibbs free energies �G p;T; xð Þ
I

 
of iron and silicate melts as a function of hydrogen concentration, 
and Fig. 1c,d plot the derived �μH

I
. Figure 1e–h show the Gibbs free 

energies �G p;T; xð Þ
I

 of iron and silicate melts with H2O and the 
derived pure component of chemical potential �μH2O

I
. Under the 

same pressure, �μH
I

 is always lower in iron than in silicate. This is 
indicative that H is siderophile. Similarly, �μH2O

I
 in liquid iron is 
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also lower than that in silicate melt from 50 to 135 GPa (Fig. 1g,h,) 
which suggests a siderophile behaviour of H2O; however, at 20 GPa, 
�μH2O

I
 is slightly higher in liquid iron. This shows a pressure effect 

on H2O partitioning.

Partitioning coefficients
With the obtained free energies, we calculated the partition coeffi-
cient of H between iron and silicate melts (denoted by DFe=MgSiO3

H
I

) by 
equating the chemical potentials of H (μH(p,T,x)) in both iron and 
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Fig. 1 | Calculated free energies. a,b,e,f, Calculated Gibbs free energies �G p; T; xð Þ
I

 (points) and their fits (curves) for Fe1–xHx (a), (MgSiO3)1–xHx (b), Fe1–x(H2O)x  
(e) and (MgSiO3)1–x(H2O)x (f) melts, respectively. c,d,g,h, Derived �μH=H2O p; T; xð Þ

I
 quantities in iron and silicate melts (H in Fe (c), H in MgSiO3 (d), H2O in 

Fe (g) and H2O in MgSiO3 (h)). Shaded regions indicate the uncertainties. See Extended Data Fig. 1 for the raw data and Supplementary Information for a 
better view with uncertainties.

Nature Geoscience | VOL 13 | June 2020 | 453–458 | www.nature.com/naturegeoscience454

http://www.nature.com/naturegeoscience


ArticlesNature Geoscience

silicate. As can be seen in Fig. 2a, DFe=MgSiO3
H
I

 does not show a visible 

dependence on xFeH
I

. DFe=MgSiO3
H
I

 is above 1 for all the examined pres-
sures and compositions, which shows the siderophile nature of H. 
The calculated partition coefficient of H2O between iron and silicate 
melts DFe=MgSiO3

H2O

I
 is shown in Fig. 2b. Generally, H2O is also sidero-

phile except at 20 GPa, where H2O is slightly lithophile. DFe=MgSiO3
H2O

I
 

shows a sharp increase approaching the concentration limit of xFeH2O

I
, 

and such a behaviour is due to the entropy difference.
We did not include FeO in  silicate melts nor O in the metal. 

The MgSiO3 silicate is a good approximation to the lower mantle9. 
According to the estimated O budget in the outer core and FeO par-
tition calculations10, the content of FeO in liquid MgSiO3 should not 
be appreciable. Furthermore, H atoms mainly pair with Fe and do not 
prefer an O–H bonding in liquid iron (Supplementary Information). 
Therefore, the presence of FeO in equilibrated iron and silicate melts 
will have negligible effects on the siderophile character of hydrogen. 
The presence of ferric iron in the silicate melt was also not consid-
ered as the amount of ferric iron present during core formation is 
likely to be very small11. However, regardless, the presence of ferric 
Fe2O3 should not also change the siderophile behaviour of hydro-
gen as Fe2O3 in the silicate melt would be subjected to the reaction 
Fe2O3 + 2H = 2FeO + H2O, and this transformation (H to H2O) basi-
cally does not change the siderophile nature of hydrogen.

We have also explored the temperature dependence of H par-
titioning at 135 GPa—conditions appropriate to the core–mantle 
boundary today. Gibbs free energies at temperatures from 4,200 
to 5,000 K were obtained by integrating the Gibbs–Helmholtz 
equation based on the calculated temperature-dependent enthal-
pies (Extended Data Fig. 2) and assuming the same concentration 
dependence of Gibbs free energy to 4,200 K. As shown in Fig. 3, 

DFe=MgSiO3
H
I

 decreases with increasing temperature and is substan-
tially lowered over the range from 4,200 to 5,000 K. By extrapolating 
our data, we found that the temperature would need to reach over 
~6,500 K for H to become lithophile.

In addition to the free energy calculations, we performed another 
calculation using the empirical-counting strategy to verify the find-
ings above (Methods). We built one supercell that contained a melt 
of 64 Fe atoms, a melt of 32 formula of MgSiO3 and 12 H atoms 
sandwiched between the two melts; the system size was chosen to 
both minimize the surface area and maintain computational effi-
ciency. The calculation was run at ~50 GPa and 3,500 K for 10 ps. 
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Figure 4 shows the initial setting and AIMD trajectories (also see 
Supplementary Video 1). It can be seen that H atoms mostly reside 
in the Fe side during the run, which shows the siderophile nature 
of H. We counted the average number of H atoms at each side and 
obtained DFe=MgSiO3

H ¼ 3:1 ± 0:3
I

, which is lower than our free energy 
calculation result that gives DFe=MgSiO3

H ¼ 9:1þ18
�6

I
. Note, however, 

that H diffuses much more slowly in silicate melt than in iron, so 
we might overcount the residence chance of H in the silicate and 
obtain a DFe=MgSiO3

H
I

 smaller than its true value. The data from empir-
ical counting may be improved with a longer run, bigger super-
cells and multiple independent simulations. As well as H, some Si 
and O atoms also entered the iron region, which might also act to  
provide a slightly different DFe=MgSiO3

H
I

 compared with the free energy 
calculations. Nevertheless, these simulations agree qualitatively 
with the free energy results. Note that Zhang and Yin4 obtained 
DFe=MgSiO3
H ¼ 0:7 ± 0:1
I

 using a similar two-phase model at 40 GPa 
and 3,200 K, which is lower than our value. The discrepancy is prob-
ably due to the setting of the two-phase model. They used a 44-iron 
atom cluster surrounded by silicate melt. Such a small cluster has 
a large surface-to-volume ratio and a substantial fraction of inter-
face atoms, and so probably does not represent the true partitioning 
between the bulk phases.

Pressure and temperature dependence of water partitioning
In Fig. 5, we plot our partitioning coefficients of H and H2O to 
compare with the literature values. Our results agree with the find-
ings of Kuramoto and Matsui1, Okuchi2 and Shibazaki et al.3, who 
determined the H concentration in iron via indirect methods. In 
contrast, Clesi et  al.5 and Malavergne et  al.6 found a more litho-
phile behaviour of hydrogen via direct methods. We note that the 
H concentration is high in Okuchi’s2 experiments (xFeH

I
 > 0.4) and 

the experiments of Shibazaki et  al.3 (xFeH
I

 > 0.5), and is low in the 
experiments of Clesi et al.5 and Malavergne et al.6 (xFeH

I
 < 0.03). Our 

results show that H is always siderophile at all possible ranges, and 
the difference between experiments cannot be explained by the 
concentration difference. Experiments on the Fe–H system show 
that hydrogen is nearly insoluble in both solid and liquid iron 
below 1 GPa (refs. 12,13), which suggests that the hydrogen that origi-
nally partitioned into iron at a high pressure may have escaped on  

depressurization, resulting in low concentrations in the Fe melt 
phase. In addition, Okuchi2 found that there is a minimum  
H2O/MgSiO3 molar ratio (m ≥ 1.0) needed to keep PH2

I
 in the exper-

iment capsules, and in his experiments he used brucite, silicic acid 
and liquid H2O to introduce hydrogen into the system. However, in 
the experiments of Clesi et al.5 and Malavergne et al.6, hydrogen was 
introduced into the system by adding Al(OH)3 and brucite, and the 
H2O/MgSiO3 molar ratio was far less than that in Okuchi’s experi-
ments2. It is speculated that PH2

I
 is low in the experiments of Clesi 

et al.5 and Malavergne et al.6, and the actual condition could be more 
like our oxidizing case, PH2O=PH2þH2O ¼ 1

I
. Their partition coeffi-

cients also match ours at oxidizing conditions.
Our H2O partitioning coefficient strongly increases from 20 GPa 

to 50 GPa. The data of Clesi et al.5 and Malavergne et al.6 at more 
oxidizing conditions also show a similar trend from low pressures to 
~20 GPa. Unfortunately, their data do not extend to 50 GPa and so 
cannot be used to confirm our high-pressure results, but the overlap 
at 20 GPa between our results and the experimental results is reas-
suring. As for the temperature effect, Kuramoto and Matsui’s1 result 
suggests that the increase of temperature strengthens the sidero-
phile behaviour of H by using extrapolated temperature-dependent 
molar volumes and solubilities in their thermodynamic model. 
However, our free energy calculations clearly show the weaken-
ing of the siderophile behaviour with increasing temperature. We 
ran another empirical-counting simulation at ~50 GPa and 4,000 K 
and obtained DFe=MgSiO3

H ¼ 2:1 ± 0:3
I

, lower than that at ~50 GPa and 
3,500 K. This confirms that DFe=MgSiO3

H
I

 decreases with increasing 
temperature. Apart from the pressure and temperature effects, there 
is a strong difference in the absolute value of hydrogen partitioning 
depending on whether it is H2 or H2O; nevertheless, both species 
show a siderophile behaviour at high pressures relevant to the core–
mantle differentiation and core–mantle boundary conditions.

Water in the deep Earth
The calculated hydrogen partition coefficients imply that the Earth’s 
core can potentially act as a large reservoir of water. How much 
water is in the core depends on the amount of water dissolved in the 
silicate melt during core formation, which is related to the Earth’s 
accretion process, the mantle differentiation process and the extent 
of equilibrium. If we assume a homogeneous accretion model of 
water to the Earth and a single-stage core-forming process at 50 GPa 
and 3,500 K, over 76% of hydrogen will be partitioned into the core 
either at reducing conditions (PH2=PH2þH2O

I
 = 1) or under oxidizing 

conditions (PH2O=PH2þH2O

I
 = 1). This means that if the one ocean 

of water we see at the Earth’s surface was degassed from the mantle 
during or just after core formation, then the core should contain a 
minimum of five oceans of water. Alternatively, in the case of a late 
veneer scenario, the Earth is almost free of water during the differ-
entiation process and there would be hardly any water in the core.

Interestingly, our results show that at the current core–mantle 
boundary conditions, H2 and H2O are both more compatible in 
the core than in  silicate melts. This means that any water held in 
a long-lived deep basal magma ocean14 would tend to partition 
strongly into the core, which suggests that deep mantle anomalies 
resulting from a basal magma ocean (such as ultralow velocity zones 
and large low-shear-velocity provinces) should be relatively dry. In 
addition, any water added to the deepest mantle via subduction will 
also have a tendency to partition into the core now, either directly 
entering the core or reacting with liquid iron to form iron oxide 
and release H2 into the core15. Regardless of which or any of these 
processes are occurring, the chemistry of the core should be subject 
to a constant change.

A recent model to explain the low D/H ratio of the Earth suggests 
a combination of chondritic water and ingassing of nebular hydro-
gen, with four-to-five oceans of water sequestered into the core16.  

Fe
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Si

End

Start

y

z

Fig. 4 | Empirical counting of H partitioning. Top panel: initial configuration 
of 12 hydrogen atoms sandwiched by 64 iron atoms and 32 formulae 
of MgSiO3 for a NVT (constant number of atoms N, volume V and 
temperature T) run of 10 ps at ~50 GPa and 3,500 K. Both iron and 
silicate are in melt state during the calculation. Bottom panel: plot of the 
trajectories of the 12 hydrogen atoms.
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This was based on a high hydrogen solubility at high pressures 
and mantle hydrogen isotope fractionation. Our results are con-
sistent with this model in that the core can be a reservoir of water. 
Recent noble gas isotope studies17–19 and early-Earth ingassing 
modelling20 also provide strong evidence for the capture of nebu-
lar hydrogen during Earth’s accretion. According to our partition-
ing results, the core at present, therefore, could hold a substantial 
amount of water.

The presence of abundant hydrogen in the core may change its 
seismic, electric and thermal properties. Currently, core composi-
tion is still debated with an unexplained density deficit and low 
seismic velocities21–23. Umemoto and Hirose24 show that ~1 wt% 
H in the outer core can match the compressional sound velocity 
and density, and suggest that hydrogen could be a primary light 
element in the core. A core with 1 wt% hydrogen is equivalent to 
the hydrogen content of ~130 oceans of water. Even with our high-
est partition coefficients at 50 GPa and 3,500 K, a core with that 
much water would result in a mantle content of some 23 oceans 
of water. With one ocean at the surface now, this implies that the 
current mantle should have 22 oceans of water, which is above 
even the most optimistic saturation limits for the mantle25, unless 
bridgmanite is able to incorporate far more water than is currently 
expected26. Furthermore, hydrogen should also be able to partition 
into solid iron as the local environment of H in both solid and liq-
uid iron is very similar, and the possibility of H in the inner core 
may also improve our current understanding about the inner core27, 
for which only the multiple light elements model with carbon can 
explain its seismic properties28.
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Methods
Chemical potential of H/H2O. The chemical potential of H/H2O in an iron/silicate 
melt, μH=H2O

I
, is the partial molar Gibbs free energy of H or H2O:

μH=H2O p;T; xð Þ ¼ ∂G
∂nH=H2O

� �

p;T;nFe=MgSiO3

ð1Þ

which is the free energy change when adding H or H2O to the melts with all other 
conditions unchanged. We express the system Gibbs free energy by:

G p;T; xð Þ ¼ �G p;T; xð Þ � TSmix ð2Þ

where Smix is the ideal mixing entropy, and �G p;T; xð Þ
I

 is the pure component free 
energy and equal to the sum of the pure component of chemical potentials 

Pn
i¼1

xi�μi

I

. 
The chemical potential also has two contributions, namely, the pure component 
and the mixing, and is written as

μ p;T; xð Þ ¼ �μ p;T; xð Þ � TSmix ð3Þ

We performed statistical tests on the calculated data �G p;T; xð Þ
I

 per formula 
for the Fe1–xHx, (MgSiO3)1–xHx, Fe1–x(H2O)x and (MgSiO3)1–x(H2O)x systems, and 
the tests justify a linear model—the use of higher-order polynomials is statistically 
invalid. Therefore, we fitted the calculated �G p;T; xð Þ

I
 with:

�G p;T; xð Þ ¼ aþ bx ð4Þ

where a and b are coefficients. We used a weighted fitting with the weight as 
Pn
i¼1

σxi

 
=σx1

I

, where xi is the ith concentration and σ is the uncertainty of �G. 

�μ p;T; xð Þ
I

 for H and H2O can be directly obtained, namely10,29:

�μH=H2O p;T; xð Þ ¼ �G p;T; xð Þ þ 1� xð Þ ∂
�G p;T; xð Þ

∂x
¼ aþ b ð5Þ

The ideal mixing entropy for the Fe1–xHx, (MgSiO3)1–xHx, Fe1–x(H2O)x and 
(MgSiO3)1–x(H2O)x systems, respectively, are:

SFe1�xHx
mix ¼ �kBT x ln x þ 1� xð Þ ln 1� xð Þ½  ð6Þ

SðMgSiO3Þ1�xHx

mix ¼�kBT x ln x
5�4x

� �
þ 1� xð Þ 2 ln 1�x

5�4x

� �
þ 3 ln 3�3x

5�4x

� �� �� � ð7Þ

S
Fe1�x H2Oð Þx
mix ¼ �kBT x 2 ln

2x
1þ 2x

� �
þ ln

x
1þ 2x

� �� �
þ 1� xð Þ ln 1� x

1þ 2x

� �� �

ð8Þ

S
MgSiO3ð Þ1�x

H2Oð Þx
mix ¼ �kBT

x 2 ln 2x
5�2x

� 
þ ln 3�2x

5�2x

�  

þ 1� xð Þ 2 ln 1�x
5�2x

� 
þ 3 ln 3�2x

5�2x

�  
( )

ð9Þ

kB is the Boltzmann constant. Similarly, SH=H2O
mix
I

 can be calculated as 
Ssystemmix þ 1� xð Þ ∂S

system
mix
∂x

I
. In equilibrium between the iron and silicate melts, the 

chemical potential μH=H2O p;T; xð Þ
I

 in iron is equal to that in the silicate melt:

�μFeH p;T; xð Þ � T SFe1�xHx
mix þ 1� xð Þ ∂S

Fe1�xHx
mix
∂x

h i

¼ �μ
MgSiO3
H p;T; yð Þ � T S

MgSiO3ð Þ1�y
Hy

mix þ 1� yð Þ ∂S
MgSiO3ð Þ1�yHy

mix
∂y

" # ð10Þ

�μFeH2O
p;T; xð Þ � T SFe1�x H2Oð Þx

mix þ 1� xð Þ ∂S
Fe1�x H2Oð Þx
mix

∂x

 

¼ �μ
MgSiO3
H2O p;T; yð Þ � T S

MgSiO3ð Þ1�y
H2Oð Þy

mix þ 1� yð Þ ∂S
MgSiO3ð Þ1�y H2Oð Þy

mix
∂y

" # ð11Þ

where y is the concentration of H/H2O in silicate. At each x, we can obtain y and 
D
Fe=MgSiO3
H=H2O

¼ x=y

I
 by solving equations (10) and (11) analytically. Hence, the solute 

concentration in the silicate, xMgSiO3

H=H2O

I

, can be easily derived for each solute fraction 
in iron, xFeH=H2O

I
, based on chemical potential functions, and the partition coefficient 

can also be determined.

AIMD. The Born–Oppenheimer AIMD calculations were performed with density 
functional theory. The projector augmented wave method30,31 implemented in 
the VASP code32,33 was employed to treat ion–electron interactions within the 
frozen-core approximation. Exchange-correlation effects were treated in the 
generalized gradient approximation parameterized by Perdew et al.34. The Fermi–
Dirac statistics were used to populate single-particle orbitals. The plane-wave basis 

was generated with valence configurations of Fe 3p63d74s1, Mg 2p63s2, Si 3s23p2, 
O 2s22p4 and H 1s1. There is a high-to-low spin transition in liquid iron, but the 
density difference between magnetic calculation and non-magnetic calculation 
at 20 GPa and 2,000 K is no more than 0.9% (ref. 35), and magnetism mainly shifts 
the volume and/or pressure without bringing apparent structural changes36. 
The change to the chemical potential of H/H2O by including magnetism is no 
more than 16/82 meV at 20 GPa. As discussed, the pressure effect on hydrogen 
partitioning is mainly due to the rapid increase in the hydrogen chemical 
potential in the silicate, which changes much more slowly in iron. Thus, to include 
magnetism basically does not change our conclusions and all the calculations were 
performed without spin polarization.

We modelled the iron melt with a supercell of 64 Fe atoms obtained by melting 
hexagonal close-packed Fe and used a supercell that contained 32 formulae of 
MgSiO3 for the silicate melt obtained by melting perovskite. Then, we added H2 
or H2O into the supercells. The examined compositions can be seen in Extended 
Data Fig. 1. Plane-wave energy cutoffs of 600 and 800 eV for the iron and silicate 
melts, respectively, were able to converge the energy within 1 meV per atom and 
pressure within 0.15 GPa together with a 2 × 2 × 2 Monkhorst–Pack k-mesh. To 
save computer time, we first ran the calculations using a single Gamma point and 
energy cutoffs of 400 and 600 eV for the iron and silicate melts, respectively. We 
then made corrections to 600 and 800 eV with a 2 × 2 × 2 Monkhorst–Pack k-mesh, 
respectively, by doing free energy perturbation and thermodynamic integration37,38.

The iron and silicate melts were first relaxed at target pressures of 20, 50, 90 
and 135 GPa, which correspond to temperatures of 2,800, 3,500, 3,900 and 4,200 K 
(roughly above the solidus of the silicate melt8). The relaxation was done with 
constrained NPT (constant number of atoms N, pressure P and temperature T)  
calculations that maintained the cubic supercell. A time step of 1 fs was used for 
all the NPT runs. The NPT calculations were run for over 10 ps and the lattice 
parameters were extracted from the final eight picoseconds. When shifted 
to different P–T conditions, the melt structures were allowed to relax long 
enough to approach the new P–T condition step-by-step. These derived lattice 
parameters were then used for NVT calculations, which normally last over several 
picoseconds; the first picoseconds were discarded for the free energy calculations.

Thermodynamic integration. Gibbs free energies of the melts were calculated 
by performing thermodynamic integration to the Weeks–Chandler–Andersen 
(WCA) gas system, which has established thermodynamics and no liquid–gas 
transition39,40. The efficiency of this approach was recently demonstrated in 
calculating the melting curve of elemental systems37. In this study, we extended this 
method to the free energy calculation of mixtures. The WCA system is a truncated 
repulsive Lennard–Jones system characterized by the energy parameter ε and 
length parameter σ, for which the potential ϕWCA is defined as:

ϕWCA rð Þ ¼
4ε σ

r

� 12� σ
r

� 6h i
þ ε; r≤21=6σ

0; r>21=6σ

8
<
: ð12Þ

The potential during the transition from the ab initio system to the WCA 
system can be denoted as ϕλ = ϕWCA + λϕ, where λ is the coupling parameter and 
ϕ is the electronic free energy from ab initio calculation. ϕλ smoothly shifts from 
the ab initio to the WCA potential as λ ⟶ 0 when we set 21/6σ to be less than 
the minimal bond length in the ab initio system. Gibbs free energy is calculated 
as G = F(V) + P0V, where F(V) is the Helmholtz free energy and P0 is the target 
pressure. F(V) can be determined via thermodynamic integration as:

F Vð Þ ¼ FWCA þ 1
N

Z1

0

hϕλidλ ¼ FWCA þ 1
Nm

Z1

0

hϕλi
λm�1 dλ

m ð13Þ

where N is the number of atoms in the system and FWCA is the documented free 
energy of the WCA gas39,40. We followed the previous study to transform λ to λm 
to ensure the integrand can be expressed in low-order polynomials37. A six-point 
Gaussian–Legendre quadrature was sufficient to converge the integral. FWCA was 
calculated by FWCA ¼ Fig þ F0

WCA
I

, where Fig is the ideal gas free energy and F0
WCA
I

 is 
the free energy difference between the ideal gas and the WCA system, and:

Fig ¼ �kBT
Xn

i¼1

lnZi ¼ �kBT
Xn

i¼1

n ln
Ω

Ni!Λ
3Ni

 
¼ kBT

Xn

i¼1

ln
Λ3
i

V
� 1

 
ð14Þ

for the multicomponent system, where Ω is the system volume, V is the volume 
per atom, n is the number of elements and Zi, Ni and Λi are the partition 
function, number of atoms and thermal wavelength, respectively, for element i. 
Λi ¼ h=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πmikBT

p

I
, where h is the Planck constant and mi is the mass of element i.

The uncertainties in 〈ϕλ〉 were obtained by using a blocking method and 
integrated to obtain the uncertainty of �G. The uncertainties of �μH=H2O

I
 were derived 

following the error propagation rule.

Empirical-counting strategy. At 50 GPa and 3,500 K, we first relaxed both the 
iron (64 Fe atoms) and silicate (32 formulae of MgSiO3) melt structures into a 
rectangular supercell with a square x–y plane of 9 × 9 Å2. Then, we combined 
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the two supercells into one with some space between the two parts to place 12 
hydrogen atoms. Six hydrogen atoms were inserted at each of the two Fe/MgSiO3 
interfaces. The integrated supercell was equilibrated within the NVT ensemble 
for 10 ps at 3,500 K. For each molecular dynamics step, we calculated the bond 
length for every hydrogen atom, which was tagged as a residence in the iron if its 
nearest neighbour atom is Fe apart from hydrogen. Finally, we obtained a partition 
coefficient DFe=MgSiO3

H ¼ 3:1 ± 0:3
I

.

Data availability
The raw outputs can be accessed in the UK National Geoscience Data Centre 
(NGDC) (https://doi.org/10.5285/d0677edf-c987-497d-aae8-23bf22ef774d). Any 
additional data can be requested by e-mailing the corresponding author.

Code availability
The Vienna Ab Initio Simulation Package is a proprietary software available for 
purchase at https://www.vasp.at/.
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Extended Data Fig. 1 | Calculated free energies. Calculated volumes and Gibbs free energies �G p; T; xð Þ
I

 of iron and silicate melts with H and H2O at 20, 50, 
90, and 135 GPa, corresponding to temperatures of 2800, 3500, 3900 and 4200 K, respectively.
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Extended Data Fig. 2 | Temperature dependence of free energies. Calculated volumes, enthalpies and Gibbs free energies �G p; T; xð Þ
I

 of Fe64, Fe64H4, 
(MgSiO3)32 and (MgSiO3)32H8 at temperatures from 4200 to 5000 K under 135 GPa.
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