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Recent studies suggest that incorporation of water in the core during core-mantle differentiation is highly
plausible; this could significantly influence outer-core transport properties, which has yet to be rigorously
studied. We performed ab initio molecular dynamics calculations to investigate the effect of water on the
transport properties of liquid iron. We find, at the thermodynamic limit, that the self-diffusion coefficients for Fe

are remarkably larger than previously reported values, with and without water. Both the bulk and shear vis-
cosities are of the order of 102 Pa-s for the outer core. Water, in the form of H or H,0, can enhance the diffusion
of Fe moderately and cause a reduction in both the shear and bulk viscosities, giving rise to an inviscid outer
core. The fast liquid Fe dynamics is consistent with the origin and stability of a chemically stratified layer at the
topmost outer core. By considering the density jump at the inner-core boundary, we determine that the H content
cannot exceed 0.3 wt% in the outer core.

1. Introduction

Transport properties of the outer core, especially viscosity, are
fundamental for our understanding of core processes and their
geophysical implications (Glatzmaier and Roberts, 1995; Kuang and
Bloxham, 1997). Viscosity is a key parameter to model outer core con-
vection and the geodynamo process, and also important for the inter-
pretation of geodetic and seismological data. For example, the shear
viscosity coefficient of the outer core is a basic input for dynamo sim-
ulations, and the bulk viscosity is responsible for seismic attenuation in
the outer core (Anderson, 1980). Both the shear and bulk viscosity are
important for the attenuation of longitudinal waves, but only the shear
viscosity contributes to the damping of whole Earth torsional mode
oscillation and only the bulk viscosity for the damping of radial mode
oscillation (Anderson, 1980).

The core is composed of several percent of Ni and also several
percent of light elements, most likely to be Si, S, O, C and H (Hirose et al.,
2013; Hirose et al., 2021; McDonough and Sun, 1995) and there have
been several studies attempting to quantify the effect of light elements
on core transport properties. Firstly, the presence of Ni in the core seems
to have no effect on viscosity (Zhang and Guo, 2000). The effect of S on

the viscosity of the outer core has been extensively studied but with
conflicting results. For instance, Dobson et al. (2000) and Pommier et al.
(2021) observed an increase of viscosity with increasing S content, while
Terasaki et al. (2001) observed an opposite trend. Ab initio calculations
seem to suggest no strong effect of S on viscosity of Fe (Alfe and Gillan,
1998; Vocadlo et al., 2000). For C, Terasaki et al. (2006) found no dif-
ference between the Fe—S and Fe—C eutectic liquids. Pozzo et al. (2013)
reported viscosities of two mixtures Feg g2Sig.100.0s and Feg 79Si0.0800.13
along the adiabats and found no difference to pure Fe. Posner and
Steinle-Neumann (2019) inferred the viscosity from calculated diffusion
coefficients of FeggO4 via the Stokes-Einstein relation and also suggested
little influence of O on viscosity; conversely Ichikawa and Tsuchiya
(2015) found a monotonical decrease of viscosity with increasing O
concentration from 0 to 50 mol%. Nevertheless, those calculations
suggest that the O effect on viscosity is only distinguishable when its
content is large enough, possibly over 20 mol%. Therefore, the light
elements, at just the few percent thought to exist in the core, are unlikely
to induce substantial change of the viscosity of liquid iron. However, it is
possible that H may bring significant changes to core viscosity since its
diffusion in iron is much higher than that of the other light elements.
Posner and Steinle-Neumann (2019) inferred the viscosity of FeggHy
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based on the Stokes-Einstein relation and found the viscosity is lowered
by almost an order of magnitude compared to pure Fe. However, the
applicability of the original Stokes-Einstein equation that relates vis-
cosity to atomic diffusion may not be valid for H, especially when the
solute atom size or mass is smaller than that of solvent (Ould-Kaddour
and Levesque, 2000).

Water, although mostly seen in the form of HyO molecule in the
hydrosphere, generally refers to the various H-containing species in
minerals or melts (Peslier et al., 2017). Recent studies found H could
explain the observed core properties (Hirose et al., 2019; Tagawa et al.,
2016; Tagawa et al., 2021; Umemoto and Hirose, 2015; Wang et al.,
2021). Partition calculations and experiments suggest over four oceans
of water could have entered the core (Li et al., 2020; Tagawa et al., 2021;
Yuan and Steinle-Neumann, 2020), and such an amount of water
together with a few percent Si can perfectly explain the inner-core
seismic properties (Wang et al., 2021). It is then interesting to investi-
gate how H influences other core properties. Therefore, in this paper. we
performed ab initio molecular dynamics simulations to derive the
structural and transport properties of water-containing liquid Fe. We
calculate self-diffusion coefficients, bulk and shear viscosities of liquid
Fe with H/H30 under core conditions and discuss the geophysical im-
plications for our planet.

2. Methods

The self-diffusion coefficient (D) of a liquid can be calculated via the
Einstein formula (Frenkel and Smit, 2001)

3P (1))

b=dea M

where t is the time, r is the displacement, and d is the dimension of the
system. The ensemble average (r%(1)) is denoted as the mean squared
displacement (MSD), which can be directly retrieved from molecular
dynamics trajectories. However, molecular dynamic simulations are
always done in limited-size supercells, which are not always large
enough to converge the long-range interactions such as the electrostatic
and hydrodynamic interactions. Therefore, a size dependence exists for
the derivation of D from MD. A simple analytic correction was derived
by Yeh and Hummer (2004) based on hydrodynamic arguments

oD = p* — pv — XeT€
fmn L

@

where DMP is the one calculated from MD and D*® denotes the diffusion

coefficient at the thermodynamic limit. f (= 6 or 4) is a constant
determined by the choice of stick or slip hydro-dynamic boundary
conditions at the solute surface, kg is the Boltzmann constant, T is the
absolute temperature, £ = 2.837297 is a parameter derived from Ewald
type summation, and #; is the shear viscosity and L is the length of the
supercell. Combining the Stokes-Einstein relation

kgT

P R @

where R is the hydrodynamic radius of the particle, D* can also be
calculated by

2R¢ -
© ~, HMD
D® ~ D" x (1 3L ) (C)]

for the slip boundary condition assumed in the hydrodynamic theory,
which applies best to the liquid alloy.

The shear viscosity of liquid can be estimated from the self-diffusion
coefficient from the Eyring/Stokes-Einstein. It can also be directly
evaluated by the Green-Kubo equation using stress tensors obtained
from molecular dynamics (Frenkel and Smit, 2001)
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where V is the cell volume of the simulation, a and g are the Cartesian
component, and Pgy is the off-diagonal element of stress tensor. The
integrand is called the stress auto-correlation function. The bulk vis-
cosity from the Green-Kubo relation is calculated by

00

=7 ), dOPWIPO) (©)

where 6P is the instantaneous pressure of the system. There is no clear
size dependence for viscosities calculated from MD (Yeh and Hummer,
2004). Therefore, we used a supercell of 100 atoms for liquid Fe. For
further explanation for the convergence of the diffusion coefficient and
viscosity with respect to the system size, we refer the reader to previous
literatures (Celebi et al., 2021; Schoen and Hoheisel, 1985).

Two compositions of water-containing liquid Fe were investigated,
which are modelled by using supercells FeooH;o and FejgoH;¢Os con-
taining 110 and 115 atoms, respectively. The first composition FejgoHio
without oxygen defines a redox state with infinitely small oxygen
fugacity, representing an extremely reduced condition. The second
composition FejgoH19Os represents a more oxidized condition. By using
these two compositions, we intend to see how the redox state can change
the water effect on the core transport properties. We performed AIMD
calculations just close to the adiabat curve of pure Fe at 135 GPa and
330 GPa (Pozzo et al., 2013), corresponding to core-mantle boundary
(CMB) and inner-core boundary (ICB) conditions. Two temperatures
(4500 K and 5000 K) were considered at 135 GPa, and three tempera-
tures (6000 K, 6500 K, 7000 K) were considered at 330 GPa.

AIMD were performed within density functional theory (DFT) level
with the projector augmented wave (PAW) method (Kresse and Furth-
miiller, 1996; Kresse and Hafner, 1993) using the VASP code (Blochl,
1994; Kresse and Joubert, 1999). Exchange-correlation effects were
treated by the generalized gradient approximation (GGA) parameterized
by Perdew, Burke and Ernzerhof (Perdew et al., 1996). Fermi-Dirac
statistics were used to populate single particle orbitals. A single Gamma
point and an energy cutoff of 400 eV were used, which lead to a Pulay
stress no larger than 3 GPa. The structures were first relaxed by using
constrained NPT calculations to obtain equilibrium volumes under
target pressure and temperature. The derived lattice parameters were
then used for NVT calculations running over 30 ps for pure Fe and 20 ps
for others, which converge diffusion coefficients and viscosities with the
uncertainties less than 5%.

3. Results and discussion
3.1. Liquid structure of water-containing Fe

H can be present in various species in minerals or melts, which
determine how H influences the properties of iron. We first analyzed the
structural features of water-containing liquid Fe and the speciation of H.
Fig. 1 shows the radial distribution functions (RDFs) for liquid Fejqo,
Fei0oH10 and FejgoH10O0s at 135 GPa, and Fig. 2 shows the RDFs at 330
GPa. At 135 GPa, the characters of RDFs are almost the same for 4500 K
and 5000 K except that the peaks are shifted to larger distances for 5000
K, but even the shifts are almost indistinguishable to naked eyes in
Fig. 1. Similarly, the RDFs for the three temperatures at 330 GPa also
show almost the same characters, as shown in Fig. 2. However, it is
evident that the RDFs involving Fe show a first-neighbor-distance peak
weakening with the increasing temperature, at both 135 GPa and 330
GPa. Such a feature is general for all systems as a result of increased
homogenization and idealization of liquid structure at high
temperatures.

At both 135 GPa and 330 GPa, the RDFs of Fe—Fe in Fejgg show a
typical liquid structure feature with a prominent first-neighbor-distance
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135 GPa, 5000 K
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Fig. 1. Radial distribution functions calculated for liquid Fe;qo, Fe10oH10 and Fe;ooH100s at 135 GPa.

peak followed by weakening further peaks fluctuating around 1. By
integrating the RDF to the distance of its first valley we obtained the
coordination number of the first shell, as shown in Fig. 3, which is 13.1
at 135 GPa (4500 K) and 13.3 at 330 GPa (6500 K), with the valley
position at 3.01 A and 2.84 A, respectively. The coordination numbers
are a little bit larger but still similar to that in solid hexagonal-closed-
packed (hcp) Fe at about the same conditions (Li et al., 2019; Li et al.,
2018) (and slightly higher than the low temperature coordination
number in closed-packed crystals of 12). At high temperatures this co-
ordination increases as the first- and second-shell atoms mix due to
dynamics.

The Fe—Fe bond length and the coordination number in both
Fe10oH10 and FejgoH1005 as shown in Fig. 3 remain almost the same as
the pure liquid, at both 135 and 330 GPa. If H were to take the “close-
packing” position in liquid Fe, the coordination number of Fe should
decrease in proportion to the molar fraction of H, by 10%. That it is
significantly less suggests that the H lies in the “interstitial” sites of
closed-packed Fe. In FejgoH19Os, the coordination of Fe shows a
decrease of ~4.6%, which is almost the same as the molar fraction of O
(4.8% if we ignore H which lies in interstitial positions). Either O is

mostly in the “close-packing” position or the presence of O in the
“interstitial” position hampers the mixing of the second shell with the
first shell of Fe atoms. Considering the large volume difference between
Fe and O atoms, it is unlikely that O will be in the “close-packing” po-
sition (Li et al., 2019). The second-shell bond length of Fe—Fe is twice as
large as the O—Fe bond length, meaning that O can be comfortably
accommodated in the “interstitial” position and its presence will hamper
the mixing of second-shell Fe atoms into the first shell. Given the co-
ordination number of O, the “interstitial” site would be equivalent to the
octahedral center in the solid hcp Fe. There is an evident increase of
coordination for O but not for H from 135 GPa to 330 GPa as shown in
Fig. 3. This is also related to the atom size that O is larger than H and
likely more affected by pressure.

H has no bonding to H and O in FejgoH1¢ and FejgoH19O0s. The H—H
and H—O RDFs show almost a flat feature, meaning the chance is equal
for H to find another H or O atom at any distance beyond a minimum. H
exists in an almost free and ideal manner in liquid Fe under core con-
ditions regardless of oxygen fugacity. There is an evident O—O RDF
peak shown in Figs. 1 and 2, and the integration of the RDF leads to a
coordination number close to 1, which is ~5% of the total coordination
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330 GPa, 7000 K
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Fig. 2. Radial distribution functions calculated for liquid Fe;qo, Fe10oH10 and Fe;ooH100s at 330 GPa.

of O. Such a percentage is close to the molar fraction of O (here the molar
fraction would be defined by the number of O atoms divided by the
numbers of O atoms and “octahedral” site), and this suggests that there
is no preference of O—O bonding in liquid Fe. Overall, both H and O
show an almost ideal state in liquid Fe under core conditions. This is
consistent with previous findings that water behaves more ideal with the
increasing temperature and pressure (Soubiran and Militzer, 2015).

3.2. Diffusion coefficients

Fig. 4 shows the MSDs for Fe, H and O as a function of simulation
time. MSDs from the initial MD steps show a different slope due to
thermal motion, and only after a while with enough collisions the
diffusive regime could be reached. The initial steps were dropped when
fitting MSDs with the Einstein relation to obtain the self-diffusion co-
efficients D¥Ps, and the results are shown in Table 1. D¥P is 5.03 x 10~°
m?/s and 5.79 x 10~° m?/s at 135 GPa and 330 GPa, respectively, and
they are roughly consistent with previous findings at core conditions
(Huang et al., 2019; Ichikawa and Tsuchiya, 2015; Li et al., 2021; Pozzo
et al., 2013). However, the size dependence of DI is already obvious by
looking at previous studies. Using a supercell of 80 atoms, Ichikawa and
Tsuchiya (2015) obtained DY ~ 4.4 x 10~° m?/s at 136 GPa and 4581
K. Posner and Steinle-Neumann (2019) used a supercell of 150 atoms,
and DYP ~ 5.37 x 10~° m?/s at 135 GPa and 4500 K from extrapolation
of their data. Our DFP calculated in a supercell of 100 atoms lies be-
tween those two values. We have corrected the MD derived self-diffusion
coefficients to the thermodynamic limit, which are listed in Table 2.
However, as can be seen in Table 1, at the thermodynamic limit Dg; is
6.42 x 1072 m%/s at 135 GPa and 4500 K, which is 46% larger than the
reported data from Ichikawa and Tsuchiya (2015).

As shown in Table 2, our results show that water has a moderate
effect on Fe diffusivity. At 135 GPa and 4500 K, Dg; increases by 11%
and 21% in FejgoH;0 and Fe;goH100s respectively; at 330 GPa and 6500
K, Df; increases by 4% and 19% in FejgoHio and FejgoH100s, respec-
tively. H increases the Fe diffusivity more effectively at 135 GPa and
4500 K than at 330 GPa, but O seems to be more effective in increasing
the Fe diffusivity at 330 GPa. Given that Dg is much higher than in the
Fe—O binary at 135 GPa (Pozzo 2013), H seems to have a positive effect
on O diffusion. H diffuses fast in liquid Fe, at a speed about 11 times
larger than that of pure Fe at both 135 and 330 GPa. O diffuses at a rate
twice that of Fe at 135 and 330 GPa. Graham's law states that the rate of
diffusion is inversely proportional to the square root of the ratio of
molecular mass, accordingly H and O should be 7.44 and 1.87 times
faster than Fe. For both H and O, their diffusion coefficients are always
higher than the Graham's law prediction. Such a phenomena can be
attributed to the atom size and the blocking effect: the small-volume
atoms have more accessible spare space or voids that allow them to
diffuse but block the large-volume atoms.

3.3. Viscosities

Outer core viscosity was estimated to be 1087° Pa - s from p-wave
attenuation and 10727° Pa - s from analysis of the radial and torsional
modes of free oscillation (Secco, 1995), which are significantly larger
than those from mineral physics studies. Experimental measurement of
liquid iron viscosity under high pressure is typically based on the
Stokes's viscometry method, which involves measuring the velocity of a
probe sphere that moves through a pressurized melt. Initial measure-
ments were limited to 7 GPa and subjected to large uncertainties due to
experimental challenges, giving the shear viscosity ranging from 1072
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Fig. 3. The number of Fe atoms coordinated to Fe, O and H. The vertical dotted line indicates the position of the first valley in the corresponding RDF.

Pa-sto10* Pa - s (Brazhkin, 1998; LeBlanc and Secco, 1996; Secco et al.,
1998). With the improvement of experimental techniques, estimates
converged to 1072 Pa - s (Dobson et al., 2000; Pommier et al., 2021;
Rutter et al., 2002; Terasaki et al., 2001; Terasaki et al., 2006; Urakawa
et al., 2001). It was found that the shear viscosity is constant along the
pressure dependent melting boundary (Rutter et al., 2002), which al-
lows for a direct estimation of outer-core viscosity from experiments at
low pressures. The experimental findings are supported by ab initio
calculations that also suggest an outer-core shear viscosity around 1072
Pa - s (de Wijs et al., 1998; Ichikawa and Tsuchiya, 2015; Li et al., 2021;
Vocadlo et al., 2000). Experimental or theoretical studies on bulk vis-
cosity are rare and we only note one calculation by Zhang et al. (2000)
using empirical molecular dynamics. They found outer-core viscosity to
be of the order of 1072~ "* Pa - 5, much lower than previous estimates.

Our calculated viscosities are shown in Fig. 5 as a function of
simulation time and also tabulated in Table 2. Viscosities calculated in
this way quickly approach the converged values after ~10 ps for pure Fe
and ~ 5 ps for the alloys, except for pure Fe at low temperatures. The
slow convergence and large fluctuation at low temperatures are possibly
because the temperatures are already close to the freezing points. We
estimate the viscosity and associated uncertainties using only the results
after these equilibration times. The calculated shear viscosities of liquid
Fe at both pressures are in agreement with previous theoretical studies
(de Wijs et al., 1998; Ichikawa and Tsuchiya, 2015; Vocadlo et al.,

2000), supporting an inviscid core. The calculated bulk viscosity is 1.5
—1.7mPa-sat135GPaand 1.1 — 1.3 mPa - s at 330 GPa, which verify
those calculated from the Sutton-Chen potential by Zhang et al. (2000).

The shear viscosity of pure Fe drops significantly from 6000 K to
6500 at 330 GPa, but the further drop from 6500 K to 7000 K is much
smaller. The shear viscosity of pure Fe at 135 GPa also does not change
much from 4500 K to 5000 K. This indicates that the temperature effect
is weakened at high temperatures. Compared to pure Fe, the shear vis-
cosity drops substantially in both FejgoHip and FejgoH10Os at both
pressures. Such a reduction in shear viscosity can be expected from the
increase of diffusivity as shown above. The shear viscosity is similar for
Fe100H10 and FejgoH100s, possibly because viscosity is already very low
with the addition of H. The bulk viscosities of Feigg, FeigoH1o and
Fe100H100s5 are very low and close to each other, and the effect of water
is much weaker than for the shear viscosity. Besides, these similarities
also suggest that the water effect on core transport properties is not
sensitive to oxygen fugacity.

We also calculated the shear viscosity using the Stokes-Einstein
relation and compared them to those from the Green-Kubo equation.

We used the averaged self-diffusion coefficients (Dg,g = ZLF&H,O)Q D))
and averaged atom radius (Ryyg = ZE;Fe‘H’Oxi e R;) in the Stokes-Einstein
relation. As shown in Fig. 6, the match between the Stokes-Einstein and

Green-Kubo calculations is not very good, although they qualitatively
agree. If only Dg, and Rp, are used, the Stokes-Einstein at most times
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Fig. 4. Mean squared displacements (MSDs) as a function of simulation time at 135 GPa (4500 K) and 330 GPa (6500 K). Diffusion coefficients were fitted from the
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Table 1

Calculated Fe diffusion coefficients in comparison with literature results at
similar conditions. Data in bracket correspond to Dfe at the thermodynamic

limit.
Dp. (10°°m?%/ P T(K) Composition  Source
s) (GPa)
5.0 328 6350 Fe Pozzo et al., 2013
5.8 135 4700  Fe Pozzo et al., 2013
5.0 134 4300 FeggSi;1011 Huang et al., 2019
7.0 134 4800 FegSi11011 Huang et al., 2019
4.4 136 4581  Fe Ichikawa and Tsuchiya, 2015
7.2 135 5000 Fe Li et al., 2021
5.37 135 4500 Fe Posner and Steinle-Neumann,
2019
5.03 (6.42) 135 4500  Fe This study
8.85 (6.93) 135 5000 Fe This study
5.79 (7.41) 330 6500  Fe This study

predicts higher viscosities. If the averaged diffusion coefficients Dy, are
used, the Stokes-Einstein predicts lower viscosities. This is because H
and O have much larger diffusion coefficients but their specific contri-
bution to the viscosity is much lower than Fe, which is a problem already
known as another size effect in hydrodynamic relations (Ould-Kaddour
and Levesque, 2000).

Although the Stokes-Einstein relation does not rigorously hold, the
predicted viscosities from diffusion coefficients are very close to the
calculated ones. All the light elements diffuse faster than Fe (Posner and
Steinle-Neumann, 2019), so the core viscosity is likely to be at the order
of 1073 Pa - s or even lower with the presence of water (Li et al., 2020;
Tagawa et al., 2021; Yuan and Steinle-Neumann, 2020) and other light
elements. This contradicts with the seismic analyses that give the core
viscosities of 10727° Pa - s. The large estimates of viscosities from
seismic analyses could be due to the large uncertainties introduced
during long observation times or the presence of other loss mechanisms.

3.4. Geophysical implications

The H content in our chosen compositions is equivalent to 22 oceans
of water in the core, which is higher than that needed to explain inner-
core properties but less than that required to explain the outer-core
properties if H is the only light element (unlikely) in the core (Ume-
moto and Hirose, 2015; Wang et al., 2021). Both H and O behave in a
way similar or close to the ideal state in liquid Fe under core conditions,
and it has been shown that the shear viscosity of liquid Fe—O is linearly
dependent on O content (Ichikawa and Tsuchiya, 2015), so we can
expect a monotonic change for core properties with the increasing H/
H>0 content.

As shown above, the presence of water in the core can moderately
enhance the transport properties of the outer core, with increased
diffusion coefficients for all elements and reduced viscosities. The low
viscosity of liquid Fe and the further reduction by water, immediately
indicates an inviscid outer core. This suggests small-scale turbulent
circulation would be dominant in core convection, as already proposed
by de Wijs et al. (1998). It has been suggested that barodiffusion would
accumulate light elements, especially O, at the top of the core over time,
(Gubbins and Davies, 2013). The thickness of this layer was estimated to
be ~100 km or smaller (Gubbins and Davies, 2013; Ichikawa and Tsu-
chiya, 2015), which is less than the seismic observations of a stratified
layer E' at the top of the outer core (140- 300 km) (Buffett, 2014;
Helffrich and Kaneshima, 2010). However, the diffusion coefficients
used in the models without corrections to the thermodynamic limit are
significantly smaller than (almost half of) ours (Gubbins and Davies,
2013). Since the thickness is proportional to the square root of D, using
our diffusion coefficients would predict a thickness of ~140 km,
consistent with the thickness of the low-velocity layer E'. It has been
argued that barodiffusion and an O enriched layer cannot explain the
low-velocity layer E' as simply increasing O concentration leads to
higher velocities (Brodholt and Badro, 2017), however, the origin and
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Table 2
Calculated diffusion coefficients and viscosities at corresponding pressure and temperature conditions. The uncertainties are all less than 5%.
P (GPa) T (K) Structure P Element D> pMP s iy
(g/crn3) (10’9 mz/s) (10’9 mz/s) (mPa-s) (mPa-s)
Feq00 10.862 Fe 6.42 5.03 6.4 1.5
Fe1ooH10 10.647 Fe 7:09 357 5.1 15
4500 H 79.5 72.0
Fe 7.79 6.11
Fe100H100s 10.472 o 17.9 15.4 5.1 1.4
135 H 82.9 75.5
Feq00 10.764 Fe 8.85 6.93 6.8 1.7
Fe100H10 10.554 Fe 9.28 7-28 5.4 14
5000 H 93.2 84.5
Fe 10.0 7.86
Fe100H1005 10.389 o) 23.2 20.0 4.7 1.3
H 98.5 89.6
Fei0o 13.190 Fe 5.68 4.44 15.2 1.3
Fe100H10 12.953 Fe 6.45 >.05 8.9 1.3
6000 H 76.6 69.6
Fe 7.02 5.50
Feq00H1005 12.759 o) 15.4 13.2 8.1 1.3
H 78.5 71.4
Feq00 13.128 Fe 7.41 5.79 9.6 1.2
Fe1o0H10 12.902 Fe 7.72 6.04 7.7 1.2
330 6500 H 90.0 81.8
Fe 8.85 6.93
Fe100H1005 12.695 (¢] 17.4 149 7.7 1.2
H 93.3 84.9
Feio0 13.060 Fe 8.69 6.79 8.0 1.1
Fi 10.2 .
Fei00H10 12.827 He 18 . ; : {13 7.4 1.2
7000 Fe 10.7 8.35
Feq100H1005 12.636 (0] 19.1 16.4 8.0 1.3
H 110 100
Feloo, 135 GPa FelooHlo, 135 GPa F9100H1005, 135 GPa
8 8 8
77 A\« N 71 74
v \J ** VV
6 6 6
=3 W
o
= 54 54 ﬁw g SO 5 4 e
&
£ 49 4+ 4+
< 3] —— n.450K —e— n, 4500 K 34 _d— n.4500K —e— ng, 4500 K 34 —— Nu.4500K —e— n, 4500 K
Ny, 5000 K Ns, 5000 K Ny, 5000 K Ns, 5000 K Ny, 5000 K ns, 5000 K
24+ 2 2
M~ L L —
11 11 % 14 =
0 T T T 0 T T T 0 T T T
0 10 20 30 0 5 10 15 20 0 5 10 15 20
Time (ps) Time (ps) Time (ps)
Feloo, 330 GPa Feloon, 330 GPa FelooHloos, 330 GPa
20.0 20.0 20.0
17.5 17.5 17.5 A
—— 1,,6000K =8= 1, 6000 K —— 1,,6000K =8= 1, 6000 K
15.0 15.0 1 v, 6500 K ns, 6500 K 15.0 Ny, 6500 K ns, 6500 K
Ny, 7000 K Ns, 7000 K Ny, 7000 K Ns, 7000 K
—~ 1251 i 12.5 1 Y : 12.5 1 Y :
©
< 10.0-/ 10.0 w_/“\‘.” 10.0 A
= o _.,.-4—0—4 (\ om0 A
< 75- 7.5 7.5 N St~
= 1y, 6000 K —e— 1, 6000 K
5.01 Ny, 6500 K Ns, 6500 K 5.0 1 5.0 1
v, 7000 K ns, 7000 K
254 A 25\ 2.5
0.0 T T T T T 0.0 T T T 0.0 T T T
5 10 15 20 25 30 0 5 10 15 20 0 5 10 15 20
Time (ps) Time (ps) Time (ps)

Fig. 5. Shear and bulk viscosities calculated as a function of simulation time at 135 GPa, 4500 K and 330 GPa, 6500 K. The filled squares represent the values
calculated at an interval of 1 ps.

stability of any layer in the E' layer must consider the faster diffusion the H budget in the core considering the ICB density jump. We use the
coefficients. volume of H in the solid in Wang et al. (2021) that used same methods to
Using the densities calculated in this study, we can further constrain this study (hence the volume can be directly compared to the calculated
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Fig. 6. Shear viscosities calculated
from Green-Kubo method vs. those
from Stokes-Einstein relation. The
linear line is for guiding. Three com-
binations of diffusion coefficient and
atom radius were used in Stokes-
Einstein relation. Dg, and Rg, refer to
the diffusion coefficient and atom

radius of Fe, respectively. Dg,g =
Y ires0Xi ® Di and
Z:::Fe,H,Oxi eR; are the averaged
diffusion coefficient and atom radius,
where D; and R; are the diffusion co-
efficient and atom radius for each
element in the system. (For interpre-
tation of the references to colour in
this figure legend, the reader is
referred to the web version of this
article.)
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H volume in liquid and used for further calculations). H is likely to
partition almost equally in the core, but O is known to only exist in the
outer core (Alfe et al., 2000). Therefore, we can calculate the densities of
Fe for both the solid and liquid in the presence of H or H,O in the core.
Fig. 7 shows the density jump between the solid and liquid as a function
of xp/(xy + Xpe). In the context of weight percentage, if H is the only
light element in the core, H content in ths whals core sirﬁmai ngﬁﬁﬁ 0.3

%, equivalent to 35 oceans in the core. If H exists stoichiometrically in
ﬁuter core as H,O, H content in the whole core cannot exceed 0.12
wt%, equivalent to 22 oceans. Therefore, the upper limit of H budget in

0.8

0.7 1
0.6 1
0.5 1
0.4 1

0.3 A

Density jump (g/cm?3)

0.0
0.00

0.10 0.15

Xl (Xt + XFe)

0.05 0.20

Fig. 7. Density difference at 330 GPa and 6500 K between the solid and liquid
as a function of xy/(xy + Xge). Shaded region indicates the ICB density jump.
The blue and orange lines indicate the density difference for H and H>O con-
taining core, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

the core can be significantly reduced from 1 wt% to 0.3 wt% (Umemoto
and Hirose, 2015).

It is known that the PBE functional used in this study overestimates
the volume compared to experiments, so the pressure from PBE should
be shifted downward by ~8 GPa at ICB condition (Badro et al., 2014). By
extrapolating the volume of H calculated at 135 GPa and 330 GPa, we
obtain that the H volume is overestimated by 1.4% at 330 GPa. How-
ever, PBE also overestimates the volume of solid Fe at the similar level as
for liquid Fe (Pamato et al., 2020; Sun et al., 2018). Thus, most of the
error of H volume due to using the PBE functional is cancelled out and
negligible. Another source of error for H volume comes from the un-
certainty of pressure, which is ~0.07 GPa and propagates to an error of
0.5% on H volume. So, the error for the calculated H volume and density
is no more than 1.9%.

4. Conclusions

We have studied the effects of water in liquid Fe at core conditions by
using AIMD simulations. We find both H and O atoms exist in liquid Fe in
a manner similar or close to the ideal state, and they travel through the
“interstitial” positions in liquid Fe at a speed several times of Fe. We
show that the correction to the thermodynamic limit is necessary for an
accurate determination of self-diffusivity, and the prediction of viscosity
from the Stokes-Einstein relation is not reliable. Water in the outer core
can effectively enhance the diffusivity and reduce the viscosity. We
confirm that the core is an inviscid liquid and should be dominated by
small-scale circulation. We further constrain that the content of H in the
core cannot exceed 0.3 wt% considering the ICB density jump.
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