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It has been assumed that hydrogen is negligibly incorporated into core forming
metals below ~3 GPa, and therefore the presence of hydrogen in iron cores of small
terrestrial bodies including the moon has not been considered. Here we performed
high pressure melting experiments on the Fe-H system under H, saturated condi-
@ _—5 | tions, combined with synchrotron X-ray diffraction (XRD) measurements. Results
demonstrate substantial depression of the Fe-H melting curve compared to that
for Fe at 1.0-3.3 GPa, indicating that hydrogen is incorporated into liquid iron even
atlow pressures (less than 1 GPa) and the solubility is enhanced with increasing pres-
sure. Based on the density of liquid Fe-H derived from diffuse scattering signal in XRD

data, we found that the solubility of hydrogen in liquid iron is about 0.9 wt. % at 3.6 GPa and likely enhanced to 1.1 wt. % at5 GPa
corresponding to lunar core conditions. The 1.1 wt. % H causes 9 % density reduction, which might fully explain the observed
density deficit of the lunar core with respect to iron, depending on the density estimate from seismological data, although the

presence of sulfur and carbon is not excluded.
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¥ Introduction

Geophysical constraints on the lunar interior indicate that the
density of its core is a few percent up to ~40 % lower than that
of pure iron (e.g., Garcia et al., 2019; Viswanathan et al., 2019;
Kuskov et al.,, 2021; Zhao et al.,, 2023). Such density deficit
requires the presence of substantial amounts of light elements
in the metallic core, and sulfur and carbon have often been
regarded as possible light alloy elements (e.g., Jing et al., 2014;
Steenstra ef al., 2017). In contrast, hydrogen has received com-
paratively less attention since stoichiometric FeH is formed from
Fe and H, only above 3.5 GPa at room temperature (Badding
etal., 1991). Indeed, hydrogen was assumed to be poorly soluble
into iron below ~3 GPa in recent core formation modelling
(Tagawa et al., 2021; Tsutsumi et al., 2025).

Only a limited number of high pressure and temperature
(P-T) experiments were previously reported on the Fe-H system
below 3 GPa. All neutron diffraction measurements on Fe-H
alloys have been carried out at pressures of ~3 GPa, and at
temperatures far below the onset of melting (e.g., lizuka-Oku et al.,
2017; Machida et al., 2019; Ikuta et al., 2019). Yagi and Hishinuma
(1995) performed XRD measurements on Fe-H and determined
melting temperatures at pressures down to 2.2 GPa, demonstrat-
ing a large reduction from the melting curve of Fe. Other exper-
imental studies reported the Fe(-Ni)-H melting temperatures only
above 2.7 GPa (Suzuki et al., 1984; Okuchi, 1998; Fukai et al., 2003;
Sakamaki et al., 2009; Shibazaki et al., 2014; Mita et al., 2025).
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In this study, we focus on Fe-H melting experiments
below ~3 GPa to explore the enhancement of hydrogen solubil-
ity in iron with increasing pressure. The results show the clear
melting temperature depression even at 1.0 GPa and higher
hydrogen concentrations in liquid and solid iron at higher pres-
sures, suggesting that hydrogen could be an important light
element in metallic iron cores of small terrestrial bodies. We
discuss the possible hydrogen abundance in the lunar core based
on seismological constraints on its density.

¥ Results

We conducted melting experiments on the Fe + H, sample at
four different P-T conditions (laser heating was performed at
two separate portions of a sample in each of two independent
runs) (Table S-1). In run #1, after compression under 300 K to
1.1 GPa, we first heated the sample at spot #1-1 and observed
a diffuse scattering signal indicative of melting, along with the
XRD peaks from face centred cubic (fcc) FeHy 16, when temper-
ature was increased from 1490 K at 1.3 GPa to 1530 K at 1.5 GPa
(Fig. 1). After quenching to 300 K, we decompressed the sample
to 0.6 GPa and then heated a fresh sample portion (spot #1-2)
being exposed to X-ray and laser beams. XRD data exhibited a
diffuse scattering signal from liquid upon increasing temperature
from 1590 K to 1710 K at 1.0 GPa. While the diffuse signal per-
sisted, coexisting with fcc FeHy gg upon decrease in temperature
to 1640 K, it disappeared when we decreased the sample
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Figure1 XRD patternsobtained fromrun#1 (spot#1-2) at 1.0 GPa
(textured Fe peaks were masked to show diffuse scattering from
molten Fe-H). The diffuse scattering signals indicative of melting
appeared when sample temperature was increased from 1590 K
(blue) to 1710 K (orange) and were still present when temperature
was reduced to 1640 K (red). Then they disappeared upon cooling
to 1550 K (cyan).

temperature to 1550 K (Fig. 1). The XRD data collected at 1710 K
provided a strong diffuse scattering signal sufficient to determine
the liquid density.

Similarly in run #2, we initially compressed the sample to
1.8 GPa and observed diffuse scattering upon increasing temper-
ature from 1360 K at 2.1 GPa to 1440 K at 2.2 GPa, coexisting
with fec FeHy 5, (spot #2-1). The diffuse scattering signals disap-
peared when decreasing temperature from 1440 K to 1310 K. We
then increased temperature to 1530 K and collected XRD data
providing a strong diffuse scattering signal. Subsequently the
sample was further compressed to 2.7 GPa, and a fresh sample
area was heated. The diffuse scattering signals appeared when
increasing temperature from 1230 K at 3.0 GPa to 1380 K at
3.3 GPa (spot #2-2), coexisting with fcc FeHy »9. We also collected
an XRD pattern from this spot at 1670 K at 3.6 GPa for the analy-
sis of liquid density.

These results locate the melting (solidus) curve of Fe-H in
a pressure range from 1.0 to 3.3 GPa, showing that its melting
temperature decreases monotonically from ambient pressure to
~3 GPa (Fig. 2), rather than a sudden reduction above ~2 GPa
(Yagi and Hishinuma, 1995; Fukai ef al, 2003). Earlier studies
attributed such melting temperature drop to a change in the sub-
solidus phase from body centred cubic (bcc) to fec at ~2 GPa (Fukai

et al., 2003; Shibazaki et al., 2014), but the present experiments
demonstrate that liquid Fe-H coexists with fcc and the melting
temperature is depressed already at 1.0 GPa.

We obtained hydrogen concentrations x in solid fcc FeH,
from XRD data collected at temperatures above the melting
(solidus) curve and estimated liquid compositions at higher tem-
peratures, where diffuse scattering signals were sufficiently
intense for reliable density analysis (Fig. 3, Table S-1). The
estimate of hydrogen abundance in the solids was based on
the observed volume expansion of FeH, with respect to Fe
(see Experimental Methods in Supplementary Information).
For the liquids, we first estimated the density of liquid FeH, from
diffuse scattering signals (Kuwayama et al., 2020; Fu et al., 2025).
Subsequently the volume of liquid pure Fe at an identical P-T
condition was calculated using its thermal equation of state
(Kuwayama et al., 2020). The volume expansion of liquid Fe-H
relative to liquid pure Fe is attributed to hydrogen incorporation
and converted to the hydrogen content. Hydrogen concentration
in liquid FeH, increased from x = 0.14 at 1.0 GPa to 0.48 at
3.6 GPa. The increase in the hydrogen abundance in liquid with
increasing pressure is supported by the shift of the first peak
position in structure factor S(Q) (Fig. S-1). The first peak position
decreased with increasing hydrogen concentration upon
pressure increase. Since experiments were performed under H,
saturated conditions, the resulting values correspond to the
hydrogen solubility limit in liquid iron at each pressure.

! Discussion

Melting phase diagram of Fe-H at low pressures. The present
experiments demonstrate that the melting temperature in the
Fe-H system decreases with increasing pressure from <1 GPa
to ~3 GPa (Fig. 2). The magnitude of depression from the Fe
melting curve is enhanced almost linearly with increasing pres-
sure; ~240 K at 1 GPa, ~450 K at 2 GPa, and ~580 K at 3 GPa.
This is explained by an increase in the solubility of hydrogen
primarily into liquid iron with increasing pressure to ~3 GPa
as evidenced by the XRD measurements (Fig. 3). Note that while
the solubility of hydrogen into iron is enhanced with increasing
pressure and temperature (Fukai and Suzuki, 1986), the pressure
effect is much more significant in a limited temperature range
relevant to this study.

The pressure evolution of the Fe-H melting phase diagram
is illustrated in Figure S-2, in which we consider that the hydro-
gen solubility into liquid iron (excess hydrogen is present as
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Figure 2 Melting curve of FeH, (0 < x < 1) (red line). The grey line represents the melting curve of pure Fe (Strong et al., 1973).
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Figure 3 The hydrogen contents of fcc FeH, immediately above
the solidus and of liquid FeH, at higher temperatures in this study.
The theoretical predictions of those in liquid by Stoutenburg et al.
(2026) at 1500 K are also shown. Considering a minimal solubility at
1 bar, the hydrogen solubility into liquid Fe is approximately lin-
early enhanced with pressure (broken line).

liquid Hy) increases approximately linearly with pressure to
~3 GPa, and accordingly the depression of eutectic temperature
(above which metallic liquid is formed) from the Fe melting curve
is also linearly enhanced with pressure. Earlier experiments
reported that the Fe-H melting temperature conversely rises
above ~3.5 GPa (Yagi and Hishinuma, 1995; Okuchi, 1998)
(Fig. 2). It could be a consequence of a rapid increase in the
hydrogen solubility into fcc Fe (Fig. S-2), which is inferred from
the formation of stoichiometric FeH above that pressure at 300 K
(Badding et al., 1991).

Possible hydrogen abundance in the lunar core. The present
experiments demonstrate the depression of melting temperature
of iron by ~240 K even at 1.0 GPa in the presence of excess H,
suggesting that liquid iron can incorporate hydrogen not at
ambient pressure but certainly under lower pressures than
previously thought. While recent planetary accretion and core
formation modelling assumed that hydrogen is not soluble into
core forming metals below 3 GPa (Tagawa et al., 2021; Tsutsumi
etal., 2025), it is possible that metallic cores of small rocky bodies
such as our moon also include some hydrogen. Indeed, the
moon should have been covered with the protolunar disk gas,
and therefore a lunar magma ocean (LMO) likely included a cer-
tain amount of water, most of which could have been later incor-
porated as hydrogen into core forming iron metals.

The depth of the LMO has been estimated to be 600 km,
which explains the crustal thickness when all plagioclase crystal-
lising from the LMO formed the crust (Charlier et al., 2018). It is
possible that the lunar core formation (in other words, core metal
segregation from silicate) took place at its bottom under 2.8 GPa.
On the other hand, Rai and van Westrenen (2014) found that
core metal may have reached chemical equilibrium with silicate
at 4.5 + 0.5 GPa and 2163 K, which most likely matches the pres-
sure at the core-mantle boundary. Furthermore, a more recent
study suggested a much higher temperature of ~3200 K for the
lunar core formation at 5 GPa in the case of an Fe-Ni core
(Steenstra et al., 2020). Here we consider the representative lunar
core pressure to be 5 GPa. The present day core temperature may
be about 1700 K (Garcia et al., 2019; Kuskov et al., 2021), which is
well above the solidus temperature of the Fe-H system at 5 GPa
(Fig. 2).

The solubility of hydrogen in liquid iron at 2.8 GPa or
5 GPa may limit its concentration in the Iunar core.
Considering that the reduction in Fe-H melting temperature

with increasing pressure to ~3 GPa is primarily caused by the
pressure induced enhancement of hydrogen solubility into liquid
iron (see above), the hydrogen content in liquid iron at the
melting (solidus) temperature will correspond to the solubility
limit. Our results (Fig. 3) suggest that the hydrogen solubility
limit in liquid iron may be x = 0.34 and 0.61 in FeH, (0.6 and
1.1 wt. % H) at 2.8 and 5 GPa, respectively.

As an independent estimate, we can also calculate the
possible hydrogen content in the lunar core based on its
metal-silicate partitioning under core formation conditions.
Water concentration in the bulk silicate moon (BSM) has been
estimated from the analyses of lunar volcanic glasses. Hauri ef al.
(2015) found that the BSM is similar in highly volatile element
composition to the depleted MORB source mantle of the
Earth, giving 133-292 pg/g H,O in the BSM. The magma ocean
models by Elkins-Tanton and Grove (2011) demonstrated that
the LMO should have contained 100 to >1000 pg/g water when
the later melting source region for such volcanic glasses includes
10 to 200 pg/g water. Also, Lin ef al. (2020) argued that the lunar
crustal thickness (the amount of plagioclase) is controlled by
water abundance in the LMO, which may be ~300 pg/g H,O
if the LMO was 700 km deep. Hydrogen incorporation from
silicate melt into core forming metals has been investigated
under high pressures (Clesi et al., 2018; Malavergne et al.,
2019; Tagawa et al., 2021; Tsutsumi ef al., 2025). Under plausible
conditions of the lunar core formation of 2.8 GPa, 2163 K,
and oxygen fugacity relative to the iron-wiistite buffer
AIW = =2 (Rai and van Westrenen, 2014), the partition coeffi-
cient of hydrogen Dymet/siicate js 111 x 10? (molar basis)
according to Tsutsumi et al. (2025) (Fig. S-3). We also obtained
Dyymetalisilicate — 9 05 % 102 at 5 GPa and 2200 K (based on the
liquidus temperature estimate by Rai and van Westrenen,
2014) and 1.85 x 10? at 3200 K (from the high temperature core
formation model by Steenstra et al., 2020). Even with 300 pg/g
H,0O (34 pg/g H) in the LMO (Lin et al., 2020), the metal-silicate
partitioning predicts ~0.3 wt. % H in the lunar core when it
occurred at both 2.8 GPa/2163 K and 5 GPa/2200 K and
~0.6 wt. % H at 5 GPa/3200 K. If instead the LMO included
1000 pg/g HoO (111 pg/g H) at the time of the core formation,
core hydrogen concentration could be as high as ~1.1 wt. %
and ~1.8 wt. % H at respective core formation conditions
(see Table S-2, and Calculations of Metal-Silicate Partitioning
of Hydrogen in Supplementary Information).

Is hydrogen a major light element in the lunar core?
The density of the lunar core has been modelled to be 4200-
5200 kg/m® by Garcia et al. (2019) and 5560-6070 kg/m® by
Viswanathan et al. (2019) assuming homogeneous liquid core.
The more recent work by Kuskov et al. (2021) proposed a higher
density range of 6200-7000 kg/m? for the liquid core, considering
the outer liquid and inner solid cores (Fig. 4).

We calculated the density of liquid Fe-H by considering
the volume expansion due to the incorporation of hydrogen
atoms into iron (Fig. 4). The maximum 0.6-1.1 wt. % H in the
lunar core based on the hydrogen solubility limit reconciles
within uncertainty the lunar liquid core density deficit estimated
by Kuskov et al. (2021) with hydrogen alone, although it is not
enough for the lower densities proposed earlier by Garcia ef al.
(2019) and Viswanathan et al. (2019). Furthermore, if the metal-
silicate chemical equilibrium was attained at the bottom of the
LMO, our estimate of 0.3-1.8 wt. % H in the core can explain
the observed density within its large uncertainty (Kuskov et al.,
2021). It is noted, however, that these estimates do not exclude
the possible coexistence of other light elements such as carbon
and sulfur in the lunar core.
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Figure4 Density of liquid FeH, as a function of hydrogen concen-
tration at 5 GPa and 1700 K. The density of liquid pure Fe is from
Kuwayama et al. (2020), and density reduction with increasing
hydrogen content is calculated with AVy = 2.22 A3, The solubility
limit of hydrogen into liquid iron is estimated to be 0.6-1.1 wt.
% at the base of the LMO and at the core-mantle boundary.
Metal-silicate partitioning suggests 0.3-1.8 wt. % H in the core.
These amounts of hydrogen account for the lunar core density esti-
mated by Kuskov et al. (2021), while other light elements such as
sulfur and carbon are required for earlier estimates by Garcia et al.
(2019) and Viswanathan et al. (2019).

Not only density but also sound velocity provides an
important constraint on the lunar core composition. Fu et al.
(2025) based on experiments above 27 GPa showed that hydro-
gen incorporation increases the velocity of liquid Fe. In contrast,
Nishida et al. (2020) suggested that sulfur strongly reduces the
velocity of liquid iron under lunar core conditions. Thus, the
relatively low compressional wave velocity (Vp) inferred for
the lunar core (Weber et al., 2011) may require light elements
such as sulfur. We note, however, that the sound velocity of
Fe-H liquids remains poorly known at the lunar core pressure.
Recent theoretical calculations found non-ideal mixing
behaviour of Fe-H liquids under the lunar core pressures
(Stoutenburg et al., 2026), possibly lowering their sound velocity.
Indeed, the calculations by van Driel et al. (2025) showed that Vp
is faster for liquid Fe-H than for pure Fe above 20 GPa but the
difference is smaller at lower pressures, suggesting a possibility
that hydrogen reduces the sound velocity of liquid Fe at 5 GPa.

These results suggest that hydrogen could be, at least, a
major light element in the lunar core. Sulfur and carbon have
previously been proposed to be important lunar core light ele-
ments, but we note that their solubilities into solid iron coexisting
with liquid alloy are limited only to <0.5 wt. % S and 1.5 wt. % C
at5 GPa (Liet al., 2001; Fei and Brosh, 2014). This indicates that if
the lunar solid inner core also exhibits a definite density deficit
with respect to iron beyond the solubilities of sulfur and carbon,
hydrogen is certainly an important lunar core light element.
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