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Hydrogen Limits Carbon in Liquid Iron
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Abstract Melting experiments were performed on the Fe-C-H system to 127 GPa in a laser-heated
diamond anvil cell. On the basis of in situ and ex situ sample characterizations, we found that the
solubility of carbon in liquid Fe correlates inversely with hydrogen concentration at ~60 GPa and ~3500 K,
indicating that liquid Fe preferentially incorporates hydrogen rather than carbon under conditions with
abundant C and H. While large amounts of both C and H may have been delivered to the growing Earth,
C-poor/H-rich metals were likely added to the protocore in the late stages of core formation. We also
obtained a melting curve of FeH,. (x > 1) far beyond the pressure range in earlier determinations. Its liquidus
temperature was found to be 2380 K at 135 GPa, lower than those of Fe alloyed with the other possible core
light elements. Relatively low core temperature is thus supported by the presence of hydrogen.

Plain Language Summary Both carbon and hydrogen are possible major light elements in the
core but estimation of their abundance in the core as well as in the bulk Earth is difficult because of their
high volatility. In addition, the property of hydrogen-bearing iron alloys has been the least studied. Here we
performed melting experiments on Fe-C-H to 127 GPa, close to the pressure at the top of the Earth's core.
Our main finding is that hydrogen limits the solubility of carbon in liquid Fe; the carbon content correlates
inversely with hydrogen concentration in molten Fe coexisting with diamonds at ~60 GPa and ~3500 K.
Recent planet formation theories suggest that large amounts of C and H were delivered to the growing Earth.
In the late stages of core formation, liquid metals preferentially incorporating hydrogen rather than carbon
may have added to the protocore. We also found that hydrogen decreases the melting temperature of Fe
remarkably. The melting temperature of FeH, (x > 1) is only about 2380 K at the core-mantle boundary;
lower than those of Fe-Fe;S eutectic and Fe alloyed with the other possible core light elements.

1. Introduction

The light elements in the Earth's core still remain unknown and could be a combination of silicon, oxygen,
sulfur, carbon, and hydrogen (Poirier, 1994). According to recent planet formation theories, it is likely that
both C and H (as organic materials and hydrous minerals) were delivered to the growing Earth. Early migra-
tion of Jupiter and Saturn in the “Grand Tack Model” (Walsh et al., 2011) caused radial mixing between
volatile-poor materials formed in the terrestrial planet region and volatile-rich materials (such as carbonac-
eous chondrites) formed in the outer region, which provided C and H to the Earth's building blocks. The fall-
ing of centimeter- to meter-sized pebbles toward the Sun in the protoplanetary disk, examined in the “Pebble
Accretion Model” (e.g., Sato et al., 2016), also delivers C and H to the terrestrial planet region. Therefore,
interaction of this C and H with Fe metals may be an inevitable process during Earth's core formation.
While Fe-C and Fe-H alloys have been the least studied among possible core alloys (see Figure 1 in Hirose
et al., 2013), previous first-principle calculations suggested that both the density and velocity of the outer
core are reconciled with liquid Fe-H (Umemoto & Hirose, 2015). Recent calculations also found that carbon
could be an important impurity element in the solid inner core as it decreases the shear velocity of solid Fe
substantially (Li et al., 2018).

The previous metal-silicate partitioning experiments by Clesi et al. (2018) and Malavergne et al. (2019)
argued that hydrogen is least partitioned into molten iron. However, they found at most only ~500 ppm H
in quenched molten Fe, because the vast majority of hydrogen had been lost during decompression. The
solubility of hydrogen in solid Fe is H/Fe = <10~ at ambient condition (see Figure. 1 in Fukai & Suzuki,
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Figure 1. Sample cross sections from runs (a) #1 and (b) #4. Quenched
molten Fe is surrounded by diamonds; see arrows for euhedral crystals that
formed in iron in (b). Bubbles and cracks found in the iron were formed
when hydrogen escaped during decompression. Temperature at the
liquid-solid boundary is given in (c), considering identical temperature for
both sides.

1986). It has been repeatedly reported that hydrogen goes away from solid
Fe when it transforms into the body-centered cubic phase upon
decompression (Iizuka-Oku et al., 2017; Okuchi, 1997). The melting
temperature in the Fe-H system is similar to that of pure Fe at 1 bar
(Fukai et al., 2003), which means that hydrogen is neither soluble in
solid nor liquid Fe at ambient pressure and therefore indicates that
hydrogen originally included in iron under high pressure escapes during
pressure release.

The property of liquid Fe-C has been well examined at high pressures
(e.g., Fei & Brosh, 2014; Morard et al., 2017; Nakajima et al., 2015). In
contrast, earlier experiments on Fe-H alloys are limited even for solids
(e.g., Fukai, 1992; Pépin et al., 2014), in particular at high temperatures
(Fukai et al., 2003; Sakamaki et al., 2009; Terasaki et al., 2012). While
Terasaki et al. (2014) reported that solid Fe;C does not incorporate hydro-
gen at 14 GPa, Narygina et al. (2011) demonstrated that Fe;C was once
formed from Fe + C,H,,,, paraffin and then replaced by FeH + C dia-
mond at >1600 K and 54 GPa (Ohta et al., 2018; Thompson et al., 2018).
These results indicate that (1) carbon and hydrogen do not coexist in solid
Fe and (2) hydrogen is more siderophile than carbon at relatively high
pressure and temperature (P-T).

Some combinations of light elements are mutually exclusive in liquid Fe
as well. Liquid-liquid immiscibility was observed in a variety of iron alloy
systems such as Fe-S-O (Urakawa et al., 1987) and Fe-Si-S (Sanloup & Fei,
2004). In addition, strong interactions between light elements limit their
simultaneous solubilities in liquid Fe, for example, between Si and O
(Hirose et al., 2017; O'Neill et al., 1998). The solubility of C in liquid Fe
(carbon concentration in liquid Fe coexisting with graphite) is known to
diminish with increasing Si content (Li et al., 2015; Takahashi et al., 2013).

In addition, it has been argued that the incorporation of hydrogen reduces
the melting temperature of Fe remarkably and it is therefore compatible
with relatively low core temperatures (Nomura et al., 2014). The melting
curve of Fe-H, however, has been determined only up to 20 GPa
(Sakamaki et al., 2009; Shibazaki et al., 2014), and its extrapolation to
the core pressure range includes a lot of uncertainty.

In this study, we examined the solubility of carbon in liquid Fe-H by
changing the hydrogen and carbon concentrations at 58-66 GPa and
~3500 K, close to a typical P-T condition for metal-silicate segregation in
a single-stage core formation model (Fischer et al., 2015; Siebert et al.,
2013). Our results demonstrate that liquid Fe incorporates hydrogen pre-
ferentially when both C and H are present. Furthermore, we also deter-
mined the melting curve of FeH, (x > 1) to 127 GPa, showing its low
melting temperature compared to iron alloyed with the other possible
core light elements.

2. Experimental Methods

High P-T experiments were carried out in a laser-heated diamond anvil cell (DAC) using 300-um flat and
120-um beveled diamond anvils. We loaded a foil or a ~10-um sphere of pure Fe (>99.9% purity, Wako)
between the C,H,,,, paraffin or C;4H;, phenanthrene layers in a hole at the center of a preindented
rhenium gasket (Table 1). Both paraffin and phenanthrene were employed as sources of carbon and
hydrogen; the latter provides less hydrogen upon heating. In run #3, in order to increase the C/H ratio of
the system, we employed a 5-um piece of a homogeneous Fe+4.0wt%C sample prepared by an ultra-rapid
quenching method (Morard et al., 2017) and a mixture of Al,O3 powder + paraffin as a pressure medium.
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Table 1
Experimental Results
Run # Sample Medium P (GPa) T (K) H (wt%)* H (wt%)b C (wt%) Lig. composition
1 Fe sphere Paraffin (C,Hppn42) 60 3710 1.8 1.5 0.5(2) Feg.49Co.01Ho. 50
2 Fe sphere Phenanthrene (C14H10)c 66 3220 1.0 0.8 1.0(2) Fe0,62C0_03H0,35
3 Fe + 4 wt% C chip  Paraffin + Al,03 mixture 58 3650 0.7 0.6 3.6(2) Fep 63Co.11Ho.26
4 Fe foil Paraffin 43 1900 notmeasured not measured not measured
5 Fe foil Paraffin 68 <2100 2.9 2.4 0.2(1) Fe0.37H0.63 (FCH1_67)
6 Fe foil Paraffin 108 2260 1.8 1.5 Feo‘49H0'51 (FeHl'oz)d
7 Fe foil Paraffin 127 <2120 4.0 31 03(1) Fep.30Ho.70 (FeH2_33)

#Based on AVy; from Caracas (2015). ®From Fukai (1992). “Phenanthrene layer + Al,O3 layer. dAssuming no carbon.

After loading, a whole DAC was put into a vacuum desiccator overnight, and subsequently, the sample
chamber was flushed with dry argon and squeezed in an argon atmosphere.

After compression to a pressure of interest, the sample was heated from both sides with a couple of 100 W
single-mode Yb fiber lasers. A laser beam was converted to one with a flat energy distribution by beam-
shaping optics, which diminishes the radial temperature gradient. The laser-heated spot was 20-30 um
across, which was larger than the entire iron and alloy samples in runs #1-#3 (Figure 1a). The heating dura-
tion was limited to 3 s in order to avoid temperature fluctuation, which is long enough for carbon and hydro-
gen to diffuse over an entire liquid pool (Helffrich, 2014). Considering that the melting/crystallization of
coexisting diamonds (see diamond crystals grown in molten iron in Figure 1b) occurred almost instanta-
neously and carbon concentration was homogeneous in the quenched liquid pool, chemical equilibrium
between the liquid metal and coexisting diamonds should have been attained.

A 1-D temperature distribution was obtained using a spectro-radiometric method (Figure 1c). Two types of
experiments were performed in this study. First, we examined the solubility of carbon with changing hydro-
gen concentration in liquid Fe coexisting with diamonds (runs #1-#3) at 58-66 GPa and 3220-3710 K, which
is above the melting temperature of pure Fe. The entire Fe-C-H samples (5- to 15-um size) were fully molten
in these experiments (Figure 1a). Second, we determined the melting curve of FeH, (x > 1; runs #4-#7) at
43-127 GPa and 1900-2260 K. In runs #4 and #6, only a part of the sample was molten, and thus, the
temperature at the boundary between liquid and solid gives a melting (liquidus) temperature (Figures 1b
and 1c), which is the upper bound for a eutectic temperature. The entire sample was melted in runs #5
and #7, for which we show the lowest temperature in the sample that represents the upper limit for a
liquidus temperature.

Pressure was measured after heating at 300 K based on the Raman shift of diamond (anvil; Akahama &
Kawamura, 2004). The contribution of thermal pressure was then corrected (Andrault et al., 1998); for
purely isochoric heating, the thermal pressure is written as AaKrt X T, where « is thermal expansivity and
K7 is isothermal bulk modulus. We employed aKt = 4 MPa/K and 60% of the theoretical value by following
Morard et al. (2011). Such a thermal pressure estimate is indeed consistent with the empirical one assuming
a 5% pressure increase with each temperature increase of 1000 K (Fiquet et al., 2010; Nomura et al., 2014);
the differences are within +1 GPa in runs #1-#5 and +4-6 GPa in runs #6-#7. The overall errors in tempera-
ture and pressure may be +5% and +10%, respectively, according to Mori et al. (2017).

In situ high P-T X-ray diffraction (XRD) measurements were performed at BL10XU, SPring-8 for all experi-
ments except run #4. Angle-dispersive XRD spectra were collected on a flat panel detector (Perkin Elmer)
sequentially every 200 ms during heating. A monochromatic incident X-ray beam was collimated to 6 pum
(full width at half maximum). Since hydrogen escapes from solid Fe during decompression to 1 bar
(Fukai & Suzuki, 1986; Iizuka-Oku et al., 2017; Okuchi, 1997), hydrogen concentration in quenched liquid
alloy was estimated from the volume of FeH,, at high pressure and 300 K, which appeared upon quenching
temperature (Figure S1 in the supporting information). The hydrogen content, x in FeH,, can be obtained

X = (Vrerx—Vre)/AVH ®

in which Vg, is the volume of Fe (Dewaele et al., 2006) and AVy is the volume increase per hydrogen
atom. Table 1 gives the hydrogen contents when employing the AVy by Caracas (2015; from his
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Figure 2. Solubility of carbon in liquid Fe-H (carbon concentration in liquid
coexisting with diamond) as a function of the hydrogen content (the average
between the lowest and the highest estimates) examined at 58-66 GPa and
3220-3710 K. Data for hydrogen-free condition (50 GPa and 3500 K) is from

Fei and Brosh (2014). Previously proposed possible Fe-C-H liquid core
compositions are shown by the green region. The yellow band gives the possible
compositional range for a projectile core, which was originally formed under both
C- and H-rich environments and added to the Earth's protocore forming the
stratified layer at its top. See text for details.

calculations with x = 1.0) and Fukai (1992) that give the highest
and the lowest values, respectively (AVy can be estimated also from
Pépin et al., 2014). When such quench crystals were annealed by
laser at ~1500 K and 65 GPa, we found that the hydrogen content
decreased only slightly from x = 1.21 to 1.14. Considering hydrogen
diffuses fast, such hydrogen content after thermal annealing should
represent the bulk hydrogen concentration in quenched molten
iron, which is indeed similar to that found in quench crystals. It
verifies the present determination of hydrogen concentration in
molten Fe. The liquid obtained in run #3 contained 3.6 wt% C,
and solid Fe formed from it could have contained up to 1 wt% C
(Fei & Brosh, 2014; Mashino et al., 2019). Carbon is incorporated
into solid Fe by both substituting Fe atoms and occupying intersti-
tial sites, which reduces and expands the volume of Fe, respectively
(Huang et al., 2005; Li et al., 2018). The maximum effect of carbon
on the estimate of hydrogen concentration in liquid Fe in run #3 is
calculated to be +0.2 wt% H (Figure 2).

We performed textural and chemical characterizations on recovered
samples. A cross section of a laser-heated portion of the sample was
obtained parallel to the compression axis by using a Focused Ion
Beam (FIB, FEI Versa™ 3D DualBeamTM). It was examined by a
field emission (FE)-type scanning electron microscope and energy
dispersive X-ray spectrometry for elemental mapping. The carbon

contents in quenched liquid iron were then determined using an
FE-type electron probe micro-analyzer (FE-EPMA, JEOL JXA-
8530F) with a voltage of 12 kV and a beam current of 15 nA. We used Fe and Fe;C as standards and LIF
(Fe) and LDE2H (C) as analyzing crystals. The carbon concentration in quenched molten iron was obtained
by subtracting 0.25-0.37 wt% C that was detected inside of the rhenium gaskets, which is believed to be con-
tamination that occurred during FIB processing and EPMA analysis.

3. Results

Microprobe observations of recovered samples show small bubbles and cracks in the iron (Figure 1), indicat-
ing that hydrogen was originally included in the iron but escaped during decompression to 1 bar (Okuchi,
1997). We also found that the solubility of carbon in liquid iron (carbon concentration in molten iron
coexisting with diamond) is limited to less than 0.5 wt% when the liquid includes a relatively large amount
of hydrogen (FeH,, x > 1; Table 1).

The entire iron and alloy samples were heated in runs #1-#3 (Figure 1a). During heating, the XRD peaks
from solid iron were lost, while those of diamond appeared (Figure S1 in the supporting information).
The lattice volume of iron that formed upon temperature quench was larger than that of original pure iron,
indicating that the liquid contained 0.7 to 1.8 wt% H when using the AV from Caracas (2015). Observations
of sample cross sections found that quenched liquid alloy coexisted with diamonds (see Figure 1b), which is
consistent with the XRD observations and shows that the system was saturated with carbon. Melting of the
sample in runs #5-#7 was also confirmed by the XRD patterns collected at high P-T (Figure S2 in the
supporting information). For run #4, melting is indicated by the formation of euhedral, relatively large
crystals of diamond within Fe-H alloy.

We found that the carbon contents in these liquids are limited compared to those of the Fe-C binary liquids
that coexist with diamonds (Figure 2). The thermodynamic model by Fei and Brosh (2014) on the Fe-C
binary system indicates that liquid coexisting with diamond at 50 GPa and 3500 K includes 12 wt% C. It
suggests that the solubility of carbon in molten iron at 58—-66 GPa and ~3500 K decreases substantially with
increasing hydrogen concentration, from ~12 wt% C without hydrogen (Feg 61Co 30) to 3.6 + 0.2 wt% C with
0.6 + 0.2 wt% H (Fe.63Co.11Ho.26) and 0.5 + 0.2 wt% C with 1.7 + 0.2 wt% H (Fe 49Co.01Ho.s0)-
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The present microprobe analyses showed only 0.2-0.3 wt% C in hydrogen-
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rich liquid Fe in runs #5 and #7, which is consistent with our findings
described above. The liquids found in runs #5-#7 are therefore Fe-H
binary liquids in practice (most likely in run #4 as well; Table 1).
Therefore, on the basis of their melting temperatures, the melting curve
for FeH,, (x> 1) was obtained to 127 GPa (Figure 3), close to the conditions
at the core-mantle boundary (CMB).

4. Discussion
4.1. Hydrogen Limits the Solubility of Carbon in Liquid Iron
Earlier DAC experiments above 50 GPa on the solid Fe-C-H system

demonstrated a sequence of reactions, Fe + C,H,,,, — 2Fe3C + 3H, —
6FeH + 2C with increasing temperature (Narygina et al., 2011; Ohta

L L L L et al., 2018), indicating that hydrogen dismisses carbon from solid iron
80 100 120 140 at high temperatures (e.g., >1650 K at 54 GPa). The present study

Pressure (GPa) performed at 43-127 GPa shows that hydrogen limits the solubility of

carbon not only in solid iron but also in liquid iron (Figure 2). In solids,

Figure 3. Melting temperatures of FeH,. Black curve represents the  poth carbon and hydrogen atoms occupy interstitial sites in a close-packed

melting curve for FeH, (1 < x < 2). Liquid at 127 GPa included more
hydrogen (x > 2). Broken line is from Fukai et al. (2003) and Sakamaki et al.
(2009). Data are fitted by Simon-Glatzel equation; Tielting = To [(Pmelting —

iron lattice, while the other candidate core light elements substitute for
iron atoms (carbon does both). It is likely that the hydrogen atom is

Po)a+ 11", a = 24.6, c = 3.8, and Ty = 1473 K and Py = 9.5 GPa smaller than the carbon one and can thus preferentially occupy the inter-
(Sakamaki et al., 2009). Melting temperatures of FeH, are lower than those  stitial sites. This may be applied for liquids as well, leading to preferential
of eutectic melting in Fe-FesS and of the other binary Fe alloys at the CMB.  jy corporation of hydrogen over carbon in molten iron at the lower-mantle

pressure range.

Runs #1-#3 were carried out at 58-66 GPa and 3220-3710 K, close to the conditions for metal-silicate seg-
regation leading to Earth's core formation (Fischer et al., 2015; Siebert et al., 2013). Since the giant impact
is a stochastic event (e.g., Kokubo & Genda, 2010), it is possible that the impactor that was responsible for
the last, Moon-forming giant impact had been formed in the volatile-rich outer region of the solar system.
If this is the case, both C and H could be the important core impurity elements. Nevertheless, the solubility
of carbon in liquid Fe-H determined by the present experiments gives the maximum concentration of carbon
in core-forming metals, depending on their hydrogen abundance. Assuming carbon is a sole light element,
1.8-7.7 wt% C has been proposed to account for the outer core density and sound velocity (Sata et al., 2010;
Badro et al., 2014: Nakajima et al., 2015; Morard et al., 2017). Experimental and theoretical studies demon-
strated that they are also reconciled with 0.8-2.0 wt% H in molten iron (Terasaki et al., 2012; Thompson
et al., 2018; Umemoto & Hirose, 2015). The green region in Figure 2 shows the possible compositional range
of the Fe-C-H liquid core supposed from these studies. Indeed, a part of the green region includes carbon
more than the solubility curve, and such area is therefore unlikely to represent the outer core composition.

More realistically the Earth's core formation was not a single-stage event. Landeau et al. (2016) argued that
the stratified layer atop the core could have been formed by the merging of a lighter projectile core and the
Earth's protocore following a giant impact. They estimated that the projectile core was originally 3.8%-5.0%
less dense than the Earth's protocore; the density being that much smaller than that of the topmost outer
core is explained by the presence of 8.9-10.4 wt% C or 1.5-1.6 wt% H in liquid iron based on the calculations
at the CMB conditions (Badro et al., 2014; Umemoto & Hirose, 2015). Such an Fe-C-H projectile core com-
position is represented by the yellow region in Figure 2. Most of the yellow region includes carbon more than
the solubility curve and is therefore not viable, leaving the possibility of a C-rich/H-poor or C-poor/H-rich
projectile core. Indeed, the former is unlikely since the projectile core should have preferentially incorpo-
rated hydrogen rather than carbon under both C- and H-rich conditions.

4.2. Low Melting Temperature of Fe-H Alloy

We obtained the melting temperatures of FeH,, (x > 1) to 127 GPa, close to the pressure at the CMB (Table 1),
which extends the previous determinations by Sakamaki et al. (2009) up to 20 GPa. Our data show that the
liquidus temperatures of FeH; o, and FeH, 33 are 2260 + 110 K at 108 GPa and <2120 + 110 K at 127 GPa,
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respectively, lower than the 2500 K at 108 GPa for the eutectic melting in Fe-Fe;S (Mori et al., 2017) and
much lower than those of the other binary iron alloys, Fe-Si (Fischer et al., 2013), Fe-O (Morard et al.,
2017), and Fe-C (Mashino et al., 2019; Figure 3). If we do not consider the data at 127 GPa because the liquid
was enriched in hydrogen more than FeH,, that is, an Fe-H intermediate compound stable above 67 GPa
(Pépin et al., 2014), the liquidus temperature between FeH and FeH, is about 2380 K at the CMB.

The lowermost mantle is not globally molten. Ultralow velocity zones may represent partially molten
areas above the CMB, but they are only observed locally. It suggests that the temperature at the CMB
should not exceed the solidus temperature of a representative mantle material (e.g., pyrolite), which has
been determined to be ~4150 + 150 K from XRD data (Andrault et al., 2011; Fiquet et al., 2010) or 3570 +
200 K in the presence of ~400 ppm water based on chemical characterizations of recovered samples
(Nomura et al., 2014). Moreover, it is noted that if the present-day CMB temperature is close to the solidus
temperature of the representative lowermost mantle material, the mantle side of the CMB is supposed to
have been extensively molten in the recent past; the core cooling rate can be 100 K/Gyr (Hirose et al.,
2017) but can also be as high as >300 K/Gyr (Labrosse, 2015). At the same time, the liquidus temperature
of the alloy comprising the Earth's outer core must be lower than the CMB temperature. Our experiments
support the notion that, in order for the outer core to be fully molten even under relatively low CMB
temperature, hydrogen is present in the outer core.

5. Conclusion

‘We have performed melting experiments on the Fe-C-H system to 127 GPa in a laser-heated DAC, combined
with in situ synchrotron XRD measurements and ex situ textural and chemical characterizations on
sample cross sections. The results demonstrate that hydrogen limits the solubility of carbon in liquid Fe;
molten Fe contains about 12 wt% C when hydrogen is absent (Fei & Brosh, 2014), while it includes only
0.5 wt% C with 1.8 wt% H (Feg 49Co.01Ho.50) at 60 GPa and 3710 K. Earlier experiments have reported that
a sequence of reactions, Fe + C,H,, > — 2FesC + 3H, — 6FeH + 2C, occur with increasing temperature
above 50 GPa (Narygina et al., 2011; Ohta et al., 2018), indicating that hydrogen expels carbon from solid
iron. Our experiments show that it occurs in liquid as well.

Earth's building blocks that accreted in the late stages of planet formation were likely to have been enriched
in both C and H. Our findings suggest that at such late stages, core-forming metals preferentially incorporate
hydrogen with a minimal amount of carbon under C- and H-rich conditions. Such liquid metals may have
been lighter than the preexisting Earth's protocore and might have formed a stratified layer atop the core
as observed seismologically today (Landeau et al., 2016).

The hydrogen-rich liquid iron obtained in this study included <0.5 wt% C, and therefore, their melting
temperatures practically represent those for liquid FeH, (x > 1). Their melting curve was determined to
127 GPa, much higher than the pressure range in the earlier determinations by Sakamaki et al. (2009) up
to 20 GPa. The melting temperature of FeH,. (1 < x < 2) is found to be about 2380 K at the CMB, lower than
those in the Fe-Fe3S and the other binary iron alloy systems. The incorporation of hydrogen reduces the
melting temperature of Fe to a large extent, which is helpful for the outer core to be fully molten even under
relatively low core temperatures.
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