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Abstract
We have performed in situ X-ray diffraction experiments on the Fe–S–H system up to 10 GPa and 1673
K at BL04B1. The subsolidus phases were FeHx (x~0.4) and FeSHx (x~0.2) at 5 GPa and FeHx (x~0.9) and
FeSHx (x~0.3) at 10 GPa. We found that H depressed the liquidus of Fe–26 wt.% S by 200–300 K whereas
its solidus (i.e., eutectic temperature of the Fe–FeS system) did not decrease.
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Background and Purpose
Iron is a primary component of planetary cores and the cores are believed to contain a small amount of
light elements [e.g., 1]. It is essential to investigate the phase diagrams of the iron-light element systems at
high pressure and high temperature, in order to constrain the composition and structure of the cores [e.g., 2].
Sulfur and hydrogen are major candidate elements for the light elements in the cores [e.g., 3].
The phase diagram of an Fe–FeS system has been extensively investigated at high pressures and high
temperatures [e.g., 4]. Hydrogen is known to dissolve in interstitial sites of Fe and FeS lattices and to depress
strongly those melting temperatures [e.g., 5, 6]. However, it is still not clear whether hydrogen affects the
liquidus and eutectic temperature and composition of the Fe–FeS system. In the present study, in order to
understand the melting relations in the Fe–S–H system, we have performed in situ X-ray diffraction
experiments at high pressures and high temperatures.
Experimental Summary
In situ X-ray diffraction experiments were conducted using a Kawai-type 1500 ton multianvil
high-pressure apparatus (SPEED-Mk.II) installed at the BL04B1 beamline [7]. A Ge solid state detector was
placed at a fixed angle of 5.5 from the incident X-ray beam, and the diffracted X-rays were
energy-analyzed. The incident X-ray slit size was 0.1 × 0.05 mm in the present work. SPEED-Mk.II can be
oscillated at an angle from –7 to 13 during the X-ray diffraction measurements, reducing the effect of
crystal grain growth on the diffraction patterns [8]. The typical oscillation angle range was from 0 to 5 in
this work. The diffraction patterns were collected for a period of 60–300 s at each 50–100 K temperature
step. The experimental pressures were 5 and 10 GPa at temperatures up to 1673 K.
We used an 18/11 cell assembly (18 mm octahedron edge length and 11 mm truncated edge length of
tungsten carbide cubic anvils). Figure 1a is a schematic illustration of the cell assembly used in the present
study. The high temperatures were generated using a cylindrical composite heater made of titanium boride
and boron nitride (TiB2 + BN). The temperature was measured using a W5%Re–W26%Re thermocouple
(TC) which was located above the capsule inside the heater. Experimental pressures were estimated from
the lattice parameters of NaCl mixed with MgO [9]. Powder mixture of Fe (99.9+% purity, Alfa Aesar) and
FeS (99.98% purity, Alfa Aesar) was used as starting materials for the Fe–13 wt.% S and Fe–26 wt.% S
samples and was placed at the top of a NaCl capsule which is able to seal hydrogen effectively at high
pressure and high temperature [e.g., 10]. A LiAlH4 powder was packed into the bottom of the NaCl capsule as
a hydrogen source, which was separated from the Fe–FeS sample using a thin MgO disk to avoid any
adverse chemical reaction (Figure 1b). Hydrogen was supplied to the sample by the thermal decomposition
of LiAlH4 [11].
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Fig. 1. Schematic illustrations of (a) the experimental 18/11 cell assembly and (b) the sample chamber.
In metal hydrides, hydrogen atoms occupy interstitial sites of metal lattices and the atomic volumes of
the host metal expands. Thus, the hydrogen concentration (x) in a metal hydride, MHx, can be roughly
estimated from the following expression:
x = [V(MHx)-V(M)]/VH
(1)
where V(MHx), V(M), and VH denote the atomic volumes of the metal hydride and host metal, and the
volume increase per hydrogen atom, respectively [e.g., 12]. V(FeHx) and V(FeSHx) were directly measured at
high pressure and high temperature by in situ X-ray diffraction experiments, and V(Fe) and V(FeS) were
estimated from the previous volume data for a face-center-cubic (fcc)-Fe [13] and a NiAs-type FeS (phase
V) [6, 14]. For values of VH, we follow the previous studies, i.e., 1.9 Å3 for fcc-FeHx [e.g., 15], and 2.5 Å3 at 5
GPa and 2.4 Å3 at 10 GPa for NiAs-type FeS [6].
Results and Discussion
Figure 2 shows X-ray diffraction patterns for Fe–26 wt.% S–H obtained at 10 GPa and at elevated
temperatures. The diffraction lines of fcc-FeHx and NiAs-type FeSHx (phase V) were observed between
773 and 1173 K. Those of fcc-FeHx disappeared at 1233 K, accompanied by the appearance of a broad halo
peak between 50 and 80 keV indicating the presence of a melt. At 1373 K, those of NiAs-type FeSHx also
disappeared and the observed diffraction lines were ascribed to MgO of the separator. The partial melting
temperature (solidus) for Fe–26 wt.% S–H is consistent with the eutectic temperature of the Fe–FeS system
at 10 GPa [4], whereas its total melting temperature (liquidus) is lower by approximately 300 K than that of
the Fe–FeS system at 10 GPa [4]. Hydrogen concentrations in FeHx and FeSHx at 5 and 10 GPa are shown
in Figure 3. Both FeHx and FeSHx almost reached those solubilities of hydrogen reported by previous
studies [5, 6, 15] at the temperature below the solidus. We did not observe the difference of hydrogen
concentrations in FeHx and FeSHx between Fe–13 wt.% S and Fe–26 wt.% S. Based on those results, it is
considered that hydrogen could depress the liquidus of the Fe–FeS system and, however, could not affect
its solidus (i.e., eutectic temperature) which is consistent with the previous result [16].

Fig. 2. X-ray diffraction patterns of Fe–26 wt.% S–H at 10 GPa. fcc: fcc-FeHx,
V: NiAs-type FeSHx (phase V)
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Fig. 3. Hydrogen concentrations in FeHx and FeSHx at (a) 5 GPa and (b) 10 GPa.
Based on our results combined with previous studies [6, 16, 17], Figure 4 shows the expected phase
diagrams at 5 and 10 GPa assuming that FeHx and FeSHx are endmembers. Because of higher solubility of
hydrogen in Fe than that in FeS, the depression of liquidus due to the hydrogen dissolution could be larger
on the Fe-rich side from the eutectic composition than that on the FeS-rich side. In addition, because
hydrogen does not affect the eutectic temperatures of the Fe–FeS system, the partial melting region in the
FeHx–FeSHx system could be narrower than that in the Fe–FeS system.

Fig. 4. Expected phase diagrams at (a) 5 and (b) 10 GPa assuming that FeHx and FeSHx are endmembers.
Red dotted lines denote the expected phase boundaries of the FeH x–FeSHx system. Gray solid lines denote
the phase boundaries of the Fe–FeS system reported by previous studies [4, 18].
Challenges
At the time of experiments on Fe–13 wt.% S–H, the Fe–S–H melt leaked and reacted with LiAlH4
above the solidus temperature, because the MgO separator between the sample and LiAlH4 was slightly
smaller than the inner diameter of the NaCl capsule. Then, following experiments on Fe–26 wt.% S–H, we
filled the space with the dried MgO powder and could succeed in observing the melting of the Fe–26 wt.%
S–H system. As a next step, further experiments with various amount of sulfur will be carried out in order
to determine the phase relations of the Fe–S–H system more precisely.
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