
1. Introduction
Iron-nickel-rich mono-sulfides are found as accessory minerals in almost all mantle rocks; sulfide melts were 
also an important core-forming component during planetary differentiation (Harvey et al., 2016; O’Neill, 1991; 
Rubie et al., 2016). Based on the depression of the FeS melting point, and in situ X-ray diffraction measurements 
of the unit-cell volume of FeS mineral phases, it has been proposed that iron sulfide minerals and melts can both 
dissolve a significant concentration of hydrogen (Piet et al., 2021; Shibazaki et al., 2011). This might be relevant 
to a number of planetary scenarios. Recent analyses of InSight seismic measurements, for example, are consistent 

Abstract We have performed in situ time-of-flight neutron diffraction experiments to examine the 
uptake of deuterium in iron monosulfide at pressures up to 11.4 GPa and temperatures to 1300 K. A D2 fluid 
was formed in the experiments through the decomposition of ND3BD3, resulting in an oxygen fugacity of 
approximately 1.2 log units below the iron-wüstite buffer. Deuterium positions and site occupancies were 
determined in FeS V, using Rietveld refinements of the powder neutron diffraction patterns. Our structural 
model indicates that two normally unoccupied sites in the P63/mmc FeS V structure, at Wyckoff positions 6h 
and 4f, are partially occupied by D atoms, with the latter being more dominant. The deuterium content Dx in 
FeSDX increases with both pressure and temperature over the experimental conditions explored, from 0.126 
(14) at 2.3 GPa and 787 K to 1.20 (16) at 9.7 GPa and 1300 K. The unit-cell volume expansion per deuterium 
atom is 1.53 ± 0.16 Å 3 at 6.9 GPa and 960 K, which is smaller than that determined for metallic iron phases 
at similar conditions. The variation in unit-cell volume indicates that most deuterium is lost from FeS V 
upon temperature quenching at high-pressures. By fitting the obtained FeS V deuterium site occupancies to 
a thermodynamic model, estimates for the hydrogen contents of iron monosulfide at conditions and oxygen 
fugacities consistent with the base of the cratonic lithosphere can be made. This results in values in the range of 
1,700–2,700 ppm, which contribute to approximately 2–3 ppm hydrogen in the bulk mantle.

Plain Language Summary Small amounts of iron sulfide minerals are found in most rocks from the 
Earth's mantle and as inclusions trapped in natural diamonds. Hydrogen may dissolve into iron sulfide minerals 
under high pressures and temperature, but is most likely lost once pressure and temperature are removed. In 
this study, we determined deuterium contents (deuterium was used as a proxy for hydrogen as it has better 
neutron scattering properties) in iron sulfide, held under high pressure and temperature conditions, using 
neutron diffraction measurements. Our results show that the amount of deuterium in iron sulfide increases with 
both pressure and temperature, but the deuterium is lost on recovery to room conditions. The results are used 
to estimate hydrogen contents of iron sulfide minerals in the deep continental lithospheric mantle, which are 
found to be in the range 1,700–2,700 ppm. This corresponds to approximately 2–3 ppm of hydrogen in the bulk 
mantle.
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with a lower than expected density for the Martian core (Stähler et al., 2021), too low, in fact, to be explained 
by the presence of sulfur as the only light alloying element, due to its limited cosmochemical abundance. This 
raises the possibility that hydrogen may also be present in a sulfur-rich Martian core (Urakawa et al., 2004). The 
highly siderophile element concentration of the Earth's mantle has been proposed to have also been established, 
in part, through the late-stage separation of iron sulfide-rich melt to the core (Kiseeva & Wood, 2013; Laurenz 
et al., 2016; O’Neill, 1991; Rubie et al., 2016; Wood & Halliday, 2005). If this melt were also to have removed 
hydrogen from an initially slightly water-bearing magma ocean, this might potentially explain how the Earth's 
mantle became more oxidized towards the end of core formation (Delano, 2001; Kasting, 1993), through the 
reaction (Ringwood, 1977; Sharp et al., 2013),

H2O + 2FeO = Fe2O3 + H2 (1)

Furthermore, iron sulfide minerals and melts might be important hosts for hydrogen in the mantles of the Earth 
and other planetary bodies. As iron-rich sulfides are also common inclusions in diamonds, it is possible that they 
contain dissolved hydrogen that might influence their properties. To clarify these possibilities, it is necessary to 
examine how hydrogen partitions between sulfides and silicate or fluid phases under different mantle conditions, 
and most importantly under different oxygen fugacities.

A critical obstacle to the study of hydrogen in high-pressure and temperature fractionation processes, is that melt 
and mineral phases do not necessarily preserve hydrogen in quenched products recovered for analysis at ambient 
conditions. Mantle partial melt compositions, for example, can no longer be quenched to glasses in conventional 
high-pressure experiments performed above 3 GPa (Bondar et al., 2021; Tenner et al., 2009). This makes the 
analysis of hydrogen species unreliable because the quenched crystallized products might not retain the volatile 
inventory of the melt, either because the solubility is lower in the products or due to kinetic limitations caus-
ing fluid formation during quenching. This is compounded in studies on the behavior of hydrogen during core 
formation processes, because metallic iron-rich melts not only crystallize on quenching but hydrogen is also lost 
from the quenched metal and hydride phases during recovery to room pressure (Antonov et al., 1998; Fukai & 
Suzuki, 1986; Iizuka-Oku et al., 2017; Okuchi, 1997). Sulfide minerals and melts are likely similar in this respect 
and may not preserve their high-pressure and temperature hydrogen contents upon recovery to room temperature, 
at least above an as yet undetermined threshold.

There are several approaches that have been used to address the problem of hydrogen loss from metallic melts. 
Recent metal-silicate melt hydrogen partitioning experiments were performed with low bulk hydrogen contents 
(<1,000 wt. ppm H2), assuming that the recovered quench-crystallized products retained hydrogen to ambient 
conditions, as a result of the concentrations being below the threshold where hydrogen would be lost from the 
products (Clesi et al., 2018; Malavergne et al., 2019). This may well be the case, but would be more convincing if 
the retention threshold were known and could be demonstrated to reproducibly preserve the melt concentration. 
Another possibility is to rapidly decompress and then quench hydrogen-bearing iron-liquids and estimate the 
initial hydrogen concentrations from the volume of the exsolved bubble network (Okuchi, 1997). This method 
suffers from some uncertainties that are hard to gauge, such as those arising from the exact conditions, and 
therefore gas volume, at which exsolution occurs or the possibility of hydrogen loss without bubble formation. 
A final possibility is to quench metallic liquids at high-pressures and determine the hydrogen contents through 
in situ methods before the pressure is removed (Tagawa et al., 2021). Such measurements use X-ray diffraction 
to estimate the metal hydrogen contents from the expansion in the unit-cell volume, compared to hydrogen-free 
samples. Because hydrogen is essentially invisible to X-rays, this requires a calibration, using an independent 
method, for the effect of hydrogen on the unit-cell volume of the solid phase in question.

From this discussion,  it is clear that a first step in understanding the hydrogen contents of metal and sulfide 
liquids is to be able to determine the hydrogen concentrations of sub-solidus phases. This is also required for the 
thermodynamic treatment of the effect of hydrogen on melting and provides information on the potential stor-
age of hydrogen by such phases in planetary mantles and inner cores. In this study in situ time-of-flight (TOF) 
neutron powder diffraction measurements have been performed on samples of Fe(1-x)S having the NiAs-type 
structure, (i.e., the FeS V structure as defined by Urakawa et al., 2004), at pressures between 2.3 and 11.4 GPa 
and temperature up to 1300 K, in order to quantify the position and solubility of deuterium in the crystal structure. 
Fe(1-x)S V, a polytype of pyrrhotite, remains the subsolidus mono-sulfide phase in the Fe–S system, throughout 
conditions of the upper mantle and transition zone (Shibazaki et al., 2011; Urakawa et al., 2004). The experiments 

Investigation: Sumith Abeykoon, Serena 
Dominijanni, Alexander Kurnosov, Daniel 
J. Frost, Tiziana Boffa Ballaran, Tatsuya 
Sakamaki, Akio Suzuki, Eiji Ohtani, 
Asami Sano-Furukawa
Methodology: Sumith Abeykoon, 
Christopher Howard, Serena Dominijanni, 
Lisa Eberhard, Daniel J. Frost, Tiziana 
Boffa Ballaran, Hidenori Terasaki, 
Tatsuya Sakamaki, Akio Suzuki, Asami 
Sano-Furukawa, Jun Abe
Supervision: Daniel J. Frost, Tiziana 
Boffa Ballaran
Writing – original draft: Sumith 
Abeykoon
Writing – review & editing: Christopher 
Howard, Serena Dominijanni, Lisa 
Eberhard, Alexander Kurnosov, Daniel 
J. Frost, Tiziana Boffa Ballaran, Akio 
Suzuki, Eiji Ohtani, Asami Sano-
Furukawa, Jun Abe

 21699356, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026710 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [12/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

ABEYKOON ET AL.

10.1029/2023JB026710

3 of 17

were performed in a multi-anvil press installed at the J-PARC spallation neutron source in Japan. Atomic posi-
tions and site occupancies of deuterium in the FeS V NiAs-type structure were determined through Rietveld 
structure refinements.

2. Materials and Methods
2.1. Sample Assemblage

High-pressure and temperature experiments were performed using two cubic assemblies with edge lengths (cubic 
edge length—CEL) of 15.0 and 10.5 mm, for experiments at P ≤ 7 GPa and P > 7 GPa, respectively. The starting 
material was a cold pressed cylindrical pellet of FeS powder (99.9% pure troilite—from “Chempur”) with a height 
of either 5 or 4 mm depending on the size of assembly used. This was placed between two deuterated ammonia 
borane (ND3BD3) pellets, either 1.0 or 0.7 mm thick, and loaded into a NaCl capsule, with an inner diameter of 
either 3 or 4 mm. The capsules were closed with a 1 mm thick disk of NaCl. The NaCl was also used for determin-
ing the experimental pressure at high P-T. The pellets of ND3BD3 undergo thermal decomposition into BN and 
D2 (ND3BD3 = BN + 3D2), upon heating above approximately 600–800 K at high-pressure (Nylén et al., 2009). 
The capsules contained approximately 18–23 mol % ammonia borane, which creates sufficient D2 to saturate the 
FeS sample. Deuterium has a much higher scattering length/power (bound coherent scattering length = 6.67 fm) 
than hydrogen (−3.74 fm), and smaller incoherent scattering (Dawidowski et al., 2013; Sears, 1992), resulting in 
a better signal to noise ratio in the collected neutron diffraction patterns. At the same time, it is assumed that D 
and H have similar chemical behavior at high-pressure and high-temperature (Iizuka-Oku et al., 2017; Machida 
et al., 2014). NaCl is known to be an effective material for confining hydrogen at high P and T (Fukai et al., 2003; 
Machida et al., 2014; Sakamaki et al., 2009; Shibazaki et al., 2011). The capsules were placed inside a cylin-
drical graphite heater with graphite lids on the top and bottom, which in turn was inserted inside a cylindrical 
hole drilled at the center of a Cr2O3-doped MgO cube that served as a pressure transmitting medium. End caps, 
made out of ZrO2 wrapped with molybdenum foil (for electrical conduction), were then placed in contact with 
both sides of the graphite resistance heater. The 15.0 and 10.5 mm CEL assemblies were compressed to target 
pressure between six tungsten carbide secondary anvils, with square truncations of edge lengths (TEL) 10 and 
7 mm respectively. A diagram of the TEL 10 high-pressure cell assembly is shown in Figure S1 in Supporting 
Information S1.

2.2. High-Pressure and High-Temperature Neutron Diffraction

High-pressure and temperature time-of-flight neutron diffraction measurements were performed at the PLANET 
beamline (BL11) at the Material and Life Sciences Experimental Facility (MLF) in J–PARC, Japan (Hattori 
et al., 2015). The measurements were carried out using a six-ram multi-anvil high-pressure apparatus (ATSU-
HIME), where the rams are aligned along three perpendicular compression axes. Each of the six rams is capable 
of applying a load of 5,000 kN (Sano-Furukawa et al., 2014) and is attached to an outer first-stage square faceted 
anvil. The rams are advanced simultaneously and compress an inner set of six square faceted second-stage tung-
sten carbide anvils, each inside a steal retaining ring. The second stage anvils are centered and initially held in 
place by an aluminum guide frame (see Iizuka-Oku et al., 2017 Supporting Information). To eliminate neutron 
scattering from the assembly materials surrounding the sample, a set of incident slits and two sets of receiving 
radial collimators (each aligned with the 90° diffraction geometry) are placed as close as possible to the gaps 
between the second stage anvils (Hattori et al., 2015). The radial collimators are aligned so that only neutrons 
diffracted within the sample region that are perpendicular to the incident beam can reach the detectors. The 
slit size/beam sizes are chosen based on the assembly size and pressure and are reported in Table 1. Diffracted 
neutrons were collected using two detector banks, 1.5 m from the beam axis, comprised of 160 individual  3He 
position-sensitive detectors (Hattori et al., 2015).

A diffraction measurement was taken before compression of each experiment for 10 min to confirm that the 
incident neutron beam was aligned over the sample. Another diffraction pattern was collected after compres-
sion to the target pressure to (a) adjust any misalignment of the sample with respect to the neutron beam due 
to the compression of the whole assembly, (b) obtain diffraction from the NaCl pressure standard and (c) iden-
tify whether any phase transitions had occurred in the FeS sample during cold compression. Once the target 
pressure was reached, the sample was heated to the target temperature (Table 1) by supplying electrical power 
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to the heater and using a previously calibrated power-temperature relation (Figure S2 in Supporting Infor-
mation S1). This calibration has been performed with a similar experimental set up but employing a type D 
(W97Re3–W75Re25) thermocouple (error ±50 K; Hernlund et al., 2006; Nishihara et al., 2020; Rubie, 1999). A 
total of six experiments were performed with pressures ranging from 2.3 to 11.4 GPa and temperatures between 
787 and 1300 K (Table 1). Diffraction patterns were collected for up to 19 hr and were monitored during this 

time every 30–60 min. The long collection times were required to obtain a 
good signal to noise ratio, especially at higher pressures where the gap of the 
second stage anvils was smaller due to the higher load. All powder neutron 
diffraction patterns collected in this study at high P, T are shown in Figure S6 
in Supporting Information S1, in addition to those shown in Figures 2 and 4.

2.3. Neutron Powder Diffraction Analysis

Intensity and background corrections were performed for all the collected 
diffraction profiles using the diffraction patterns of vanadium pellets and 
empty sample assemblies collected at the same conditions as those used for 
our measurements (see details in Hattori et al., 2015). A full profile analysis 
of the collected diffraction patterns was performed using the GSAS/EXPGUI 
software package (Larson & Von Dreele,  2004; Toby,  2001). Different 
FeS polymorphs (Table 1) were identified in the patterns collected during 
compression and decompression (Figure 1). Moreover, cubic boron nitride 
(c BN) is present in the diffraction patterns collected after cooling in the two 
experiments performed at the highest pressures. This is produced through the 
decomposition of ND3BD3 to BN + D2 at high-temperature, and the stability of 
the cubic BN phase is consistent with the existing phase diagram (Solozhenko 
et al., 1999). Due to the smaller sample size of these two experiments, the 
top and the bottom of the sample, where the ND3BD3 pellet products resided, 
are also inside the neutron beam. Magnetite (Fe3O4) was observed in the 
experiment conducted without deuterium (blank experiment). This mineral 
formed during the experiment, likely due to the more oxidizing conditions, 
compared to the deuterated experiments, that arise due to the presence of 
small amounts of adsorbed water in the assembly and starting materials. At 
the target P, T conditions (Table 1), we observed the presence of FeS V, in 
agreement with previously reported phase diagrams (Fei et al., 1998; Kusaba 
et al., 1998; Shibazaki et al., 2011; Urakawa et al., 2004) (Figure 1). Also, 
the phases identified during the heating and cooling path agree with existing 

Figure 1. Observed high P, T polymorphs of FeS in this study (FeS I—
triangles, FeS III—squares, FeS IV—diamonds and FeS V—circles) are 
shown on the existing phase diagram, where the solid lines show the phase 
boundaries from Urakawa et al. (2004). The dashed line shows the melting 
curve of FeSHX determined by Shibazaki et al. (2011). Filled circles (in the 
FeS V stability region) indicate the conditions where Rietveld refinements 
were performed to determine the deuterium site occupancy in FeS V. Open 
symbols indicate conditions where shorter diffraction measurements were 
performed for phase identification only. The FeS II (MnP-type orthorhombic) 
phase reported by Fei et al. (1995), is not shown here as it was not detected 
during our measurements. The unit-cell parameters of all observed phases are 
reported in Table S3 in Supporting Information S1.

Run # TEL/CEL (mm) Heater material
Slit size W × H 

(mm) Starting materials Max. P (GPa) Max. T (K) Time (hrs.)
Identified phases on 
heating/cooling path

A524-1 10/15 Graphite 2 × 5 FeS + ND3BD3 2.3 (2) 787 8 FeS I a, IV a, V

A524-2 10/15 Graphite 2 × 5 FeS + ND3BD3 2.7 (2) 940 7 FeS I a, IV a, V

A526 10/15 Graphite 2 × 4 FeS + ND3BD3 6.9 (4) 960 16 FeS I b, IV b, V

A593 7/10.5 Graphite 2 × 4 FeS + ND3BD3 9.7 (4) 1,300 19 FeS III a, V + c BN b

A527 c 7/10.5 TiC + Al2O3 2 × 4 FeS + ND3BD3 11.4 (5) 1,250 3 FeS V + c BN b

A595 7/10.5 Graphite 2 × 4 FeS 7.3 (4) 960 11 FeS III a, V + Fe3O4 + Mo

Note. Some NaCl capsule material was identified in all the experiments. A524–1 and A524-2 are two data points collected for the same experiment at different P, T 
conditions (first high T measurement). TEL - truncation edge length, CEL - cube edge length. Neutron beam dimensions (slit sizes) are given as width (W) × height 
(H). Time refers to the total period over which the experiment was held at max T. At the P and T conditions reported for each experiment, the sample is FeS V phase. 
The other phases reported were either,
 aIdentified in the diffraction patterns acquired during compression (before heating).  bIdentified in the diffraction patterns acquired during cooling or 
decompression.  cBlowout occurred.

Table 1 
Summary of the Conditions at Which the Neutron Diffraction Experiments Were Performed and the Run Products Obtained During Compression, Heating and 
Decompression

 21699356, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026710 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [12/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

ABEYKOON ET AL.

10.1029/2023JB026710

5 of 17

phase boundaries (Figure 1). Rietveld refinements of the neutron diffraction patterns acquired at the highest P and 
T conditions of each experiment were performed to give insight into the deuterium position  and occupancy inside 
the FeS V structure (as described in detail in the results section).

Pressures were determined from the unit-cell volume of NaCl obtained from the full profile analysis of the 
diffraction patterns. The equation-of-state of NaCl–B1 from Dorogokupets and Dewaele (2007) was used. Uncer-
tainties in the pressure for each experiment were estimated using the error propagation equation explained in Text 
S1 in Supporting Information S1.

2.4. Determination of the Oxygen Fugacity Conditions Due To the Breakdown of ND3BD3

To examine the likely fo2 conditions during the neutron diffraction measurements, a separate experiment was 
performed that replicated the sample environment of the in situ experiments but replaced the sample itself with 
a ferropericlase-based sliding redox sensor assemblage (Taylor et al., 1992). A 2.0 mm outer and 1.0 mm inner 
diameter NaCl capsule with a total sample length of 2.5 mm, was filled with two layers of deuterated ammonia 
borane, each of ∼1.2 mm thickness, which were separated by a ∼0.1 mm thick layer of Fe0.2Mg0.8O ferroperi-
clase, mixed with 2 wt. % of pure iron metal. The capsule was closed by a 0.5 mm thick NaCl lid. The experi-
ment was performed using a 5,000 t Kawai-type multi-anvil press installed at the Bayerisches Geoinstitut (Frost 
et al., 2004) using a 18/11 set up (18 mm edge length octahedral assembly with 11 mm truncations of secondary 
stage tungsten carbide cubes). A stepped graphite resistive heater was used with a thermally insulating ZrO2 
sleeve. The temperature was monitored using a type D (W97Re3–W75Re25) thermocouple inserted axially touching 
a very thin (<0.2 mm) MgO disk (to prevent any damage from thermocouple to the capsule) placed on top of the 
capsule. The redox sensor and ammonia borane layers were equilibrated at 1300 °C and 8 GPa for 2 hr. The recov-
ered sensor was examined using the electron probe micro analyzer and was comprised of ferropericlase with the 
composition Fe0.13Mg0.87O, in addition to iron metal and brucite. The fo2 can be calculated using the equilibrium 
between the iron metal and ferropericlase FeO component and using thermodynamic properties given in Stagno 
et al. (2011). This gives a value of 1.2 ± 0.2 log units below the iron wüstite (IW) oxygen buffer.

2.5. Chemical Analyses

Three of the recovered experimental samples, A524, A526, and A527, were mounted in epoxy resin then sectioned 
and polished for chemical analysis with a JOEL JXA 8200 electron probe micro analyzer in wavelength dispersive 
mode. The sulfide assemblage was analyzed with a focused electron beam using a 20 kV acceleration voltage and 
20 nA probe current. Oxygen in the sulfides was also measured using an LDE 1 (kα) crystal (Laurenz et al., 2016; 

Figure 2. Rietveld structure refinements of the neutron time-of-flight data collected for the A526 experiment at 6.9 GPa and 960 K using the NiAs-type FeS V 
structure (hexagonal–P63/mmc, Z = 2) and NaCl. (a) Structural refinement with no D in the FeS V structure showing large residuals, (b) final structural model including 
two interstitial sites—6h and 4f partially occupied by deuterium. The weighted R factor (wRp) of the final model in panel “b” is 3.26 %, which is a 52.5 % improvement 
compared to the deuterium-free model in panel “a.”
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Mann et al., 2012). Counting times were 20 s for sulfur and iron and 60 s for oxygen, with half of each count-
ing time used for the respective backgrounds. Standards employed were FeS2 for iron and sulfur and Fe2O3 for 
oxygen. Matrix corrections were performed using the “ZAF” method. The resulting analyses yielded an average 
composition of 37.29 (0.19) wt. % S, 61.85 (0.23) wt. % Fe, and 0.46 (0.41) wt. % O, with no significant differ-
ence between the samples. Ignoring the negligible oxygen content, this gives the sulfide stoichiometry Fe0.953(5)S.

3. Results
3.1. Compressibility of the FeS V Phase

During cold compression followed by heating, we observed four different high P and high T polymorphs of the 
Fe0.95S sample, described here using the following structure designations (Table 1, Figure 1, Table S3 in Support-
ing Information S1): FeS I (hexagonal - √3a, 2c), FeS III (monoclinic), FeS IV (hexagonal 2a, c) and FeS V 
NiAs-type structure (a, c), where a and c are the unit-cell dimensions of the NiAs-type structure used to describe 
the FeS polymorphs (Kusaba et al., 2000; Urakawa et al., 2004). The FeS II (MnP-type orthorhombic) structure, 
that has been reported between approximately 3.4 and 6.7 GPa at room-temperature (Fei et al., 1995), was not 
detected during our measurements. After quenching, the high-pressure FeS V phase was preserved in most of the 
experiments and, therefore, its volume could be studied at room temperature during decompression (Table S1, 
Figure S3 in Supporting Information S1). In one run (#A526), we observed that FeS V transformed to FeS IV 
and then FeS I upon cooling and decompression. The reason for the back-transformation from FeS V to FeS IV 
in this run was likely due to the relatively slow cooling rate employed (∼50 K/min) across the phase boundary, as 
it was cooled down from 960 K at 6.9 GPa to 450 K, causing the pressure to drop to 5.8 GPa. The transformation 
from FeS IV to FeS I was observed during room temperature decompression between 2.8 – 1.8 GPa. A similar 
back-transformation has previously been observed by Kusaba et al. (2000).

The unit-cell volumes measured for FeS V during decompression (Table S1 in Supporting Information  S1) 
and normalized with respect to the room-pressure and temperature volume, V0 (60.08 (1) Å 3 - measured in 
this study), show an anomalous increase starting from approximately 6.5 GPa (Figure S3 in Supporting Infor-
mation  S1) down to room-pressure. The observed decompression curve is in good agreement with previous 
P–V–T trends for non-deuterated FeS samples, which implies that the sample has already lost its deuterium 
upon the  temperature-quench. The anomalous volume change is likely due to a pressure-induced high-spin to 
low-spin phase transition, which must start near room-pressure but appears to be completed only above 6.5 GPa. 
Such a transition has been observed by means of X-ray emission spectroscopy on an FeS troilite sample (Rueff 
et al., 1999). These authors reported the disappearance of the low-energy satellite in the Fe Kβ emission spectrum 
of FeS above 6.3 GPa. Changes in the electronic state of Fe in FeS at the same pressures were also reported in a 
high-pressure Mössbauer spectroscopy study (Kobayashi et al., 1997). Since Rueff et al. (1999) compressed troi-
lite at room-temperature, we may expect that the FeS sample had transformed to the FeS II orthorhombic structure 
above 3.4 GPa (Fei et al., 1995) and, therefore, the spin transition observed at 6.3 GPa may have occurred in this 
phase. The low-spin state of FeS was then observed up to 11.5 GPa in the same study (Rueff et al., 1999), that 
is, in the stability field of the FeS III monoclinic polymorph (Nelmes et al., 1999). The pressure interval of the 
high-spin to low-spin transition observed from the X-ray emission spectra is very similar to the pressure at which 
the anomalous change in the volume of FeS V is observed in this study (Figure S3 in Supporting Information S1). 
This implies that the local environment of the Fe atoms in the different FeS polymorphs is seemingly independent 
from the precise structure topology, causing the high-spin to low-spin electronic transition to occur over a similar 
pressure interval. The interval between room pressure and 6.5 GPa can, therefore, be thought of as a region in 
which the Fe atoms in the FeS V structure have mixed configurations, of high- and low-spin states. The anomalous 
decrease in volume is likely due to the change in the electronic state of an increasing number of Fe atoms. The 
same, seemingly anomalous, volume behavior is observed in high pressure and temperature data for FeS IV and 
FeS V structures reported in the literature (Kusaba et al., 1998; Urakawa et al., 2004) (Figure S3 in Supporting 
Information S1). These results indicate that the completion of the high-spin to low-spin transition occurs at higher 
pressures as the temperature increases. At 1200 K, for example, the spin transition appears to be completed only 
above 11 GPa. Therefore, we can expect that at the target P and T of our experiments (Table 1), the electronic state 
of Fe in the FeS V phase consists of a mixture of high- and low-spin states.

Due to the limited pressure range investigated in this study above 6.5 GPa, it is not possible for us to determine the 
room temperature equation-of-state of FeS V in the low-spin state. However, our data are in good agreement with 
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the equation-of-state reported by Urakawa et al. (2004) for the low-spin FeS V structure (note that 
in the original paper the low-spin state of FeS V was referred to as the high-pressure phase, HPP, 
whereas the high-spin state was referred to as the low-pressure phase, LPP).

3.2. Deuterium Incorporation in the FeS V Structure

With increasing temperature at high-pressure, the deuterium released from the ammonia borane 
(ND3BD3) pellets can be incorporated into the FeS V structure and it should be possible to detect its 
presence from the collected time-of-flight powder neutron diffraction patterns. Rietveld refinement 
of the diffraction pattern collected for 16 hr at 6.9 (4) GPa and 960 K (A526, Table 1) was performed 
using the structural model of FeS V (Brand & Briest, 1965) with Fe at the 2a {0, 0, 0} and S at the 
2c {1/3, 2/3, 1/4} Wyckoff positions of the P63/mmc space group. The occupancies of the two atoms 
were fixed to the values obtained from the chemical analysis, that is, full occupancy for the S site 
and 0.953 occupancy for the Fe site. The isotropic displacement parameters of both atoms were free 
to vary. All reflections in this diffraction pattern belonged either to the FeS V phase or to the NaCl 
capsule/pressure standard. No new diffraction lines were observed, indicating that the deuterium 
atoms randomly occupy the interstitial sites of the FeS V structure. The same observation was made 
by Shibazaki et al. (2011), who studied the hydrogenation of FeS V up to 16.5 GPa and 1723 K and 
did not report any change in symmetry for this compound based on powder X-ray diffraction patterns.

Structural refinement of the FeS V phase in sample A526 shows a large discrepancy between the 
observed and the calculated diffraction pattern (Figure 2-a). A difference Fourier (“DELF”) map 
was then generated and nuclear densities (up to 0.62 e Å −3) at the 6h {x, 2x, 1/4} and 12k {x, 2x, z} 
Wyckoff positions of the P63/mmc space group were observed (Figure S4 in Supporting Informa-
tion S1). Deuterium atoms were then added to the model at the two positions taken from the DELF 
map with a starting occupancy of 0.01. Rietveld refinements were then performed by either refining 
the deuterium atoms positions + occupancy or their isotropic displacement parameter (constrained 
to be equal to each other). During such refinements, the 6h position was found to be very stable, 
while atoms in the 12k equivalent positions became progressively closer to each other, suggesting 
a large dynamic disorder of the deuterium atom around an average atomic position, which can be 
described as a 4f {1/3, 2/3,z} Wyckoff position. By using this 4f position for the second deuterium 
atom site it was possible to refine simultaneously all atomic coordinates and isotropic displace-
ments parameters, Uiso, (with the D atoms being constrained to have the same Uiso). The resulting 
final refinement (Figure 2-b) shows a substantial improvement in the fit compared to the model 
without deuterium (Figure 2-a), as reflected by the improvement of the  “weighted R factor” (wRp) 
by 52.5% to a final value of 3.3% and of the Chi-square (χ 2) by 36.3% to a final value of 3.4. The 
calculated total deuterium content per formula unit (FeSDX) is 0.74 (9), corresponding to as 1.7 
(2) wt. % of D. Our final structural model for deuterated FeS V (see deposited CIF, Table 2 and 
Figure 3) is significantly different from what was proposed by Shibazaki et al. (2011) for hydrated 
FeS V based on first principle calculations. These authors suggested that octahedral interstitial 
sites are the most stable positions for the hydrogen atoms, whereas our results show that deute-
rium is instead partially occupying either a tetrahedral void (D–4f) or a position within the same 
layer defined by the S atoms (D–6h) (Figure 3). Both deuterium positions are much closer to the S 
atoms than to the Fe atoms, with the shortest S···(D–4f) distance equal to 1.22 (1) Å and S···(D–6h) 
distance equal to 1.23 (1) Å versus the shortest Fe···(D–4f) distance of 2.207 Å and Fe···(D–6h) 
distance of 1.965 Å. These short distances may be due to the strong difference in electronegativity 
between the S and D atoms suggesting some electronic interactions between the two.

This final deuterated model was then used to refine the other diffraction patterns collected for at least 
3 hr and up to 19 hr at the different P and T conditions (Table 1). The positions of the deuterium 
atoms were fixed to those obtained from the refinement at 6.9 (4) GPa and 960 K to reduce the large 
correlations between deuterium positions, occupancies and displacement parameters, as this was the 
highest quality pattern due to having the largest sample size and a long collection time. The isotropic 
displacement parameters were constrained to be equal for the two deuterium positions. The diffraction 
pattern at 11.4 (5) GPa and 1250 K was collected only for 3 hours due to the occurrence of a blowout, 
therefore, the signal to noise ratio was not sufficient for the refinement of all parameters. For this 

Ex
pe

rim
en

ta
l c

on
di

tio
ns

U
ni

t-c
el

l p
ar

am
et

er
s o

f d
eu

te
ra

te
d 

Fe
S 

V
D

eu
te

riu
m

 o
cc

up
an

ci
es

 a
nd

 re
fin

ed
 p

ar
am

et
er

s

Ru
n 

#
P 

(G
Pa

)
T 

(K
)

Ti
m

e 
(h

rs
.)

V N
aC

l (
Å

 3 )
a 

(Å
)

c 
(Å

)
V 

(Å
 3 )

6h
 si

te
4f

 si
te

x 
ap

fu
U

is
o

w
Rp

 
(%

)
χ 2

A
52

4-
1

2.
3 

(2
)

78
7

7
17

3.
24

 (5
)

3.
48

73
 (1

)
5.

71
14

 (2
)

60
.1

51
 (2

)
0.

02
6 

(1
0)

0.
02

4 
(1

0)
0.

12
6 

(1
4)

0.
23

 (9
)

3.
39

5.
97

A
52

4-
2

2.
7 

(2
)

94
0

5
17

3.
36

 (1
1)

3.
49

08
 (1

)
5.

71
68

 (2
)

60
.3

29
 (2

)
0.

03
1 

(1
2)

0.
02

8 
(1

1)
0.

14
8 

(1
7)

0.
22

 (7
)

3.
15

3.
73

A
52

6
6.

9 
(4

)
96

0
11

15
5.

1 
(7

)
3.

39
14

 (1
)

5.
55

94
 (2

)
55

.3
76

 (2
)

0.
14

 (6
)

0.
16

 (6
)

0.
74

 (9
)

0.
38

 (6
)

3.
26

3.
35

A
59

3
9.

7 
(4

)
1,

30
0

18
14

9.
51

 (3
)

3.
36

67
 (1

)
5.

52
59

 (3
)

54
.2

43
 (3

)
0.

16
 (6

)
0.

34
 (1

4)
1.

20
 (1

6)
0.

49
 (9

)
3.

67
2.

34

A
52

7
11

.4
 (5

)
1,

25
0

3
14

4.
90

 (4
)

3.
33

67
 (1

)
5.

46
96

 (3
)

52
.7

39
 (3

)
0.

11
 (5

)
0.

23
 (9

)
0.

81
 (1

0)
0.

5 a
4.

95
1.

26

N
ot

e.
 U

nc
er

ta
in

tie
s 

on
 te

m
pe

ra
tu

re
 a

re
 ±

50
 K

, a
ll 

ot
he

r u
nc

er
ta

in
tie

s 
ar

e 
gi

ve
n 

in
 p

ar
en

th
es

es
. I

so
tro

pi
c 

at
om

ic
 d

is
pl

ac
em

en
t p

ar
am

et
er

s 
(U

is
o)

 a
re

 c
on

str
ai

ne
d 

to
 b

e 
eq

ua
l f

or
 b

ot
h 

de
ut

er
iu

m
 a

to
m

s. 
w

Rp
—

w
ei

gh
te

d 
R 

fa
ct

or
, χ

2—
C

hi
-s

qu
ar

e 
Ti

m
e 

in
di

ca
te

s t
he

 d
iff

ra
ct

io
n 

pa
tte

rn
 c

ol
le

ct
io

n 
tim

e.
 a N

ot
 re

fin
ed

.

Ta
bl

e 
2 

Re
su

lts
 o

f R
ie

tv
el

d 
St

ru
ct

ur
e 

Re
fin

em
en

ts
 o

f F
eS

 V

 21699356, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026710 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [12/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

ABEYKOON ET AL.

10.1029/2023JB026710

8 of 17

diffraction pattern, the isotropic displacement parameter of the two deuterium atoms was fixed to 0.5, that is, the 
same value obtained in the refinements of the diffraction pattern collected at 9.7 (4) GPa and at a similar temperature. 
Cubic-boron nitride (c BN) is present in the experiments at 9.7 (4) GPa and 11.4 (5) GPa (Table 1) due to the use of 
a smaller sample and assembly. Obtained “weighted R factor” (wRp) ranged between 3.2% and 5.0% and Chi-square 
(χ 2) values ranged between 1.3 and 6. Details of the structural refinements are reported in Table 2, whereas examples 
of the refined diffraction patterns are reported in Figure 4. The displacement parameters of deuterium appear to be 
correlated with temperature and are quite large for the highest-pressure experiments conducted at 1250 and 1300 K, 
suggesting a large dynamic disorder of the deuterium atoms.

The deuterated model of FeS V was also used for Rietveld refinement of the neutron diffraction pattern of experi-
ment A595, where no deuterium source was added. The refinements resulted in negative displacement parameters 
and occupancy fraction for the deuterium atoms, confirming the absence of deuterium in the experiment and the 
robustness of the model for describing deuterated samples.

3.3. Volume Variation Due To Deuteration

At a given pressure and temperature, the unit-cell volume of FeS V increases because of the incorporation of 
deuterium into the crystal structure. For example, at 6.9 (4) GPa and 960 K, we observed a gradual increase of 
the unit-cell volume of FeS V over a period of 6 hr, until it became virtually constant (filled diamond symbols in 
Figure 5, Table S2 in Supporting Information S1). To clarify whether the cause of the unit-cell volume increase 
was purely due to deuteration, a second blank experiment was performed using an identical set-up but without the 
deuterium source; the conditions of this blank experiment were 7.3 (4) GPa and 960 K. In contrast to the deuter-
ated experiment, after a very small volume expansion likely due to thermal adjustment of the cell assembly, there 
was no volumetric expansion observed over a period of 11 hr (empty diamond symbols in Figure 5). This verifies 
that the volume expansion (approximately 4.3 %) observed in the deuterated experiment is a result of increasing 
deuterium substitution. After 6 hr, the deuterated FeS V structure appears to have reached equilibrium, with a 
total occupancy of deuterium XD = 0.74 (9) determined from Rietveld refinements (Table 2). The small difference 
in pressure between the non-deuterated (7.3 ± 0.4 GPa) and deuterated (6.9 ± 0.4 GPa) experiments is within the 
uncertainties and would produce no significant contribution to this volume difference, thus the difference in unit-
cell volumes is mainly due to deuteration. The unit-cell volume expansion per one deuterium atom, ΔV(D), in the 
FeS V structure (Z = 2) can be calculated as 1.53 ± 0.16 Å 3 at 6.9 GPa, 960 K. This value is smaller compared 
to that proposed for Fe-metal hydrogenation (2.21 ± 0.04 Å 3—determined at 6.3 GPa and 988 K by Machida 

Figure 3. Final structural model of deuterated FeS V (P63/mmc, Z = 2) at 6.9 GPa and 960 K. Refined occupancies of D are 
shown in red (for 6h) and blue (for 4f) as a percentage of each interstitial site. The atomic coordinates for the different atoms 
are: Fe: {0, 0, 0}; S: {1/3, 2/3, 1/4}; D-6h: {0.46(2), 0.54(2), 3/4}; and D-4f: {1/3, 2/3, 0.03 (3)}. The dashed lines mark the 
unit-cell of FeS V, and the shaded polyhedra represent Fe octahedrally coordinated by S atoms. Section views along the c-axis 
and the a-axis of the structure are shown on the left side.
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et al., 2014; 2.22 ± 0.36 Å 3—determined at 3.8–12.3 GPa and 900–1200 K by Ikuta et al., 2019). This is most 
likely because for Fe-metal, hydrogen occupies octahedral interstitial sites within layers that are not occupied by 
Fe, whereas for FeS V hydrogen occupies sites within layers that are also occupied by Fe and S.

The rate of deuterium uptake into the FeS V structure can be broken into three parts (Figure 5) based on the unit-
cell volume expansion rate of the experiment A526 at 6.9 (4) GPa and 960 K. The first phase is completed within 
the time taken to heat to target temperature (approximately 15 min) and perform the first measurement (1 hr). 
Here, there is already a significant D content, which approaches XD = 0.4 for a FeSDX stoichiometry, calculated 
using the unit-cell volume expansion per deuterium atom (1.53 Å 3). Next, the rate of uptake decreases signifi-
cantly over the next 5–6 hr until a virtually constant D occupancy (XD = 0.74) is reached (Figure 5).

In comparison with the 960 K experiment (A526), we observed faster deuterium equilibration in experiments 
at higher temperature (e.g., 1300 K—A593; Figure S5 in Supporting Information S1). The total D content was 
obtained independently using the Rietveld refinement of the diffraction pattern, indicating a total deuterium 
content of 2.74 wt. %, which corresponds to a Dx value of 1.20 (16) in FeSDX stoichiometry.

4. Discussion
4.1. P-T Behavior of the FeS V Deuterium Content and Comparison With Previous Studies

By comparing the determined deuterium contents in the experiments at 2.7 and 6.9 GPa, at 940–960 K (A524–2 
and A526), it appears that there is a clear increase in deuterium substitution with increasing pressure (Figure 6). 

Figure 4. Rietveld refinements of neutron diffraction patterns at 2.7 (2) GPa (940 K), 6.9 (4) GPa (960 K) and 9.7 (4) GPa 
(1300 K). Residuals to the fit are shown at the bottom of the figure in corresponding colors for each diffraction pattern. Cubic 
BN is identified in the diffraction pattern at 9.7 (4) GPa, in addition to the FeS V and NaCl phases.
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The effect of temperature within the range of our experiments (787–1300 K) 
is harder to gauge, although with the exception of the experiment at 11.4 GPa, 
the results are consistent with an increase in deuterium with temperature. The 
experiment at 11.4 GPa (A527, Table 1), was interrupted by a blowout after 
the first three hours of heating, which might explain the seemingly lower than 
expected deuterium content as a result of the sample not fully equilibrating 
with D2. The diffraction pattern is also of poorer quality than the others due 
to the use of a smaller sample and the short collection time. Comparing the 
volumes of the recovered samples, however, indicates that deuterium is lost 
from the FeS V sample, or strongly reduced, as the temperature is quenched 
at high-pressures (Figure 7). Although the room-temperature volume versus 
pressure curve is complicated by the change in iron spin state, it would appear 
that the samples quenched from high temperatures all follow a very similar 
decompression curve, with the non-deuterated sample also falling on this 
curve, albeit slightly on the lower side. This indicates that the majority of 
the deuterium is lost from the FeS V structure during temperature quenching, 
implying quite a strong temperature dependence to the deuterium content.

The strong pressure and temperature dependence of deuterium contents in 
solid FeS are a likely indication that an FeS liquid phase can also host at least as 
much hydrogen at the same conditions. The separation of an FeS liquid to the 
core in the final stages of core formation (Harvey et al., 2016; O’Neill, 1991; 
Rubie et al., 2016) may, therefore, have stripped sulfur and hydrogen from the 
Earth's mantle. However, quantitative estimates will require determinations 
of the partition coefficient of hydrogen between FeS-liquid and silicate melt 
as a function of P, T and oxygen fugacity. It should be possible to determine 
the deuterium content of an FeS-liquid, in equilibrium with a silicate melt, by 
cooling it to conditions where it crystallizes and then using the same in situ 
neutron diffraction analysis as performed here. The bulk deuterium contents 
would have to render FeS-liquid deuterium contents, which were at or below 
the saturated values determined in this study. By using a silica-rich melt it 
should be possible to quench and recover a glass in order to determine the 
coexisting deuterium content upon recovery.

In the study of Shibazaki et  al.  (2011), the FeS V hydrogen contents in an 
H2 fluid, produced by thermal decomposition of LiAlH4, were determined 
based on the increase in the unit-cell volume, assuming volume changes on 
hydrogenation based on dhcp–FeHx measurements (Badding et  al.,  1991). 
It should be noted that such a comparison between hydrogen-bearing and 
hydrogen-free FeS V unit-cell volumes is complicated by the presence of 
the high-spin to low-spin iron transition, which prevents the application of 
a simple hydrogen-free FeS V equation-of-state over most of the conditions 
studied (Figure S2 in Supporting Information S1). Nevertheless, the hydrogen 
contents reported for solidus conditions by Shibazaki et al. (2011) are proposed 
to increase sharply between 2 and 3 GPa, from XH = 0.02 to 0.2. They then 
increase to values of 0.4 at approximately 16.5 GPa (Figure 6). The results 
of our study, however, indicate, as Shibazaki et  al.  (2011) also suspected, 
that volume changes on hydrogenation from FeHx measurements are larger 
than for FeS V, implying that the XH concentrations determined by Shibazaki 
et al. (2011) are underestimated and may well be consistent with our study.

Iizuka-Oku et al. (2021) used neutron diffraction experiments on a multi-phase 
system containing Fe, S, MgSiO3 and D2O, to study the uptake of deute-
rium by Fe-metal and FeS over similar conditions to those in our study. They 
concluded that the deuterium content in FeS is negligible. However, they 
proposed that the presence of only small amounts of FeS (added as ∼ 5 %–10 %  

Figure 5. The unit-cell volumes of deuterated (filled diamonds–A526) and 
non-deuterated (empty diamonds–A595) FeS V plotted as a function of time. 
In the first hour, diffraction data were collected more frequently. The dashed 
line indicates the unit-cell volume of FeS V once the dissolution of D2 appears 
to be completed (55.376 ± 0.002 Å 3) and is obtained by fitting the diffraction 
data over the last 11 hr of heating, (i.e., the collection time in Table 2). 
The average unit-cell volume of FeS V in the non-deuterated experiment is 
53.111 ± 0.005 Å 3. Larger errors in the last three data points of A526 are 
caused by interruptions in the neutron source during the last 3 hr. All data are 
provided in Table S2 in Supporting Information S1.

Figure 6. Total site occupancy of D/H in FeS V (red diamonds) as a function 
of pressure. Data from previous studies on iron hydride/deuteride are shown as 
triangles and circles. The occupancy of the experiment at 11.4 (5) GPa in this 
study (shaded red diamond symbol–#A527) may be underestimated as it was 
not fully equilibrated. The blue dashed line shows the increase in hydrogen 
occupancy with increasing pressure proposed by Shibazaki et al. (2011) using 
unit-cell volume relations.
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of S powder into Fe metal powder) reduced the extent of deuteration in coex-
isting Fe metal (the major phase in their system). The low FeS V deuterium 
contents, reported in this previous study, may be due to potentially higher 
oxygen fugacities in the experiments, resulting from adding a D2O source 
rather than D2, giving rise to a lower deuterium fugacity (𝐴𝐴 𝐴𝐴D2

 ). Additionally, 
the FeS V peaks appear to be not as strong or as well resolved as in our study, 
due to the patterns being dominated by fcc-Fe metal, which causes multiple 
peak-overlaps with FeS V, particularly at lower d-spacing.

Although the NiAs–type structure of FeS V (Urakawa et  al.,  2004) is, in 
principle, the same as that of dhcp-FeHX, the accommodation of H is quite 
different, because in FeHX, hydrogen is on octahedral interstitial sites, which 
in FeS V host the S atoms. The hydrogenation/deuteration of different 
iron-metal structures has been extensively examined at high pressures and 
temperatures using neutron diffraction experiments (Iizuka-Oku et al., 2017; 
Ikuta et al., 2019; Machida et al., 2014, 2019), and the H/D site occupan-
cies obtained are compared with our values for FeS V in Figure 6. Although 
the measurements are performed at different temperatures, there is a general 
agreement in the magnitude of H/D occupancy with increasing pressure. 
There is also no obvious difference between studies using H or D. Although 
in detail there are likely to be differences in H/D accommodation due to the 
different structures involved and for FeS due to the high-spin low-spin tran-
sition, the general increase in pressure implies that this may be at least partly 
coupled to an increase in hydrogen or deuterium fugacity.

4.2. The Experimental Oxygen Fugacity and the Nature of the 
Coexisting Fluid Phase

Before considering the relationship between deuterium incorporation in FeS 
V and the deuterium fugacity, a further issue to consider is the experimental 

fo2 and the composition of the coexisting fluid. The fo2 should be controlled through the formation of a D2-rich 
fluid from the breakdown of ND3BD3, because no other fo2 buffering assemblage was employed. However, small 
amounts of adsorbed H2O and other potential volatile impurities in the capsule and D2 source can in principle 
raise the fo2 to a level higher than that expected for a pure D2 fluid. The tendency for oxidation to occur, likely 
due to absorbed water, is in fact demonstrated by the formation of small amounts of magnetite in sample A595 
where no D2 was present. To assess this a separate experiment was performed to measure the fo2 of the source 
using a mixture of ferropericlase and iron metal, which gave a value of 1.2 ± 0.2 log units below the IW oxygen 
buffer at 8 GPa and 1300 °C. It is possible to make a simple calculation for the H2 content of an O–H fluid at 
these conditions, which will not be significantly different to the D2 content (Tkacz & Litwiniuk, 2002), assuming 
ideal mixing and the equilibrium:

H2 +
1

2
O2 = H2O (2)

with values for the equilibrium coefficient K from Holland and Powell (2011), where:

𝐾𝐾 =
𝑓𝑓H2O

𝑓𝑓H2 .

(

𝑓𝑓O2

)0.5 (3)

Assuming ideal mixing in the H2–H2O fluid then:

𝑓𝑓H2
= 𝑃𝑃𝑇𝑇 .𝑋𝑋H2

.∅H2 (4)

where PT is the total pressure, 𝐴𝐴 𝐴𝐴H2
 the mole fraction and 𝐴𝐴 ∅H2

 is the fugacity coefficient of pure H2, determined 
here using the equations of state of Belonoshko and Saxena (1991). A similar expression can be written for H2O 
and when this and Equation 4 are substituted into Equation 3 and the constraint that 𝐴𝐴 𝐴𝐴H2

= 1 −𝐴𝐴H2O
 is applied, 

then the combined expression can be solved to give 𝐴𝐴 𝐴𝐴H2
 as a function of fo2. This is shown by the black curve 

in Figure 8, which indicates that at the experimental conditions and ΔIW −1.2, the fluid is calculated to be only 

Figure 7. Absolute unit-cell volumes of samples investigated in this study 
plotted as a function of pressure. Open symbols indicate non-deuterated 
or quenched experiments from different conditions. Filled diamonds 
are deuterated experiments with colors indicating the temperatures, 
whereas the yellow upside triangle is the non-deuterated experiment at 
high-pressure and high-temperature. The dotted line is a guide to the eye 
showing the decompression trend at room-temperature. The solid line is the 
equation-of-state of FeS V–HPP (low spin state) at 300 K from Urakawa 
et al. (2004). Arrows indicate the change in volume and pressure as the 
samples were quenched rapidly to room-temperature.
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36 mol % H2. The relatively high fo2 obtained in the experiments is, therefore, 
apparently inconsistent with a D2-dominated fluid, which should comprise 
more than 90% of the fluid only at ΔIW −4, according to this ideal mixing 
model.

It is unlikely that adsorbed H2O would be sufficient to dominate over the 
significant amount of stoichiometric D2 that would be released by ND3BD3, 
and it is more likely that the assumption of H2–H2O ideal mixing in the calcu-
lation is incorrect. Evidence for this comes from the observation of H2–H2O 
immiscibility at high pressures and temperatures (Bali et al., 2013), where 
separate, nearly pure, H2 and H2O fluids were found to coexist at condi-
tions of IW. The critical temperature for closure of this solvus was found to 
increase quite strongly between 1.5 and 2.7 GPa, from approximately 800 to 
1000 °C. Some idea of the consequences of H2–H2O non-ideal mixing can be 
obtained by including a further activity coefficient, 𝐴𝐴 𝐴𝐴

H2−H2O

H2
 , in Equation 4, 

which can in turn be described using a Margules interaction parameter, W, 
that is,:

𝑅𝑅𝑅𝑅 ln 𝛾𝛾
H2−H2O

H2
= 𝑊𝑊H2−H2O

(

1 −𝑋𝑋H2

)2

 (5)

where R is the gas constant and T is temperature. As shown in Figure 8, 
increasing non-ideality reduces the range of fo2 over which H2O-rich fluids 
reduce to H2-rich fluids. An H2-dominated fluid can be stabilized at an fo2 
of ΔIW −1.2, coexisting with an immiscible H2O dominated fluid, if the 
interaction parameter is approximately 45  kJ/mol. This is slightly larger 
than the value required to explain the observations of Bali et  al.  (2013) 
between 1 and 3 GPa, but the value should increase with pressure in line 
with the increase in the critical temperature. This indicates that the fo2 
determined in this study upon D2 release is quite consistent with the obser-

vations of H2O–H2 immiscibility of Bali et al. (2013). In detail, the non-ideal interaction parameter may be 
asymmetric and require a more complex P and T fitting. This should not, however, change the main implica-
tions from Figure 8, that H2-dominated fluids can be stable at higher fo2 than might be expected. Because the 
transition between H2O and H2 dominated fluids occurs over a smaller fo2 range, the mole fraction of H2 in  the 
H2O-rich fluid that dominates at higher oxygen fugacities is most likely lower than would be expected if ideal 
mixing is assumed.

4.3. A Model for the Deuterium Content of FeS V and Extrapolation to Mantle Conditions

As there are two FeS molecules in the FeS V unit-cell, then there are two 4f deuterium sites and three 6h sites 
that could potentially be occupied by deuterium for the FeS stoichiometry. However, the set of three 6h sites 
are unlikely to be all deuterated at the same time, due to their close proximity, and it seems more reasonable to 
assume that only one of these sites can be deuterated. For each FeS this means a total possible occupancy of three 
deuterium atoms (one in the 6h position and two in the 4f position), that is, a fictive fully deuterated endmember 
of FeSD3. Assuming that the ND3BD3 source produces a pure D2 fluid, which the calculations in the previous 
section seem to support, then the deuteration can be considered as,

FeS□3 +
3

2
D2 = FeSD3 (6)

where 𝐴𝐴 □  indicates the vacant interstitial sites. If for simplicity we assume disorder over all three sites, then we can 
relate the concentration of deuterium, to the deuterium fugacity and the standard state Gibbs free energy change, 
∆G o, of reaction 6 through:

ln

⎛

⎜

⎜

⎜

⎝

𝑎𝑎FeSD3

𝑎𝑎FeS□3.
[

𝑓𝑓D2

]

3

2

⎞

⎟

⎟

⎟

⎠

=
−∆𝐺𝐺o

𝑅𝑅𝑅𝑅
 (7)

Figure 8. The proportion of H2 in an H2–H2O fluid as a function of oxygen 
fugacity relative to the iron–wüstite oxygen buffer (ΔIW), calculated for 
the indicated pressure and temperature condition. The calculation uses the 
equation-of-state of Belonoshko and Saxena (1991), assuming both ideal 
mixing of H2 and H2O in the fluid (solid black curve) and for a series of 
non-ideal mixing Margules interaction parameters. As non-ideality increases, 
a back bend in the proportion of H2 occurs, which indicates regions where 
immiscible H2 and H2O–rich fluids coexist at the same oxygen fugacity. For 
an interaction parameter of 45 kJ/mol this coexistence occurs at an oxygen 
fugacity consistent with the experimentally measured value. The vertical 
red dotted line connects the coexisting immiscible fluid compositions at this 
oxygen fugacity.
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Assuming ideal mixing of D in the FeS V structure, the activities are given by:

𝑎𝑎FeSD3 =

[

𝑋𝑋D

3

]3

 (8)

and

𝑎𝑎FeS□3 =

[

3 −𝑋𝑋D

3

]3

 (9)

where XD is the deuterium content per FeS formula unit, given in Table 2. The experimental data can then be 
fitted by taking hydrogen fugacities (assumed to be identical to deuterium fugacities) from Belonoshko and 
Saxena (1991), and fitting ∆G o as ∆H o − T∆S o + P∆V o. If the anomalous 11.4 GPa data is not considered, 
the fitting parameters are ∆H o = 64.8 ± 13 kJ/mol, ∆S o = −154 ± 19 J/(mol.K) and ∆V o = 0.66 ± 0.11 J/
bar. Given that four data points are being fit with three parameters it is perhaps not surprising that the fit is 
very good and the largest residual in XD is only 0.04. The ∆V o is larger than the value of 0.3 J/bar that can be 
estimated from  the volume change on deuteration, ΔV(D), determined in this study (Figure 5), however, and if 
the ∆V o is fixed at 0.3 J/bar, the largest XD residual increases to 0.22. It may not be reasonable to assume ideal 
mixing of D in the vacant sites, however, and if we choose a single site Margules mixing parameter of −1.2 kJ/
mol then the resulting fitting parameters give a ∆V o that is in reasonable agreement with the experimental 
determination, that is, ∆H o = 112 ± 17 kJ/mol, ∆S o = −145 ± 14 J/(mol.K) and ∆V o = 0.35 ± 0.14 J/bar. 
Although these models are almost certainly oversimplified and would require far more data to become robust, 
they do allow a basic qualitative exploration of how D/H uptake in FeS V is likely to change under different 
conditions. First, both models predict that if equilibrium is maintained, the D content should drop to low levels 
on quenching to room-temperature at high-pressure, in agreement with the quenched FeS V unit-cell volumes 
shown in Figure 7.

Second, by considering that

𝑓𝑓H2
= 𝑃𝑃𝑇𝑇 .∅H2

.𝑋𝑋H2
.𝛾𝛾

H2−H2O

H2
 (10)

as in Equation 4, that is, adding a further activity coefficient to describe non-ideal mixing between H2O and H2 as 
defined in Equation 5 and consistent with the observations of Bali et al. (2013), then the effect of lower H2, fugac-
ities, can be explored on the equilibrium FeS V hydrogen contents. As Fe-Ni-rich monosulfides are the dominant 
inclusion found in diamonds, the relevant conditions to explore this relationship are those at which diamonds 
exist  in the subcratonic lithospheric mantle. For a typical cratonic geotherm, with temperatures of 1300 °C at 
6.5 GPa that is, approximately 200 km depth, then FeS V would be subsolidus (Zhang & Hirschmann, 2016) 
and in a pure H2 fluid the two models predict an FeS XH of 0.8–0.87, which is equivalent to approximately 
1 wt. % hydrogen in the structure. However, diamond bearing peridotite mantle xenoliths at these conditions 
record typical values of fo2, relative to the fayalite-magnetite-quartz oxygen buffer (FMQ), of ΔFMQ −3 ± 1 
or ΔIW +1.8. As carbon at these conditions is mainly in the form of diamond (Shirey et al., 2013), an O–H 
mixing calculation similar to that described in the previous section, at ΔFMQ of −3, predicts a H2 fluid activity 
(i.e., 𝐴𝐴 𝐴𝐴H2

.𝛾𝛾
H2−H2O

H2
 ) of 0.02, which results in a predicted FeS XH of 0.15–0.24 or 1,700–2,700 ppm hydrogen in 

the structure, depending on which FeS V fitting model is used. The hydrogen content would be half this value 
at ΔFMQ of −2. Of course, hydrogen activities may have been much lower than this during diamond formation 
and FeS inclusion capture, depending on the nature of the medium from which they are formed. This relatively 
simple calculation, however, appears to indicate that significant hydrogen contents could be accommodated by 
FeS inclusions in diamonds. If such diamonds were then brought to the surface, the reduction in temperature 
and pressure would cause the FeS inclusions to exsolve H2, which could of course react with the diamond to 
also produce CH4. The analysis of these components might give the false impression that the inclusions were 
captured at very reducing conditions. A further possibility is that this loss of hydrogen from the inclusions upon 
decompression, may cause hydrogen embrittlement of the diamond, as often encountered in diamond anvil cell 
experiments on hydrogen (Eremets & Trojan, 2009), which may then play a role in the development of the rosette 
like fracture systems often observed around sulfide inclusions in diamonds (Harris, 1972). This may also be 
promoted by the strong volume expansion that would occur due to the FeS V iron spin transition, as indicated 
in Figure 7.
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It is also possible to estimate how much hydrogen could be stored in FeS monosulfide phases within the bulk 
mantle rocks at the base of the cratonic lithosphere. If these rocks contain on average approximately 400 ppm 
sulfur (Gehlen, 1992) accommodated at these conditions in FeS V and were in equilibrium with an O-H fluid at 
ΔFMQ = −3, 2–3 ppm H2 could be hosted by sulfides in the bulk rock, which is equivalent to 16–26 ppm H2O. 
This value would decrease at higher oxygen fugacities and at shallower depths in the cratonic lithosphere. At 
greater depths the oxygen fugacity of the mantle is expected to decrease and the FeS V phase would also become 
molten promoting likely higher hydrogen contents in the sulfide phase, although this remains to be experimen-
tally tested.

5. Summary
Time-of-flight powder neutron diffraction measurements at pressures up to 11.4 GPa and temperatures to 1300 K 
were performed to study the solubility of deuterium in the NiAs-structured FeS V polytype of pyrrhotite. Thermal 
decomposition of ND3BD3 was used to create a D2 dominated fluid in the multi-anvil experiments. Rietveld struc-
ture refinements indicated the partial occupancy of deuterium on two normally unoccupied sites in the structure 
at Wyckoff positions 6h: {0.46(2), 0.54(2), 3/4} and 4f: {1/3, 2/3, 0.03 (3)} at high-pressure and temperature 
conditions, with the latter being more dominant.

The incorporation of deuterium in the crystal structure increases the unit-cell volume of FeS V by 4.3% at 
6.9 GPa and 960 K and the unit-cell volume expansion per deuterium atom, ΔV(D), is 1.53 ± 0.16 Å 3. This 
is smaller compared to that previously reported for the hydrogenation of Fe-metal phases at similar conditions 
(2.21 ± 0.04 Å 3—Machida et al., 2014). The structural model indicates that both deuterium sites are closer to 
the S atoms than to the Fe atoms, such that S and D may be covalently bonded, which may explain the smaller 
ΔV(D) value compared to Fe-metal phases. Previously reported hydrogen contents in FeS V, by means of X-ray 
diffraction volume relations are likely underestimated, due to the use of a ΔV(H) value estimated from results on 
hydrogenated Fe-metal phases (Shibazaki et al., 2011). The deuterium dissolved in FeS V at high-temperature is 
mainly lost during temperature quenching at high-pressure, as indicated by the decrease in unit-cell volumes of 
the quenched experiments.

Refinements of the collected diffraction patterns indicate that the D content in FeS V increases with both pressure 
and temperature. The total deuterium content, x in FeSDx, increases from 0.126 (14) at 2.3 GPa and 787 K to 1.20 
(16) at 9.7 GPa and 1300 K. A comparison between FeSDx and FeHx/FeDx measurements at similar conditions 
shows that there is a general similarity in the magnitude of H/D occupancy with increasing pressure. Therefore, 
sulfide segregation toward the end of core formation (O’Neill, 1991) may be a plausible mechanism by which 
H2 could have been stripped from the mantle, possibly facilitating oxidation of the mantle by H2O, although this 
remains to be tested in detail.

A parallel multi-anvil experiment was conducted to determine the oxygen fugacity of samples exposed to the D2 
fluid produced by the breakdown of ND3BD3, indicating an oxygen fugacity of 1.2 ± 0.2 log units below the iron 
wüstite (IW) oxygen buffer. This is much higher than would be expected for an O-H fluid dominated by H2 if 
ideal mixing of H2–H2O is assumed. It is consistent, however, with the degree of non-ideal mixing implied by the 
observation of immiscibility between H2 and H2O-rich fluids (Bali et al., 2013).

The D2 solubilites are fitted to a thermodynamic model which confirms that FeS V hydrogen contents should 
drop to low levels on temperature quenching at high-pressure. The model is extrapolated to the lower H2 fugaci-
ties consistent with the higher oxygen fugacities at the base of the cratonic lithosphere. At these conditions FeS 
V could still contain significant amounts of hydrogen, in the range of 1,700–2,700 ppm. Loss of hydrogen from 
diamond hosted FeS V during decompression could play a role in the development of the rosette like fracture 
systems often observed around sulfide inclusions in diamonds (Harris, 1972). Based on an average mantle sulfur 
content of 400 ppm (Gehlen, 1992), then at the base of the cratonic lithosphere a bulk mantle H2 content of 
2–3 ppm could be hosted by mantle sulfides. At greater depths lower oxygen fugacities and melting of FeS V may 
lead to higher hydrogen contents in sulfides.

Finally, it may be possible to study the partitioning of deuterium between sulfide melts and silicate melts and 
minerals at highpressure and temperature conditions, by quenching the sulfide melts to temperatures where the 
deuterium content of the crystallized FeS V assemblage is still below the D2 solubility. The deuterium contents 
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in the quenched FeS V assemblage would then be determined using the same type of in situ neutron diffraction 
measurement, whereas the silicates would be recovered to room-pressure for analysis.

Data Availability Statement
The final structural model for deuterated FeS V (CIF file) in this study is deposited on figshare repository and is 
available online at (Abeykoon et al., 2023) via https://doi.org/10.6084/m9.figshare.21820677.v2.
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