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Abstract

Planetary space missions are fundamental to improve our understanding of the deep interiors of
the terrestrial planets and moons. Fostered by an increased amount of geophysical observations,
advance models have been put forward concerning structure and dynamics of their iron-rich core.
To this end, experimental data on the properties of Fe-alloys at relevant pressure and temperature

conditions are much needed.

The Moon is the closest terrestrial body to the Earth, and also the most well constrained thanks to
the numerous space missions, including landers and orbiting spacecrafts. However, if current
models are in overall good agreement for what concerns the crust and the mantle (at depth less
than 1200 km), large discrepancies and uncertainties remain for the core region. Regarding core’s
composition, sulfur and carbon are considered the two most abundant light elements in the Moon’s
core but, given the lack of knowledge of Fe-C-S alloy’s properties, the core of the Moon is
generally modeled as either a binary Fe-S or Fe-C. This work aimed at overcoming this limitation
by providing the necessary dataset to discuss the properties of the Moon’s core on the basis of the
ternary Fe-C-S system. Local structure and density of liquid Fe-C-S alloys were studied in situ by
X-ray diffraction and absorption experiments up to 5 GPa and at temperatures between 1600 K
and 1900 K. Miscibility of liquid Fe-C-S alloys was studied by quench experiments between 2 and
6 GPa at 1650 K and 2000 K, respectively. The obtained data were employed to build a
thermodynamic model of the density of liquid Fe-C-S alloys as a function of pressure, temperature,
and light element content. This model, together with information on the miscibility gap, are used

to discuss the light element content in the Moon’s core.

Moving further out in the solar system, among the Galilean satellites of Jupiter, Europa, lo, and
Ganymede are considered highly differentiated. With limited information available, their cores
were considered to be composed of an Fe-S alloy. FesS, was suggested as a potential solid phase
forming by secular cooling of the S-rich liquid core, but its structure, lattice parameters, and
stability limits were unknown. As such, as part of this PhD work, the properties of Fe-S compounds
were studied by in situ X-ray diffraction from 11 to 15 GPa and from room temperature to melting.
Stability field of FesS; and its structural properties were determined, which indicate that FesS: is
unlikely to be present in the core of Europa, lo, or Ganymede, but that it could form upon

crystallization of S-rich Fe-S liquid cores in the range 12 to 20 GPa.
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Chapter 1 Liquid iron alloys in the context of planetary cores

1.1 Terrestrial planets and their metallic cores

The four inner planets of the solar system, i.e. Mercury, Venus, Earth and Mars are called terrestrial
(or telluric) planets because they possess an Earth-like differentiated internal structure composed
of a central metallic core surrounded by a silicate mantle, and a thin, chemically differentiated
crust. Other planetary bodies of the Solar system, such as the dwarf planets Ceres and Pluto, or
satellites such as the Moon (the only natural satellite of the Earth), Deimos and Phobos (satellites
of Mars) or lo (satellite of Jupiter) are also considered to have a terrestrial structure. Several
exoplanets such as Corot 7b or Gliese 581¢ are also expected to have an Earth-like structure, but
being larger and more massive, are generally referred to as Super-Earths. Terrestrial planets share
not only a similar inner structure but also an overall comparable core composition — iron alloyed

with nickel and lighter elements, which could include H, C, S, O, Si.

As this PhD thesis aims at the study of iron alloys at pressure and temperature conditions directly
relevant for small-sized planetary bodies, the case of the Moon and the telluric satellites of Jupiter
will be addressed with some more detail below.

1.1.1 The Moon

As today, the Moon is believed to have formed by a large off-center (not center-targeted) collision
of a Mars-sized planetary body (also called Theia) to the proto-Earth 4.5 billion years (Ga) ago,
called the Giant Impact hypothesis (Cameron and Ward, 1976; Hartmann and Davis, 1975). This
hypothesis didn’t prevail over the other three traditional ideas (fission (Wise, 1963), capture
(Singer, 1970), and binary accretion (Herbert et al., 1986)) until the Conference on the Origin of
the Moon in 1984. There are two major lines of evidence that support this idea: (i) the Earth-Moon
system possesses a significantly high angular momentum compared to the other terrestrial planets,
the energy of which could be accounted for by a giant impact (Cameron, 2001; Canup and Asphaug,
2001); (ii) the identical isotopic ratio of Moon and Earth, which indicates a common origin
(Lugmair and Shukolyukov, 1998; Wiechert et al., 2001; Touboul et al., 2007; Zhang et al., 2012;
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Mougel et al., 2018). Due to the high energy of the collision, the Moon was largely molten at the
beginning of its formation, with a thick magma ocean (up to 1000 km) (Elkins-Tanton et al., 2011).
During the following tens of million years, the plagioclase floated up to the surface and crystallized,
finally forming the crust (Elkins-Tanton et al., 2011; Lin et al., 2017), while the progressive
solidification of the deep lunar magma ocean makes up the mantle. Paleomagnetic and tungsten
isotopic studies suggest the metallic core have formed a few hundred million years later (Runcorn,
1996; Touboul et al., 2007). The differentiated three-layer model consisting of crust, mantle, and
core, similar to the Earth, has been accepted as the most basic structure of the Moon (Fig 1.1).

Crust

Mantle

Core

Fig. 1.1 The widely accepted three-layer model of the Moon’s internal structure. The dark red area
represents a potential inner core.

The rapid development of space technology in the second half of the past century led to a gain in
the knowledge of the Moon’s internal structure at an unprecedentedly high rate. On 4 October
1959, the Soviet Luna 3 spacecraft first achieved to photograph the surface of the far side of the
Moon, which was a milestone in lunar exploration history. During the following tens of years,

intensive lunar programs were carried out, by which plenty of soil samples were returned to Earth
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(Papike et al., 2018; Qian et al., 2021), considerable geodetic (e.g. Konopliv et al., 1998; Williams
et al., 2014) and topographic (Qian et al., 2021) data were collected by orbiting spacecrafts, and,
numerous moonquakes (Nakamura et al., 1973 and 1974) were recorded by the seismometer
network installed during Apollo missions. Integrating all the independent observables and
extensive information permitted to propose an overall internal structure of the Moon, with some
physical properties — such as density, sound velocity, and depth of interfaces— directly obtained
for each of the basic layers (Tompkins and Pieters, 1999; Gagnepain-Beyneix et al., 2006; Khan
et al., 2014; Garcia et al., 2019). Fig 1.2 shows a summary made by Garcia et al., (2019) of the
density, compressional and shear wave velocities as a function of depth according to selected
studies. As quite evident, the current models are in good agreement for what concerns the Moon’s
crust and mantle (at depth less than 1200 km), but large discrepancies and uncertainties remain for
the core region. As indicated by the shear sound velocity, in some models the core is fully molten,
while in others it has a solid inner core (shears waves do not propagate in liquids). This depends
on the way the models are built, which in turn implies that the current observables, although the
more and more accurate, are not yet enough to allow establishing a unique Moon’s model. In
particular, the density, ranging from ~4 to 8 g/cm? in the deepest area, would relate to significant

differences in the possible compositions.

Recently, we are witnessing a renewed interest for the exploration of the Moon, with numerous
robotic and crewed lunar missions proposed or under development by various countries, and in
primis the NASA Artemis program [https://www.nasa.gov/specials/artemis/] and Chang’E 6 by
CNSA. Further observations and further data are expected to come providing further constraints

on current understanding of lunar formation, structure and evolution.
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Fig. 1.2 Compressional and shear sound velocity and density as a function of depth within the Moon
according to various models. The dash lines represent the uncertainties where available. The black dashed
curves in the first 500 km range indicate the sound velocity contours with highest probability density
extracted from Khan and Mosegaard, 2002. The figure is from Garcia et al. (2019).

Focusing on the Moon’s core, primary object of interest in this thesis, discrepancies exist regarding
its physical properties (e.g. Hood et al., 1999; Weber et al., 2011; Viswanathan et al., 2019;
Nakamura et al., 1973 and 1974) and chemical composition (e.g. Steenstra et al., 2017a and 2017b).
The absence of clear detection of seismic waves passing through the core argues for the fact that a
fluid region exists in the deep interior (Nakamura et al., 1973). Combining the electro-magnetic
sounding data (Hood et al., 1999) with the fact that the lunar samples from the surface are iron-
depleted (Lucey et al., 1995), the notion that the core consists of mainly iron is now largely
accepted, but the possible existence of a solid inner core, as suggested by some seismic studies
(Weber et al., 2011) remains unconfirmed, and not favored by analysis of the moment of inertia
(Williams et al., 2014; Morard et al., 2018). On the other hand, the paleomagnetic studies show
the existence of a global magnetic field up to 3.6 Ga ago (Cisowski et al., 1983), with a strength
of the order of 100 mT (Fuller and Cisowski, 1987), and a plausible mechanism accounting for

this is a long-term core dynamo (Stevenson et al., 1983) sustained by the growth of a solid inner
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core (Laneuville et al., 2014; Mighani et al., 2020). Since the core dynamo was considered to cease
sometime between 1.92 and 0.8 Ga ago by analyzing the Apollo breccias (Mighani et al., 2020),
other mechanisms accounting for the core dynamo have been thought less possible, due to the less
sustainability. For instance, thermal convention would sustain a core dynamo only until ~3.5 Ga
ago (Laneuville et al., 2014), and a dynamo driven by mantle precession is able to persist until

sometime between ~3.4 and 2.0 Ga (Dwyer et al., 2011).

Thanks to the lunar missions carried out during the past three decades (e.g. Lunar Laser Ranging,
Viswanathan et al., 2019; Dickey et al., 1994 and GRAIL, Wieczorek et al., 2013; Williams et al.,
2014), planetary data (including mass, gravity, mean density, and mean moment of inertia) have
been obtained with unprecedented accuracy, allowing improved geodetic constraints. Regarding
the core, a few consensuses have been reached: (1) The mean core density, needed to account for
the measured moment of inertia, is below that of pure iron; (2) Sulfur (Laneuville et al., 2014; Rai
and Westrenen 2014) and carbon (Steenstra et al., 2017b) have been widely considered as two
major candidates incorporated with iron in the Moon’s core, because of their effectiveness in
decreasing the density (Morard et al., 2018; Xu et al., 2021) and the melting point of pure iron
(Buono and Walker, 2011; Fei and Brosh, 2014 ), as well as of their high solubility in iron (Morard
et al., 2018; Fei and Brosh, 2014); (3) The core radius has been restrained to a relatively narrow
range from ~340 km to ~400 km by electromagnetic sounding (Hood et al., 1999) and seismic
and geodetic data inversion (Garcia et al., 2019), with few studies pushing the uncertainties down
to almost 10 km (e.g. Viswanathan et al., 2019).

1.1.2 Galilean Satellites of Jupiter

Jupiter, with its four Galilean satellites, Europa, 1o, Ganymede, and Callisto, has been long thought
of as a ‘miniature solar system’. These satellites were considered to have formed by condensation
and accretion in the subnebula around Jupiter, similar to the solar system (Pollack and Fanale,
1982), while their internal structure was not really constrained until measurements of gravity and
magnetic field by the Galileo spacecraft, starting 1995. The four satellites have a comparable size,
with radii ranging from R=1565 km for Europa to 2631 km for Ganymede, with the central
pressure ranging from ~6 GPa to ~10 GPa. Among the four bodies, Europa, 1o, and Ganymede are

believed to be differentiated, possessing a rocky mantle and a metallic core, shown in Fig. 1.3.



Although the gravity constraints require the existence of denser cores likely made of iron alloys
for Europa, lo, and Ganymede, their chemical composition and states remain unknown. Sulfur was
always favored as light element, when not considered as the only light element for discussions and
modelling. For example, Anderson et al. (1998) assumed that the core size of Europa could account
for 50% of its radius if the core is composed of a binary Fe-FeS alloy at the eutectic composition.
Later on, Anderson et al. (2001) provided two core models for lo: the radius would be either
550~900 km for a core made by eutectic Fe-FeS, or 350-600 km for a core made by pure Fe.
Almost all the current models of the Galilean satellites have been established on the basis of data
reported by the Galileo and VVoyager missions and are relatively simple, with many properties far
from being well understood. The launch of the JUpiter ICy moons Explorer (JUICE) mission by
the European Space Agency in planned in 2023. One of the objectives of this mission is to probe
the gravity field of Europa, Ganymede and Callisto, allowing for an improved understanding of
their internal mass distribution and hence of the internal structure of these potentially highly

differentiated planetary bodies.

Fig. 1.3 Internal structure of the Galilean satellites, lo, Europa, Ganymede, and Callisto from left to right,
rescaled with respect to their actual sizes. Figures are from Jet Propulsion Laboratory, NASA
[https://www.jpl.nasa.gov/images]. A metallic core distinct from the mantle is visible for lo, Europa, and
Ganymede (central sphere), while the interior of Callisto is a mixture of rocks, metal, and ice. Europa and
Ganymede have a water shall (blue layer), with an unknown liquid water — ice ratio, located at an undefined
depth.

Sulfur is always favored as the main light element in the core of those outer-solar-system planetary

bodies due to a more oxidized environment. If sulfur is the only light element, or account for a
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large proportion of the light elements incorporated in their cores, knowledge of the phase diagram
of the Fe-S system at pertinent pressures is critical to model crystallization and assess the stable
solid phases. In fact, several solid phases intermediated between Fe and FeS, such as FesS» and
FesS, have been reported to be stable at pressures of direct relevance for the cores of the Galilean
satellites of Jupiter, while exact phase boundaries and physical properties are not clear. On one
hand, the precise transition conditions for these intermediate phases determine whether they would
be produced during the core crystallization. On the other hand, once one or more intermediate
phases form during the core crystallization, their physical properties would be key information for

understanding the core properties.

1.2 State of art of the properties of the iron alloys at pertinent conditions

Since iron and iron alloys are the main candidates for the core constituents of terrestrial planetary
body, there have been a large amount of studies concerning the high-pressure and high-temperature
(HP-HT) physical properties (phase diagram, melting curve, density, sound velocity and thermo-
elasticity of solid and liquid phases, etc.) of binary iron alloys, i.e. iron with light elements such
as O, Si, S, and C (e.g. Morard et al., 2007) , and, to a less extent, on ternary iron alloys such as
Fe-C-S and Fe-O-S (e.g. Tsuno et al., 2007) at conditions relevant for small- and middle-sized

bodies.

Here the melting curve and the physical properties of liquid Fe-S, Fe-C, and Fe-C-S will be

reviewed.

1.2.1 Phase diagram and melting curve

All the terrestrial planets are expected to have experienced extensive melting during their
formation and differentiation, and, depending on their thermal history, they might have crystallized
(or will crystallize in the future) a solid core. The Earth has been proved to possess a solid inner
core while there is not yet firm evidence for the core status of other terrestrial planetary bodies.
Therefore, the melting curves (liquidi and solidi) of iron alloys, especially on the Fe-rich side, are

important information to help restrain the core status (estimating the temperature) or temperature
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(estimating the status). The knowledge of the slope of the solidus, in comparison to the adiabatic

gradient is also of primary interest, as this controls the crystallization regime.

As the occurrence of melting can be detected by observation of the texture of recovered samples,
in principle, experiments devoted to melting measurements could be simply carried out with a
pressure - and temperature - generating device, and melting curves can be precisely determined if
the P-T conditions are well constrained by reliable calibrations, without requiring more complex
in situ experiments. Accordingly, the booming of high-pressure techniques has led to the
publications of a considerable amount of data on Fe-C, Fe-S and Fe-C-S melting relations at high

pressure since 1970s.

The first high-pressure melting experiments for Fe-S was conducted in a single stage apparatus by
Brett and Bell, 1969. The phase diagram at 3 GPa has been determined by analyzing the recovered
samples. With the rapid development of multi-anvil apparatus and other high pressure devices,
more results have been published (e.g. Usselman, 1975). The experimental results on the eutectic
melting of Fe-FeS is summarized in Fig.1.4. Large discrepancies among existing studies could be
explained by large uncertainties on the temperature determination, in particular in the in early
experiments. The Fe-FeS binary phase diagram was studied by Fei et al. (1997 and 2000) over an
extended pressure range, revealing a peculiar evolution of liquidus with respect to pressure up to
20 GPa, and several intermediate Fe-S compounds at high pressures (Fig 1.5). Buono et al. (2011)
conducted melting experiments at 6 GPa and established a thermodynamic model by integrating
all the available melting data. As today, a great number of works have been dedicated to the
melting properties of the Fe-FeS system under moderate pressure. However, discrepancies still
remain, especially for the data with opposite trends below 15 GPa. While most early studies
suggest a constantly increasing melting temperature with pressure, some later work by Fei and
Morard found the melting temperature decrease with pressure below 15 GPa followed by an
increase at higher pressure. Errors on the temperature may be attributed to different measurement

techniques.
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Fig. 1.4 Eutectic melting temperature of Fe-FeS at pressures below 40 GPa. All the curves are interpolated
from experimental data. discrepancies are visible in the various studies and often related to the different
methods. For instance, temperature is determined by the Planck’s radiati function for DAC (Diamond Anvil
Cell) experiments in Boehler, 1996, and by thermocouples in a large-volume device Usselman, 1975.
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The first study on phase diagram of Fe-C under pressure was conducted two years after that of Fe-
S (Strong and Chrenko, 1971), and reported a marked increase of the melting temperature with
pressure. More results concerning the melting relation have been reported since 1990s (e.g.
Hirayama et al.,1993; Chabot et al., 2008). Systematical studies on the evolution of the phase
diagram with pressure was conducted by Nakajima et al. (2009), with a specific focus on C-rich
side, and by Fei and Brosh. (2014), covering the pressure range from 5 GPa to 20 GPa. These

results are shown in Fig.1.6.
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Fig.1.6 Phase diagrams of Fe-Fel0wt%C in the 5-20 GPa range. Images are from Nakajima et al. (2009)
(left column) and Fei and Brosh (2014) (right column). Note that Nakajima’s results contain only their own
data on C-rich side of Fe-C, while the phase diagrams of Fei are thermodynamic models based on their
experimental data at 5 GPa (green), the data of Nakajima et al. (2009) (red), and Chabot et al. (2008) (dark
blue).
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Similar to Fe-FeS, the phase diagram and melting relations of Fe-C are thus well constrained.
Conversely, the data on the melting relations in the ternary Fe-C-S remain limited, mainly due to
the complexity of the ternary system. There are only a few published studies on the melting of Fe-
C-S. Two starting compositions on C-rich side, Fe-5 wt%C-5 wt%S (hereafter referred to as ‘Fe-
5C-5S’) and Fe-5C-15S were studied by Dasgupta et al. (2009), showing that an iron carbide, Fe3C
or Fe7Cs depending on the pressure, is the only solid phase just below the liquidus. The solidus
and liquidus of the two compounds were interpolated from 2 to 6 GPa and are shown in Fig. 1.7.
Later on, the melting of four more compounds was reported in the pressure range of 3.5-20 GPa
(Deng et al., 2013). For the two C-poor samples, the first crystallizing phase was found to be
metallic Fe instead of iron carbide. These results indicate that carbon content still plays a
significant role in the crystallization regime of liquid Fe-C-S. However, data are still spurious to
determine the eutectic melting or the liquidus surface for the ternary at pertinent pressures for

planetary cores.
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1.2.2 Density of the liquid phase

Early studies have focused on the density of liquid iron and some binary iron alloys at ambient
pressure. Density of liquid iron has been intensively studied by various methods, and the values
with the methods at 1550 °C are summarized in table 1.1. A part of the experimental data for liquid

iron were integrated and examined by Assael et al. (2006) to build a standard, shown in Fig. 1.8.

Table 1.1 Density of liquid iron at 1550 °C from literature

References Measurement method Density (kg/m?)
Hixson et al., 1990 Sessile drop 6970
Jimbo and Cramb, 1993 Sessile drop 7124
Vertman et al., 1964 Sessile drop 7020
Lucas, 1960 Maximum bubble pressure 7020
Frohberg and Weber., 1964 Maximum bubble pressure 7060
Dragomir et al., 1964 Maximum bubble pressure 7000
Saito et al., 1969 Maximum bubble pressure 7030
Kirshenbaum and Cabhill, 1962 Archimedean 7000
Morita et al., 1970 Archimedean 7130
Lucas, 1972 Archimedean 7170
Adachi et al., 1970 Levitation 6950
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Fig. 1.8 Density as a function of temperature (the solid curve) at ambient pressure made by Assael et al.
(2006). Discrete data are from experiments. Open rhombuses: Brillo and Egry, 2004; Open squares: Sato,
2003; Open triangles: Lucas, 1972; Open circles: Saito et al., 1969; Closed squares: Lucas, 1960; Closed
triangles: Frohberg and Weber, 1964; Closed circles: Kirshenbaum and Cahill, 1962.

The density of liquid Fe-S at 1900 K as a function of sulfur content at ambient pressure was
summarized by Morard et al. (2018), shown in Fig. 1.9. The thermodynamic model built in this
study (the solid curve) is in good agreement with the experimentally determined results of
Nagamori et al. (1969) and that from molecular dynamics simulations of Kuskov et al. (2006), but
large discrepancies are indicated compared to the ab initio calculations (Jing et al., 2014; Nishida
et al., 2016). The results of Nishida et al. (2016) were extrapolated from 4 GPa, so a deviation
could happen. The density of Jing et al. (2014) was calculated from elastic parameters, which could

generate large uncertainties due to the transmission error.
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Fig. 1.9 Ambient-pressure density of liquid Fe-S alloys as a function of sulfur content at 1900 K. The plot
is made by Morard et al. (2018). The solid curve is thermodynamic model built with pure-iron data from
Assael et al. (2006) and S-rich liquid data from Nagamori et al. (1969).
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Regarding the density of liquid Fe-C alloys at ambient pressure, a study has measured the density
of a series of iron-graphite mixtures from melting using the sessile drop method (Jimbo and Cramb,
1993). With the volumes of the drop determined by the symmetry, the liquid density was extracted
at each temperature stage, and a density function of temperature and carbon content was thus built

with the experimental results.

When it comes to high pressures, the measurement of liquid density has been for long time, and to
certain extent still today, extremely challenging due to the significant technical difficulties.
Especially for pure iron, the density at high pressure or the equation of state has never been directly
determined by experiments, because of not only the technical challenges, but also the fact that the
purity of liquid iron is strongly affected by the surrounding materials of the high pressure
assemblies. For iron alloys, liquid densities at high pressure were mainly obtained from the
equation of state with experimentally-determined zero-pressure bulk modulus and its inferred
derivative to pressure (e.g. Stolper et al., 1981), and by molecular dynamics simulations (e.g.
Woodcock et al, 1976) before 2000s. Regarding the experimental approaches, the ‘sink/float’
method was the most effective way of measuring the liquid density under pressure, bracketed
between the densities of the sinking/floating markers placed in the sample capsule. This method
was originally employed for silicate melts (e.g. Herzberg et al., 1982), and improved by Balog et
al. (2001 and 2003), and first applied to liquid Fe-10S. More recently, the density of a series of Fe-
S compounds was measured by the same method (Nishida et al., 2008).

With the emergence of third generations of synchrotron radiation sources, various techniques
combining high-brilliance X-rays with various high-pressure apparatus have become available,
and since then, measurements of liquid densities of iron alloys have seen a booming. For instance,
using the in-situ X-ray absorption method, the density of Fe-10S, Fe-20S, and Fe-27S was studied
from 1.5 GPa to 6.2 GPa and 1500 K to 1780 K (Sanloup et al., 2000) and the density of liquid
FeS was measured up to 3.8 GPa and 1800 K (Nishida et al., 2011). Later on, in situ X-ray
diffraction has also been employed to measure the liquid density. Fe-S with various S content was
studied below 10 GPa by Morard et al. (2018) and Xu et al. (2021). In Morard et al. (2018), an
equation of state and a mixing model were developed to determine the density as a function of S
content and pressure. Xu et al. (2021) proposed models for thermal expansion coefficient as a
function of S content. A summary of developed models and selected datasets of the Fe-S system
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is illustrated in Fig. 1.10. While data still show some scattering, the effect of S is overall well
accounted by the models, and the incorporation of sulfur into liquid iron has been proven to

considerably decrease the density of the alloy.
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Fig.1.10 Density of Fe-S liquids as a function of pressure around 1900K. The solid curves equations of
state of FegS10, Fes0S20, Fe70S30, FesoSa0, and FeS at 1900 K obtained fitting the experimental data by
Morard et al. (2018). The dash curve is a EOS of FegSi6 at 1770 K by Sanloup et al. (2000). Solid squares,
and triangles are experimental data from Nishida et al. (2008 and 2011), respectively. Solid circles are
obtained by interpolation or extrapolation of the experimental data of Xu et al. (2021). Zero-pressure data
are from Assael et al. (2006) (open rhombus), Kuskov and Belashchenko (2016) (solid diamonds),
Nagamori et al. (1969) (open squares), and Nishda et al. (2016) (open circle), which have been corrected to
1900 K. The sulfur content is color-coded (see color bar in the graph).

Studies on density of liquid Fe-C alloys appeared after those on Fe-S, and, with the exception of
Morard et al. (2017), all the data are from in-situ X-ray absorption experiments. Terasaki et al.
(2010) employed FesC powder as starting material, and obtained the liquid density up to 9.5 GPa
and 1973 K. Although the error bars are large, these are the first results published for Fe-C. Fe-
5.7C and Fe-3.5C were later on studied by Sanloup et al. (2011) and Shimoyama et al. (2013) up
to 7.8 GPa and 6.8 GPa. In particular, the temperature dependence of the density was determined
by Shimoyama et al. (2013) from 1500 K to 2200 K. All the published data for Fe-C around 1900
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K together with that of pure liquid Fe are summarized in Fig 1.11. Compared to sulfur, carbon has
a smaller effect on the density of liquid iron. Noteworthy, a phase transition of Fe-C liquids was
observed around 5 GPa by a density leap (Shimoyama et al., 2013), and afterwards supported by
a subtle structure change (Shibazaki et al., 2015; Chen and Wang, 2020).
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Fig. 1.11 Density as a function of pressure for Fe-C liquids around 1900K. The solid line represents results
for pure iron from Anderson and Arhens, 1994. Open and filled points are experimental results at ambient
pressure and high pressure with the composition annotated nearby (Jimbo and Cramb, 1993; Terasaki et al.,
2010; Sanloup et al., 2011; Shimoyama et al., 2016). Dashed curves are guides for eyes.

Noteworthy, no density data of liquid Fe-C-S ternary alloys have been published yet. The density

determination of liquid alloys in the ternary Fe-C-S system, and the modelling of the data are two
main parts of this thesis work.

1.2.3 Liquid local structure

Differently from crystals, liquids do not have a long-range structure, and exhibit only short-range
orders, i.e. order at distances comparable to interatomic distances (for a more detailed discussion

please refer to Chapter 4). Fig.1.12 shows a schematic diagram of the structure of gas, liquid,
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amorphous, and crystalline materials, in which the pair distribution function represents an overall

probability distribution of other atoms to an arbitrary one as a function of r, and the structure factor

describes how the materials scatter the incident radiation. A detailed description about structure

factor, pair distribution function, and their relations are provided in 4.2. From structure factor S(Q)

and pair distribution function g(r), the structures of different phases are easily discerned. Focusing

our attention on liquids, the g(r) shows a defined structure only in the low r region, related to the

local maxima of the atomic distribution, which is characteristic of the short-range order of the

liquid. With increasing distance, the distribution function approaches 1, indicating that the order

no longer exists in the long range.
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Fig.1.12 Schematic view of the structure of gases, liquids, amorphous substances, and crystals and
corresponding pair distribution function g(r) and structure factors S(Q). The graph is from Waseda (1980).
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The local structure of Fe-C and Fe-S has been studied by in-situ X-ray diffraction (e.g. Shibazaki
and Kono, 2018) as well as by ab-initio calculations (e.g. Ohmura et al., 2020). Regarding sulfur,
the addition of a small amount of S (up to 18.1 at% according to Xu et al. (2021)) was demonstrated
not to modify the local organization of the liquid Fe, while the structure of Fe-S alloys shows the
less and less order with increasing S content from 23.5 to 50 at%S (Shibazaki and Kono, 2018).
As shown in Fig. 1.13(a), the second oscillation onward become less clear, indicating the disturbed
local structure. Similar effect was also observed by Xu et al. (2021) starting from 25.1 at%S, and
the structure becomes poorly organized for the most S-rich liquid, FesssSs1.2, in good agreement
with the former study. On the other hand, C inclusion shows minor effects on the liquid structure,
which remains relatively highly ordered up to 25 at% of C (Fig. 1.13(b)). This different behavior
was attributed to the relative size of sulfur and carbon atoms. With a larger ionic radius, sulfur
atoms would cause a larger perturbation to Fe-Fe bonds (Morard et al., 2018), while smaller C
atoms don’t. Regarding the insertion mechanisms, both sulfur and carbon are generally considered
as interstitial elements as they very slightly extend the position of the first and second oscillations
in the g(r). However, a recent ab initio calculation argued for sulfur to be a substitutional element
as the atomic volume stays constant with increased S content at 140 GPa and 5000K, indicating a

pressure and temperature dependence of the incorporation mechanics (Ohmura et al., 2020).
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Fig.1.13 Pair distribution function of Fe-S (left) and Fe-C (right) liquids for increasing S or C content
(bottom to top). The plot is from Shibazaki and Kono (2018). The oscillations from the second one onward
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become the less and less marked for alloys with 23.5 at%S or more, while the structure remains essentially
unchanged for the here-considered Fe-C liquids.

Similar to the case of density, currently there is no study addressing the structure of ternary Fe-C-

S liquids, which is going to be studied by in-situ X-ray diffraction in this thesis work.

1.2.4 Sound velocity of liquids

Only compressional waves can propagate in liquids. The compressional sound velocity of liquids
can be either determined by experiments, such as ultrasonic techniques, or by calculation with
necessary thermo-elastic parameters. Here, only experimental results are presented. By ultrasonic
interferometry, the sound velocity of liquid Fe-S was measured up to 8.2 GPa and 2000 K (Jing et
al., 2014; Nishida et al., 2016), and the results are shown in Fig 1.14. While there is a slight
disagreement on the absolute values, both studies indicate a less effect of sulfur on the sound

velocity of pure iron with pressure increases.
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Fig. 1.14 Sound velocity as a function of pressure between 1573 K and 1973 K. Solid curves are velocity
profiles estimated from experimental data by Jing et al. (2014). Short-dashed curves and dashed curves are
interpolation of experimental data of low-pressure phase and high-pressure phase by Nishida et al. (2020).
The chemical composition is annotated beside the curves.
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Ultrasonic experiments have been also performed on Fe-C liquids. Sound velocity of Fe-3.5C was
measured in a cubic press up to 3.4 GPa by Shimoyama et al. (2016), and results are shown in Fig.
1.15. The extrapolated value to ambient pressure is in good agreement with the ambient-pressure
data. Although a reduction in the measured velocities with increasing temperature dependence is
reported, all the data are quite close to the velocity of pure iron. The influence of C on the sound
velocity of liquid iron is thus considered very limited, even though data are limited to only one
compound. Up to date, no sound velocity data either from experiments or from calculations have
been reported yet for Fe-C-S alloys. In this study, the sound velocity of liquid Fe-C-S alloys is

going to be calculated starting from the measured density and thermo-elastic parameters.
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Fig. 1.15 Sound velocity as a function of pressure for FegsCi4 from Shimoyama et al. (2016). Solid and
open symbols represent, respectively, experimental results at high pressure and ambient pressure data
reported by Pronin et al. (1964). Red solid curve is a fit to the data in 1700-1750 K. Black solid and dash
curve corresponds respectively to iron data at 1700 K (Jing et al., 2014) and along the adiabat with a
potential temperature of 1811K (Anderson and Arhens, 1994).
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1.2.5 Interest of structural and thermo-elastic properties of liquid iron alloys for planetary

science

As addressed above, the majority of studies on the structural and thermo-elastic properties of liquid
iron alloys are limited below 10 GPa. Accordingly, these results are generally used to model the
core of small planetary bodies of the solar system such as the Moon and Jupiter’s satellites, and
sometimes extrapolated to address small planets such as Mercury and Mars. For instance, sound
velocity and density measurements of solid Fe in combination with measurements on liquid Fe-S
have been used to reinterpret seismic travel time reported in Weber et al. (2011) to propose a
density, velocity and compositional model for the Moon’s core (Antonangeli et al., 2015). Sulfur
estimation in the liquid core based on acoustic data range between 3-6 wt% (Antonangeli et al.,
2015), 1-7 wt% (Jing et al., 2014) and 10.5 wt% (Nishida et al., 2016), while less than 6 wt%S
(Rai and Westrenen, 2014) was advocated on the basis of metal-silicate partitioning experiments.
Alternatively, if C is the dominant light element, a lunar core made by a binary Fe-C alloy could
contain 0.6-4.8 wt% of C, as reported by a simulation study on the early magma ocean (Steenstra
et al., 2017b). However, almost all the discussions and interpretations of the observations are
restrained to binary systems as the direct consequence of the lack of knowledge of the properties
of multicomponent alloys (e.g. Fe-C-S), with partial exception concerning the melting and
miscibility behavior as few data are availiable (Corgne et al., 2008; Dasgupta et al., 2009). Because
of the plausibility of a multi-component core, the physical properties of the Fe-C-S alloy at high
pressure and high temperature would be key information for an improved understanding of core

composition, and thus formation and thermal evolution of the metallic core of small telluric bodies.

1.3 The aims of the current work

This thesis work aims at providing tighter constraints on the light element content in the Moon’s
core, modeled on the basis of a more realistic ternary Fe-C-S system. Indeed, if the core were
partially molten, a solid inner core composed of Fe (+C) or iron-carbide, would be surrounded by
a liquid outer core made of Fe-C-S. Otherwise, if the core were fully molten, this would be either
a homogeneous Fe-C-S alloy, or a two-layers structure, with an inner carbon-rich and sulfur-

depleted layer, and an outer layer sulfur-rich and carbon-depleted. The immiscibility-induced core
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stratification would happen only if the bulk chemical composition of the core lies in the immiscible

region of Fe-C-S liquid.

If the Moon is the target of our primary interest, the gained knowledge on the properties of the
ternary Fe-C-S system can also be used to address the properties of telluric planetary cores with
respect to their size and composition, encompassing pressures expected at the center of Ganymede
and including pressures already pertinent for the core of Mercury.

To address the properties of an Fe-C-S liquid core, be this the entire core or an outer core
surrounding a solid inner core, the structure of a series of liquid Fe-C-S alloys was studied in-situ
at high pressure and high temperature by X-ray diffraction, while the density of the samples was
extracted both by analysis of the X-ray diffraction pattern and both by X-ray absorption profiles.
The co-effect of sulfur and carbon on the structure of liquid iron was investigated and compared
to the individual effect of sulfur or carbon. The density obtained from the two methods were
compared and discussed. As a key goal of this work, the densities as a function of pressure of
alloys with different S and C content were employed to develop a mixing model for liquid Fe-C-
S alloy. This thermodynamic model was in turn used to constraint the C and S concentration
needed in the Moon’s core to account for the geodetic observations. The measured densities and
the thermo-elastic parameters obtained fitting the pressure-volume relations at high temperature
also allow the calculation of the compressional sound velocity. In order to establish a precise
mixing model, samples spanning over a large range of sulfur content were required as starting
material because sulfur is much more soluble in liquid iron than carbon. The starting compositions
selected for this thesis work were Fe-1.5C-4S, Fe-1.5C-8S, Fe-1.5C-15S, Fe-1.5C-22S, Fe-1.5C-
30S, Fe-3C-4S, and Fe-3C-8S. In addition, to test the accuracy of the diffraction method to derive
density we have also performed some preliminary experiments on elemental aluminum as

benchmark case.

To discuss the possibility of liquid core stratification due to the immiscibility of Fe-C-S liquids,
we performed a series of laboratory experiments in which samples quenched at high pressure and
high temperature were recovered and analyzed to determine the miscibility gap, and how this vary
with pressure and temperature. The obtained miscibility gaps combined with geodetic data could
place strong constraints to the core composition. For this purpose, starting compositions were
specifically selected across the expected miscibility gap, with gradual increase of sulfur and carbon
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content. A first compositional series was set ranging from Feog3Co.05S0.12 t0 Fe.4Co.3S0.3. This
series of samples was found reach the carbon solubility limit, and several experimental failures
occurred due to the sample leaking when melting in the BN capsule. Therefore, a second series of
composition was considered, ranging from Feo.81Co.0650.13, t0 Feo.49Co.2550.26, With overall less
carbon content in the starting composition and a sapphire ring was inserted in the capsule to retain
the liquid. The two series of starting composition for the miscibility experiments are shown

together with samples used for density measurements in Fig 1.16.
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Fig. 1.16 The two series of starting compositions for miscibility experiments. There is overall less carbon
content in the second series in order not to reach too fast the carbon solubility limit.

In this thesis work we also studied the phase diagram of Fe-S above 10 GPa by in-situ X-ray
diffraction with a specific interest for the stable solid phases. Indeed, as already mentioned, an
FesS> phase intermediate between Fe and FeS was found by Fei et al. (1997) to form above 14
GPa, but the exact stabilization conditions, the lattice parameters, and the equation of state remain
unclear. Four starting compositions encompassing the stoichiometric composition of FesS;
(corresponding to Fe-27S) were selected to investigate the phase diagram of Fe-S at 10-15 GPa
and the conditions of formation of the intermediate phase: Fe-15S, Fe-20S, Fe-25S, and Fe-30S.
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Once the diffraction peaks of this phase are correctly indexed, it is possible to determine how the
lattice parameters evolve with pressure or temperature and thus its equation of state. The properties
of this intermediate Fe-S phase are pertinent to discuss the crystallization regime of the core of
planetary objects such as Ganymede, or middle-sized telluric planetary bodies such Mercury, as

core crystallization is often invoked to explain the magnetic field (e.g. Breuer et al., 2015).

The following chapters will be dedicated to present the experimental and theoretical methods in
some detail (chapter 2), full descriptions of the work on liquid Fe-C-S alloys (chapter 3) with
implications on the Moon’s core (chapter 4), and the properties of Fe-S compounds with some

discussions (chapter 5).
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Chapter 2 Experimental and theoretical methods

High-pressure experiments are needed to probe properties of materials at conditions existing
within planetary interiors, and are the only way to perform studies in such conditions other than

ab initio calculations.

In this chapter, the experimental techniques applied in this thesis work are presented, addressing
the high-pressure generation devices and associated pressure and temperature metrology, as well
as the employed experimental techniques. At first, the large volume presses and the corresponding
methods for P-T determination are presented. Then, three X-ray techniques that we have employed
for density and structure study are described in some detail, including the employed experimental

protocols.

The second part of the chapter is devoted to the introduction of the notion of local liquid structure
and its relation with diffraction signals, to the description of density determination from liquid
diffuse scattering signal and absorption profile. At the end a thermodynamic model based on

asymmetric Margules formulism is presented.
2.1 High pressure generation

Being the pressure a force over a surface, high pressure can be obtained either by applying large
forces, either by decreasing the area over which the force is applied. Devices for pressure
generation can be classified in large-volume presses and small-volume devices (typically Diamond
Anvil Cell) based on the cell volume. Paris-Edinburgh cell (PEC) and multi-anvil apparatus (MAA)
are two kinds of large volume devices, both used in this study, which can routinely cover pressure
range between 1 to 30 GPa. Thanks to the relatively larger sample chamber (up to several mmd),
they are more easily manipulated and the large volume offers advantages (e.g. in terms of signal)
for in situ measurements. Furthermore, they allow reliable heating by resistive furnaces. Small
volume devices such as diamond anvil cell, or dynamic compression, such as laser-driven shock
compression, which could reach higher pressures, of the order of hundreds of GPa but, since not

used in this study, they will not be presented here.
2.1.1 Paris-Edinburgh cell
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PEC was originally designed for neutron scattering experiments, and then adapted for X-ray
scattering (Besson et al., 1992). With a number of novel models developed during the recent years,
PECs are now compatible with various X-ray in-situ experiments (Morard et al., 2018; Sanloup et
al., 2011; Philippe et al., 2016; Boulard et al., 2020). For instance, the recently developed Rotating
Tomography Paris-Edinburgh cell (RoToPEc) and Ultrafast Tomography Paris-Edinburgh cell
(UToPEc) are two modules specifically designed for tomography study at high temperature and
high pressure. In particular, the UToPEc, employed in this study, has an enlarged opening angle
of 165< allowing high-resolution tomography and reconstruction almost without any obvious
artefacts. Assembled with a fast rotational stage at bottom, a tomography containing 900
projections takes only 1s for rotations over 180°(Giovenco et al., 2021). Fig.2.1 shows a picture
of the UToPEc. The main body, made of stainless steel, serves as a holder and compressor to a
pair of anvils. The assembly is put between the anvils, and the pressure is generated by an external
hydraulic pump. The highest reachable pressure largely depends on the size of the assembly.
Pressure of 10 GPa can be typically reached with the 7-mm (in diameter) assembly, while with 5-

mm assemblies the maximum pressure is up to 16 GPa.

Fig. 2.1 Picture of a UToPEc installed on the PSICHE beamline at SOLEIL. The main body is made of
steel, with a large opening angle of 165<
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A schematic of the press assembly is shown in Fig. 2.2, although more complex assemblies have
been used in other studies for special purposes (Jing et al., 2014; Knibbe et al., 2021). A gasket, a
sample chamber, and a heater with electrodes at its two ends, are the main elements. 7-mm
assemblies coupled with tungsten carbide anvils and 5-mm assemblies equipped with sintered-
diamond anvils were used in this study for pressure generation up to about 5 GPa and 14 GPa,
respectively. For in situ X-ray experiments, ideally, materials for gaskets should be transparent to
X-ray. While some early experiments used TiZr alloy (Marshall and Francis, 2002) (transparent to
neutrons) or pyrophyllite (Besson et al., 1992) for gasket, boron epoxy has become the most
frequently used material (Giovenco et al., 2021; Knibbe et al., 2021) for X-ray experiments. The
material for capsules should not only be transparent but also not reactive with the sample and
electrically insulating. Capsule material normally includes hBN, MgO, sapphire or diamond, here
listed for increasing hardness. The softer hBN can provide more hydrostatic compression, so it is
generally preferred for most of the experiments on solid or liquid samples. For X-ray absorption
experiments, a hard diamond capsule is necessary to maintain the shape of the sample at high

pressure (e.g. Sanloup et al., 2011; Knibbe et al., 2021).

The pressure range reachable with these setups covers the pressures within the core of the small
telluric planetary bodies of the solar system, including the Moon, Europa and lo, as well as the
pressure within the core of larger bodies with mantle made by mixture of water and silicates, such
as Ganymede.

Steel ring Steel ring

P 1

MgO powder

Molybdenum disk
Graphite

PEEK ring hBN

Sample

Sapphire ring

Fig 2.2 Schematic of a classical PE assembly.
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2.1.2 Multi-Anvil Apparatus

The first MAA was invented by Tracy Hall with the goal to synthesize diamonds (Hall, 1958). It
was a tetrahedral press driven by four hydraulic rams. Although this MAA has not been used
during the last four decades, it initiated the development of various kinds of MAAs. The pressure
coverage and the ability to combine with in situ synchrotron measurement have made today the
developed MAAs excellent tools for mineralogy study (Utsumi, et al., 1998; Mueller et al., 2006
and 2007). There are several types of MAA currently in use, with Kawai-type MAA the most

widely used. These MAAs are introduced here below.

2.1.2.1 Kawai-type MAA

This is a 6-8 multi-anvil in which the six first-stage anvils, driven by hydraulic rams, compress
eight cubic second-stage anvils, each with a corner truncated to accommodate an octahedral cell
as shown in Fig.2.3. This press can routinely generate ~40 GPa at maximum using tungsten carbide
second-stage anvils (Ishii et al., 2016), with the highest pressure record of 109 GPa obtained using
sintered-diamond anvils (YYamazaki et al., 2014). The truncation size of the anvil is another factor
controlling the achievable pressure. The highest pressure is generated using the smallest-truncated
second-stage anvils, which accommodate assemblies sized only 0.5-1 mm (Ohtani et al., 1989).
For experiments up to around 5 GPa, the target pressure for liquids in this study, a set of 14/8 sized
anvils were used, where 14 mm is the edge length of the cube after truncation, and 8 mm the side
length of the truncated regular triangle. More in general, cubic size could range from 10 to 54 mm
(Frost et al., 2004; Kondo et al., 1993), and the 11 different truncation sizes most commonly used
are 0.5, 1.0, 1.5, 2.0, 3, 3.5, 4, 5, 8, 11, and 17mm (Ohtani et al., 1989; Frost et al., 2004;

Shimomura et al., 1992), selected depending on the target pressure.
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(a) (b)

Fig. 2.3 Schematic of the 6-8 multi-anvil press (a) and the cell compressed by the second-stage cubes (b).

2.1.2.2 Other types MAA

Other types of MAA, such as the DIA-type apparatus (or cubic anvil apparatus) and its advanced
version, deformation-DIA (or D-DIA) apparatus as well as its combination with 6-6 or 6-8

assemblies, have been also widely used during the last tens of years.

The original DIA-type apparatus uses four horizontal and two vertical anvils driven by hydraulic
pressing. Compared to the Kawai-type apparatus, its larger anvil gaps make it particularly useful
for in situ synchrotron X-ray experiments. It has been used in the studies of structure, density, and
viscosity for melts (Rutter et al., 2002; Katayama et al., 2004; Yamada et al., 2007; Arima et al.,
2007) and elasticity for Earth’s materials (Li et al., 2004).

The deformation-DIA apparatus was developed by Wang et al. (2003), with the vertical anvils
connected to two differential rams located inside the guide blocks, so that it allows deformation
experiments in uniaxial geometry under pressure. This system has been therefore used in a number
of rheology studies (Nishiyama et al., 2007; Wenk et al., 2005; Li et al., 2008). After several years
of the appearance of the D-DIA apparatus, a new MA 6-6 assembly was first reported by
Nishiyama (Nishiyama et al., 2008), in which a cubic cage is applied to guide the movement of
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the six second-anvils. The alignment of the anvils can thus be maintained precisely to high pressure.
In addition, it allows a quick replacement of the anvils with different truncation sizes, which is
very functional to optimize operations, as needed for limited beam time experiments. The
deformation DIA-type press with the developed MA 6-6 assembly is shown in Fig. 2.4.

Anvil guide
»

Pressure medium
Second-stage anvil

s 10 MM

Fig. 2.4 Cutaway of a D-DIA apparatus and a photography MA 6-6 assembly. Pictures are from Wang et
al. (2003) and Kawazoe et al. (2010), respectively.

2.1.2.3 High temperature generation in MAA

Similar to PEC, in MAA experiments high temperature can be generated by a resistive heater
inside the cell (Fig.2.2). Classic materials for the heater are graphite (Shimomura et al., 1992),
LaCrOs (Frost et al., 2004), and metallic foils with high melting points, such as rhenium (Ishii et
al., 2016). Graphite and LaCrOs furnace have been proven to provide homogenous heating and to
be able to reach T >2500 K and 2900 K, respectively. However, it should be noted that pressure-
induce transformation of graphite into diamond prevents effective uses at pressures above ~11
GPa).

Many methods allow to directly or indirectly determine pressure and temperature and they will be

discussed in some detail in section 2.2.

2.2 Temperature and pressure measurement/determination in high pressure experiments
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2.2.1 Temperature measurement/determination

Temperature determination in PEC and MAA can be classified into two main methods: (i)
temperature reading from a thermocouple inserted in the assembly; (ii) using an empirical

temperature vs. power calibration curve.

Temperature measurement by thermocouples is based on the Peltier effect (Spanner, 1951), and
exploits the electric potential difference across the conjunction of two dissimilar metallic wires.
This potential difference depends on the temperature difference between the conjunction and the
open ends, the materials of the wire, and the pressure (Li et al., 2003). Commercialized
thermocouples always have a code indicating the compositions and a recommended range of
utilization (Powell, 1974). The tungsten-rhenium alloy thermocouples, for instance the Type-C
thermocouple (W5%Re-W26%Re), can tolerate temperature up to 2300 <C, which makes them
amongst the most preferred in PE cell and MAA experiments for geoscience studies (e.g. Ishii et
al., 2016). This type of thermocouple is also used in high-temperature diamond anvil cell (DAC)
experiments with an external heater (Bassett et al., 1993; Dubrovinskaia and Dubrovinsky, 2003).
The thermocouple should be placed as close as possible to the sample to minimize errors due to

the temperature gradient inside the cell.

Sometimes it is not possible, or not desirable, to accommodate a thermocouple, either because of
space limitations and potential interaction with the sample, or because of the structure of the
assembly (Parker et al., 2010; Morard et al., 2018). In these cases, the temperature can be
determined in two ways. One is to conduct a calibration run with a thermocouple inserted in the
selected assembly, but without sample, and the obtained temperature as a function of power is used
in the subsequent runs using same assembly (Kono et al., 2014). The other is a non-destructive
method exploiting equation-of-state cross-calibration by using at least two standard materials as
calibrants, with their unit-cell volume measured as a function of the heating power. This could be
achieved by either a dedicated calibration run with only the calibrants, or by having the calibrants
beside the sample in all the runs. Although having the calibrants next to the sample allows
determination of both the sample’s temperature and pressure, it is not suitable for the study of
liquid samples, as the calibrants may physically or chemically interact with the liquid sample

during experiments, affecting the quality of the obtained data. This cross-calibration method has
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proved sufficient precision for simultaneous estimates of temperature and pressure (Crichton and
Mezouar, 2002), with the most frequently used standard materials hBN, MgO, NaCl, Pt, and Au.

In this study, temperature as a function of power was obtained by a calibration run performed
before the sample loading, in which the non-destructive cross-calibration method was employed
based on the equation of state of standard materials, with their unit cell volumes measured at each
power step. Specifically, Pt, MgO, and BN were adopted as calibrants in PSICHE beamline, and
NaCl and MgO in ID-27 beamline. As an example, the temperature curves obtained from
calibration runs in SOLEIL are shown in Fig. 2.5. The precision at low temperature by this method
is limited by the internal stress introduced by the large stiffness difference of platinum and hBN.
The stress is relaxed with the temperature increase, as highlighted by the modification of the slope
around 300 W in Fig. 2.5. In this study the calibration is employed only above 300 W, where the

error for temperature is estimated to be 100 K.
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Fig. 2.5 The temperature as a function of power in the two beamtimes by cross calibration using hBN and
platinum as standards. Based on the thermal equations of state, a pair of unit-cell volumes of hBN and
platinum will produce a unique set of pressure and temperature, which is called cross calibration.

2.2.2 Pressure measurement/determination

With synchrotron radiation, the pressure in the cell can be directly determined by the measured

unit-cell volume of some standard materials such as hBN, NaCl, and Pt, whose thermal equation
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of state is well known, provided the temperature measurements by a thermocouple (Xu et al., 2021).
For experiments where thermocouples are not compatible/desirable, as mentioned in the previous
section, a cross calibration could be adopted with the use of two or three standard materials with

well-known thermal equations of state.

In ex-situ experiments, the relationship between the cell pressure and hydraulic pressure relies in
calibrations runs performed in advance. Room-temperature pressure calibration is achieved by
detecting the resistive jJump at phase transition points of some metals and minerals, such as Bi and
ZnS, while high-temperature calibration is commonly obtained by well-known phase transitions
pressure of minerals such as the coesite-stishovite transition point at 9.6 GPa and 1400 °C (Walter
et al., 1995; Shatskiy et al., 2011).

2.3 High pressure techniques used in this study
2.3.1 In situ X-ray diffraction

X-ray diffraction is a robust technique for the identification of crystalline materials, determination
of phases, lattice parameters, crystallite sizes, and preferred orientations of crystalline samples, as
well as for structural analysis of amorphous materials and liquids (Holder et al., 2019). If a
monochromatic X-ray beam impinges on a crystalline solid, the intensity maxima on the

diffraction pattern follow the Bragg’s law (Waseda et al., 2011)

nA = 2dsin6 (2.1)

Where n is an integer, A the wavelength of the X-ray, d the interplanar distance, and 6 the
diffraction angle. Once looking at the Bragg’s law, it becomes clear that measurements can be

performed in angle-dispersive or energy-dispersive mode.

The angle-dispersive diffraction is the most widely used approach because in laboratory
experiments the photon energy of the X-ray is usually fixed to the emission line of the material
used as the anode, with copper, cobalt, molybdenum and silver amongst the most classical options.

When not specified otherwise, powder XRD usually refers to the angle-dispersive diffraction.
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Differently, in synchrotron facilities, the light source is generated by bending magnets or insertion
devices placed along a storage ring, so that photons with a wide range of energy can be generated.
This wide-range light source is referred to as ‘white beam’, with which energy-dispersive
diffraction measurements can be carried out. Out of this ‘white beam’, crystal monochromators
can select photons of certain energy if a monochromatic beam is needed. A new method combining
the angle and energy dispersive diffraction was developed for structural analysis of liquid and
amorphous materials, where energy dispersive patterns are collected over a range of 26 angles
(Wang et al., 2004). This method, called CAESAR (Combined Angle- and Energy-dispersive
Structure Analysis and Refinement), proved high-performance in quantitative structure and lattice

property studies. More details will be given in the following subsections.
2.3.1.1 Angle-dispersive diffraction at ID-27 beamline

At synchrotron diffraction beamlines, the employed X-ray beam is generally at higher energy
compared to the common Cu Ka energy (8.04 keV corresponding to a wavelength of 0.1541 nm).
This is particularly suitable for experiments performed over a limited 26 range (high-pressure
environment often comes with limited angular aperture), or for massive sample environments (as
MAA or PEC are). The working energy for operation in our experiments at the ID27 beamline of
ESRF, France, is 33.17 keV (i.e 0.3738 nm, lodine K-edge), selected by a Si(111) channel cut
monochromator. Tungsten carbide slits were used to collimate the size of incident beam to 50 by
50 pum. Soller slits located between the sample and the detector allow efficiently filtering out the
background signal from the environment, thus enabling high quality data acquisition (Morard et
al., 2011). To reach higher pressure, smaller 5-mm assemblies coupled with sintered-diamond
anvils were used in our experiments performed on ID27. The 5-mm assemblies have a same
internal structure as 7-mm ones (introduced in 2.1), using the BN as sample capsule, but with the
size of each part decreased. Mixed powder of MgO and NaCl were put beside the sample as P-T
calibrants. The wavelength of the light source was set to be 0.3738 nm, and the diffractometer was

calibrated using the LaB6 as standard before experiments.

Experiments were performed by bringing at first the sample to target pressure by cold compression,
and then, the sample was heated up. Angle-dispersive X-ray diffraction patterns were taken on the
sample and calibrants for increasing temperature at steps of 20 W, until melting. P-T condition
was determined by the cross calibration by the unit-cell volumes of MgO and NaCl which were
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placed close to the sample or well mixed in the sample. The diffracted beam went through a double-
layer Soller-Slit that filters out the background from scattering and was collected by a Pilatus CdTe
3M detector with an exposure time of 30s. Fig. 2.6 shows the 2D diffraction image of LaBe
standard material collected at ID-27 and the corresponding radial-averaged diffraction pattern.
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Fig. 2.6 Diffraction image of LaBs and its radial-averaged diffraction pattern collected for A= 0.3738 nm
2.3.1.2 CAESAR at PSICHE beamline

The advent of machines of third generation for synchrotron radiation made available high-
brilliance X-ray over a wide range of photon energy. To make full use of the photon source and
obtain high quality diffraction data, the CAESAR technique, in which energy dispersive diffraction
is taken over a range of 26 angles, was developed and first reported in 2004 (Wang et al., 2004).
This technique has been initially implemented at the Advanced Photon Source, Chicago, USA,

and used in particular for investigation of the structure and density of liquid and amorphous
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systems (e.g. Shibazaki et al., 2015; Shibazaki and Kono, 2018; Ikuta et al., 2016; Prescher et al.,
2017). The obtained diffraction spectrum is a two-dimensional intensity (I) distribution as a
function of 26 and energy, and can be rearranged as | vs. d-spacing or | vs. Q (exchange wave-
vector). The method was first developed by Funakoshi in his PhD work (Funakoshi, 1997, PhD
thesis). In the case of liquids, glasses or other amorphous samples, this spectrum contains the
information of quantified local atomic distribution, from which the density of the liquid could be

extracted. Details are provided in the next section.

Since 2017 the CAESAR technique has been also implemented at the PSICHE beamline of
Synchrotron SOLEIL (Coati et al., 2017; King et al., 2022). Figure 2.7 shows a picture of the setup

we used.

| | |
Ge Solid state detector

v,

Fig. 2.7 The experimental setup at Psiche beamline. During this thesis work the beamline was operated in
three different modes: 1) The Ge solid-state detector mounted on the rotation stage collects the energy
dispersive X-ray diffraction pattern at different angles for CAESAR mode; 2) The CCD camera collects
the projection at different angles of the sample mounted on the rotation stage 1 for tomography; and 3) The
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intensity of selected diffraction peaks of MgO are collected while the sample horizontally is scanned by
moving the positioning stage, and employed to determine the sample absorption profile.

The in situ synchrotron X-ray diffraction experiments were carried out in a UToPEC (Boulard et
al., 2018). The samples were loaded to a 7-mm PEC assembly consisting of a sapphire ring (in the
high-pressure runs in beamtime 0922) or a hBN capsule, a graphite furnace, and a boron epoxy
gasket (please refer to Fig.2.2. for a schematic of the assembly). Sapphire is an ideal material
serving as the inner capsule because of its hardness, which allows holding the samples’ geometry
and retaining liquids at extreme conditions. The sample should be located at the center of the
assembly along the vertical direction, to ensure its accessibility when the gap between the two
anvils shrinks under pressure. Pressure was generated by a pair of tungsten carbide anvils driven
by a hydraulic pump, while temperature was increased by increasing power in the resistive heater
The pressure media hBN, clinging to the sample, also served as the pressure marker, with the unit
cell volume of which the pressure was calculated using its thermal equation of state. The high
brilliance white x-ray beam from a superconducting wiggler, with the photon energy from 10 keV
to 90 keV, is collimated to 22x50 um? (vertical horizontal) by two slits before the sample. The
diffracted beam is collected by 7 solid-state Ge detectors perpendicularly arranged in a row. The
energies were calibrated using characteristic fluorescence X-ray lines of Mo, Sn, Ba, Sm and Au.

The 26 angle was calibrated at 8° using a 7 um thick Au foil with a precision of 0.003e.

Experiments were first carried out on a testing material, aluminum, since density data for liquid
aluminum have been reported using a similar technique (lkuta et al., 2016), and then followed by
the Fe-C-S alloys. Sample information and results for the test run are provided in appendix A.
During the experiments, samples were first brought to target pressure by initial cold compression,
followed by heating up at a rate of ~100 K/min. The status of the sample was checked every 50 W
by energy dispersive diffraction pattern collected starting from 300 W. The appearance of a diffuse
signal pins the onset of melting, while the total disappearance of sharp peaks indicates a fully
molten status. An example of the diffraction patterns collected upon heating is shown in Fig. 2.8.
When the samples were fully molten (typically at 550 W), we took a diffraction pattern of the
pressure marker (hBN). Then a CAESAR scan was performed combining the angle-dispersive
diffraction pattern from 10 keV to 90 keV collected at various 20 angles (from 2.5°to 29.1 °with

a 0.2°step). During the rotation of the stage, the detector collected the signal diffracting from a
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fixed sample volume by the controlled movement of slits between the sample and detectors. The
counting time for 2.5-12< 12-20< and 20-29.1 °were 5s, 10s, and 20s, respectively, so the whole
scan took a total exposure time of about 20 minutes. In most cases this procedure was repeated
with increased heating power (by 100 W and 200 W), yielding three density points at different
conditions for each run. At the end of the heating run, temperature was quenched and samples

recovered for ex situ analysis.
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Fig. 2.8 Energy dispersive X-ray diffraction pattern collected on an Fe-C-S sample at 2.8 GPa upon heating.
The pattern of the solid is taken at 300 W (1190 K), with the main peaks from solid phases annotated. FeS
was not detected probably due to the smaller atomic proportion. Initial melting occurred at 400 W (1340 K)
and the fully molten status was observed from 550 W (1600 K).

2.3.2 In situ X-ray absorption at PSICHE beamline

Scattering and photoelectric absorption occur when X-rays interact with a sample. Due to this
interaction, X-rays are attenuated as they pass through the sample. The incoming intensity lo, and

the attenuated intensity | after going through a distance x are related by the Beer-lambert law:
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[ = [e~Hp¥ (2.2)

where u is the mass absorption coefficient, which depends on the substance and on the X-ray
energy, and p the density of the sample (Nishida et al., 2011). The X-ray energy is related to its
wavelength by E = hc/A, with h the Planck constant, and c the speed of light in vacuum. For the
same X-ray energy, denser substances normally have larger mass absorption coefficients, while

for the same material, absorption decreases with the increasing energy of the X-ray (Fig. 2.9).
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Fig. 2.9 Mass absorption coefficient of iron and carbon as a function of photon energy. The data are from
NIST (National Institute of Standards and Technology) Standard Reference Database 126. The observed
kink in Fe absorption is the absorption K-edge.

For mixtures and compounds, the mass absorption can be obtained by a weighted sum of the mass

absorption of the composing elements:

u= Z Willi (2.3)

If the sample is surrounded by other materials (high-pressure cell or other sample environment),
these also contribute to the absorption. In these cases, what is generally measured is the absorption
profile of the whole assembly, including the sample, capsule, and background. Known the
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geometry of the assembly, the product up of the sample can be extracted (Terasaki et al., 2010;
Henry et al., 2022).

PSCICHE beamline is conceived to be able to rapidly change the setup to be able to perform not
only diffraction but also absorption measurements on the same sample at same pressure and
temperature conditions. In our experimental protocol, after each diffraction acquisition, the optic
system was switched to absorption mode for absorption profile collection. In this mode, the vertical
size of beam source is reduced to 10 microns by closing the slits, and an MgO polycrystalline
specimen was added in the beam path, between the sample and the detector (see Fig. 2.10). After
penetrating the sample, x-rays went through the MgO crystal and generated diffraction patterns,
whose intensity is exploited to reconstruct the absorption profile. The advantage of this setup is
that that neither further optic components nor detectors were needed and diffraction mode and
absorption mode share the same general optics layout. In practice, the detectors were fixed at a
diffraction angle 26=9< where two intense diffraction peaks of MgO appear at photon energy
equal to 37.5 keV (200) and 53.5 keV (220). The absorption profiles collected at both the two
energies allow the density extraction, but in practice, only the one at 37.5 keVV was employed
because the maximum contrast enables a more precise fitting of the data (Henry et al, 2022).
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Fig. 2.10 A schematic of the setup and beam path for absorption profile acquisition.

The whole exposure takes about 10 minutes, covering a range of horizontal scan from -1.1 mm to
1.1 mm with respect to the sample center, with a resolution of 0.02 mm. Same as CAESAR
acquisition, the 7 detectors individually collect data, remarkably increasing the signal to noise ratio.

The collected absorption profile was the fitted to the Beer-Lambert law. The fitting process
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strongly relies on the geometry of the assembly, so an absorption acquisition is always followed
by a tomography scan to check the geometry of the sample. The use of a hard sapphire capsule is

therefore favored for such applications.
2.3.3 In situ X-ray computed-tomography (XCT) at PSICHE beamline

As a non-destructive detection or imaging technique, XCT is widely used in medicine (e.g. Pan et
al., 2008), industry (e.g. De Chiffre et al., 2014), and geoscience (e.g. Mees et al., 2003). All the
applications share a same theory: X-rays go through the sample (or body) and generate a two
dimensional projection, with the intensity (often visualized as a grayscale) depending on the
attenuation. The more attenuative portions are brighter and the less attenuative are darker. With
the rotation of the sample (or of the X-ray source), a large amount of 2-D images at different angles
are collected. Based on the Radon transform, these 2-D images are processed to produce a 3-D

volume rendering (Deans, 2007), which is called ‘Tomography reconstruction’.

In geoscience, XCT can be combined with various high pressure techniques to investigate the
sample in situ at extreme conditions. For example, structural phase transitions of iron at high
pressure and high temperature were recently studied in a Paris-Edinburge cell (Boulard et al., 2020).
Furthermore, the geometry, homogeneity, and volume of the sample are also visible, provided
enough absorption contrast between the sample and the surrounding materials. As mentioned in
section 2.1.1, the UTOPEC has an extended opening angle of 165<compared to the standard four-
column PE press (135, allowing a high-quality tomography imaging (while the 15<missing
angle will still cause some subtle artefacts). A Paganin correction (Paganin et al., 2001) can be

applied to minimize the ring artefacts.

In this study, tomography data collected at high pressure and high temperature and the 3-D
rendering are used to assess sample geometry, melting and to support the analysis and
interpretation of the diffraction and absorption measurements. Therefore, radiography or
tomography imaging is always performed in combination with CAESAR and absorption as a
supporting technique. Different from the white beam used in CAESAR and absorption acquisition,
the optic path for tomography includes a series of filters and an x-ray mirror on the incident side
as high pass and low pass energy filters, leaving a spectrum with a peak flux around 25 keV, and
an energy band around a desired value (AE/E typically 0.1), which forms a ‘pink beam’ (King et

al., 2016). The setup is shown in Fig. 2.11. The use of optic filters and an X-ray mirror do not
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affect the original white beam flux at such an energy range, compared to the low transmission rate
around 0.1% if using a monochromator. The high flux of the ‘pink beam’ ensures the quality of
imaging and meanwhile eliminates the beam hardening artefacts caused by the strong attenuation
of low-energy photons.

On the receiving side, a single crystal scintillator (YAG, LSO, or LUAG) transforms the X-ray into
visible light. A mirror is located between the CCD camera and the scintillator to reflect the visible
beams vertically to avoid the direct incoming beams to damage the electronics. The used
Hamamatsu Orca Flash4.0s CMOS camera allows a maximum frame rate of 100 frames/s. While
the PEC is rotating, 1500 radiographs at different angles can be recorded in a few seconds, which

allows high-quality 3-D reconstruction renderings.
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Fig. 2.11 A schematic of the setup and beam path for tomography acquisition.

The tomography images were integrated by the ImageJ software, and the 3-D volume rendering
was reconstructed by the Blob 3D software. The tomography images served as important evidence
for judging the status of the sample, such as the phase, homogeneity, deformation, leak, etc. Fig.
2.12 is an example of a liquid sample in a BN capsule at high temperature and pressure, and its 3-
D reconstruction. Fig. 2.13 shows the evolution a liquid sample in a sapphire capsule with the

temperature increase.

a7



Fig. 2.12 (a) Reconstructed horizontal slice viewed from the top and from the side (inset) of Fe-5 wt%C
inside a BN capsule, obtained using the software ImageJ. (b) 3D volume rendering of the sample by
software Blob 3D.

Fig. 2.13 The horizontal slice of an Fe-C-S sample in a sapphire capsule at 2.6 GPa upon heating. (a) Solid
sample composed of Fe, FeS, and FesC powders. (b) Onset of the melting. (c) 2 immiscible liquids with the
bright Fe-rich part in the center and the dark S-rich part around. (d) The liquid became miscible at a higher
temperature.

2.3.4 Quench experiments

Certain physical properties, including phase diagram, elemental diffusion, partitioning, melting
temperature and liquid-liquid immiscibility can be studied even without in-situ diagnostics. Liquid
samples will reach an equilibration relatively fast (normally tens of seconds) (Thibault and Walter,
1995) after having reached a fixed temperature and pressure, both in terms of homogeneity,
textures, or miscibility. If a sample experiences a fast quench from liquid to solid phase at this
condition, the textures and miscibility status will be retained since there is not enough time to re-

equilibrate. Thus the recovered samples can be studied by imaging and analytical techniques, such
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as scanning electron microscopy or electron microprobe, to study its chemical and physical

properties. These are often called ‘cook-and-look’ experiments.

The ‘cook-and-look’ experiments are usually performed in the context of geophysical studies to
determine the phase transition of minerals (Kanzaki, 1991; Kojitani et al., 2007), and miscibility
of liquid compounds and mixtures (Corgne et al., 2008; Dasgupta et al., 2009). Large-volume
pressure devices, such as Multi-anvil presses, Piston cylinders, and Paris-Edinburgh presses, are
more often employed. Switching off the DC power supply, combined with an effective cooling
system, can cool down the sample from the experimental conditions down to ambient temperature

in few seconds, leaving the high-T phases or texture unchanged.

[ ] Alumina [__] BN [l LaCrO, [ Re
Sample [ Sapphire [l ZrO,

Fig. 2.14 A schematic of the of the MA 14-8 assemblies used at in IMPMC.
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For miscibility study of Fe-C-S alloys, a first series of “cook-and-look” experiments were carried
out in a multi-anvil press with the 18/11 assemblies at the Laboratoire Magmas et Volcans (LMV),
Clermont-Ferrand, and a second series with 14/8 assemblies at the Institut de minéralogie, de
physique des matériaux et de cosmochimie (IMPMC), Paris. As the first series of samples
experiencing severe leak after melting in the BN capsule, a sapphire ring was employed for the
second series of experiments at IMPMC. LaCrOs sleeves and Re foils were employed as heaters
for runs at LMV and IMPMC, respectively. In both cases, type-C W/Re thermocouples were placed
on the top of the capsule to monitor the temperature, and the pressure exerted on the sample defined
by the hydraulic pressure based on a calibration curve. The schematic of the assembly used at
IMPMC is shown in Fig. 2.14. Similar to the protocol used for PE cell, the samples were first the
cold compressed, and then the temperature was raised at an average rate of 100K/min by increasing
the power in the resistive heater. In the early experiments without a sapphire ring, after melting,
the liquid samples often reached the furnace and destroyed it in a few seconds, while for the runs
with a sapphire ring, the samples were kept either at 1650K or 2000K for tens of seconds before
quench, which is achieved by switching off the power.

After experiments, all the recovered samples from both PE cell and MA press were mounted in

epoxy resin and polished for analysis.

2.4. Liquid structure and its relation with diffraction signals

Unlike the crystal state in which the position of all the atoms are well located around equilibrium
positions, liquids exhibit only short range order, with fluctuation in terms of atomic distribution,
and this fluctuation disappears at long distance. The common concepts of crystal structure and
symmetry are no longer suitable for liquids. Instead, the concept of distribution function is usually
employed to characterize the liquid structure.

To introduce the distribution function, we consider first the one-dimension case. Assuming N
atoms located a positions x4, x; ..., xy in the region from 0 to L, as shown in Fig. 2.15, the one-

body density at any arbitrary position can be written as

pr() = ) 80x = x) @4
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where the § (x — x;) is the §-function suggested by Dirac. The total atomic number N is thus equal

to the integration of the number density:

L
f p; (x)dx =N (2.5)

Similarly, we consider the pairs of the atoms for the two-body density (such as (x;, x3), (x1,x3), ...,

(x1, xy)). In this case the two-body density number is written as

N N
pa(r )= D N 8 = x) 80x - 1)) (26)

i=1 j=1#i

Since the total pair quantity is N(N — 1), we obtain the following relation:

L L
f f p2(x,x") dxdx' = N(N — 1) (2.7)
o Jo
|l L >l
X1 X2 X3 X4 X5 XN
@ o—0 @ @ @ >
0 L

Fig 2.15 Schematic distribution of N atoms in a line

When it is extended to the real space, the atomic positions are replaced by ry, 5, 15, ..., T'y.,
where r; is the position vector pointing at the i-th atom. Rewriting the Eq. (2.4-2.7), we obtain the

following equations:

N
AGEDIIGEED 28)

pa(r )= ) ) 8 =1)8(r — 1)) (2.9)

=1 j=1#i
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fpl (r)dv=N (2.10)
|4
f sz (r,v")dvdv' = N(N — 1) (2.11)
VIV
The above discussion is based on one set of 1, 1,, 73, ..., ry. Next, we assume this quantities r,

r,, T3, ..., ry have various values. In these cases, the potential energy of the system has the

following form

O =0¢(rry1r3,....,TN) (2.12)

According to the statistical mechanics, the probability of finding the atomic positions r;,

Ty, T3, ..., ry in the small volumes dv,, dv,, dvs, ..., dvy is proportional to the factor

exp[—®/kgT] dv,,dv,, dvs, ..., dvy (2.13)

where kg is the Boltzmann constant and T the temperature. Using the probability factor, we can
consider the average of the quantity in Eq. (2.10) and Eq. (2.11). This process is denoted by ( ) 41,4,
and Eq. (2.10) and Eq. (2.11) are rewritten as

Jnl (r)dv=N (2.14)
14
f fnz (r,v")dvdv' = N(N — 1) (2.15)
vIv
with
(p1 (1) >Avg =ny (1) (2.16)
(pZ (1, T') >Avg = ny(r, T’) (2.17)

Here n is called density function. Combining the Eq. (2.14) and Eq. (2.15), we have the following

relation:
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fnz (r,7)dv' = (N — 1) ny (1) (2.18)

Next, we define the function g(r, ") in last equation
ny(r,r") =n (r)g(r,r") (2.19)

Since in a homogeneous system the one-body density function is independent of r, it is denoted

as py, so that
ny(r) = po, po=N/V (2.20)
Therefore, n, (r,r") is a function of only r = |r — 7’| and

(1) = pog(r) (2.21)

The g(r) is called pair distribution function and generally used to characterize the local structure

of liquids.
As the density function approach the average density as r increase, the following relation holds:

limg(r) =1 (2.22)
T —00

Next, we talk about the relationship between the liquid structure and the diffraction pattern we

collect from experiments.

With the wave vector of incident and scattered beam denoted as Q;,, and Q,,;, the scattering

momentum Q is obtained by

Q = |Qin — Qout| = 4msind /4 (2.23)

where 8 is half the scattering angle and A the wavelength of the beam.
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The 1(Q) collected during experiments can be written as the sum of three parts, the coherent and

incoherent scattering signal from the sample, and the background from surrounding materials:

1
Ieas(Q) = - [Hcon(Q) + Iincon(Q) + bIbkg (@)] (2.24)

where I,,.,s(Q) is the measured signal, I.,,(Q) and I;,.,,(Q) the coherent and incoherent
scattering signal from the sample, I,,4(Q) the background signal from surroundings, a the

normalization factor, and b the background factor. Thus, the coherent scattering term is written as:

Ieon(Q) = alimeas(Q) — lincon(Q) — bIbkg @ (2.25)

Following the definition by Eggert, 2002, the coherent scattering intensity lcon(q) of a polyatomic

material is expressed as
Lan(@ =N D @ +N DY [ (@F @) v (2.26)
14 p q

where N is the total number of compositional units in the sample, f(Q) the atomic factor of the
corresponding atom, p(r) the average atomic density function, and r the distance between two
atoms. Similar to the two-component system described in Waseda 1980, we define the following

functions for multi-component cases (Morard et al., 2007 and 2014):

Nz;;(@—ZXﬁ(Q)—m (227)
Nz pr(Q)fq(Q) - Z ZX F1(Q) XiF (@) = (f)? (2.28)
D KXo f(Q) ppa M = () (2.29)

p q

where X; is the atomic content of element i. Then the coherent signal is defined as

54



(@ = () + 417 x [ 4o = o] T
0

dr (2.30)
where p, is the average atomic density. Following the Faber-Ziman definition, the structure factor

S(Q) is given by the equation

_ Icoh(Q) - ((fz) - (f)z) _ [almeas(Q) - Iincoh(Q)] - ((fz) - (f)z)
@)= g - FY

sinQr

Qr

(2.31)
dr

=1+J‘MWHMﬂ—pd
0

The normalization factor a can be determined following the procedure in Krogh-Moe, 1956 and
Normal, 1957, used for the normalization of diffraction signal collected over a limited Q range.

The «a is determined by the following equation

. 2
_271-2’00 + fOQmax Imcoh((?%z‘l' (f >QZdQ

a= (2.32)
J‘OQmax Imi;_s)gQ) deQ

where the Q,,4, IS the maximum scattering momentum the experiments reached. After a Fourier

transform, the structure factor is transformed to the atomic distribution in the real space:

Qmax

F@)EMWMOD—m]=%j QIS(Q) — 1]sin(Qr)dQ (2.33)

0

where F(r) is called distribution function, and ‘=’ represents definition. The pair distribution can

be thus calculated as

e . F()
g(r) = e 1+ T (2.34)
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2.5 Density from diffraction —- CAESAR data treatment

The raw CAESAR data consist in a 2-dimensional plot with the intensity as a function of 26 and
energy. To eliminate the effect due to the different exposure time depending the angle range (see
section 2.3.1 and Fig.2.16 (a)), the 1 (26, energy) must go through a pre-normalization process to
generate the pattern with normalized exposure time (Fig. 2.16 (b)). After the pre-normalization,
the effect related to the non-uniform spectral content of the incoming beam, due to the source and
optics, was considered. In particular, as shown in Fig. 2.16 (c), the intensity below 30 keV and at
energy higher than 70 keV is too weak so that the obtained diffraction signal in these two energy
ranges results too noisy. The diffraction pattern was therefore normalized with respect to the
intensity spectrum of the incoming beam, truncating the signal above and below the selected
energy threshold. The 2-dimensional plot was then converted in a 1-dimensional plot showing the
intensity as a function of Q ready for structure analysis. Fig. 2.17 shows the filtered spectrum and
the final 1(Q). It’s worth to stress that the high-brilliance light source of Synchrotron SOLEIL and
the available setup at PSICHE beamline allows obtaining data over large energy and 26 range,
enabling an extended Q range up to 20 AL, This permits accessing to more information concerning
local structure of liquids and amorphous systems compared to the regular angle-dispersive

diffraction.
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Fig. 2.16 The procedure for raw CAESAR data treatment of an Fe-C-S sample at 3.7 GPa and 1850 K. (a)
The raw data of intensity as a function of 26 and photon energy are collected with different exposure time
in three angle ranges, i.e. 5s, 10s, and 20s for 2.5-12< 12-20< and 20-29.1< respectively. (b) The pattern
is pre-normalized taking into account the exposure time and diffracting volume. (c) The pattern of intensity
is then normalized with respect to the energy spectrum of the incoming beam.
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Fig. 2.17 Re-arrangement of the CAESAR data. (a) The pattern of intensity as a function of Q and 26 re-
arranged from the CAESAR data. (b) The intensity as a function of Q by taking the average intensity at
each Q value in (a).

The obtained 1(Q) was analyzed by the Python-based program Amorpheus (Boccato et al., 2022)
to calculate the structure factor and pair distribution function, according to the procedure described
in section 2.4. To extract the average density we followed the approach detailed in (refs). In brief,
we focus on a limited r range and the low-r portion of F(r) and g(r). Since no atom exists within
a certain distance (r,;,,) to another one because of the repulsive force, the p(r) equals to 0 in this

range, which results in

9() =0 (r < 7min) (2.35)
F(r) = —4nrpy(r < Tmin) (2.36)

The F(r) becomes linear in this range and its slope determines the density. In practice an iterative
procedure is needed to reduce the oscillation in the low r region, and the S(Q) at i+1th iteration is

calculated by the inverse Fourier transform:
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1

Si+1(Q) = $:(Q) Il )

f rminAFi (r)sin(Qr) dr (2.37)
0

with the AF (r) in the first iteration using an estimated initial value p,:
AF,(r) = —Fy(r) — 4mrp, (2.38)

The number of iterations is set to 5 to ensure the convergence. Fig. 2.18 shows the iteration

procedure for the distribution function F(r) for an example case.

The final average atomic density is determined by minimizing a figure of merit:

Tmin

x? (Tmin Q@max» Po) = ] [AF (r)]*dr (2.39)
0

0.0 0.2 0.4 0.6 0.8 1.0
r(nm)

Fig. 2.18 The iterative procedure for the minimization of the oscillations in the low-r portion of the
distribution function F(r). Typically converge is attained after the 2nd iterations, and F(r) becomes a
straight line for r < 13,,;,., While it is not affected at r > 7,,,;;,,. This example is for an Fe-C-S sample at 3.7
GPa and 1850 K.

In this way the value of p, is determined for a given pair of 7,,.;,, and Q,,,5, When the y? reaches

the minimum. A double loop on 7;,,;,, and Q,,,4, is usually done to search for the minimum of y?2.
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All the inputs including the background, energy range, 1, and Qq, have an impact on the

results of the inversion. Here we discuss how the selection of the inputs influences the structure

and density.
(1) Energy range

The energy range should be first determined during the raw data treatment. As mentioned in the
beginning of this section, in our case only the signal in a range from 30-70 keV was retained
because of the intensity profile of the incoming beam. Figure 2.19 shows the 1(Q) when choosing
a wider energy range, as large as 20-100 keV. After numerous tests, the 30-70 keV range has been
selected as the preferred energy range, since this minimizes the noise while cutting at minimum

the collected data.
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Fig. 2.19 Re-arranged CAESAR pattern (a) and the corresponding 1(Q) (b) when considering the energy
range 20-100 keV. Compared to the pattern in Fig. 2.17 the pattern is much more noisy. The noise arises
from the low-energy and high-energy signals (shown by the red triangles), affected by the limited incoming
flux due to the spectral content of the source. This is directly reflected on the derived 1(Q), especially at
low Q.

(2) Background

After having obtained a suitable diffraction pattern 1(Q), the background should be considered.
Generally speaking, within the background we include all signals except the coherent scattering
from the sample, thus including incoherent scattering from the sample, scattering from the
surroundings, and absorption by the sample. As shown in Fig. 2.20, the incorrect subtraction of
the background would led after iterations to the deviation of the g(r) and S(Q) in the range of r >
Imin. 1T the signal is a pure coherent scattering, the iterations should affect only in the low-r range
(see Fig. 2.18 and Fig. 2.20), as result of the cut-off effect of S(Q) with limited Q range during the

Fourier transform.

Structure factor 5(qg) Distribution function Fir)
30 == 400 —%
(a) 1 (b) 1
25 2 300 2
— 3 — 3
20 4 200 4
=15 < 100
i e
10 0
03 -100
0.0
—200
0 20 0 &0 80 100 00 02 04 06 08 10
ginm~1) rinm)

Fig. 2.20 (a) The structure factor of an Fe-C-S sample at 2.15 GPa and 1895 K as an example. (b) The
distribution function after Fourier transform. If the background is not properly removed, differently from
what shown in Fig. 2.20, the iterations lead to deviations of both S(Q) and F(r) from the original values for
I > rmin. This distortion will reflect into the slope of the low-r region in F(r), thus the density.

In order to evaluate the background, we acquired a CAESAR scan on both an empty cell and a cell
with solid sample before melting. The background extracted from the two scans is shown in Fig.
2.21. While the background from an empty cell contains only the component of scattering from
the surroundings, we can consider that the background taken from the cell with a solid sample also
accounts for incoherent scattering from the sample and self-absorption. The S(Q) and g(r) after
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iterations also supports the notion that the background extracted from solid sample works well for
the analysis of all the liquid samples investigated in this work. Fig. 2.22 shows an example of the
S(Q) and g(r) after the background subtraction i.e. processed assuming the signal coming only
from pure coherent scattering. Compared to Fig. 2.20, there is almost no deviation on the S(Q) and

g(r) in r > rmin.

T T T T T T T T T
4r — = background from a solid sample|
—— background from an empty cell

Intensity (A.U.)

Q (Angstrom™)

Fig. 2.21 The background extracted from a solid sample and that from an empty cell. The high frequency
noises in the background from the sample have been filtered out.
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Fig. 2.22 The structure factor (a) and distribution function (b) of an Fe-C-S sample at 2.15 GPa and 1895

K (same as in Fig. 2.20) after the subtraction of the background. There is much less deviation compared
with Fig. 2.20, although some issue related to residual background remains. Possibly this arises from subtle
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differences in the background from each sample due to the composition difference, compression status, etc.
This residual background yields an overall limited uncertainty on the density, which can be neglected.

(3) Tmin @ Qax

Tmin @Nd Qqx 1S @ pair of the input parameters to be refined when running the Amorpheus
software. For each given value of 7,,;,,, and Q,,,4, the p, and corresponding y? are calculated, so
that all the parameters are fixed when x? reaches a minimum. However, it is interesting to consider
how the local minima in y2 (and corresponding densities) vary when considering different r,,,;,, or
Qumax s shown in Fig. 2.23. In fact, even though y? reaches a minimum at several 7,;,, value, nor
all r,,,;, are equivalent as can be judged from the shape of g(r). For the “correct” r,,;, value, the
g(r) inthe low r region is flat and starts to increase at r = r,,,;,,, otherwise the g(r) shows a distortion
around r = r,,,;,,, Which makes no physical sense. With a wrong ,,,;;, we note large difference in
the density determined from the correct r,;,. In other words, the correct r,,;,, is crucial for a

reliable density determination.

In terms of Q,,4, the value of y? shows periodically local minima over a range of Q,,,4,, Which is
attributed to the shape of 1(Q) and the preferred cut at a certain Q values (and hence the shape after
the Fourier transform). To minimize the 2, Q4. should be chosen with full oscillations included
or excluded. In theory, the selection of Q,,,, won’t significantly affect the density, because the
cut-off effect is not prominent if one further full oscillation is included or not (for instance choosing
Qmax= 78 or 103) and after iterations the g(r) regularly converges. For instance, in the example
here considered, the obtained atomic density are 83.8, 82.8, and 83.2 at Q,,,4,= 78, 103, and 132,
respectively (see Fig. 2.23 (b)). Given the limited effect on density, for the purpose of this work
and for consistency, the Q,,,4, around 80 yielding the minimum value of x?2 is employed for all the

samples.

63



Loop over rpy, Loop over Qpax

83 4 6 86 16
21 () r (b) |
-
81 4 85 1 F1z2
Fa
7 80 0 Mo,
£ S 84 lg S
ERE g ° 3
£ 78] i < le ©
2 83
Fa
77
1 L2
76 824
0 ko
013 014 015 016 017 018 019 020 021 70 80 90 100 110 120 130
rmin (nm) gmax (nm~1)
Pair distribution function g(r) Pair distribution function g(r)
2.5 0 2.5 0
1 1
2 2.0 2
2.0
3 3
4 1.57 4
1.5 1
N E
=10 % o5
0.5 1 0.0 1
o g(r) with r;, = 0.139 Zo0s 4 g(r) with r;,, = 0.174
-1.0 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
rinm}) r(inm)

Fig. 2.23 (a) A loop for searching for ryin that yields the minimum of y? with a given Q,,,4. (b) A loop for
searching for Q,,,4, that yields the minimum of y2 with a given 7;,,;,,. The x2is shown in blue and the
corresponding atomic density in red. In the loop over 1;,,;,,, the x? reaches the minimum at 0.139 nm and
0.174 nm respectively, while in the loop over Q,,4, the x? reaches the minimum periodically at Q=78,
103, and 132. (c) and (d) The pair distribution function calculated with an 7,;,=0.139 and 0.174,
respectively.

It is worth noting that Fig 2.23 is employed to illustrate only the independent effect of rmin and
Qmax ON the 2. In practice, a double-loop over rmin and Q4 is carried out to seek the minimum

of x2, which generates a 3-D plot shown in Fig. 2.24.
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Fig. 2.24 The loop for searching the minimum of y? over a series of rmi, for an Fe-C-S sample. The y?
reaches a local minimum when the rmin = 0.182 nm and Q,,,,,=79 nm, where the atomic density equals to
81.8, and the massive density 6780 kg/m®,

2.6 Density from X-ray absorption — absorption profile treatment

Based on the Beer-Lambert law, and considering independent absorption by sample, capsule and
environment, the ratio of the transmitted intensity over the incident intensity can be written

according to Eqg. (2.2) as follow:
I
IR = exp(—HsPsts — tePctc — HePete) (2.40)

0

where the subscripts s, ¢, and e represent sample, capsule, and environment, respectively.
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In practice, the contribution from environment was observed to be negligible. Considering the
geometry of the cylindrical capsule and sample, with the center noted by X, the intensity as a

function of distance to the center could be written as

(1o exp (~2ucpe (VR = = X2 = fr = (d = Xo?) — 2uspsfr — (d — X)) x<r
I'= { Io exp (~2ucpe (VR = (= X02) r<x<r (241

A x >R

where R and r are the radius of capsule and sample determined by the tomography at experimental
condition, x is the distance to the sample center. Fig 2.25 shows the details of the geometry. The
value of u.p. and u,p, can thus be determined by the fitting procedure. Fig. 2.26 is an example of

raw data compared with the fitted data.

VR = (x = X)2 =1 — (x — X,)?

v

Fig. 2.25 Schematic of the assembly geometry. The cylindrical sample is shown in grey at the center, and
the sapphire ring is shown in light blue. The intensity of collected beam is dependent on the thickness of
each part indicated.
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Fig. 2.26 Absorption profile after normalization (orange) in comparison with fitted data (green). This
example is for an Fe-C-S sample at 4.92 GPa and 1610 K.

To extract the density of samples from the product u,ps, the value of u is needed. The u, was
estimated in two ways. The first approach is based on the formalism of the massive absorption
coefficient of compounds in Eg. (2.3), with the u of each component taken from the NIST Standard
Reference Database. In the second approach we can calculate u from an absorption scan and a
diffraction pattern on solid before melting, which independently and respectively provide the
product usp,, and the density p, of the solid sample. In the latter case, under the assumption than
the mass absorption coefficient for a given compound does not significantly vary upon melting,

the density of liquid samples at experimental conditions can be calculated by

_ (wp)pr (2.42)

p T = - -
BT (up)s/ps

where the subscript s represents the solid sample. Before melting, the sample density pg is

calculated from the measured unit-cell volume of each component extracted by diffraction and

their known molar proportion.
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2.7 The Margules formulism for liquid mixtures
2.7.1 Thermal equation of state

Several formalisms are used to characterize the volume as a function of pressure at constant
temperature. Two widely used formalisms are the third-order Birch-Murnaghan equation of state
(e.g. Poirier and Tarantola, 1998) and the Vinet equation of state (e.g. Vinet et al., 1986 and 1987).

The former is written as:

7 5 2
3 Vo\3  (Vo\3 3 Vo\3 (2.43)
P(V)_ZKO (V) (V) 1+4(K 4) (V) 1
and the latter as:
1% g 1/ 5 3 1/ -3
_ Voy3 _ (Vo3 3ipr _ (%) ® (2.44)
P(V) = 3K, (V) (V) expyz (K" =11 (V)

where the V is the volume under pressure, V, and K, the volume and bulk modulus at zero pressure
and reference temperature (normally room temperature), and K’ the pressure derivative of bulk
modulus. The Vinet EOS was originally developed for solids and later proven valid for modelling
the low-temperature parameters of liquid metals (e.g. Komabayashi 2014; Knibbe et al., 2021).
Here we also employ the Vinet formalism for Fe-C and Fe-S and their room-temperature

parameters from literature.

As well, there are various thermal models to characterize the volume evolution at high temperature,
which could be classified in three categories depending on the compression and heating route
assumed in the model to link the reference P, T point to the considered P, T point. They are
summarized in the table below. As indicated, various models are used in isochoric heating after
cold compression, which differ in the way they account for the thermal pressure. As the thermal
pressure is always produced during the heating, this formalism category does not allow to model

the data at low pressure and high temperature simultaneously (e.g. Dorogokupets et al., 2007;

68



Miozzi et al., 2020). The hot compression after an isobaric heating (normally at ambient pressure)
models the thermal expansion coefficient in the heating process, and the bulk modulus and its first
derivative in the hot compression, all as a function of the temperature. Interested readers are

referred to the bibliography.

Table 2.1 Various thermal models applied to different compression and heating routes

Route Models

) _ ) Holland-Powell model (e.g. Angel et al., 2017);

Cold compression—Isochoric heating Mie-Gruneisen-Debye (e.g. Miozzi et al., 2020);
Einstein model (Dorogokupets et al., 2017)

Cold compression-Isobaric heating Anderson-Gruneisen (e.g. Komabayashi 2014)

Isobaric heating— Hot compression Modified EOS (e.g. Zhao et al., 1997)

The Anderson-Gruneisen formalism adopted in this study is presented here in some more detail.
In the Anderson-Gruneisen formalism, the thermal expansion is dependent on pressure, but not on
temperature, and the value under pressure is evaluated by the Anderson-Gruneisen parameter 5,
(Boehler et al., 1990; Anderson et al., 1992),

8y = (dlna/dnV) (2.45)
and
6’1‘ == 6077K (246)

where §, is the value of 6 at 1 bar, n =V/V, , and k is a dimensionless thermos-elastic
parameter. Eq. (2.45) and (2.46) yield

0
aio = exp [— 70 (1- n")] (2.47)

where «, is the thermal expansion coefficient at 1 bar.
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2.7.2 The mixing of solutions
2.7.2.1 Gibbs energy and mixing models

Considering a binary system as example, the composition of the system can vary from pure

component A to B, with the Gibbs energy defined by the following equation

G = x,Ga + x5Gp + Gmix (2.48)

G is the Gibbs energy of the system, and the components A and B are often called end members.
The G, 1s called Gibbs energy of mixing, shown by the difference between the Gibbs energy of
the system with the weighted sum of the Gibbs energy of the end members in Fig. 2.27. One
significant source of the Gibbs energy of mixing is the mixing entropy of the two components,
RT (x4lnx, + xglnxg), where R is the gas constant and T the temperature in K. A solution with
the only entropy as the Gibbs energy of mixing is regarded as an ideal mixing. The Gibbs energy
of a binary system based on ideal mixing can be thus expressed as

G = xAGA + xBGB + RT(xAlnxA + xBlan) (249)

Differentiating the Gibbs energy yield the volume of the binary solution:

V = xAVA + xBVB (250)

There are also other contributions to the Gibbs energy, called excess Gibbs energy. In fact, the
excess contribution widely exists when mixing liquids (e.g. Morard et al., 2018), which can be
defined in different ways depending on different models. This sort of model is called non-ideal
mixing model. Accordingly, there will be an excess term for volume if derived with respect to
pressure (more thoroughly discussed in the next section). The characteristic shape of the Gibbs
energy with an excess contribution is also shown in Fig. 2.27. The next section will discuss a

specific non-ideal mixing model adopted in this study.
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Non-ideal mixing

A B

Fig. 2.27. Characteristic shapes Gibbs energy of ideal mixing and non-ideal mixing.

2.7.2.2 The Margules formalism for liquid mixtures

In an asymmetric Margules formulation, the non-ideality of the Gibbs energy of the component i
of a mixture is described by the addition of an excess contribution:

Gi = Gip + Giex (W) (2.51)

where G; is the Gibbs energy of component i, G;, the Gibbs energy at standard state, and G; ., (W)
the excessive Gibbs energy. W is the interactive Margules parameter which is assumed linear with

pressure and temperature:

W(P,T) =Wy +T X Ws + P X W, (2.52)
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Deriving the Gibbs energy with respect to pressure, the volume of liquids mixture (here using Fe-

C-S as an example) by end members (here using Fe, FesC, and FeS as an example) is written as
Veecs = XrescVresc T XresVres + XreVre + XreycVex(Fesc) T XresVex(res) + XreVex(Fe) (2.53)

The additional terms are excessive contributions to the volume, which are functions of the fraction
of each component. For instance, the excessive volume contribution from Fe, i.e. V., sy is related

to the other end members by:

Vex( Fe) — XI%eS [WV,Fe—FeS + 2XFe (WV,FeS—Fe - WV,Fe—FeS)]
+XI%e3C[WV,Fe—Fe3C + 2XFe (WV,Fe;.;C—Fe - WV,FE-FEgC)]

+2XFeXFesXFe3c(WV,FeS—Fe + WV,Fegc—Fe)

2.54
_ZXFeSXFe3C(XFeSWV,Fe3C—FeS + XFe3CWV,FeS—Fe3C) (2:54)

XFe CXFeS(1 - 2XFe)
+ : > (Wy pes—re + Wy pe—res + Wy pe,c—Fe

Wy re—resc + Wy pesc—res + Wy res—resc)

with the ternary interaction term neglected. Wy, ;_; is the volume interaction Margules parameter,
which characterizes the interaction intensity of components i and j (Tsuno et al., 2011). With the
other two counterparts for FeS and FesC, the mixed volumes given by Margules model are shown
in Eq. (2.55).

Vre—c—s = XrescVresc + XresVres + XreVre + XpeXfe,c Wy Fe—Fesc
+ XFeXI%eSWV,Fe—FeS

2 2
+Xre,cXfeWv resc—re + XrescXFesWv Fesc—Fes

+XpesXFeWy res—re + XresXFe,c Wy, pes—resc (2.55)

XFeXFe CXFeS(3 - 2XFe - 2XFe c 2XFeS)
+ ? > > Wy re—Fesc + Wy pe—res

Wy resc—re ¥ Wy resc—res + Wy res—re + Wy pes—Fe,c)
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Chapter 3 On the properties of Fe-C-S liquids

This chapter gives a full view of the experimental results for the ternary liquid Fe-C-S alloys,
including the properties of the recovered samples, the local structure and density determined
following the data-processing methods introduced in chapter 2, and a well-established
thermodynamic model. The densities from the two techniques are compared, and both values are
used for the establishment of the thermodynamic model, which allow a further discussion on the

constraints on the composition of the Moon’s core.
3.1 Sample preparation

The Fe-C-S samples are mixtures of iron (99.5%, Alfa Aesar), iron sulfide (FeS, 99.98%, Alfa
Aesar), and graphite powders (99%, Alfa Aesar). For each sample, the starting components were
weighed, mixed, and ground in an agate mortar for 30 minutes and stored in a vacuum box. Before
experiments, the powders were burned in a vacuum furnace at 150 <C for a few hours to ensure

dehydrated, and loaded to a sapphire or an hBN capsule and pressed to compact.
3.2 Microscopy analysis of the recovered samples
3.2.1 Scanning electron microscopy imaging

Quenched samples were mounted into epoxy resin and polished for SEM and electron microprobe
analysis. The micro-structure was analyzed by a ZEISS-ULTRAS5 scanning electron microscope

at Institut de Miné&alogie, de Physique des Maté&iaux et de Cosmochimie, Sorbonne Université

An SE2 (Secondary electron) image of the recovered assembly and BSE (Back-scattered electron)
images of Fe-C-S samples from in situ CAESAR experiments are shown in Fig. 3.1. It shows 2 or
3 phases homogeneously distributed within the whole samples with the S-rich part and S-depleted
part exhibiting a strong contrast. Sapphire capsules proved excellent suitability for sealing the
liquid sample and keeping its geometry. With the BN serving as lids at the two sides, the pressure

inside the capsule is considered almost hydrostatic.
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(b) Fe-1.5C-4S

Sapphire

(c) Fe-3C-4S

(g) Fe-1.5C-22S

Fig. 3.1 Example of full view of the recovered assembly (a) and backscattered electron images of the Fe-
C-S samples (b-h). Two phases are visible in the most sulfur-rich samples (f-h) and three phases in the
others (b-e): the darker sulfur-rich region and brighter carbon-rich region in the two phases-samples, and
the dark S-rich region, the bright iron-rich region, and the carbon-rich phase with intermediate brightness
in the three-phases samples. In the last case, the S-rich and C-rich phase are close to the stoichiometric
composition, FeS and FesC, respectively. Looking at texture, this shows a trend with the increase of sulfur
(>15 wt%): the lamellar-shaped C-rich phase and Fe-rich phases were replaced by a single medium carbon-
rich phase.
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Regarding the miscibility experiments, due to leaks, not all the samples could be recovered from
the runs performed in LMV. Fig 3.2 shows some of the recovered samples from 1600K and 4 GPa
(in particular those having retained a regular shape). Six loadings with different starting
compositions were conducted in each run (multi-capsule assembly), without having marked the
location of each of the six starting compositions. Liquid immiscibility can be identified in (a) and
(b), while (c) shows a miscible sample. As holes are found in most of the samples, we can assume
that graphite grains coexisted with the melt, but could not be measured as these got detached during

the polishing.

Fig. 3.2 Three samples with regular shapes
recovered from 4 GPa and 1600K. (a) and
(b) show liquid-immiscible samples and (c)
shows a miscible sample. For (a) and (b),
the brighter portions are regions with
higher density, composed of Fe-C, while
the darker portions correspond to quenched
Fe-S liquid with lower density. The denser
parts are expected to will gather at the
center of the sample as shown in (b), which
in turn implies that sample (a) might not be
fully equilibrated. In (c), no contrast is
visible over the whole sample, except
holes, in black, indicating that the sample is
guenched from a miscible liquid. The black
parts observed in (a) and (c) over the entire
sample, where graphite grains were
inferred to exist but got detached during the
polishing.
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The BSE images of the samples with representative textures from the runs performed at IMPMC
are shown in Fig. 3.3. Similar to runs performed at LMV, carbon-saturated samples were identified
by black spots/holes, which was supported by the fact that the hollow spots have been found only
in high-carbon-content samples with the known starting composition for each sample image.
Samples show three different sorts of recovered textures: miscible, immiscible, and a “critical”
status. The texture shown in Fig. 3.3 (C) and (D) is obviously different from that shown in Fig. 3.3
(A), where small C-rich droplets with diameters of 2-5 microns coexist with dendritic texture. In
fact, the droplets-like texture have been also found in Fe-S-Si (Sanloup and Fei, 2004; Morard and
Katsura, 2010) and Fe-O (Kato and Ringwood, 1989) immiscible liquids with relatively low bulk
light element content, which were called emulsion texture, but in those cases, the diameters were
overall larger (up to tens of microns), and no dendritic texture existed. The smaller droplets
coexisting with dendritic texture found in this study is more like a critical state between miscible
and immiscible, and therefore, the bulk composition is expected to be rather close to, or even in
the miscibility gap. Accordingly, the small C-rich drops are expected to quench from C-rich liquid,

and the dendritic part from homogeneous Fe-C-S liquid.

(a) Fe,sC10S,s 2000 K 4 GPa (b) FegsCy,S,, 2000 K 4 GPa

(C) FessCyoS,, 2000 K 5 GPa (d) FeggCp0S,, 1650 K 4 GPa
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Fig. 3.3 Back-scattered electron (BSE) images representative of textures in the recovered samples. Nominal
compositions and experimental conditions are marked on top of each image. (A) Homogeneous texture
guenched from single liquid. (B) Quenched sample from two immiscible liquids. The bright carbon-rich
droplets are distributed in the darker sulfur-rich liquid. (C) and (D) examples of a critical status between
miscible and immiscible liquids, where carbon-rich liquid forms small droplets that exsolve from the sulfur-
rich liquid, but do not gather to form large carbon-rich droplets. The inset in (C) is the corresponding EDS
map (same probed area), showing chemical concentration of C, S, Fe, and Al

3.2.2 Electron microprobe analysis

Following SEM analysis, all the samples were also analyzed by electron microprobe in
CAMPARIS, Sorbonne University usinga CAMECA SX-100 wavelength dispersive spectrometer
(WDS). Pure iron, natural pyrite (FeS>), and synthetic FesC, and Fe>O3 were used to calibrate Fe,
S, C, and O, respectively. All the standards and samples are coated with platinum with same
thickness by controlling the sputtering time (and typically at the same time). In the first analysis,
the accelerating voltage and operating current were set as 10 kVV and 200 nA. Analysis on 10
different locations are conducted on the standard to average the count rate for the calibration. It
has been well known that the carbon content commonly sees an increase with time as it
accumulates on the sample surface due to the evaporation of C-bearing organic molecules inside
the machine (Fei and Brosh, 2014; Deng et al., 2013). Therefore, nitrogen-cooled cold fingers and
an oxygen flux were employed to suppress the evaporation of C-bearing compounds and to create
a reactive atmosphere that removes the carbon around the samples. In spite these precaution and
care in the measurements, the obtained total weight percent was generally higher than 100%, with
a likely overestimated iron content as often near and sometime above 100%, and reasonable carbon

and sulfur contents. The table below shows the results of Fe-1.5C-4S as an example.

Table 3.1 A part of EPMA results of Fe-1.5C-4S from CAMPARIS

Probed spot  Carbon (wt%) Oxygen (wt%) Sulfur (Wt%) Iron (Wwt%)  Total (Wt%)

1 2.9821 1.3747 0.6533 99.9685 104.9786
2 0.7726 2.0681 0.361 100.9811 104.1828
3 2.7082 1.2303 13.0246 91.5791 108.5422
4 2.3412 0.7766 0.0393 100.5453 103.7024
5 3.0814 2.2214 21.0512 84.2096 110.5635
6 3.4798 1.6664 11.9846 88.1675 105.2983
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7 1.5989 1.2929 0.1239 99.3003 102.3159
8 0.9923 1.4022 0.0304 100.6158 103.0406

Great efforts have been made to figure out the reason and solve the problem. The potential error
sources were considered to be the selection of accelerating voltage, the composition error of the
standards, and issues related to the coating layer. We also stress that we have been among the first
users of CAMPARIS to investigate metallic iron samples rather than silicates as most commonly

done.

Regarding the selection of accelerating voltage, to detect the Ko of Fe at 6.4 keV, a minimum
voltage of 10 kV is needed. As a matter of fact, 15 kV is more commonly used for iron alloys in
similar studies reported in literature (e.g. Chabot et al., 2008; Deng et al., 2013). The employed
accelerating voltage here (10 kV) is around the threshold where the characteristic X-ray of iron
can be detected, which could produce artefacts on the count rate. However, the results obtained in
the following measurements, for which we employed an increased accelerating voltage of 15 kV,
have not been significantly better. The selection of accelerating voltage is therefore here

considered not to be a crucial factor.

Concerning standards, since the standard for sulfur is natural pyrite, we could not a priori discard
the possibility that some impurities are present. Accordingly, we conducted both EDS (energy
dispersive spectrometer) and WDS (wavelength dispersive spectrometer) on the pyrite standard,
with carbon coating, and both indicated it as pure FeS,. The possibility of error from the standard
has also been ruled out.

Finally, we consider source of errors coming from the coating. Analysis of iron and pyrite
standards with carbon coating showed a total weight percent very close to 100%, with a remarkable
decrease in iron content. Similarly, good results are obtained for our Fe-S samples (detailed in
another part of this Ph.D. thesis). The anomalously high count rate on iron content is thus ascribed
reasonably to the Pt coating. We can speculate that either the platinum film causes artifacts on the
count rate of iron, or that the detector of the microprobe does not function well with the platinum

coating.

In view of the problems we were facing with CAMPARIS, and in parallel to the diagnostic work
reported above, we decided to have analysis performed elsewhere. Because of the expertise and
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experience on the analysis of C-bearing metals, the composition of the recovered samples from
were also quantified in the Earth and Planets Laboratory, Carnegie Institution for Science, with a
JEOLB8530F electron microprobe operated at an accelerating voltage of 15 kV and beam current
of 20 nA (for samples from in situ experiments) and 30 nA (for samples from quench experiments).
The samples were coated with iridium. A calibration curve for carbon analysis was established
based on the C Ka intensity of Fe7Cs, FesC, a C-bearing NIST steel Fe-1wt%C, and pure Fe, and
is shown in Fig. 3.4. For samples from in situ experiments, a focused beam sized a few micron
was first employed to measure the composition of each phase in the samples, and a defocused
beam sized 30>30um? was then employed to measure the bulk composition. For samples from
quench experiments, a 30>30um? defocused beam was applied to all the samples for each phase.
The phase-sorted or/and bulk composition of all samples from in situ and quench experiments are
shown in Table 3.2 and 3.3 respectively. It is worth noting that the iron carbide phase recovered
from in situ runs shows less carbon content than that of FesC, indicative of the presence of are

carbon defects, as already reported in previous studies (Walker et al., 2013; Fei and Brosh, 2014).

120000 ) = 12474x + 11260 l

100000

80000

60000

Count rate (CPS)

40000

20000

wt % of carbon

Fig. 3.4 Carbon count rate in the Fe and Fe-C standards. The linear fit is used as a calibration for the
correction of carbon content in the samples.
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Table 3.2 EPMA results of samples from in situ experiments.

Starting Weight percent
composition Fe C S 0 Total Notes
Beamtime0720
97.87(0.36) 1.43(0.52) 0.02(0.01) 0.08(0.02) 99.40(0.34)  Fe-rich phase
Fel 5C.AS.1 93.1(0.98) 6.09 (0.65) 0.52 (0.67)  0.05(0.01) 99.77(0.26)  C-rich phase
Fess ;3C11 6Sas 69.48(2.06) 1.23(0.53) 27.35(1.87) 0.25(0.05) 98.34(0.64) S-rich phase
’ o Bulk
95.88(3.62) 2.81(1.29) 2.28(3.21) 0.11(0.02) 101.08(0.83) composition
97.82(0.83) 0.90(0.24) 0.03(0.01) 0.09(0.05) 98.83(0.65)  Fe-rich phase
Fe.l 5C.45.2 91.72(0.49) 6.08(0.31) 1.13(0.77) 0.09(0.05) 99.02(0.30)  C-rich phase
Fees .5C12 oS16 67.58(2.73) 0.97(0.11) 29.24(2.48) 0.28(0.13) 98.07(0.45) S-rich phase
o Bulk
95.50(1.03) 3.11(0.46) 1.04(0.55) 0.53(0.10) 100.18(0.54) composition
98.73(0.25) 1.11(0.13) 0.02(0.01) 0(0) 99.86(0.18)  Fe-rich phase
Fe.3C.4S 93.53(0.21) 7.19(0.26) 0.02(0.01) 0(0) 100.74(0.17)  C-rich phase
FonsCoroSun 65.79(1.69) 1.03(0.14) 30.88(1.99)  0.10(0.03) 97.80(0.54)  S-rich phase
A Bulk
94.06(2.44) 3.55(1.07) 2.98(2.10) 0.15(0.20) 100.75(0.55) composition
97.13(0.19) 0.94(0.12) 0.03(0.01) 0(0) 98.11(0.22)  Fe-rich phase
Fe-3C-8S 92.78(0.11) 6.60(0.19) 0.02(0.01) 0.01(0.01) 99.41(0.26) C-rich phase
For CuSee 67.58(4.05) 1.06(0.26) 30.11(4.00)  0.08(0.02) 98.85(0.33)  S-rich phase
’ ’ Bulk
91.91(2.02) 4.64(1.29) 3.78(3.04) 0.48(0.14) 100.81(0.75) composition
Beamtime0921
Fe-1.5C-4S-32 / / / / / Recovery
Fes1.6C12.356.1 failure
96.66(0.44) 1.17(0.15) 0.34(0.30) 0.03(0.03) 98.20(0.14)  Fe-rich phase
Fe.1 5C.85 90.17(1.91) 6.22(1.02) 3.53(2.65) 0.12(0.09)  100.05(1.61)  C-rich phase
FersaCo oS 75.96(1.14) 1.23(0.48) 21.09(1.24)  0.27(0.09) 98.55(0.89)  S-rich phase
) T Bulk
87.79(0.96) 2.89(0.28) 9.25(1.32) 0.06(0.06) 99.98(0.98) composition
86.29(3.21) 5.15(1.53) 7.96(3.43) 0.24(0.17) 99.65(1.73)  C-rich phase
Fe-1.5C-15Sb 73.68(0.60) 1.41(0.28) 22.13(0.89)  0.64(0.35) 97.87(0.42)  S-rich phase
Fee6.7C11.522.1 Bulk
80.77(0.5) 2.91(0.44) 15.40(0.70) 0(0) 99.09(0.31) composition
Fe-1.5C-22S-1¢ Bulk
Fese 1C106S503 74.66(0.74) 2.88(0.64) 21.98(0.49) 0.13(0.02) 99.65(0.96) composition
Fe-1.5C-22S-2¢ Bulk
Feeo7Co 25301 75.49(0.41) 2.45(0.37) 21.55(0.22) 0.16(0.03) 99.65(0.44) composition
Fe-1.5C-30S°¢ Bulk
Fesr5C1s 55352 67.62(0.95) 4.97(0.25) 29.55(1.10) 0(0) 102.13(0.42) composition

4 Recovery was not possible due to a blowout during the decompression.

b The FesC phase visible in BSE image was not detected by microprobe due to the very small size of the
grains, comparable to, when not smaller than the size of the focused beam.

¢ The texture of the two most S-rich sample is characterized by very small grains that do not allow
distinguishing between C-rich and S-rich zones, therefore only the bulk composition is provided.

9 The reported trace oxygen is thought from sample’s oxidization occurred after the synchrotron
experiments (July 2020 and September 2021) in the time lapse between SEM analysis (right after
synchrotron experiments) and electron microprobe analysis (April 2022) as the O amounts from two
beamtimes are comparable if not slightly larger for Beamtime0720, indicating the use of sapphire rings in
the second beamtime did not produce O contamination.
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Table 3.3 EPMA results of the samples from quench experiments

: Weight percent
Starting Phase
composition Pressure assemblage Fe c S o Total Notes
1650-K runs
Bulk

Fes1CeS1s 2 GPa 1liguid  88.17(0.34) 2.05(0.23)  9.42(040)  0.67(0.05)  100.3(0.39) composition

Contaminated
Fe7sCsS14 2 GPa / / / / / / by
thermocouple

1 liquid + Bulk
FerC12S1s 4 GPa graphite 83.74(0.56)  2.02(0.25)  15.42(0.65)  0.98(0.21)  102.16(0.33) composition
1 liquid + Bulk
FessCuaS21 4 GPa graphite 81.37(1.10) 1.39(0.26)  17.78(1.16)  0.88(0.14)  101.42(0.47) composition
1 liquid* Bulk
FessCSz2 ~ 4GPa [ graphite 77.75(1.00)  1.19(0.25)  22.04(1.09)  0.92(0.11)  101.90(0.40) composition
1 liquid + Bulk
FesC25S26 4 GPa araphite 73.93(0.40) 0.32(0.12)  27.83(0.50)  0.99(0.15)  103.06(0.51) composition
2000-K runs
- Bulk
Fes1CeS13 2 GPa 1liquid  88.16(9.62) 1.20(1.10)  10.72(10.56)  0.45(0.17)  100.53(0.80) composition
o 70.17(1.54)  0.07(0.11)  26.72(2.00)  056(0.07)  97.52(0.66) S-rich
Fe7sCsS14 2 GPa 2 liquids
93.43(0.10)  2.97(0.14) 2.73(0.15) 0.45(0.08)  99.58(0.13) C-rich
70.70(0.54)  057(0.21)  25.07(0.89)  1.44(0.25)  97.79(0.24) S-rich
Fe7sC10S15 2 GPa 2 liquids .
93.25(0.39)  3.71(0.20) 2.08(0.06) 0.39(0.06) 99.43(0.47) C-rich
- Bulk
FersCwS1s 4 GPa 1liquid  83.30(6.95) 207(1.72)  13.68(8.29)  0.69(0.34)  99.75(1.22) composition
2liquids  7242(0.23)  0.20(0.04)  2430(0.27)  078(0.08)  97.70(0.21) S-rich
Fe70C12S1s 4 GPa . .
+graphite  9245(0.14)  4.10(0.09) 1.85(0.05) 0.35(0.08)  98.75(0.18) C-rich
2liquids ~ 72:32(049) 0.24021)  2514(066)  092(0.09)  98.63(0.22) S-rich
FessC14S21 4 GPa . )
+graphite  92.93(0.34)  3.95(0.16) 1.96(0.21) 0.32(0.05)  99.16(0.39) C-rich
1 liquid + Bulk
FessCuaS21 5 GPa araphite 81.14(6.22) 1.01(0.52)  15.54(6.80)  0.62(0.30)  98.31(0.92) composition
1 liquid* Bulk
FessCxS22 ~ 5GPa graphite 77.14(8.13)  1.12(1.25)  19.85(9.59)  0.75(0.36)  98.86(1.38) composition
1 liquid + Bulk
FewCzsSst 6 GPa graphite 72.41(3.22) 0(0) 27.46(3.59)  0.96(0.27)  100.83(0.64) composition

* Samples with a special texture including dendritic texture and small C-rich droplets, which is thought to
be a critical status between miscible and immiscible.
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3.3 Local structure and density from CAESAR data

Fig. 3.5 (a) shows the obtained pair correlation function g(r) (or radial distribution function for
isotropic media such as the liquids of the present study) together with partial g(r) from calculations
available in literature. Oscillations in the g(r)s become less pronounced for samples with 22.1
at.%S or more, consistent with previous studies on Fe-S binary liquids (Shibazaki and Kono, 2018,
Morard et al., 2018, Xu et al., 2021), where the liquids were reported to show a more disordered
structure for S content of 23.5 at.%S, 29.4 at.%S, and 25.1 at.%S, respectively. On the other hand,
inclusion of up to 18 at.% of carbon in the ternary liquid seems not to have a detectable impact on
the local structure, as signatures of the second and third coordination shells are still distinguishable.
The modification of the structure is controlled by the interstitial inclusion of more massive S atoms
that perturb the Fe-Fe network, while smaller C atoms can enter in interstitial sites between Fe
atoms without much affecting the local structure. This is further supported by the variation in the
atomic density shown in Fig. 3.6. The atomic density with increasing S or C content shows
opposite trends, highlighting the different effect of sulfur and carbon. Conversely, we note that the
atomic density of Fe-Si liquids does not significantly change with Si content, as Si atoms substitute
iron atoms.

T T T T T T 0.260 — T T T T T T T
(a) FegssCiaoSis (b)
2r —Fe,.CpiSis | :

84911635
—Fe,, .C,.S n

81.3 7143744
Fe.,.C,.S. 0.255 —. . -

76.5 18
0 ~ - —— Feq16C125561
Fe:,6C116517

——Fe_ . C,..S 0.250 | i

66.7 7112 22.1 °

2 Feeo.7C9.2330.1 a

—Fe_,,C,,.S

59.1710.6730.3

Few.sCleaS%z 0.245 |- i
- = Fe-Fe bonds

4r v - E:i Eg:iz § B FeC, Shibazaki 2018
Ve A | @ Fe-S, Shibazaki 2018 _
oy e S-S bonds 0240 Fe-S, Morard 2018

Iy | Fe-C-S, this work

g( (A.U)
r{nm)
L

0235 | 1 | 1 1 i 1 i 1 i 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4 0 10 20 20 40 50
r (nm)

Light element content (at.%)

Fig. 3.5 (a) Radial distribution function measured for Fe-C-S ternary liquids in the 1-5 GPa and 1700-1900
K range. Data are shown for increasing sulfur content (from the top to bottom) and compared to the partial
g(r) showing the individual contribution of Fe-Fe, Fe-S, and S-S bonds, calculated for a binary Fe-S liquid
alloy with 23 at.%S (Morard et al., 2018), and the partial g(r) illustrating the Fe-C bonds calculated for a
binary Fe-C alloy with 20 at.%C (Lai et al., 2017). (b) First peak positions of the ternary alloys in
comparison with results obtained for binary Fe-C and Fe-S at similar P-T condition (1.5-5.2 GPa and 1600-
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1980 K in Morard 2018, and 3-5 GPa, 1600-2000 K in Shibazaki 2018). Colored bands are guides for the
eye.

The most prominent feature in the g(r) is the position (r1) and intensity of the first peak,
corresponding to the first coordination sphere. ry as a function of total light element content is
plotted in Fig. 3.5 (b) and compared with results from literature obtained for binary liquids. Within
the experimental uncertainties the r; value of Fe-S liquids is not observed to vary with S content
for S addition up to ~20-25 at.%, while it significantly decreases for larger concentration. As
suggested by calculated partial g(r), this is likely due to the increased contribution of the shorter
and covalent Fe-S bonds (Fig. 3.5 (a)). Since the scattering intensity is proportional to the square
of the atomic number, the contribution from Fe-Fe and Fe-S bonds in the case of Fegs.7C11.2S22.1
account, respectively, for ~65% and ~27% of the total signal (see Morard et al., 2008 and
references there in), while the contribution from other bonds is negligible. Therefore, the formation
of shorter Fe-S bonds moves the first peak position of the total g(r) towards lower r, while other
bonds hardly have a visible effect. For binary Fe-C liquids, the addition of carbon seems to move
r1 towards higher values according to available experimental data (Shibazaki and Kono, 2018), in
apparent contrast with molecular dynamic calculations that indicate short Fe-C bonds (Lai et al.,
2017). This discrepancy may imply that the addition of carbon might have a more complex
perturbation effect other than simply forming the Fe-C bonds.

Our results of ry1 as a function of total light element content follow a trend qualitatively similar to
that reported for the binary Fe-S by Morard et al. (2018) and Shibazaki and Kono (2018), with a
closer agreement with values reported in the former. The similar trend of Fe-S and Fe-C-S liquids
for the same total light element content indicates that the Fe-S bonds still play a dominant role in
determining the structure of the ternary liquid, and that up to 18 at.% of C, C does not modify the
two-regime behavior observed for binary Fe-S liquid alloys, nor the light element threshold
defining the change in the regime. Thus, in this context C seems to play the same role as S in
decreasing the r1 value, in agreement with the calculated length of Fe-C bonds (Lai et al., 2017),
but in apparent contrast with the experimental r1 value reported for the Fe-C liquids (Shibazaki
and Kono, 2018).
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Fig. 3.6 Atomic density of Fe-C, Fe-S, Fe(-Ni)-Si liquid calculated at 5 GPa from massive density following
a formalism p,; = p * Ny/M, where p is the massive density, N, the Avogadro number, and M the molar
mass. The liquid Fe density is from Komabayashi 2014 at 1900K. Fe-C data are from Terasaki et al. (2010)
(FezsCas), Sanloup et al. (2011) (FezsC22), and Shimoyama et al. (2013) (FegsCi4) corrected to 1923K. Fe-
S data are from Morard et al. (2018) at 1900K. Fe(-Ni)-Si data are from Sanloup et al. (2004) (Fe71Size and
F6608i4o) and Terasaki et al. (2019) (F652Ni1oSi3g) at 1900K.

Table 3.4 summarizes the densities obtained from the analysis of the g(r) at the experimental P-T
conditions. Densities obtained by diffraction and by absorption are consistent, with remarkable
agreement in the cases of S-rich samples (e.g. measurements on Fego.7Co.2S30.1 and Fes7.5C16.3S36.2),
and a difference never exceeding 8% (measurements on Fe748C115S137). When the two methods
provide slightly dissimilar results, densities measured by diffraction are systematically below that
measured by absorption. A possible reason is that collected diffraction signal is contributed from
a sulfur-rich portion of the sample. In fact, the diffraction method would be more sensitive to local
inhomogeneity compared to absorption if the diffracting volume is comparable in scale to the size
of inhomogeneous regions (a few tens of microns). On the other hand, as the absorption profile is
taken on the whole sample, the error from local inhomogeneity has been almost eliminated (i.e.
the massive absorption coefficient is averaged). Finally, and irrespective of the above

consideration, we note that the both values are used to build the thermodynamic model.
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Table 3.4 Composition of the samples, experimental P-T conditions, density obtained by analysis of the
CAESAR data at experimental conditions and recalculated at the reference temperature of 1850 K.

Atomic proportion

Nominal o Pressure p by diffraction p extrapolated to
composition (%) Exp. T(K)  gpa) (kg/m?) 1850K (kg/m?)
Fe C S

Beamtime0720

1690 1.06 6550 6590
Fe-1.5C-4S 87.2 6.4 6.4 1895 515 6640 6670

1722 2.29 6500 6660
Fe-3C-4S 816 123 6.1

1895 2.09 6510 6580

1625 2.52 6300 6260
Fe-3C-8S 76.2 119 119

1895 2.17 6220 6220
Beamtime0922

1760 3.86 6470 6300
Fe-1.5C-4S 87.2 6.4 6.4

1850 3.70 6370 6370

1610 492 6310 6240
Fe-1.5C-8S 81.2 6.3 125 1720 4.70 6260 6200

1805 457 6170 6150

1760 3.72 / /
Fe-1.5C-15S 71.6 6.0 224

1850 3.62 5680 5680

1760 3.44 5120 5100

1850 3.31 5200 5200
Fe-1.5C-22S 62.8 57 315 1760 476 / /

1850 4.35 5540 5540

1760 4.7 5030 5000
Fe-1.5C-30S 53.6 55 40.9

1850 4.42 5080 5080

3.4 Density calculation from absorption profile

Absorption measurements were only conducted in the second of the two synchrotron beamtimes,
high-pressure runs (Beamtime0922). The densities determined using the p according to the two
protocols detailed in section 2.6 are shown in Table 3.5. Densities from the two methods yield
about 10% discrepancy. This large discrepancy originated from different 4 determination may
indicate that the theoretical u value estimated according Eq. (2.3), with the u of each component

taken from the NIST Standard Reference Database, is no longer appropriate for samples under
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high P-T conditions, when the absorption profiles could include a component from the scattering
of the gasket/capsule or in general spourious contribution from the surrounding materials.
Therefore, the u determined for the hot solid samples before melting are assumed to be a good
proxy for u of the corresponding liquids and adopted in the analysis that yields the densities that

are used for further discussion.

Table 3.5 Composition of the samples, experimental P-T conditions, density from absorption at
experimental conditions and recalculated at the reference temperature of 1850 K.

Beamtime0922

. from u from solid
Nominal UsPs H p p p rescaled to
L . T(K) P (GPa) literature samples
1 3 3 3
composition  (cm™) (cm?/g) (kg/m?) (cm?/g) (kg/m?) 1850K (kg/m°)
25.75 1760 3.86 6300 6830 6790
Fe-1.5C-4S 4.09 3.77
2434 1850 3.70 5950 6460 6460
26.00 1610 4.92 6550 6710 6610
Fe-1.5C-8S 2569 1720 4.70 3.97 6470 3.88 6630 6570
2539 1805 4.57 6400 6550 6530
21.15 1760 3.72 5630 5950 5920
Fe-1.5C-15S 3.76 3.56
21.45 1850 3.62 5700 6030 6030
17.38 1760 3.44 4900 5220 5200
17.32 1850 331 4880 5200 5200
Fe-1.5C-22S 3.55 3.32
18.62 1760 4.76 5250 5590 5560
18.36 1850 4.35 5170 5510 5510
15.01 1760 4.7 4530 5140 5110
Fe-1.5C-30S 331 2.92
1478 1850 4.42 4470 5060 5060

3.5 Comparison of density from diffraction and absorption measurements

Densities obtained by diffraction and by absorption are summarized in Table 3.6. Obtained values
are consistent, with remarkable agreement in the cases of S-rich samples (e.g. measurements on

Fes0.7C9.2S301 and Fes75C163S362), and a difference never exceeding 8% (measurements on
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Fe748C115S137). When the two methods provide slightly dissimilar results, densities measured by
diffraction are systematically below that measured by absorption. Density estimated by analysis
of CAESAR data in a benchmark run conducted on Al (see Appendix A) is observed consistent
with literature data, although there is no result from absorption to compare with. Samples’ texture
is possibly at the origin of this difference. The liquid Al is homogeneous even at microscopic scale
as single component. Conversely, in Fe-C-S samples local compositional heterogeneities at micron
scale cannot be ruled out, even though the sample is generally homogeneous. Diffraction signal
might have a contribution from a sulfur-rich portion of the sample (the size of the S-rich portions
in recovered samples are observed to be up to 10 um wide, comparable to the size of the diffracted
volume), which would yield to lower density than the whole sample. On the other hand, as the
absorption profile is taken on the whole sample, the error from local inhomogeneity is almost
eliminated (i.e. the massive absorption coefficient is averaged).

Table 3.6 Samples’ composition, experimental P-T conditions, measured density and density rescaled to
1850 K, for both diffraction and absorption experiments.

Atomic proportion p by p rescaled to p by
(%) TE)((‘Q) P(rce;s;:)re diffraction 1850K absorption 12;85}2?1;(1/23)
(kg/m?) (kg/m?) (kg/m?) g
Fe C S
Beamtime0720
849 116 35 1895 2.15 6780 6800 / /
855 129 1.6 1690 1.06 6900 6800 / /
1722 2.29 6740 6680 / /
813 143 44
1895 2.09 6600 6620 / /
1625 2.52 6590 6490 / /
765 180 5.5
1895 2.17 6430 6460 / /
Beamtime0921
1760 3.86 6550 6510 6830 6790
816 123 6.1
1850 3.70 6460 6460 6460 6460
1610 492 6200 6110 6710 6610
748 115 137 1720 4.70 6180 6130 6630 6570
1805 4,57 6110 6100 6550 6530
1760 3.72 / / 5950 5920
66.7 112 221
1850 3.62 5620 5620 6030 6030
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1760 3.44 5020 4990 5220 5200
59.1 106 30.3

1850 3.31 5160 5160 5200 5200

1760 4.76 / / 5590 5560
60.7 9.2 301

1850 4.35 5550 5550 5510 5510
475 163 36.2 1760 4.7 / / 5140 5110

1850 4.42 4970 4970 5060 5060

Irrespective of the above consideration, since, as already mentioned, density obtained by the two
technique are overall consistent, all values are used to build the thermodynamic model (see next

section).

3.6 The thermodynamic model

A non-ideal mixing model for Fe-C-S liquid was built based on the Margules formulation
described in section 2.7 and constrained by the density data determined from our experiments. Fe,

FeS and FesC are adopted as the end members, with their EOS parameters provided in Table 3.7.

Table 3.7 Thermal elastic parameters for Fe, FesC, and FeS

Parameters Fe? FesCP FeSP
V(Po, To) (cm3mol) 6.88 26.68 22.96
Ko (GPa) 148 75.66 17.02
Ky’ 5.8 7.98 5.92
ot 5.1 9.43 5.92
a(Po) (105K 9 9.59 11.9
K 0.56 0.56 1.4
y 1.73¢ 1.7 1.3
To(K) 298 1723 1650

a. Parameters from Komabayashi (2014).
b. Parameters refitted by Knibbe et al. (2021).
c. Parameters from Anderson and Ahrens (1994).

Fitting the density data to the Margules formalism (Eg. 2.55) yields the six volume interaction
Margules parameters shown in Table 3.8. Starting from the modeled ternary volume, all relevant
thermodynamic properties of Fe-C-S solutions can be computed according standard

thermodynamic relations.
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Table 3.8 Fitted interaction Margules parameters

Wy re-resc 0.240.2
Wy Fesc-Fe 040.2
Wy re-res -2.240.4
Wy res-re -1.040.4
Wy Fesc—res -3.040.2
Wy Fes—Fesc 0.840.2

* All the parameters are in cm?®/mol

The thermal expansion coefficients of each composition can be calculated according its definition:

()

For comparison, the density measured at different experimental conditions are rescaled at the
reference value of 1850K by making use of the thermal expansion coefficients, and the
comparisons between ideal and non-ideal models are shown in Fig. 3.7. The fitted Margules
parameters for Fe and FesC are close to 0 indicating that Fe and FesC mix almost ideally at here-
considered conditions. Comparing to the ideal mixing model in Fig. 3.7 (a), the densities provided
by Margules model in Fig. 3.7 (b) are in overall better agreement with the experimental data. Also,
note that ternary alloy with high light element content at low pressure (< 3 GPa) proved to be
immiscible, hence only high-pressure data were collected for the sulfur-rich samples. Finally, we
stress that although the here-established mixing model well account for the available experimental
data and is suitable for density calculations for the Fe-C-S liquid system as a function of pressure
and/or composition in the 0-5 GPa range, it may no longer be valid at higher pressure, since the

density discontinuity of Fe-C liquid due to a phase transition at 5.2 GPa (Sanloup et al., 2000).
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Fig. 3.7 Density at 1850 K computed for selected compositions in the liquid Fe-C-S ternary system
according to ideal (a) and non-ideal (b) thermodynamic models. (a) Ideal mixing model constructed based
on the properties of Fe, FesC and FeS end members (Table 3.7). (b) Non-ideal mixing model based on the
Margules mixing rule. Open circles and filled circles are, respectively, results from absorption and
diffraction measurements. The experimental uncertainties are mainly from the limited Q range, self-
absorption, and rmi» fluctuation in the case of diffraction, and from minor sample deformation and fitting
procedure for absorption.

The density calculated for the liquid Fe-C-S ternary alloys at 5 GPa as a function of the light
element content is shown in Fig. 3.8 (a) and compared with data for binary Fe-S and Fe-C alloys
from literature. The uncertainties are from the fitting of the Margules parameters, which yielded
+35 - 375 kg/m?® on the density. The most recent studies on Fe-S liquid by diffraction (Morard et
al., 2018) and absorption (Terasaki et al., 2019) are in good agreement and provide higher density
compared to earlier studies (Sanloup et al.,2000), while results on Fe-C liquid by absorption are
all within mutual uncertainties (Terasaki et al., 2010; Sanloup et al., 2011; Shimoyama et al., 2013).
The density of Fe-C-S alloys plots in between those of binary alloys, indicating a co-effect of
sulfur and carbon in decreasing the density of pure iron. As alloys with high light element content
reach the miscibility limit at low pressure (see Dasgupta et al., 2009), the carbon content
considered in this study is restricted to less than 18 at.%, so to model a homogeneous ternary liquid.
The density is thus largely controlled by the sulfur content, with the effect due to carbon inclusion

minor as the direct consequence of the limited proportion of carbon in the modeled alloys.

90



The compressional sound velocity v, of liquid Fe-C-S alloys, and specifically of the ten
compositions investigated in this study, can be calculated at 5 GPa and 1850 K in an internally

consistent way based on our thermodynamic model, following the equation

gy R @2

where y is the Grineisen parameter, a the thermal expansion coefficient calculated by Eq. (3.1),
p the extrapolated density of the ternary alloy by the mixing model, and K the isothermal bulk

modulus calculated by its definition and the mixing model, Eq. (2.55):

dp
Kigsok,p = [—V <_)]
' av/ligsox (3.3)

Since there is no experimentally determined y for liquid Fe-S, Fe-C, or Fe-C-S, the y of ternary

Fe-C-S samples are calculated as:

KrVa

L 3.4
CP - KTVTCZZ ( )

14

where the Cp is the heat capacity at constant pressure of the ternary alloys, determined by the

values of all the end members:

a [}
¢, = 20 Z X; o (35)

where Q is the amount of heat and the subscript i represent each end members. The Cp of Fe, FeS,
and FesC are calculated with Eq. (3.4) using the parameters provided in Table 3.7. The calculated
thermo-elastic properties are provided in Table 3.9.

Here we note that using other parameterization of the bulk modulus of the alloys (e.g. Chen et al.
2014; Morard et al, 2018) and/or a value of y=1.72 (e.g. Kuwabara et al., 2016; Shimoyama et al.,

91



2016) fixed to that experimentally determined for liquid Fe (Anderson and Ahrens, 1994) lead to
a ~15% higher compressibility and consequently higher velocities without modifying the reported

trend.

Table 3.9 Calculated thermo-elastic properties of all the samples at 1850 K and 5 GPa

Composition K (GPa) a (x10°K?) Cp (JIK) y vy, (M/s)
Fegs5C12.9516 90.42 6.68 35.42 1.40 3859
Fegs.9C116535 92.74 6.67 35.25 1.47 3948
Fes1.6C12.356.1 83.87 6.45 33.17 1.37 3773
Feg13C14.354.4 89.12 6.39 32.71 1.43 3883
Fe765C18Ss5 85.15 6.00 29.31 1.39 3820
Fe748C1155137 66.41 6.08 29.21 1.15 3415
Fess.7C11.2522.1 54.83 5.63 24.39 1.14 3211
Fes0.7C9.2S30.1 47.89 5.34 21.07 1.08 3090
Fes0.1C10.6530.3 47.70 521 19.91 1.11 3103
Fes75C16.3536.2 42.21 4.54 12.14 1.39 3043

Fig. 3.8 (b) shows the calculated sound velocity compared with the data from literature for the Fe-
S and Fe-C binary systems. The errors are from the fitting of Margules parameters and the
uncertainties of y. The ternary data show some scatter, but follow the trend defined for Fe-S alloys.
We also note that the points showing higher values of sound velocity with respect to a linear trend
are those with larger C fraction (e.g. the point at x=23.5, for which C content is 18 at%). While
difficult to independently address the effect of S and C on velocities, the sound velocity of the

liquid ternary alloy would offer a useful reference to model seismic velocities in the Moon’s core.
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Fig. 3.8 Density (a) and sound velocity (b) at 5 GPa modeled for the ternary Fe-C-S alloys as a function of
light element content and compared with data for the binary Fe-S and Fe-C system. The reference
temperature for our model is 1850 K, while the temperature of other studies is annotated adjacent to the
data with the same color. Lines across the points are guides for the eye.

3.7 Results of miscibility experiments

The miscibility gap of the ternary alloys was studied at two temperatures, 1650K and 2000K to
detect a potential temperature effect on the miscibility gap. 1650 K is around the lower limit of the
temperature range at which all the samples are fully molten based on the previously reported Fe-
C-S melting experiments (Dasgupta et al., 2009; Deng et al., 2013), and 2000 K is around the
maximum temperature the available cell assembly can reach. This temperature range also cover
core temperatures expected in small terrestrial planetary bodies (e.g. the Moon). The miscibility
gaps estimated at 1650 K and 2000 K on the basis of the bulk composition of the miscible products
and the phase-sorted composition of the immiscible products are shown in Fig. 3.9.

At 1650 K, all the samples were found to be carbon-saturated, except the most iron-rich one. No
typical immiscible texture was observed in these carbon-saturated samples at 4 GPa, indicating
that with the graphite powder of the starting material dissolving into the alloy, the liquid
composition fast reached the carbon solubility limit before entering the immiscible zone. The
sample at critical status implies that miscibility gap and carbon solubility limit should intersect at
the composition of the liquid product. The 2-GPa miscibility gap is constrained by only the
composition of one miscible product, as the other samples from 2-GPa runs were contaminated by

the thermocouple. On the other hand, both miscible and immiscible products were observed from
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2000-K runs, with the 2- and 4-GPa miscibility gaps constrained by their composition. At pressures
of 5 and 6 GPa, all the samples showed miscible and carbon-saturated texture, including one at the
critical status. Similar to the runs at 1650 K, it becomes hard to observe immiscible liquids because
the miscibility gap shrinks with increasing pressure and the liquid composition reaches first the
carbon solubility limit. Since the carbon solubility increases with temperature it intersects the 5-

GPa miscibility gap, as indicated by a recovered sample at critical condition.

2-GPa product 2-GPa products
0 4 miscible 4 miscible
4-GPa products @ immiscible
4 miscible @ immiscible
v miscible 4-GPa products
< miscible (CS) = miscible
» miscible < immiscible

¥ immiscible

miscible
miscible (CS)

6-GPa product

» miscible

40 60 80 100 40 60 80 100

Fe content (at%) Fe content (at%)

Fig. 3.9 Miscibility gaps of Fe-C-S alloys at 1650 K and 2000 K determined by the composition of
recovered samples (color coded for pressure dependence). The black stars are carbon solubility limit in Fe-
C liquid at 5 GPa by Fei and Brosh (2014). The other black symbols represent starting compositions, while
corresponding colored symbols represent the composition of the corresponding products, with the
immiscible ones linked by dashed lines. The black curves are carbon solubility limit in Fe-C-S liquid around
5 GPa, determined by the ternary data and C-saturated ternary liquid composition in this study. In the
legends, CS represents critical status.

Compared to the previous studies on the miscibility of Fe-C-S liquid by Corgne et al. (2008) and
Dasgupta et al. (2009), our results show an overall lower carbon content in the products, and a
reduced closing of the miscibility gaps with pressure. Fig. 3.10 shows the comparison of 2, 4, and
5- GPa miscibility gaps here-constrained with determination by Dasgupta et al. (2009) at similar
temperature. As the shape of the miscibility gap is determined by similar protocols in both cases,
this large difference on the evolution of the miscibility gaps with pressure is rationalized as a
considerable compositional difference of the recovered samples, possibly due to differences in

microprobe analysis. Dissimilar duration of high-temperature experiments can be ruled out as
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origin for this apparent discrepancy, as the composition of the immiscible products would only

move along the miscibility gap with time, but would not modify it.

, ¥a \\ ¥ , ¥ >0
40 60 80 100

Fe content (at%)

Fig. 3.10 Miscibility gaps at 2, 4 and 5 GPa (in red, blue, and orange, respectively) at 2000 K as obtained
in this study in comparison with the results at 1873 K by Dasgupta et al. (2009) (in black). Grey circles are
compositions of the phases in the immiscible samples, linked by the black dashed lines.

We also note that the miscibility gaps are essentially the same at 1650 K and 2000 K, while
temperature largely affect the carbon solubility limit and, accordingly, the composition of the run
products. Due to the higher carbon solubility in Fe-C-S alloys at 2000 K, the composition of Fe-
C-S samples enter the immiscible zone after melting and partition to two phases at or below 4 GPa.
However, as the carbon solubility limit in Fe-C-S liquid drops below the 4-GPa miscibility gap at
1650 K, immiscibility is hardly observed, since carbon solubility limits the dissolution of graphite
in the ternary liquid. Unlike the pressure-induced closure of the miscibility gap above 6 GPa
suggested by some studies, we found that in the temperature range of present interest, the
miscibility gap of Fe-C-S liquid only moderately shrinks with pressure and remain about constant
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with temperature. The composition of the actual products is largely controlled by the carbon
solubility limit. If confirmed, terrestrial planets with a carbon- and sulfur-rich fluid core at
pressures larger than 5 GPa are not likely to experience liquid partitioning, nor immiscibility-
induced core stratification. Conversely, those with a core pressure below 5 GPa, could have a two-
liquids Fe-C-S core could at relatively high temperature. However, with the secular cooling of the
core, and the consequent reduction of the carbon solubility limit, a transition from two immiscible

liquids to a single miscible liquid accompanied by carbon precipitation seems inevitable.

3.8 Summary

Liquid structures and densities of Fe-C-S alloys have been studied by a multi-techniques approach
at high pressure and high temperature, up to 5 GPa and 1900 K, over a large range of carbon and
sulfur composition. The experimental data were employed to establish a non-ideal thermodynamic
solution model for density and other thermo-elastic properties of liquid ternary alloys as a function
of pressure and composition, which provides a useful database to discuss the composition of the
core of small telluric planetary bodies.

Local structure, density and sound velocity of the ternary Fe-C-S liquids have been compared to
those of binary Fe-C and Fe-S liquids. Although both interstitial, S and C differently affect the
liquid structure, with g(r) of ternary Fe-C-S liquid very close to the g(r) of binary Fe-S liquid with
the same light element content. At first approximation, the local structure of ternary liquids is thus
controlled by the S content. Conversely, both density and sound velocity of ternary alloys show a
co-effect of carbon and sulfur. With specific regards to density, values of ternary alloys are
distributed between the upper and lower values provided, respectively, by Fe-C and Fe-S alloys
having the same total amount of light elements. Still, the effect of S is more significant, lowering
both density and sound velocities of the ternary Fe-C-S liquids with respect to pure Fe more
significantly than C, as evident from the direct comparison of properties of ternary alloys with the
same total amount of light elements but different C vs. S proportions.
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Chapter 4 Constraints on the composition of the Moon’s core

4.1 Liquid iron alloys in the Moon’s metallic core

Being the Moon a telluric body, its metallic core is expected to be comprised by iron alloyed with
nickel and some amount of lighter elements, which could include C, O, Si and S. Moreover, the
core should be at least partially molten in line with the moonquake records and geodetic
observations (e.g. Lognonnéand Johnson, 2007).

When considering iron and iron alloys phase diagrams, the relatively low temperatures of the
Moon’s interior (T between 1300 K and 1900 K, e.g. Wieczorek et al. 2006) point to the Fe-FeS
system as the simplest explanation for a liquid iron alloy stable at the thermodynamic conditions
of the Moon’s core. Furthermore, the depletion of the lunar mantle in siderophile elements possibly
relates with presence of sulfur in the core (Rai and Westrenen, 2014). Sulfur has a strong chemical
affinity to iron at Moon’s core conditions (siderophile behavior), and it is effective in decreasing
the density of pure liquid iron (Fig. 3.9 (a)). Accordingly, many compositional models have been
put forward for the core of the Moon based on the thermo-elastic properties of Fe-S or Fe-Ni-S
liquid alloys (e.g. Nishida et al., 2011; Jing et al., 2014; Antonangeli et al., 2015; Morard et al.,
2018; Terasaki et al., 2019).

Other light elements, such as oxygen and silicon, are not expected in significant concentration, as
oxygen solubility into iron seems to be relatively low at the pressures pertinent to the Moon’s core
(Ricolleau et al., 2011), and the oxidizing conditions during the core differentiation do not favor
silicon (Kilburn and Wood, 1997). On the other hand, based on silicate/metal partitioning, carbon
has been also recently considered as a potential main light element, entering into the Moon’s core
composition up to 4.8 wt%C (Steesntra et al., 2017b), but the comparatively higher density of
liquid Fe-C alloys (Fig. 3.9 (a)) seems difficult to reconcile with the density of the core constrained
on the basis of the geodetic data. Similarly, compressional sound velocities of liquid Fe-C and Fe-
Ni-C alloys at Moon’s core pressure and temperature conditions are higher than that of liquid Fe-

S (Fig. 3.9 (b)), with significant implications for the inversion of the seismological data.

Absence of data on the ternary Fe-C-S system so far largely limited the discussion and the models

to the binary systems. Current dataset allows a step forward.
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4.2 The Fe-C-S system and the Moon’s core

The local structure of ternary Fe-C-S liquid here experimentally determined for the first time, show
that the shape of the g(r) and in particular the position of the first coordination sphere evolves with
increasing light element content following the same trend of Fe-S liquids. As a first order
approximation, the limited substitution of sulfur with carbon (~18 at.%) doesn’t affect the local
structure of the ternary liquid. However, the two elements have different quantitative effects on
density and sound velocities (Fig. 3.8). Indeed, S lowers both density and sound velocity of liquid
iron more significantly than C, as readily visible from the experimental data of Fe-C and Fe-S with

the same atomic proportion.

According to these considerations, assessing the amount of C in the core of the Moon on the sole
basis of seismological or geodetical observations constraining density and/or sound velocity is not
straightforward. On the other hand, the possibility of carbon as a potential light element existing

with sulfur in the Moon’s core cannot be ruled out.

Many Moon’s models were built by integrating various independent observables, including
seismic, electromagnetic, geodetic, and geochemical data. Great efforts have been made to
interpret these observables in terms of composition, but discrepancies still exist among studies, in
particular concerning the core (Garcia et al., 2019; Viswanathan et al., 2019; Kuskov et al., 2021
and references therein). To discuss the possible content of sulfur and carbon in the Moon’s core, a
density contour is plotted in Fig. 4.1, where densities proposed by three of the latest Moon’s
models (see table 4.1 and associated references for more details) are correlated to sulfur and carbon
content based on results discussed in Chapter 3. Moon’s core is assumed at 5 GPa and 1850 K.
Note that in Kuskov 2021 the Moon’s core is modeled with a solid inner core surrounded by a
liquid outer core, so that the solutions’ space reported in Fig. 4.1 corresponds to the C and S content

in the outer core, while a fully molten core was assumed in the other two models.
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Fig. 4.1 Carbon and sulfur content within the liquid (outer) core assumed at 5 GPa and 1850 K and having
density according to three recent Moon’s models: Garcial9 (Garcia et al., 2019), Viswanathan19
(Viswanathan et al., 2019), and Kuskov21 (Kuskov et al., 2021). A 3% variation is considered with respect
to the density proposed in Garcial9 and Viswanathanl19. Inset: Zoom-in of light element distribution for
Garcial9. The shaded triangle shows the composition range for which solid Fe phase (+C at solid solubility
limit) is expected in coexistence with Fe-C-S liquid.
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Table 4.1 Reference models of the Moon’s core here considered for discussion. Garcial9 is from model 2
in Garcia et al. (2019); Viswanathan19 is from Viswanathan et al. (2019), and Kuskov21 is from model E

in Kuskov et al. (2021).

Garcial9 Viswanathan19 Kuskov21
Seismic Ts, Tp
Seismic Ts, Tp Geodetic M, I/MR?, | Geodetic M, I/MR?,
Main data source Geodetic M, I/MR?, ka; ka;
ko Crustal thickness and Geochemical bulk
Electromagnetic p, density concentration of FeO
and Al2O3
Core status Fully molten Fully molten SIQI'O.' Inner core +
iquid outer core
Density of the (outer) 4550 kg/m® 5812 kg/m? 6200 — 7000 kg/m®

While both Garcial9 and Viswanathan19 assume an entirely liquid core, Garcial9 suggests two
Moon models with the core density ~22% lower than in Viswanathan19, resulting in a nearly pure
FeS core. As the two models in Garcial9 gave quite similar core densities (4480 vs. 4550 kg/m?3),
the model 2, using an updated geodetic dataset, is taken for discussion here. As Fe, FeS, and FesC
were employed as end-members for the thermodynamic model, the mixing limit (i.e. the maximum
light-element content) is defined by the curve linking FeS and FesC in Fig. 4.1. A 3% variation
with respect to the proposed density in Garcial9 reflects only into a ~2 wt% variation of required
sulfur content, while allowing for some carbon (below 0.5 wt%). If this model were confirmed,
the required sulfur content would be pinned to 34-36 wt.%, while the carbon content would be

constrained by the ternary liquidus as a function of C and S content.

In the model Viswanathan2019, the core oblateness as a function of radius was derived from two
models, one with LLR-fitted polar MOI (moment of inertia), and the other with a hydrostatic core
model. The overlapped region indicates the core properties compatible with both models, which
yield a core radius in the range of 38112 km with a density of 5812 kg/m®. The proposed density
and the corresponding C and S contents are shown in Fig. 4.1. While carbon content spans from 0
to 4.4 wt.%, reaching the miscibility gap (as this model assumes a homogeneous liquid core, the
carbon content is not supposed to exceed this limit), and correspondingly, the sulfur content is

constrained within 13-23 wt.% (variation of #23% on the nominal density).
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The model Kuskov2021 assumes a partially molten core, with the density of the liquid outer core
in the range of 6200-7000 kg/m? (and the density of the solid inner core in the range 7500—7700
kg/m?®). The pseudo binary Fe(Ni)-S was considered in this paper, with a solid inner core composed
of iron (plus nickel and light elements at trace level) and an outer liquid core made of Fe-S. We
can then reconsider this model in the light of our results on the ternary Fe-C-S. Both, Fe and FesC
are denser than the Fe-C-S liquids from which they crystallize and would be suitable candidates
for an inner core, with the actual crystallizing phase controlled by the bulk concentration of carbon
in the liquid.

(i) For a bulk composition on C-poor side, Fe would be the first crystallizing solid phase, leaving
a Fe-C-S liquid outer core. Whether an Fe inner core would grow from the center (bottom-up), or
Fe formed at the top of the core would snow across the liquid core (top-down) depends on total

light element content, an in particular S content (Xu et al., 2021).

(i) For a bulk composition with intermediate light element content (e.g. Fe-5wt%C-5wt%S, see
Dasgupta et al., 2009), FezC would be the first solid phase to crystallize to form a solid inner core,
leaving a Fe-C-S liquid outer core until the entire available C is consumed. In a similar manner to
previous case, S content is expected to largely control the top-down vs. bottom-up crystallization

regime.

(iii) For a bulk composition on C-rich side (e.g. Fe-4.35wt%C-7.85wt%S, see Deng et al., 2013),
graphite will first form during the core cooling process and float upward to the core-mantle
boundary, followed by the crystallization of FesC during the continuous temperature decrease to
form an inner core. When applied to the model of Kuskov2021, only the latter stage is considered.

Case (iii) can thus be brought back to case to (ii).

Experiments on the Fe-C-S ternary system have supported the above-outlined three crystallization
regimes, which are strongly dependent on the bulk C and S content. We stress, however, that with
a limited number of experiments conducted only with a few specific compositions, the C threshold
between the C-poor and C-rich side, i.e. the eutectic point, and how it modifies with sulfur content,

remain poorly constrained.

A solid inner core of fcc-iron with the density of 7500-7700 kg/m® was proposed in the model of

Kuskov2021. In this case, further limits in the amount of light elements, beside the above-
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mentioned eutectic, are placed by the liquidus (the existence of an inner core in equilibrium with
melt imposes conditions below those at liquidus). Melting experiments in the Fe-S-C system
indicate the liquidus temperature to decrease significantly compared to that in the Fe—S binary
system by adding a very small amount of carbon into the Fe-S system (Deng et al., 2013). In
absence of precise determination of the phase diagram of the Fe-C-S system, the ternary
composition at liquidus temperature = 1850 K is estimated as linear interpolation between results
for the Fe-C and Fe-S binary systems (Fig. 4.2) and shown as shaded area in the Fe corner in Fig.
4.1. The entire compositional space corresponding to the density of the outer core proposed in
Kuskov2021 lies outside this corner for a core at 1850K. In other words, a relatively hot core at

1850 K could hardly support a solid inner core.
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Fig. 4.2 Linear estimate of ternary composition at liquidus temperature = 1850 K from binary phase
diagrams of Fe-C and Fe-S. The ternary composition is theoretically determined by the intersection of the
liquidus surface of the ternary alloy and the truncated plane at 1850 K. In absence of knowledge of the
ternary phase diagram, the composition is here linearly estimated.

If a colder core at 1600 K is assumed, the C and S content at liquidus are expected to significantly
increase. When linearly estimated, the compositional space area for which a solid Fe phase (+C at
solid solubility limit) coexists with Fe-C-S liquid is remarkably larger (Fig. 4.3). At the same time
Fe-C-S liquid is denser at lower temperature, so a larger fraction of light elements is needed to
account for the density proposed by the considered Moon’s models (Fig. 4.4). Specifically, ~1 wt%
more S would be required to justify the densities in Garcial9 and Viswanathanl9 if the core is at
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1600 K rather than at 1850 K. More interestingly, since the temperature’s effect on density is
comparatively smaller than on the liquidus composition, the compositional space accounting for
the density of the outer core proposed in Kuskov2021 sees now an overlap with the composition
range for which a solid Fe(+C) phase coexists with Fe-C-S liquid (Fig. 4.4). In this case, the
possible C and S content in the Moon’s outer core has a maximum carbon content of 2.8 wt% for
a sulfur content of 4 wt%, while sulfur content could be up to 14 wt%, limited by the liquidus
composition of Fe-S. We stress, however, that current knowledge of the phase diagram and melting
relations of the ternary Fe-C-S system is very limited and the above discussion should not be

considered quantitative.
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Fig. 4.3 Linear estimate of ternary composition at liquidus temperature = 1600 K from binary phase
diagrams of Fe-C and Fe-S. See caption of Fig. 4.2 and text for more details.
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Fig. 4.4 Range of possible carbon and sulfur content within the liquid (outer) core assumed at 5 GPa and
1850 K and having density according to three recent Moon’s models: Garcial9 (Garcia et al., 2019),
Viswanathan19 (Viswanathan et al., 2019), and Kuskov2l (Kuskov et al., 2021).. A ¥3% variation is
considered with respect to the density proposed in Garcial9 and Viswanathan19. Inset: Zoom-in of light
element distribution for Garcial9. The shaded area shows the composition range for which solid Fe phase
(+C at solid solubility limit) is expected in coexistence with Fe-C-S liquid. This compositional space at
1600 K is significantly larger than at 1850 K (see Fig. 4.1) so that the model Kuskov21 now finds possible
solutions (overlap of the shaded are with compositional space accounting for outer core density).

4.3 Summary

Based on the acquired knowledge of the thermo-elastic properties of Fe-C-S alloys, and the derived
thermodynamic model, we discussed the simultaneous presence of carbon and sulfur in the Moon’s
core. Three of the latest Moon’s models have been considered, which propose different core states
(fully molten vs. partially molten) and have quite different core densities, and thus light element

content. Carbon, differently from sulfur, is hardly constrained on the sole basis of density and/or
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sound velocity. If the Moon’s core is assumed to be composed of a homogeneous Fe-C-S liquid,
the maximum carbon content is limited by the miscibility gap, here estimated at 5 GPa and 1850
K around 4.4 wt% depending on sulfur content. On the contrary, sulfur estimates on the basis of
the proposed densities largely depend upon the considered model and are in a 13-23 wt.% range
(Viswanathan et al., 2019) or 34-36 wt.% for model 2 in Garcia et al., 2019), well above upper
limits proposed on the basis of core differentiation models (e.g. Rai and van Westrenen, 2014).
About 1wt% more S would be required if the core is assumed at 1600 K rather than at 1850 K.
This apparent incompatibility between a light, S-rich core advocated by geophysical observations
and an S-poor core put ahead by core-differentiation models, metal-silicate partitioning and
elemental abundances in the bulk silicate Moon, remains to be addressed. On the other hand, if the
core were not fully molten (e.g. model E in Kuskov et al., 2021), in the Fe-C-S system, a solid
inner core would be made of Fe or FezC depending on whether the bulk C content is on the C-poor
or C-rich side of the eutectic. The currently limited knowledge of the phase diagram and melting
properties of the ternary Fe-C-S system allows only for a qualitative discussion. The existence of
a solid inner core puts more constraints on core’s temperature since it must be below the liquidus.
If we assume a core temperature of about 1850 K, the amounts of S and C required to match the
outer core density proposed in model E by Kuskov et al. (2021) make the existence of a solid inner
core rather unlikely. Lower temperatures would be required to have an inner core. If the core is
assumed at 1600 K, as a consequence of the temperature’s effect on liquidus composition and in
spite of the increased amount of light elements needed to match outer core density, a C-bearing
fcc-Fe core in coexistence with a liquid Fe-C-S outer core would be possible, in qualitative
agreement with the model of Kuskov21. However, in this case, the light element fraction strongly
depends on a detailed understanding of the phase diagram and partial melting properties of the
ternary Fe-C-S system, and the knowledge of the bulk composition of the proto-core, for which

further studies are needed.
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Chapter 5 Structure and compressibility of FesS2 and FeS under moderate pressures:

implications for modeling the core of middle-size planetary bodies

With partial exception of Mercury, it is generally accepted that planetary bodies within the inner-
solar-system (i.e. within the snow line) accreted in oxidizing conditions that favor the presence of
O and S as alloyed elements in the core (Hillgren et al., 2000). Therefore, Fe-S compounds are
main candidates for the core of terrestrial planetary bodies in the inner solar system, in particular
concerning solid (inner) cores, due to the limited partitioning of O into solid Fe. The complexity
of the Fe-S system at pressures below 20 GPa directly reflects into the fact that the stable structure
of solid Fe-S cores critically on the P-T condition. For instance, an intermediate Fe-S phase
between Fe and FeS, FesS; has been reported stable at 14 GPa by Fei et al. (1997) (Fig. 5.1),
replaced by two more iron-rich phases, Fe>S and FesS, at higher pressures (Fei et al., 2000). The

actual stability field the FesS. phase is still unclear and its crystal structure unknown.
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Fig. 5.1 Fe-FeS phase diagram at 14 GPa. The solid curves are phase boundaries based on Fei et al. (1997).
The dashed line is the estimated phase boundary for FesS,. Red arrows show the starting compositions and
the heating paths proposed in this study.
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This study thus aims at addressing these two aspects of the Fe-FeS phase diagram by in situ X-ray
diffraction. Furthermore, measurements as a function of pressure and temperature allow
constraining the thermo-elastic properties of stable FeS and FesS,. To these ends, starting
compositions with a wide range of sulfur content have been investigated, nominally Fe-15S, Fe-
20S, Fe-25S, and Fe-30S (in wt%), as indicated in Fig. 5.1. These starting samples were prepared
starting from iron and iron sulfide powders, following protocols similar to those employed for Fe-
C-S samples and described in section 3.1. Experiments have been conducted in the pressure range
of 11-15 GPa, either from room temperature to melting or from room temperature till target T of
900 K, and quenched, to allow analysis of the quenched melt and quenched solid phases (runs

terminated at 900 K). Detailed instrumental parameters have been introduced in section 2.3.1.

5.1 Overview of the in situ diffraction data

The experiments include four high-pressure runs around 14 GPa, one on each composition, and
one further run on Fe-25S at lower pressure, around 11 GPa, for comparison. Among the high-
pressure runs, Fe-15S was heated up until melting. An isothermal decompression was performed
on Fe-20S from the target P-T point to investigate the phase stability. Except the molten Fe-15S,
all the others runs were quenched from the target temperature of ~900 K to retain the solid phases
at experimental conditions. Fig. 5.2 shows the P-T paths followed in the various experiments.
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Fig 5.2 Experimental P-T paths for five Fe-S samples. All the samples went through a cold compression
followed by step heating. The points indicate the P-T conditions where diffraction patterns were collected.

Fig. 5.3 shows a series of diffraction pattern collected on Fe-15S upon heating. Signal from the
NaCl pressure marker was detected all the time. With increasing temperature, a small amount of
FeO was detected starting from around 780 K. We consider the MgO cap sealing the capsule as
the most likely source of oxygen. We note that Deng et al. (2013) also reported oxidation by MgO
at similar P-T condition, and in these experiments MgO served as capsules for Fe-C-S samples.
Diffraction peaks from FesS> appeared at 890 K, concomitant with the rapid reduction of the
intensity of FeS peaks. A phase transition from hcp-Fe to fcc-Fe occurred between 890 K and 1049
K. Fcc-Fe coexisted with FesSz until the onset of melting at 1109 K, pinned by the appearance of
a diffuse signal. At 1109 K XRD pattern from sample contains only diffuse signal from liquid and

sharp peaks from fcc-Fe.
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Fig. 5.3 Series of diffraction pattern collected on Fe-15S upon heating. Peaks of NaCl and BN are observed
all the time. Reflections from FeO appeared at 780 K and remained visible over the entire explored P-T
range. Diffraction signal of FesS; appeared at 890 K and disappeared upon melting, once the diffused signal
was detected. The phase transition from hcp-Fe to fcc-Fe was observed between 890 K and 1049 K. The
partially molten sample at 1109 K only shows diffuse signal from liquid and sharp peaks from fcc-Fe.

Same products, Fe and FesS,, were observed at ~900K in the run on Fe-20S. Isothermal
decompression allowed to estimate the FesS> phase stability boundary at P=12.2 GPa, pressure
below which the FesS, decomposed in fcc-iron and FeS (Fig. 5.4). This phase transition boundary

is also supported by the run on Fe-25S, where no FesS, was produced up to 12 GPa and 995 K.
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Fig. 5.4 The diffraction pattern sequence of the run on Fe-20S. An almost isobaric heating (from 780 K to
940 K) was followed by an isothermal decompression (from 14 GPa to 12.1 GPa at 940 K). For clarity,
peaks characteristic of FesS; are highlighted in the dashed boxes, and that of FeS in the solid boxes. Upon
heating the sample follows a phase sequence similar to that of Fe-15S discussed above. In particular, as in
Fe-15S, the new intermediate phase appeared at 900 K and its diffraction peaks became more pronounced
at 940 K. The phase transition from hcp-iron to fcc-iron occurred at 900 K upon heating. With the
appearance of FesS, the FeS was consumed and its signal disappeared at 940 K, while signal from Fe
remained evident. The isothermal decompression path shows that the FesS; starts to transform back to Fe
and FeS around 12.2 GPa, and the reaction completes at 12.1 GPa.
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FesS, and FeS were also observed as the products in the high-pressure run on Fe-25S and Fe-30S.
It is worth noting that in the run on Fe-25S, Fe + FesS; were expected as products, as the
stoichiometric FesSz has 27.7 wt% of sulfur. Conversely peaks of FeS + FesS, were detected up to
1000 K, temperature at which the run was quenched to allow analysis of the recovered solid phases.
This unexpected combination of products was attributed to the partial oxidation of iron occurred
prior to the transition of FesS,. The consumption of part of the iron made the actual S fraction in
the Fe-S sample larger than 27.7 wt%, leading to the stabilization of FeS together with
stoichiometric FesSo.

A summary of the products from all the runs can be found in the table below.

Table 5.1 Maximum pressure and products of each run

Starting composition Maximum Pressure (GPa) Products
Fe-15S 14.97 Fe + FesS; + trace FeO
Fe-20S 14.16 Fe+FesS, + trace FeO

Fe-25S (low-P) 12.00 Fe+FeS + trace FeO
Fe-25S (High-P) 14.95 FeS+FesS; + trace FeO
Fe-30S 14.86 FeS+FesS, + trace FeO

5.2 Micro-structure analysis and chemical quantification

All the recovered samples were carbon coated and analyzed by a ZEISS 55 scanning electron
microprobe at IMPMC and double-checked with analysis at ISTeP, Sorbonne University. EDS
mapping and quantification were also conducted on each sample. The figures below show some

representative textures.

The texture of Fe-15S is shown in Fig. 5.5. This run was quenched from partial melting and this is
reflected by the simultaneous presence of quenched liquid (the homogeneous area on the left side,
next to the MgO cap) with solid grains (on the right side). Fig. 5.5 (b) shows the electron back-
scattered image of the solid portion, where two phases coexist. The standardless EDS
quantification conducted on the two phases indicates that one of them is FesS; and other is an Fe-

S compound with sulfur concentration lower than 50 at% (Table 5.2). Possibly, this Fe enrichment
111



is consequence of signal coming from metallic Fe and a small amount of produced FesS>
discernable as tiny grains in Fig. 5.5 (b). In addition, an O contamination trace level was detected,

in line with the diffraction patterns that showed a small contribution from FeO.

= Oimo

Fig. 5.5 (a) EDS mapping of the recovered assembly from run on Fe-15S. The sample is at the center, while
the magenta area corresponds to the BN capsule, and the cyan area to the MgO cap. (b) BSE image focusing
on the solid portion of the recovered sample. The numbered points correspond to individual analysis and
the resulting phases are indicated in the table 5.2.

Table 5.2 EDS quantification on Fe-15S solid part

Phase @) S Fe Ni Total*
FesS; (point 1-3) 1.94 (0.54)  41.56 (1.63)  56.50 (1.84) 0 (0) 100.00

Fe-S alloy (point 4-7) 0.61(0.50)  28.83(0.71)  70.51(0.79)  0.05(0.05) 100.00
* Standardless EDS analysis, the content has been rescaled and shown in atomic percent.

The BSE image of Fe-20S (Fig. 5.6) shows the coexistence three phases in the recovered sample,
the bright Fe grains, dark Fe-O compound, and FeS grains with intermediate brightness. Quantified
results are shown in Table 5.3. The Fe-O compound shows a depleted oxygen content compared
to stoichiometric FeO, probably due to contribution from a small amount of tiny iron grains, as
FeO diffraction peaks exhibit no difference from nominal values until the quench (Fig. 5.4).
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Fig. 5.6 Back-scattered electron image of the recovered sample from run on Fe-20S. Three phases are
observed: Fe, FeS and an Fe-O compound having less concentration in O than FeO. Pores could be signature
of the NaCl pressure marker that got detached during polishing. The Fe shows two different textures, the
larger-sized grains which could be the original grains, and the small spots and traces, which could be formed
by the decomposition of FesS, during the decompression.

Table 5.3 EDS quantification in atomic percent on products quenched from run on Fe-20S

Phase (@) S Fe Ni Total
Fe (point 14-17) 0(0) 0.16 (0.06)  99.77 (0.11)  0.07 (0.07)  100.00
FeS (point 18-23) 0.11(0.25)  46.24 (1.26)  53.60(1.42)  0.05(0.11)  100.00

Fe-O compound (point 24-28)  30.75(3.10)  2.41(0.74)  66.78 (3.80)  0.06 (0.04)  100.00

5.3 Structure and lattice parameter of FesS2 under pressure

Fei et al. (1997) first reported the stabilization of FesS; above 14 GPa, but the structure remained
unsolved. A study on NizSz shows that it has a trigonal structure with R32 symmetry at ambient
pressure, and an orthorhombic structure with Cmcm symmetry above 20 GPa (Prewitt et al., 2002).
As an analogue, it is possible that FesS, exhibits a similar structure. To determine this, the lattice

parameters of each phase in the collected diffraction patterns were refined with the GSAS-II
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(General Structure Analysis System) package, using the Rietveld method. Fig. 5.7 shows an
example of pattern collected in run Fe-20S at 900K, in which the residual peaks belongs to the
FesS2 phase. We compare these peaks extracted from all the patterns observing good consistency

in terms of number and position.
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Fig. 5.7 Rietveld refinement of the diffraction pattern collected on Fe-20S at 13.92 GPa and 900K. Among
the five components, it is noteworthy that NaCl was added in the mixture as pressure marker and detached
during the polishing. Chemical reaction between NaCl and Fe-S mixtures was never observed.

The diffraction patterns were imported to PreDICT software to determine the structure of FesS..
Fig. 5.8 shows the interface of the software. Using the data of Fe-20S at 900 K and 13.92 GPa as
an example, after setting the correct wavelength and selecting all the visible peaks of FesS,, the
fitting is initiated by clicking ‘Run DICVOL’. According classic protocols the fitting should be
started trying to use high-symmetric crystal structures, such as cubic, and if no solution found,
move to a less symmetric structure. In our case, no solutions were found with cubic, tetragonal, or

hexagonal, until using orthorhombic.
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Fig. 5.8 The interface of preDICT with the diffraction pattern of Fe-20S at 900 K and 13.92 GPa. The short
red lines below the pattern indicate the positions of peaks belonging to FesS;.

Fitting the peaks to an orthorhombic structure produced a solution with a=11.139 A, b=9.531 A,
¢=3.171 A and the unit-cell volume of 336.65 A®. The solution is unique and can be reproduced
in all the collected diffraction data at comparable P-T conditions. To further determine the point
group and space group, the software CHEKCELL was used to fit all the visible peaks. There are
three point groups, and correspondingly 59 space groups included in the orthorhombic crystal
system, and CHEKCELL can search for the best matching space group among them by the given
peak positions and lattice parameters. Fig. 5.9 shows the interface. By fitting the 34 visible peaks
to the 59 space groups, the search function produces three best-estimated space groups, PNA21,
PNN2, and PNNM. Noteworthy, each of these three groups foresees several extra peaks here not
observed. Using the PNA21 group as example (Fig 5.9), the lower section of the software shows
the predicted peaks vs. the observed peaks. Most likely all the extra peaks predicted according to
the three space groups are not discernable in the image plate because they are too weak. Therefore,
without further experimental data, the space group of FesS> cannot be uniquely determined and

only constrained to the mentioned three cases.

115



Bl chekeell (03/06/2002) - O X

File Erase About Exit

(!:Hzﬂudl X I.'arl:dl #5 Sont |=§| Edllramfl B Save ] aDm:i:yI
IE] Diagram - O x

Measured reflections: Fe-205-73-1.pi

Calculated reflections: Fe-205-73.cny
“e ~20

Fig. 5.9 The interface of CHEKCELL software. The upper section includes the diffraction and crystal
information, and the lower section shows the fitting results (in green) compared to the predicted peak
position (in blue) within the given 26 range.

The unit-cell volume of FesS> at experimental conditions are summarized in Table 5.4, and plotted
as a function of pressure in Fig. 5.10, which shows as well dependence on pressure over the here-

considered T range of the individual lattice parameters.
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Table 5.4 Lattice parameters and derived volume of FesS; at experimental conditions from each run

Runs P (GPa) T (K) a(A) b (A) c(A) V (A%
Fe-15S 14.3 850 11.101 9.501 3.158 333.09
14.3 850 11.101 9.501 3.162 333.58
14.61 915 11.133 9.527 3.173 336.49
14.97 1038 11.166 9.558 3.189 340.33
14.83 1010 11.208 9.588 3.203 344.15
14.87 1049 11.231 9.612 3.213 346.84
14.95 1099 11.261 9.634 3.222 349.50
14.74 1101 11.297 9.647 3.227 351.71
Fe-20S 14.16 900 11.127 9.521 3.166 335.39
13.92 900 11.139 9.531 3.171 336.65
13.92 900 11.138 9.535 3.172 336.92
13.96 920 11.147 9.539 3.177 337.83
14 940 11.168 9.560 3.183 339.82
13.95 940 11.174 9.555 3.186 340.1
13.9 940 11.177 9.559 3.186 340.39
13.85 940 11.178 9.559 3.187 340.51
13.8 940 11.176 9.560 3.187 340.55
13.67 940 11.181 9.561 3.188 340.77
13.52 940 11.184 9.565 3.188 341.08
13.34 940 11.191 9.568 3.189 341.46
13.18 940 11.194 9.570 3.189 341.67
13.08 940 11.198 9.571 3.190 341.90
12.79 940 11.201 9.575 3.192 342.33
12.52 940 11.209 9.581 3.193 342.91
12.25 940 11.218 9.586 3.196 343.63
12.2 940 11.219 9.590 3.198 344.03
Fe-25S 14.85 850 11.057 9.470 3.143 329.10
14.92 880 11.148 9.477 3.145 332.29
14.95 910 11.103 9.504 3.162 333.64
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14.65 910 11.111 9.512 3.164 334.36
Fe-30S 14.71 890 11.123 9.510 3.164 334.71

14.64 920 11.128 9.521 3.170 335.86

14.24 920 11.139 9.521 3.175 336.70
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Fig. 5.10 Lattice parameters and unit-cell volume of FesS; as a function of pressure in the temperature range
from 850 K to 1100 K. Squares represent the unit-cell volumes (in A%), while circles, triangles, and
diamonds are the values of a, b, and c, respectively.

The density of FesS: is related to the unit-cell volume and the molar mass by the relation

M

p:

Vunit—cell X NA/Z

(5.1)
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where the M is the molar mass, N, the Avogadro’s number, and Z the number of molecules in one
unit cell. Common crystals adopt even Z values, such as 4, 6, 8, 12, etc. Without knowing the exact
Z value of FesSy, its density was first estimated by that of the reactants, Fe and FeS, with the

following chemical equation, assuming an unchanged volume throughout the reaction:

2FeS + Fe = Fe3S, (5.2)

For instance, the analysis of the diffraction pattern of Fe-20S at 940 K and 14 GPa allows the
determination of all lattice parameters of Fe and FesS;. Knowing their molar volumes and
assuming an unchanged volume during the reaction, the density of the product is computed as 6310
kg/m?. This density assessment may shed a light on the Z value of FesS, as the volume is not
expected to change significantly during the reaction. With hypothetic Z values of 4, 6, 8, and 12,
the theoretical density computed with Eq. (5.1) are 4520, 6790, 9050, and 13570 kg/m?,

respectively. Consequently, Z = 6 is here considered the most plausible value.

As FesS» decomposes to Fe + FeS below 12.2 GPa, and melts above 1100 K, structural information
on FesS; can be obtained only in a relatively narrow P-T range. The isothermal decompression
data allow to determine the isothermal bulk modulus K with respect to pressure at 940 K, but it
was not possible to determine as well its pressure derivative K’ due to the small pressure range. As
such, the data points were fitted to the second-order Birch-Murnaghan equation of state (i.e. the
Eq. 2.43 with K fixed at 4) and the Vinet equation of state (Eq. 2.44) with K also fixed to 4 for
comparison. The fit is shown in figure 5.11 and resulting parameters are summarized in table 5.5.
The two fits result in similar pressure dependence of volume and the zero-pressure volume. While
there is a large difference on the bulk modulus, the two fits are considered both valid in this narrow

pressure range.
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Table 5.5 Fitted thermal expansivity and EOS parameters using second-order Birch-Murnaghan and Vinet
formalism with K’=4 for FesS;at T = 940 K

Ty (K) 940K
Formalism 2"-order Birch-Murnaghan Vinet
Vory) (A% 372.2 (0.8) 367.3 (0.6)
Ko(r,) (GPa) 129.9 (3.8) 185.2 (4.0)
K'r, 42 42
a (X10°K?) 26.5°
2Fixed value.

b The value is determined by the definition of thermal expansion (Eq. 3.1) with the experimental volumes
in 14-15 GPa and 850-1100K.
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Fig. 5.11 Experimental data and fitted EOS for K’ fixed to 4. A few points at the two ends of the here-

considered pressure range have been removed from the fitting as they showed a variance approaching the
phase stability boundary.
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5.4 Lattice parameters and compressional behaviors of FeS-1V and FeS-V

The lattice parameters measured for the two phases of FeS, FeS-1V (hexagonal) and FeS-V (NiAs

type) observed in run Fe-25S at low and high pressure and in run Fe-30S, are listed in Table 5.6.

Using a fundamental NiAs type cell (ar and c;) to describe the unit cell of these two phases, a =

2ay and ¢ = ¢ for FeS-1V, and a = a; and ¢ = ¢ for FeS-V (Kusaba et al., 1998).

Table 5.6 Lattice parameters of FeS-1V and FeS-V at experimental P-T conditions

Phase P (GPa) T (K) a/b (R) ¢ (A) ¢r/ay
Run Fe-25S, low pressure
10.91 470 6.537 5.335 1.632
10.98 575 6.561 5.361 1.634
FeS-IV 11.3 680 6.577 5.185 1.638
11.57 785 6.593 5.408 1.641
11.81 890 6.61 5.425 1.641
Fes.\/ 12 995 3.316 5.447 1.643
10.42 1100 3.349 5.512 1.646
Run Fe-25S, high pressure
14.24 520 6.494 5.295 1.631
14.31 570 6.494 5.303 1.633
14.41 620 6.499 5.313 1.636
14.46 670 6.504 5.326 1.638
Fes. IV 14.57 715 6.506 5.327 1.638
14.69 760 6.512 5.334 1.638
14.76 805 6.513 5.336 1.638
14.85 850 6.514 5.338 1.64
14.92 880 6.519 5.344 1.64
14.95 910 6.526 5.352 1.64
Run Fe-30S
14.38 575 6.43 5.267 1.638
Fes 1V 14.53 680 6.495 5.322 1.638
14.63 727 6.504 5.328 1.638
14.71 774 6.513 5.340 1.64
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14.79 821 6.521 5.346 1.64

14.86 868 6.53 5.356 1.64
14.71 890 6.544 5.367 1.64
14.64 920 6.530 5.359 1.642

All the FeS phases show an anisotropic compressibility indicated by the ratio c¢/a, varying with

temperature and pressure.

The low-pressure range from 0 to 8 GPa have been carefully investigated by Kusaba et al. (1998)
and the derived dependence of ratio c;/ay with pressure and temperature is shown in Fig. 5.12,
together with our data on FeS-IV and FeS-V at high pressure and high temperature. Our
experimental data show high consistency with the previous studies, and complement published

dataset with further results at higher pressures and temperatures.
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Fig. 5.12 Contours of c¢/ay ratio of FeS as a function of pressure and temperature between room
temperature and 1173 K and from 0 to 16 GPa. The bold lines (curves) indicate the phase boundaries of
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different phases, and the black thin curves the contours of the ¢ /ay ratio discretized in the range from 1.64

to 1.69 (Kusaba et al., 1998). Colored points are data of this study, and the dashed curves with same color
are estimated contours.

5.5 Sulfur in “middle-size” terrestrial planetary cores

The phase stability of FesS; below melting observed in this study confirms the notion that it would
be one of the possible phases in solid cores of middle-size sulfur-rich terrestrial planets,
specifically for planets having a core pressure larger than 12 GPa. The upper bound of pressure
stability of FesS; is expected close to ~20 GPa, since more iron-rich products, FesS and FezS, have
been observed at 21 GPa (Fei et al., 2001).

Although current understanding of the interior of Galilean satellites of Jupiter is rather limited, if
core’s pressures of Europa, lo, and Ganymede are confirmed to range from 6 to 10 GPa, the main
products of a crystallizing Fe-S core would be Fe or FeS, depending on sulfur concentration.
Crystallization of FesS; requires bigger and/or denser bodies. A telluric planet in the solar system
with core at relatable pressures is Mercury. The core of Mercury could account for 3/4 of its radius
due to its relatively large mass and small radius (Anderson et al., 1987), and hence with pressure
spanning from 5-8 GPa (estimated pressure at core mantle boundary) to 30-44 GPa (center)
(Rivodini et al., 2009). Mercury’s core is partially molten (Margot et al., 2007) and the Fe-S system
has been largely used to model its properties (e.g. Hauck et al., 2007; Rivoldini et al., 2009;
Dumberry and Rivoldini 2015). On the basis of the phase diagram FesS, would crystallize over a
large depth range in the Mercury’s core. Whether the products are Fe+FesS: or FesSx+FeS strongly

depends on the bulk sulfur concentration in the crystallizing liquid.

5.6 Summary

Properties of FesS», including phase stability, structure, lattice parameter and equation of state
were studied by in situ x-ray diffraction between 12 and 15 GPa and up to the partial-melting
temperature of 1109 K, and complemented by SEM analysis of the recovered samples. Fe3S, was
found to form above 12 GPa and 850 K. In the binary Fe-S system, it coexists with Fe or FeS
depending on the sulfur bulk concentration, and it is stable till melting. It has an orthorhombic
crystalline structure, with space group either PNA21, PNN2, or PNNM. Analysis of the diffraction
patterns allowed determination of the lattice parameters a, b, and ¢ and of the unit-cell volume for
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all runs, without noticeable difference from run to run. Fitting the isothermal data to a second-
order Birch-Murnaghan and a Vinet equation of state with K’ fixed to 4 for the reference
temperature at 940 K yields similar zero-pressure volume V, of 372.2 #0.8 and 367.3 #0.6 A%, with
zero-pressure bulk modulus K, of 129.9 #3.8 and 185.2 34.0 GPa, respectively. The two sets of
fitted parameters don’t make a discernable difference on the equation of state within the interested
pressure range. Based on the unit-cell volume collected from 850 K to 1109 K around 14 GPa, the
thermal expansion, assumed constant in this P-T range, was determined to be 26.5x10° K1,

Based on the here-refined Fe-FeS phase diagram and considering the P-T stability conditions of
FesSz, this would not crystallize for small and middle-size telluric planets with core’s pressure
below 12 GPa. In particular, concerning the Galilean satellites of Jupiter Europa, lo, and
Ganymede, if their metallic core is composed of an Fe-S alloy, the solid products core
solidification would be Fe or FeS. Conversely, FesS could crystallize over a large depth range in

Mercury’s core.

A further achievement of this study have been the determination of the lattice parameters and
compressional behavior of FeS from 11 to 15 GPa and 470 K to 1100 K, in both hexagonal and
NiAs-type structure. We extracted reliable c¢/a, ratio of FeS from all the runs, and depicted the
dependence on pressure and temperature based on the previous data, for which our new results

represent a significant supplement at higher pressures and temperatures.
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Chapter 6 Conclusions and perspectives

6.1 Conclusions

As a plausible candidate material forming the Moon’s core, the physical properties of liquid Fe-
C-S alloys have been systematically studied by a multi-techniques experimental approach, with
specific focus on the local structure, density, and liquid miscibility at pertinent pressure and

temperature conditions.

The local structure and density of liquid Fe-C-S alloys were studied by in situ X-ray diffraction
and absorption, from 1 to 5 GPa and 1600 to 1900 K. The compositional space was mapped by
performing experiments on several starting compositions, namely Fe — 1.5 wt%C — (4, 8, 15, 22,
and 30) wt%S and Fe — 3 wt%C — (4 and 8) wt%S. Structural information of the liquids were
extracted from the diffuse scattering signal. The pair distribution functions g(r)s indicate that the
local structure of the ternary liquid is mainly affected by the concentration of sulfur, with the
structure becoming remarkably less ordered for S concentration above ~23 at%S. Conversely,
carbon plays a minor role in perturbing the structure. The different effect of carbon and sulfur on
the structure is related to the atomic size: smaller carbon atoms interstitially incorporate in liquid
iron without significantly affecting the Fe-Fe bonds, while interstitial incorporation of larger sulfur
atoms perturb the Fe-Fe networks when added in significant amount. Thus, at first approximation,
the local structure of ternary liquids is controlled by the S content. However, the density of ternary
alloys, independently determined from the analysis of the short-range portion of the distribution
function and from analysis of the absorption profile, shows a co-effect of carbon and sulfur,

although S more significantly decreases the density than C.

The miscibility of liquid Fe-C-S was studied by electron microscopy analysis of quench
experiments performed from 2 to 6 GPa at 1600 K and 2000 K. Starting compositions over a large
range of C (5-30 at%) and S (12-30 at%) content were employed to precisely determine the
miscibility gaps.

The obtained density dataset was then employed to build a mixing model according to the
asymmetric non-ideal Margules formulation. With the fitted interaction Margules parameters, the
density of liquid Fe-C-S alloys can be modeled as a function of temperature, pressure, and light

element content. This thermodynamic model was then employed, together with the determined
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miscibility gaps, to discuss the carbon and sulfur content in the Moon’s core starting from densities
proposed by three of the latest Moon’s core models and under the hypothesis of a pressure of 5
GPa and a temperature of either 1850 K or 1600 K. Out of these models, two consider the core to
be fully molten, while one has a solid inner core surrounded by a liquid outer core.

In the case of the two models assuming a fully-molten core, density can be related with a relatively
well-defined sulfur content (13-23 wt.% or 34-36 wt% depending on models), while carbon
content is limited by the miscibility gap (<4.4 wt%). Accordingly, current uncertainties on S and
C content of the Moon’s core come more from the spread of proposed densities than from actual
understanding of material’s properties. Furthermore, on the basis of miscibility experiments, no
immiscible Fe-C-S liquids can form above 5 GPa, and even at pressure below 5 GPa, only at high
temperature, as with cooling the liquid composition would reach carbon solubility limit before
entering the immiscible region. Accordingly, immiscibility-induced core stratification can be ruled

out for the core of the Moon if made by a ternary Fe-C-S alloy.

For the model assuming a solid inner core + a liquid outer core, which could be either solid Fe +
liquid Fe-C-S, or solid FesC + liquid Fe-C-S, fundamental constraints come from the phase
diagram the ternary Fe-C-S system. If we assume a core temperature of about 1850 K, the amounts
of S and C required to match the outer core density proposed by the model appears incompatible
with the existence of a solid inner core. Lower temperatures would be required to have an inner
core. If the core is assumed at 1600 K, a C-bearing fcc-Fe core in coexistence with a liquid Fe-C-
S outer core would be possible. On the other hand, if the bulk composition on the Moon’s core lies
on the carbon-rich area, an FesC solid inner core could coexist with Fe-C-S liquid outer core.
However, in absence of more accurate determination of the phase diagram and partial melting

properties of the ternary Fe-C-S system the discussion can be only qualitative.

A second part of this Ph.D. work was devoted to the study of the subsolidus portion of the Fe-FeS
phase diagram in the 11-15 GPa range, where the intermediate FesS; phase has been reported. To
this purpose four Fe-S starting compositions were selected, with nominal compositions Fe — (15,
20, 25, and 30) wt%S, and used for in situ X-ray diffraction experiments. FesS, was observed to
form around 14 GPa at temperature above 850 K, and to remain stable until the onset of melting.
Isothermal decompression at 940 K, allowed locating the low-pressure phase boundary around 12
GPa. Here-determined P-T stability field implies that FesS: crystallizes upon secular cooling of
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Fe-S core of terrestrial planetary bodies only at pressures above 12 GPa. As such FesS; is not

expected to form in the core of Europa, lo, or Ganymede.

The structure of FesS, was here determined for the first time based on in situ X-ray diffraction
measurements. Fitting the peaks of FesS; yielded an orthorhombic crystalline structure and the
space group has been limited to three possibilities, PNA21, PNN2, or PNNM. Fitting the unit-cell
volumes of FesS; along an isotherm at 940 K to both second-order Birch-Murnaghan and Vinet
formalism with K~ fixed to 4 yields a zero-pressure bulk modulus K of 129.9 and 185.2 GPa,
respectively. Unit-cell volumes collected along an almost isobaric path at ~14 GPa from 850 K to
1100 K allowed the determination of the thermal expansion coefficient a = 26.5x10° K

Thermo-elastic properties were also investigated for phase 1V and V of FeS. The pressure and
temperature dependence of c;/c, estimated by the experimental results are in good agreement
with previously reported data, to which provide significant extension to higher pressure and

temperature conditions.

6.2 Perspectives

From an experimental point of view, the reliability of assemblies is a first but fundamental
requirement for the studies on liquids. Different from solids, liquids tend to escape from the sample
chamber if not well sealed during the experiments. In our first runs, hBN was chosen as the sample
chamber, which however was easily deformed during compression, so that severe leaks were
experienced upon melting very often. Thanks to the adoption of a sapphire ring added into the
sample chamber, the liquid encapsulation was largely improved. The sample retained its geometry
(also instrumental for proper Beer-Lambert measurements) and only minor leaks were observed,
in particular for long experiments. However, even a slight leak might cause the heater or
thermocouple failure. Assemblies suitable for liquid studies are to be developed in the future work.
Improvements could be achieved by modifying the shape of sapphire sample chamber from a
simple ring to a cup, and testing different capsule materials for good sealing. Noteworthy, suitable

X-ray transparency is a needed for many in situ experiments.

The low solubility of carbon observed in the miscibility experiments appear in contradiction with
results from in situ synchrotron experiments. Since the experimental conditions were maintained
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for tens of minutes during the in situ experiments, while in the case of the miscibility experiments
samples were quenched few minutes after reaching the target P-T conditions, a potential reason
for the apparent inconsistency is that equilibrium had not been reached in the miscibility
experiments. To verify this hypothesis, time-series quench experiments would be necessary,
repeating experiments on the same starting compositions and at the same P-T conditions but
maintain these for different durations. We stress however that the miscibility gaps determined from
our recovered samples are still valid, as the immiscible products always lie on them, regardless the
chemical equilibration of the two immiscible phases (i.e. chemical equilibration only moves

compositions of recovered products along the immiscibility lines).

As already mentioned, another important step ahead in the modeling of the Moon’s core will be
provided by the determination of ternary phase diagram of Fe-C-S system at 5 GPa. Indeed, the
compatibility of compositions of liquids and solids independently matching the densities of liquid
outer core and solid inner core cannot disregard the phase diagram and solid-liquid elemental

partitioning.

Regarding the analysis of Fe-S data, further work remains to be done in the near future. Firstly, by
exploiting not only the diffraction peaks’ position but also the intensity, the atomic information of
FesS. could be solved. We have limited the possible space group to three cases, i.e. PNA21, PNN2,
and PNNM, by searching with the visible peak positions. However, as these three space groups
share similar number and position of the peaks, the univocal determination of the space group was
not possible. A possible way out would be to search for the correct Wyckoff site and corresponding
atomic position within these three space groups with the peak position and intensity of FesS», and
the solutions could be an indication for the correct space group. Another work to be carried out is
the determination of the upper pressure bound for the phase stability of FesS,. In this study, we
have reached 16 GPa, around the pressure limit for Paris Edinburgh press, and FesS, was still
stable. However, more iron-rich phases, FesS and Fe,S were reported stable at 21 GPa by Fei et al.
(2000). It thus remains unknown if other Fe-S phases exist between 16 and 21 GPa, and where the

upper pressure bound lies for FesSo.

With the InSight mission currently operating on Mars, BepiColombo on its way to Mercury, and

the missions Artemis to the Moon and JUICE to Jupiter and its satellites that will be launched in
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the near future, more fascinating observations are to come. These will likely lead to new evidence
regarding the interior of these terrestrial planetary bodies that will call for the properties of multi-
component iron alloys over an extended pressure, temperature and compositional range. Much

work remains to be done for constraining the core of planetary bodies within the solar system.
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Appendix A. Results for the test run on aluminum

The Al sample was cut from an aluminum wire (99.9995%, Alfa Aesar), polished on the lateral to

remove the oxide layer, and loaded in a BN capsule.

The density of liquid aluminum is presented in Fig. AL, in comparison with literature data obtained
with the same technique. The two points collected at PSICHE beamline are in good agreement
with that in literature when extrapolated to lower temperature, collected in APS using the same
diffraction method, indicating both the data collection at PSICHE beamline and the data processing

are reliable.
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Fig. Al Density as a function of pressure obtained in this work with the literature data (Ikuta et al., 2016).
The dashed lines are isothermal density trends interpolated by experimental results. Closed squares are
experimental data at lower temperature collected in the test run.
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Local structure and density of liquid Fe-C-S alloys at Moon’s core conditions
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Key points:

We measured the local structure and density of liquid Fe-C-S alloys in the range of 1-5 GPa and 1600-1900
K.

A thermodynamic model based on asymmetric Margules formalism was built based on this dataset.

We used this thermodynamic model to address three of the latest models of the Moon’s core and to discuss

the possible C and S content.
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Abstract

The local structure and density of ternary Fe-C-S liquid alloys have been studied by the combination of in-
situ X-ray diffraction and absorption experiments between 1 and 5 GPa and 1600 to 1900 K. The addition
of up to 12 at% of carbon (C) to Fe-S liquid alloys does not significantly modify the structure, which is
largely controlled by the perturbation to the Fe-Fe network induced by S atoms. The liquid density
determined from diffraction and/or absorption techniques allows us to build a non-ideal ternary mixing
model as a function of pressure, temperature, and composition in terms of the content of alloying light
elements. The composition of the Moon’s core is addressed based on this thermodynamic model. Under the
assumption of a homogeneous liquid core, with an average density of either 4550 or 5812 kg/m? as proposed
by two recent Moon models, the sulfur content would respectively be 34-36 wt% or 13-23 wt%, while the
carbon content is mainly limited by the Fe-C-S miscibility gap, with an upper bound of 4.3 wt%. On the
other hand, if the core is partially molten, the core temperature is necessarily lower than 1850 K estimated
in the text, and the composition of both the inner and outer core would be controlled by aspects of the Fe-

C-S phase diagram not yet constrained well enough.

Plain Language summary

Several geodetic and geochemical studies addressed the properties of the Moon’s core. Core’s density is
directly related to its chemical composition, which is crucial for better understanding its origin and thermal
evolution. With carbon and sulfur being considered as two plausible light elements alloyed to iron to form
the core, we selected a series of Fe-C-S compositions and studied the local structure and density of
corresponding liquids. The measured densities were integrated to build a thermodynamic model. Our results
show that sulfur and carbon have a co-effect on the density and sound velocity of the liquid alloys, with
sulfur playing a much more significant role. Consequently, the sulfur content is well constrained for a given
density, which however largely differs from model to model. On the contrary, the constraints on C content
remain looser, not only because of the smaller effect of C on the density but also due to the still inadequate
knowledge of the Fe-C-S ternary phase diagram. While specific C and S ranges can be pointed out under
the hypothesis of a fully molten core, the compositional constraints on a partially molten core are limited

by the lack of knowledge of Fe-C-S phase diagram at pertinent conditions.

1.Introduction
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The Moon has a unique relevance not only as the closest planetary body to the Earth, but also because its
formation has had profound impacts on the Earth’s history. During the past decades, numerous space
missions have been launched to determine its origin, evolution, and current internal structure (e.g. Dickey
et al., 1994; Konopliv et al., 1998; Hood, 1999). This interest will be further fueled by other planned and
ongoing missions, including the NASA Artemis program [https://www.nasa.gov/specials/artemis/].

Despite the large amount of seismic, geodetic, and electromagnetic data collected during the past half-
century, and the high accuracy measurements performed during the latest 20 years, numerous questions
remain open regarding the deepest regions of the Moon, especially its core (e.g. Nakamura et al., 1974;
Tokscx et al., 1974; Lognonnéet al., 2003). Electromagnetic sounding data from Lunar Prospector imply
that the core region is metallic (Hood et al., 1999; Shimizu et al., 2013), while Apollo seismic data indicate
high attenuation of acoustic waves passing through the core region (Nakamura et al., 1973, 1974). Other
more specific but fundamental core properties such as size, density, and composition still remain rather
uncertain (e.g. Garciaetal., 2011; Williams et al., 2014). To date, only a few consensuses have been reached:
(1) The core should be at least partially molten in line with the moonquake records and geodetic
observations (Lognonnéand Johnson, 2007); (2) The mean core density is below that of pure iron, in order
to match the measured moment of inertia (Garcia et al., 2019; Viswanathan et al., 2019); (3) Light elements
are needed in the core to decrease its crystallizing temperature and density, and sulfur is often favored as
the main light element (e.g. O'Neill, 1991; Weber et al., 2011; Jing et al., 2014; Antonangeli et al., 2015).
Based on joint inversion of available independent observables such as Apollo, LLR and Grail data, and
comparative geochemical analysis of Moon’s samples vs. bulk silicate Earth, several models have been put
forward in recent decades, (e.g. Garcia et al., 2011; Weber et al., 2011; Kuskov et al., 2021) showing

significant spreading in many of the parameters relevant for the core.

Sulfur is the most favored light element to be alloyed with iron in the Moon’s core, because of its chemical
affinity to iron at Moon’s core conditions (siderophile behavior), and its effectiveness in decreasing the
density of pure iron. Other light elements, such as oxygen and silicon, are not expected in significant
concentration, as oxygen solubility into iron seems to be relatively low at the pressures pertinent to the
Moon’s core (Ricolleau et al., 2011), and the oxidizing conditions during the core differentiation do not
favor silicon (Kilburn and Wood, 1997). On the other hand, carbon could be a potential light element
component in Moon’s core, although its presence and abundance are debated (e.g. Steenstra et al., 2017a
and references therein). As such, the phase diagram and the thermo-elastic properties of Fe-C and Fe-S
binary liquids have been intensively studied at pressures in the range of 1-10 GPa and temperatures between
1700K and 2200K, forming the basis for discussing implications for Moon’s core composition, origin, and

thermal evolution.
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Sulfur strongly decreases the melting temperature, density, and sound velocity of liquid iron (see Morard
et al., 2018 and references therein) at Moon’s core conditions. The phase diagram of Fe-S has been studied
at pertinent P-T conditions by analysis of recovered samples and in-situ X-ray diffraction (Fei et al., 1997,
2000). Sound velocity of liquid Fe-S has been studied by ultrasonics measurements (Jing et al., 2014;
Nishida et al., 2016, 2020) and molecular dynamic calculations (Kuskov and Belashchenko, 2016). Density
has been studied in-situ by the sink/float method, X-ray diffraction, and absorption (Sanloup et al., 2000;
Nishida et al., 2008, 2011; Morard et al., 2018; Xu et al., 2021). Thermodynamic models of liquid Fe-S at
Moon’s core conditions based on these experimental data show a strong non-ideal mixing behavior between
liquid Fe and FeS (Morard et al., 2018; Terasaki et al., 2019; Xu et al., 2021). Macroscopic properties can
be related to the local structure of the liquid, i.e. how the Fe and S atoms are distributed in the short-range
distance. In the binary liquid, sulfur is suggested to be incorporated interstitially in liquid iron (Shibazaki
and Kono, 2018). Studies indicate that a small amount of sulfur does not significantly affect the local
organization of the first coordination shells of the liquid, while the structure exhibits a progressively
increased disorder for S concentration above 23.5 at% and the liquid becomes poorly organized for the end
member FeS (Shibazaki and Kono, 2018; Morard et al., 2018).

Carbon is also an interstitial element in liquid iron (Shibazaki and Kono, 2018). However, as carbon atoms
are much smaller in size compared to sulfur atoms, their inclusion perturbs the Fe liquid structure to a much
lower extent. Unlike the disordered Fe-S alloys, Fe-C liquids at high pressure maintain a relatively well-
defined local structure for C concentration up to 25 at% (FesC). Consequently, the density (Shimoyama et
al., 2013; Terasaki et al., 2010; Sanloup et al., 2011) and sound velocity (Shimoyama et al., 2016; Kuwabara
et al.,, 2016) of Fe-C liquids don’t markedly decrease with increasing the carbon content. A density
discontinuity was first found in liquid Fe-5.7 wt% C around 6 GPa by Sanloup et al. (2011), and was
attributed to a liquid-liquid phase transition of Fe-C at 5.2 GPa. This density discontinuity was reproduced
on liquid Fe-3.5 wt% C (Shimoyama et al., 2013), and the phase transition was afterward supported by the

observation of a subtle structural change at ~5GPa (Shibazaki et al., 2015).

While the two binary liquids have been well studied, the ternary Fe-C-S system, and in particular ternary
Fe-C-S liquid alloys, remain far from being fully understood, with only a few data published on miscibility
(Corgne et al., 2008; Dasgupta et al., 2009) and melting (Dasgupta et al., 2009; Deng et al., 2013). In this
study, synchrotron X-ray diffraction and absorption experiments were conducted on ternary Fe-C-S liquid
alloys in a Paris-Edinburgh cell up to 5 GPa and 1900 K to investigate in situ the effect of the simultaneous
incorporation of carbon and sulfur on the local structure and density of liquid iron alloys. The measured
density data have been used to establish a thermodynamic model for Fe-C-S liquid solutions, which in turn

can be used to help to determine the composition of the core of the Moon and other small planetary bodies.
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2.Materials and Methods
2.1 Sample preparation

Iron (99.5%, Alfa Aesar), FeS (99.98%, Alfa Aesar), and graphite powders (99%, Alfa Aesar) were
grounded in an agate mortar for 30 minutes to produce samples of nominal compositions of Fe-1.5 wt% C-
4 wt% S (hereafter referred to as Fe-1.5C-4S), Fe-1.5C-8S, Fe-1.5C-15S, Fe-1.5C-22S, Fe-1.5C-30S, Fe-
3C-4S, and Fe-3C-8S. Mixed powders were dried in a vacuum stove at 150 <C for 1 hour, and loaded in
BN capsules (Beamtime0720) or sapphire rings (Beamtime0921), prior to the X-ray diffraction and/or

absorption experiments.

2.2 High-pressure in-situ X-ray diffraction experiments

In-situ synchrotron X-ray diffraction and absorption experiments were carried out using the newly designed
UTOoPEC (Ultrafast Tomography Paris Edinburgh Cell) (Boulard et al, 2018) at the PSICHE beamline,
Synchrotron SOLEIL, France. The samples were loaded into a PEC assembly (shown in Figure S2)
consisting of a sapphire ring, a BN capsule, a graphite furnace, and a boron epoxy gasket, similar to the one
reported in Boulard et al. (2020). Pressure was generated by a pair of tungsten carbide anvils driven by a
hydraulic pump, while high temperature generation was ensured by the above-mentioned graphite resistive
furnace. Temperature as a function of power was calibrated in a dedicated run before the experiments by a
non-destructive cross-calibration method (e.g. Parker et al., 2010), using the thermal Equation of State (EOS)
of Pt, hBN, and MgO (Zhao et al., 1997, Matsui et al., 2000, 2009) and the unit-cell volumes determined
by X-ray diffraction at each power step. The error on temperature, including possible gradients, is estimated
to be 100 K. The hBN capsule, surrounding the sapphire capsule, also served as the pressure calibrant.
The high brilliance polychromatic X-ray beam, with energy ranging from 10 keV to 90 keV was collimated
to 25x50 um? (vertical>horizontal FWHM) by two slits before the sample. The diffracted beam was
collected by a Ge solid-state detector.

In each experiment, the sample was initially cold compressed to the target pressure, and then molten by
heating up at a rate of 100 K/min. At temperatures above 1150 K (corresponding to 300 W), the different
phases present in the sample were checked every 50 W by diffraction. The fully molten status of the sample
was pinpointed by the absence of sharp diffraction peaks of solids on top of the diffuse scattering signal
from the liquid, and further confirmed by tomography. Indeed, thanks to the fast computed-tomography
capabilities available at the PSICHE beamline (Boulard et al., 2018), the status of samples can be also

monitored by 3D tomography images. Figure S3 shows the sequence obtained by increasing temperature
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from solid powder mixture to fully molten sample. Once fully molten, a CAESAR (Combined Angle and
Energy Dispersive Structure Analysis and Refinement) scan was collected by combining the recorded
energy-dispersive diffraction pattern at angles from 2.5<to 29.5°with a step of 0.2<(King et al., 2022). The
counting times for 2.5-10< 10-20< and 20-29.5°ranges were respectively 5s, 10s, and 20s, for a total
duration of the whole scan of about 20 minutes. The combined energy and 26 ranges enable a data collection
over an extended wave vector (Q), up to 20 AL, A preset function controlled the motion of slits in front of
the Ge detector and ensured signal collection from a fixed and constant volume of the sample irrespective
of the angle.

The CAESAR data were analyzed on the basis of the methodology developed by Eggert et al. (2002) and
Morard et al. (2014) implemented into the software AMORPHEUS (Boccato et al., 2022) to study the local
structure and density of the liquids. Briefly, the pair distribution function g(r) and distribution function F(r)
(also referred to as reduced distribution function) are obtained from the collected S(Q) by a Fourier
transformation. For r<rmin F(r)= -4mrp, where rmin is the minimum distance between two atoms due to the
interatomic repulsive force, and p the atomic density. A figure of merit 2 as a function of rmi, is defined to
minimize the oscillation of F(r) in the low r region. Hence, when y? reaches the local minimum, the atomic
density p is determined by the slope of F(r) over r<rmin. In line with previous work (Morard et al., 2014),
the error of atomic density for this method is empirically estimated to be #3 atoms/nm?3, considering the
effect of the selected Q range, the self-absorption from the sample, and the scattering background residual
from the surrounding materials. For materials of present interest, this yields an uncertainty on density about
4250 kg/m?.

2.3 High-pressure in-situ X-ray absorption experiments

Predefined routines allow rapidly commuting the beamline setup from diffraction mode to absorption mode,
while sharing the same general optics layout. Absorption profiles were thus collected right after each
diffraction acquisition. In this configuration, the height of the incident beam was reduced to 10 microns by
collimating slits. An MgO polycrystalline sample was added into the optical path, between the sample and
the detector, so to act as polychromator. On the downstream side, the detector was fixed at 8 “with respect
to the straight beam path, and the two diffraction peaks of MgO located at 37.5 keV (200) and 53.5 keV
(220) were employed to record the absorption profile while scanning the sample (the intensities of the
diffraction peaks are proportional to the beam intensity transmitted across the sample). Reference incident
intensity was measured by translating the sample completely out of the beam. Detailed experimental

procedure was described by Henry et al. (2022). One of the main advantages of this setup is that no extra
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optical paths or detectors were needed, and the absorption profile of the assembly was taken at the same

experimental condition as the CAESAR scan.

Based on the Beer—Lambert law, it was possible to extract from the absorption profile the value of (up)p 7,
the product of mass absorption coefficient and density at experimental P-T conditions. In order to
disentangle the density from the absorption coefficient, we assumed the liquid to have the same absorption
coefficient of the hot solid, which, in turn, is obtained from the absorption profile collected on the solid just

before melting, imposing the density pg inferred from energy-dispersive X-ray diffraction:

_ (up)p,r
(up)s/ps
The details of data processing for diffraction and absorption can be found in the Supplementary Information.

1)

ppr

3. Results
3.1 Liquid structure

Figure 1 (a) shows the pair correlation function g(r) (or radial distribution function for isotropic media such
as the liquids of the present study) together with partial g(r) from calculations available in literature.
Oscillations in the g(r)s become less pronounced for samples with 22.1 at% S or more, consistent with
previous studies on Fe-S binary liquids (Shibazaki and Kono, 2018; Morard et al., 2018; Xu et al., 2021),
in which the liquids were reported to show a more disordered structure for the S content of 23.5 at% S, 29.4
at% S, and 25.1 at% S, respectively. On the other hand, inclusion of up to 18 at% of carbon in the ternary
liquid seems not to have a detectable impact on the local structure, as signatures of the second and third
coordination shells are still distinguishable. The modification of the structure is controlled by the interstitial
inclusion of more massive S atoms that perturb the Fe-Fe network, while smaller C atoms can enter in
interstitial sites between Fe atoms without significant effect on the local structure. This is further supported
by the variation in the atomic density shown in Figure S4. The atomic density with increasing S or C content
shows opposite trends, highlighting the different effect of sulfur and carbon. Conversely, we note that the
atomic density of Fe-Si liquids does not significantly change with Si content, as Si atoms substitute iron

atoms.
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Figure 1 (a) Radial distribution function measured for Fe-C-S ternary liquids in the 1-5 GPa and 1700-1900
K range. Data are shown for increasing sulfur content (from the top to bottom) and compared to the partial
g(r) showing the individual contribution of Fe-Fe, Fe-S, and S-S bonds, calculated for a binary Fe-S liquid
alloy with 23 at% S (Morard et al., 2018), and the partial g(r) illustrating the Fe-C bonds calculated for a
binary Fe-C alloy with 20 at% C (Lai et al., 2017). (b) First peak positions of the ternary alloys in
comparison with results obtained for binary Fe-C and Fe-S at similar P-T condition (1.5-5.2 GPa and 1600-
1980 K in Morard 2018, and 3-5 GPa, 1600-2000 K in Shibazaki 2018). Colored areas are guides for the
eye.

The most prominent feature in the g(r) is the position (r1) and intensity of the first peak, corresponding to
the first coordination sphere. r1 as a function of total light element content is plotted in Figurel (b) and
compared with results from literature obtained for binary liquids. Within the experimental uncertainties the
r1 value of Fe-S liquids is not observed to vary with S content for S addition up to ~20-25 at%, while it
significantly decreases for higher concentration. As suggested by the calculated partial g(r), this is likely
due to the increased contribution of the shorter and covalent Fe-S bonds (Figure 1 (a)). Since the scattering
intensity is proportional to the square of the atomic number, the contribution from Fe-Fe and Fe-S bonds in
the case of Fess7C11.2S221 account, respectively, for ~65% and ~27% of the total signal (see Morard et al.,
2008 and references there in), while the contribution from other bonds is negligible. Therefore, the
formation of shorter Fe-S bonds moves the first peak position of the total g(r) towards lower r value, while
other bonds hardly have any visible effect. For binary Fe-C liquids, the addition of carbon seems to move
r, towards higher values according to available experimental data (Shibazaki and Kono, 2018), in apparent
contrast with molecular dynamic calculations that indicate short Fe-C bonds (Lai et al., 2017). This
discrepancy may imply that the addition of carbon might have a more complex perturbation effect other

than simply forming the Fe-C bonds.

Our results of r1 as a function of total light element content follow a trend qualitatively similar to that

reported for the binary Fe-S by Morard et al., 2018 and Shibazaki and Kono, 2018, with a closer agreement
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with values reported in the former. The similar trend for Fe-S and Fe-C-S liquids at the same total light
element content indicates that the Fe-S bonds still play a dominant role in determining the structure of the
ternary liquid. Up to 18 at% of C does not modify the two-regime behavior observed for binary Fe-S liquid
alloys, nor the light element threshold defining the change in the regime. Thus, in this context C seems to
play the same role as S in decreasing the r; value, in agreement with the length of the calculated Fe-C bonds
(Lai et al., 2017), but in apparent contrast with the experimental r; value reported for the Fe-C liquids
(Shibazaki and Kono, 2018).

3.3 Density

Table 1 summarizes the densities measured at the experimental conditions. Absorption measurements were
only conducted in the second of the two synchrotron beamtimes (Beamtime0922). Densities obtained by
diffraction and by absorption are consistent, with remarkable agreement in the cases of S-rich samples (e.g.
measurements on Feeo7Co2Ss0.1 and Fes75Ci63Ss6.2), and the difference for measurements even on
Fe748C115S137 is smaller than 8% between the two methods. When the two methods yield slightly dissimilar
results, densities measured by diffraction are systematically lower than those measured by absorption. A
possible reason is that collected diffraction signal is contributed from a sulfur-rich portion of the sample.
In fact, the diffraction method would be more sensitive to local inhomogeneity compared to absorption if
the diffracting volume is comparable in scale to the size of inhomogeneous regions (a few tens of microns).
On the other hand, as the absorption profile is taken on the whole sample, the error from local
inhomogeneity has been almost eliminated (i.e. the massive absorption coefficient is averaged). Finally,
and irrespective of the above consideration, we note that both values are used to build the thermodynamic

model.
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Table 1 Samples’ composition, experimental P-T conditions, measured density and density rescaled to 1850
K, for both diffraction and absorption experiments.

Atomic proportion p by p rescaled to p by p rescaled to
(%) E)((IE')T P(rgs;g)re diffraction 1850K absorption 1850K
Fe C S (kg/m?) (kg/m3) (kg/m?) (kg/m?3)
Beamtime0720
849 116 35 1895 2.15 6780 6800 / /
855 129 16 1690 1.06 6900 6800 / /
1722 2.29 6740 6680 / /
813 143 44
1895 2.09 6600 6620 / /
1625 2.52 6590 6490 / /
765 180 55
1895 2.17 6430 6460 / /
Beamtime0921
1760 3.86 6550 6510 6830 6790
816 123 6.1
1850 3.70 6460 6460 6460 6460
1610 4.92 6200 6110 6710 6610
748 115 137 1720 4.70 6180 6130 6630 6570
1805 4,57 6110 6100 6550 6530
1760 3.72 / / 5950 5920
66.7 112 221
1850 3.62 5620 5620 6030 6030
1760 3.44 5020 4990 5220 5200
591 106 30.3
1850 3.31 5160 5160 5200 5200
1760 4.76 / / 5590 5560
60.7 9.2 301
1850 4.35 5550 5550 5510 5510
1760 4.7 / / 5140 5110
475 163 36.2
1850 4.42 4970 4970 5060 5060

3.4 Thermodynamic model

A thermodynamic solution model of the Fe-C-S liquid was built based on the thermal EOSs of the end
members, Fe, FeS, and FesC (parameters provided in Table S2) with their interactions modeled by an

asymmetric Margules formulation.

In an asymmetric Margules formulation, the non-ideality of the Gibbs energy of the component i of a

mixture is described by the addition of an excess contribution:

Gi = Gig + Gy ex(W) 2

where G; is the Gibbs energy of component i, G;, the Gibbs energy at standard state, and G; ., (W) the
excessive Gibbs energy. W is the interactive Margules parameter which is assumed linear with pressure

and temperature:
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W(P,T) =Wy +T xWs +P xW, ©)

Deriving the Gibbs energy with respect to pressure yields the volume. The volume of Fe-C-S liquids using

Fe, FeS, and FesC as end members is written as

Veecs = XrescVresc T XresVres + XreVre + XreycVex(Fesc) T XresVex(res) + XreVex(Fe) 4)

The additional terms are excessive contributions to the volume, which are functions of the fraction of each
component. For instance, the excessive volume contribution from Fe, i.e. V., re) is related to the other end

members by:

Vex( Fe) = XI%eS [WV,Fe—FeS + 2XFe (WV,FeS—Fe - WV,Fe—FeS)]
+Xge3C[WV,Fe—Fe3C + 2XFe (WV,Fe3C—Fe - WV,Fe—Fe3C)]

+2XFeXFeSXFe3C(WV,FeS—Fe + WV,F33C—F3)
®)

—2XFesXFe,c (XFeS Wy resc-Fes + Xreyc WV,FeS—Fe3C)

XFe CXFeS(1 - 2XFe)
+ — > Wy res—re + Wy re—pes + Wy resc—Fe

Wy re—Fesc + Wy pesc—res + Wy res—re;c)

with the ternary interaction term neglected. Wy, ;_; is the volume interaction Margules parameter, which
characterizes the interaction intensity of components i and j (Tsuno et al., 2011). We note that in this model
the ternary interaction term is ignored. With the other two counterparts for FeS and FesC, the mixed

volumes given by Margules model are shown in Eq. (6).

Vre-c-s = XrescVresc + XresVres + XpeVre + XFeXI%e3CWV,Fe—Fe3C + XpeXFesWy Fe—Fes

2 2
+Xre,cXfeWv resc-Fe + XrescXFesWy Fesc—Fes

+XpesXfeWy res—re + XresXFe,c Wy Fes—Fesc 6)
XFeXFe CXFeS(3 - 2XFe - 2XFe c ZXFeS)
+ > > > Wy re—resc + Wy pe—res

Wy resc—re + Wy resc—res + Wy pes—re + Wy pes—re,c)
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The fitted parameters to the experimental data are listed in Table 2. Based on Eq. (4) all relevant

thermodynamic properties of Fe-C-S solutions can be computed from standard thermodynamic relations.

The thermal expansion coefficients of each composition can be calculated according to its definition:

1\ s0V
«= (7)) "
For comparison, the density measured at different temperature conditions are rescaled at the reference value
of 1850 K by making use of the thermal expansion coefficients, and the comparisons between ideal and
non-ideal models are shown in Figure2. The fitted Margules parameters for Fe and FesC are close to 0
indicating that Fe and FesC mix almost ideally at here-considered conditions. Comparing to the ideal mixing
model in Figure 2 (a), the densities provided by Margules model in Figure 2 (b) are in overall better
agreement with the experimental data. Also, note that ternary alloy with high light element content at low
pressure (< 3 GPa) proved to be immiscible, hence only high-pressure data were collected for the sulfur-
rich samples. Finally, we stress that although the here-established mixing model well account for the
available experimental data and is suitable for density calculations for the Fe-C-S liquid system as a function
of pressure and/or composition in the 0-5 GPa range, it may no longer be valid at higher pressure, since the

density discontinuity of Fe-C liquid due to a phase transition at 5.2 GPa (Sanloup et al., 2000).

Table 2 Fitted interaction Margules parameters

Wy Fe-resc 0.240.2
Wy Fesc-Fe 040.2
Wy Fe—Fes -2.240.4
Wy res—re -1.040.4
Wy Fesc—Fes -3.040.2
Wy Fes-Fesc 0.840.2

* All the parameters are in cm®/mol
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Figure 2 Density at 1850 K computed for selected compositions in the liquid Fe-C-S ternary system
according to ideal (a) and non-ideal (b) thermodynamic models. (a) Ideal mixing model constructed based
on the properties of Fe, FesC and FeS end members (Table S2). (b) Non-ideal mixing model based on the
Margules mixing rule. Open circles and filled circles are results from absorption and diffraction
measurements, respectively. The experimental uncertainties are mainly from the limited Q range, self-
absorption, and rmin fluctuation in the case of diffraction, and from minor sample deformation and fitting
procedure for absorption.

The density calculated for the liquid Fe-C-S ternary alloys at 5 GPa as a function of the light element content
is shown in Figure3 (a) and compared with data for binary Fe-S and Fe-C alloys from literature. The
uncertainties are from the fitting of the Margules parameters, which yielded 435 - 75 kg/m? on the density.
The most recent studies on Fe-S liquid by diffraction (Morard et al., 2018) and absorption (Terasaki et al.,
2019) are in good agreement and provide higher density compared to earlier studies, (Sanloup et al.,2000),
while results on Fe-C liquid by absorption are all within mutual uncertainties (Terasaki et al., 2010; Sanloup
etal., 2011; Shimoyama et al., 2013). The density of Fe-C-S alloys plots in between those of binary alloys,
indicating a co-effect of sulfur and carbon in decreasing the density of pure iron. As alloys with high light
element content reach the miscibility limit at low pressure (see Dasgupta et al., 2009), the carbon content
considered in this study is restricted to less than 18 at%, so to model a homogeneous ternary liquid. The
density is thus largely controlled by the sulfur content, with the effect due to carbon inclusion minor as the

direct consequence of the limited proportion of carbon in the modeled alloys.

3.4 Sound velocity calculation
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The compressional sound velocity of the ten compositions investigated in this study can be calculated at 5

GPa and 1850K in an internally consistent way based on our thermodynamic model, following the equation

N (R ©
p

where y is the Grineisen parameter, a the thermal expansion coefficient calculated by eq. (7), p the
extrapolated density of the ternary alloy by the mixing model, and K7 the isothermal bulk modulus
calculated by its definition and the mixing model, Eq. (5):

dP
Kigsox,p = [_V (W>]1850K ’

Since there is no experimentally determined y for Fe-S, Fe-C, or Fe-C-S, the y of ternary Fe-C-S samples
are calculated as:

K:Va
Cp — KpVTa?
where the Cp is the heat capacity at constant pressure of the ternary alloys, determined by the values of all

Y= (10)

the end members:

a [ e’
Cp=—F7— (ZXQ) Z x; Cp,; (11)

where Q is the amount of heat and the subscript i represent each end members. The Cp of Fe, FeS, and FesC
are calculated with Eg. (10) using the parameters provided in Table S2. The calculated thermo-elastic

properties are provided in Table S3.

Here we note that using other parameterization of the bulk modulus of the alloys (e.g. Chen et al. 2014;
Morard et al, 2018) and/or a value of y=1.72 (e.g. Kuwabara et al., 2016; Shimoyama et al., 2016) fixed to
that experimentally determined for liquid Fe (Anderson and Ahrens, 1994) lead to a ~15% higher

compressibility, and consequently higher velacities, without modifying the reported trend.

Figure 3 (b) shows the calculated sound velocity compared with the data from literature for the Fe-S and
Fe-C binary systems. The errors are from the fitting of Margules parameters and the uncertainties of y. The
ternary data show some scatter, but follow the trend defined for Fe-S alloys. We also note that the points
showing higher values of sound velocity with respect to a linear trend are those with larger C fraction (e.g.
the point at x=23.5, for which C content is 18 at%). While difficult to independently address the effect of
S and C on velocities, the sound velocity of the liquid ternary alloy would offer a useful reference to model

seismic velocities in the Moon’s core.
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Figure 3 Density (a) and sound velocity (b) at 5 GPa modeled for the ternary Fe-C-S alloys as a function of
light element content and compared with data for the binary Fe-S and Fe-C system. The reference
temperature for our model is 1850 K, while the temperature of other studies is annotated adjacent to the
data with the same color. Lines across the points are guides for the eye.

4 Discussion

Considering the eutectic point of planetary-core-relevant iron alloys, the relatively low temperature of the
Moon’s interior (T between 1300 K and 1900 K, e.g. Wieczorek et al., 2006) points to an Fe and S-rich
core as the simplest explanation. Furthermore, the depletion of the lunar mantle in siderophile elements is
possibly related to the presence of sulfur in the core (Rai and Westrenen, 2014). Accordingly, many
compositional models have been put forward for the core of the Moon based on the thermo-elastic properties
of Fe-S or Fe-Ni-S liquid alloys (e.g. Nishida et al., 2011; Jing et al., 2014; Antonangeli et al., 2015; Morard
et al., 2018; Terasaki et al., 2019).

Based on silicate/metal partitioning, carbon has also been recently considered as a potential main light
element, with up to 4.8 wt% C estimated in the lunar core (Steesntra et al., 2017a). However, the
comparatively higher density of liquid Fe-C alloys (Figure 3 (a)) seems difficult to reconcile with the
density of the core constrained on the basis of the geodetic data. Similarly, compressional sound velocities
of liquid Fe-C and Fe-Ni-C alloys at Moon’s core pressure and temperature conditions are higher than that

of liquid Fe-S (Figure 3 (b)), with significant implications for the inversion of the seismological data.

Absence of data on the ternary Fe-C-S system so far has largely limited the discussion and the models to
the binary systems. Current dataset allows a step forward. The local structure of ternary Fe-C-S liquid here
experimentally determined for the first time, show that the shape of the g(r) and in particular the position

of the first coordination sphere evolves with increasing light element content following the same trend of
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Fe-S liquids. As a first order approximation, the limited substitution of sulfur with carbon (~18 at%) doesn’t
affect the local structure of the ternary liquid. However, the two elements have different quantitative effects
on density and sound velocities (Fig 3). Indeed, S lowers both density and sound velocity of liquid iron
more significantly than C, as readily visible from the experimental data of Fe-C and Fe-S liquids with the

same atomic proportion.

According to these considerations, assessing the amount of C in the core of the Moon on the sole basis of
density and/or sound velocity constrained by seismological or geodetical observations is not straightforward.
Additional constraints such as element partitioning and bulk C content are needed to understand the role of
C in the core. On the other hand, the possibility of carbon as a potential light element existing with sulfur

in the Moon’s core cannot be ruled out.

Many Moon models were built by integrating various independent observables, including seismic,
electromagnetic, geodetic, and geochemical data. Great efforts have been made to interpret these
observables in terms of composition, but discrepancies still exist among studies, particularly concerning
the core (Garcia et al., 2019; Viswanathan et al., 2019; Kuskov et al., 2021 and references therein). To
discuss the possible content of sulfur and carbon in the Moon’s core, a density contour is plotted in Figure4,
where densities proposed by three of the latest Moon models (see table 3 and associated references for more
details) are correlated to sulfur and carbon content based on here-presented results. While the three models
would require distinct sulfur content in the core, the carbon content cannot be uniquely constrained. The
Moon’s core is assumed at 5 GPa and 1850 K. Note that in Kuskov et al. (2021) the Moon’s core is modeled
with a solid inner core surrounded by a liquid outer core, so that the solutions’ space reported in Figure 4
corresponds to the C and S content in the outer core, while a fully molten core was assumed in the other

two models.

Table 3 Reference models of the Moon’s core here considered for discussion. Garcial9 is from model 2 in
Garcia et al., (2019); Viswanathan19 is from Viswanathan et al., (2019), and Kuskov21 is from model E in
Kuskov et al., (2021).

Garcial9 Viswanathan19 Kuskov21
Seismic Ts, Tp
Seismic Ts, Tp Geodetic M, I/MR?, ky; Geodetic M, I/MR?, ky;
Main data source Geodetic M, I/MR?, k; Crustal thickness and Geochemical bulk
Electromagnetic p, density concentration of FeO
and A|203
Core status Fully molten Fully molten SI(.)“d. Innér core +
iquid outer core
Density 2‘;29 (outer) 4550 kg/m? 5812 kg/m? 6200 — 7000 kg/m?

162



While both Garcial9 and Viswanathanl19 assume an entirely liquid core, Garcial9 suggests two Moon’s
models with the core density ~22% lower than in Viswanathanl9, resulting in a nearly pure FeS core. As
the two models in Garcial9 proposed quite similar core densities (4480 vs. 4550 kg/m?), the model 2, using
an updated geodetic dataset, is taken for discussion here. As Fe, FeS, and FesC were employed as end-
members for the thermodynamic model, the mixing limit (i.e. the maximum light-element content) is
defined by the curve linking FeS and FesC in Figure 4. A #£3% variation with respect to the proposed density
in Garcial9 reflects only into a ~2 wt% variation of required sulfur content, while allowing for some carbon
(below 0.5 wt%). If this model were confirmed, the required sulfur content would be pinned to 34-36 wt%,

while the carbon content would be constrained by the ternary liquidus as a function of C and S content.

In the model Viswanathan19, the core oblateness as a function of radius was derived from two models, one
with LLR-fitted polar MOI, and the other with a hydrostatic core model. The overlapped region indicates
the core properties compatible with both models, which yield a core radius in the range of 381+12 km with
a density of 5812 kg/m?. The proposed density and the corresponding C and S contents are shown in Figure
4. Carbon content spans from 0 to 4.4 wt%, reaching the miscibility gap (as this model assumes a
homogeneous liquid core, the carbon content is not supposed to exceed this limit), and correspondingly, the

sulfur content is constrained within 13-23 wt% (variation of #£3% on the nominal density).

The model Kuskov21 assumes a partially molten core, with the density of the liquid outer core in the range
of 6200-7000 kg/m?® (and the density of the solid inner core in the range 7500-7700 kg/m?®). The pseudo
binary Fe(Ni)-S was considered in this paper, with a solid inner core composed of iron (plus nickel and
light elements at trace level) and an outer liquid core made of Fe-S. We can then reconsider this model in
the light of our results on the ternary Fe-C-S. Both, Fe and FesC are denser than the Fe-C-S liquids from
which they crystallize and would be suitable candidates for an inner core, with the actual crystallizing phase

controlled by the bulk concentration of carbon in the liquid.

(i) For a bulk composition on C-poor side, Fe would be the first crystallizing solid phase, leaving a Fe-C-S
liquid outer core. Whether an Fe inner core would grow from the center (bottom-up), or Fe formed at the
top of the core would snow across the liquid core (top-down) depends on total light element content, in
particular the S content (Xu et al., 2021).

(ii) For a bulk composition with intermediate light element content (e.g. the Fe-5 wt% C-5 wt% S, see
Dasgupta et al., 2009), FesC would be the first solid phase to crystallize to form a solid inner core, leaving
a Fe-C-S liquid outer core until the entire available C is consumed. In a similar manner, S content is

expected to largely control the top-down vs. bottom-up crystallization regime.
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(iii) For a bulk composition on C-rich side (e.g. the Fe-4.35 wt% C-7.85 wt% S, see Deng et al., 2013),
graphite will first form during the core cooling process and float upward to the core-mantle boundary,
followed by the crystallization of FesC during the continuous temperature decrease to form an inner core.
When applied to the model of Kuskov21, only the latter stage is considered. Case (iii) can thus be brought
back to case to (ii).

Experiments on the Fe-C-S ternary system have supported the above-outlined three crystallization regimes,
which are strongly dependent on the bulk C and S content. We stress, however, that with a limited number
of experiments conducted only with a few specific compositions, the C threshold between the C-poor and
C-rich side, i.e. the eutectic point, and how it modifies with sulfur content, remain poorly constrained.

A solid inner core of fcc-iron with the density of 7500-7700 kg/m*® was proposed in the model of
Kuskov2021. In this case, further limits in the amounts of light elements, beside the above-mentioned
eutectic, are placed by the liquidus (the existence of an inner core in equilibrium with melt imposes
conditions below those at liquidus). Melting experiments in the Fe-S—C system indicate the liquidus
temperature to decrease significantly compared to that in the Fe—S binary system by adding a very small
amount of carbon into the Fe—S system (Deng et al., 2013). In absence of precise determination of the phase
diagram of the Fe-C-S system, the ternary composition at liquidus temperature = 1850 K is estimated as
linear interpolation between results for the Fe-C and Fe-S binary systems and shown as shaded area in the
Fe corner (Figure 4). The entire compositional space corresponding to the density of the outer core proposed
in Kuskov21 lies outside this corner for a core at 1850K. In other words, a relatively hot core at 1850 K
could hardly support a solid inner core. If a colder core is assumed, the C and S content at liquidus are
expected to significantly increase, enabling an overlap between the solutions in the compositional space
accounting for proposed outer core density and existence of Fe inner core. However, the limited knowledge
of the phase diagram and melting relations of the ternary Fe-C-S system do not currently allow for a

guantitative discussion.
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Figure 4 The carbon and sulfur content distribution within the liquid (outer) core assumed at 5 GPa and
1850 K and having density according to three recent Moon’s models: Garcial9 (Garcia et al., 2019),
Viswanathan19 (Viswanathan et al., 2019), and Kuskov2l (Kuskov et al., 2021). A #3% variation is
considered with respect to the density proposed in Garcial9 and Viswanathanl9. Inset: Zoom-in of light
element distribution for Garcial9. The shaded triangle shows the composition range for which solid Fe
phase (+C at solid solubility limit) is expected in coexistence with Fe-C-S liquid. The dotted-dash curve is
the miscibility gap at 5 GPa and 1873 K for Fe-C-S liquid alloys by Dasgupta et al. (2009). Eutectic
compositions for the Fe-S (Buono et al., 2011) and Fe-C (Fei and Brosh, 2014) binary system at 1850 K
are also shown by the closed circles on the axes.

5 Conclusions

Liquid structures and densities of Fe-C-S alloys have been studied by a multi-techniques approach at high
pressure and high temperature, up to 5 GPa and 1900 K, over a large range of carbon and sulfur composition.
The experimental data were employed to establish a non-ideal thermodynamic solution model for density
and other thermo-elastic properties of liquid ternary alloys as a function of pressure and composition, which
provides a useful database to discuss the composition of the core of small telluric planetary bodies.
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Local structure, density and sound velocity of the ternary Fe-C-S liquids have been compared to those of
binary Fe-C and Fe-S liquids. Although both interstitial, S and C affect the liquid structure differently, with
g(r) of ternary Fe-C-S liquid very close to the g(r) of binary Fe-S liquid with the same light element content.
At first approximation, the local structure of ternary liquids is thus controlled by the S content. Conversely,
both density and sound velocity of ternary alloys show a co-effect of carbon and sulfur. With specific
regards to density, values of ternary alloys are distributed between the upper and lower values provided,
respectively, by Fe-C and Fe-S alloys having the same total amount of light elements. Still, the effect of S
is more significant, lowering both density and sound velocities of the ternary Fe-C-S liquids with respect
to pure Fe more significantly than C, as evident from the direct comparison of properties of ternary alloys

with the same total amount of light elements but different C vs. S proportions.

Based on the acquired knowledge of the thermo-elastic properties of Fe-C-S alloys, and the derived
thermodynamic model, we discussed the simultaneous presence of carbon and sulfur in the Moon’s core.
Three of the latest Moon’s models have been considered, which propose different core states (fully molten
vs. partially molten) and have quite different core densities, and thus light element content. Carbon,
differently from sulfur, is hardly constrained on the sole basis of density and/or sound velocity. If the
Moon’s core is assumed to be composed of a homogeneous Fe-C-S liguid, the maximum carbon content
limited by the miscibility gap, here estimated at 5 GPa and 1850 K around 4.3 wt% depending on sulfur
content. On the contrary, sulfur content estimates on the basis of the proposed densities depend upon the
considered model and are in a 13-23 wt% range (Viswanathan et al., 2019) or 34-36 wt% for model 2 in
Garcia et al. (2019), well above upper limits proposed on the basis of core differentiation models (e.g. Rai
and van Westrenen, 2014). This apparent incompatibility between a light, S-rich core advocated by
geophysical observations and an S-poor core put forward by core-differentiation models, metal-silicate
partitioning and elemental abundances in the bulk silicate Moon, remains to be addressed. On the other
hand, if the core were not fully molten (e.g. model E in Kuskov et al., 2021), in the Fe-C-S system, a solid
inner core would be made of Fe or FesC depending on whether the bulk C content is on the C-poor or C-
rich side of the eutectic. The currently limited knowledge of the phase diagram and melting properties of
the ternary Fe-C-S system allows only for a qualitative discussion. The existence of a solid inner core puts
more constraints on core’s temperature since it must be below the liquidus. If we assume a core temperature
of about 1850 K, the amounts of S and C required to match the outer core density proposed in model E by
Kuskov et al. (2021) make the existence of a solid inner core rather unlikely. As the liquidus temperature
at the Fe-rich side decreases with increasing S or C content, a cooler core can accommodate more light
elements in the liquid outer core while having a C-bearing fcc-Fe core, in qualitative agreement with the

model of Kuskov21l. However, in this case, the light element budget strongly depends on a detailed
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understanding of the phase diagram and partial melting properties of the ternary Fe-C-S system, and the

knowledge of the bulk composition of the proto-core, for which further studies are needed.
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