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Summary

Information on the structure and thermal regimes within the interiors of the terrestrial
planets is crucial for understanding their formation, differentiation and internal dynamic
processes. This can only be achieved, however, by interpreting geophysical and geo-
chemical observations using experimental studies of planetary materials under the rel-
evant conditions. In this thesis constraints are placed on the compositions and condi-
tions within planetary interiors through the use of several novel high-pressure and tem-

perature experimental approaches.

The first part of this work examines the solubility of Al>O3 in ferropericlase, a mineral
found as an inclusion in sub-lithospheric diamonds, and explores whether the resulting
relationship can be used to interpret the temperatures and pressures at which such dia-
monds form. A series of high-pressure multi-anvil experiments were conducted in the
MgO-FeO-Al>,Os system at pressures between 15 and 50 GPa and temperatures up to
2623 K. The results reveal that Al2O3 solubility in periclase is strongly temperature-
dependent, decreases with increasing pressure within the investigated conditions, and
is only minimally affected by FeO incorporation. Thermodynamic modeling, using data
from this study and the literature, indicates that mantle ferropericlase Al2Os-contents
cannot be greater than 0.5 mol.% under present day adiabatic mantle temperatures and
will also go through a minimum at mantle transition zone conditions. These findings
exclude a number of Al-rich ferropericlase inclusions found in natural diamonds from
being formed in the transition zone, unless mantle temperatures were super-adiabatic.
This subset of inclusions likely formed either at the base of the upper mantle or the top
of the lower mantle, but must have formed at near adiabatic temperatures. The majority
of ferropericlase inclusions have Al>O; contents that would be consistent with for-
mation in the transition zone at near slab temperatures, but could still have been formed

at higher temperatures if Al2O3 activities were low.

Chapter 5 is an experimental investigation performed to interpret seismic data from the



InSight mission on Mars in terms of the concentration of light alloying element in the
Martian core. Understanding the influence of light elements on the elastic properties of
liquid iron under high pressure and temperature conditions is crucial for characterizing
the composition of planetary cores, which is the key to understanding how they were
formed. In this subproject, a series of P-wave velocity and density measurements on Fe
and Fe-S liquids were conducted at pressures up to 17.8 GPa and temperatures up to
2273 K, using ultrasonic interferometry, the Beer-Lambert method, and a combination
of angular and energy-dispersive X-ray diffraction techniques. The melting curve of Fe
and the density of solid FeS were also experimentally constrained to facilitate thermo-
dynamic modeling. By integrating these results with literature data on thermodynamic
properties at ambient pressure and the melting curves of Fe and FeS, a self-consistent
thermodynamic model for the Fe-FeS system was developed under conditions relevant
to the Martian core. The results indicate that sulfur lowers both the density and P-wave
velocity of liquid Fe under Martian core conditions. To account for the observed density
deficit in the Martian core, at least 20 wt.% sulfur would be required. However, such
high sulfur concentrations would lower the P-wave velocity of liquid Fe, most signifi-
cantly at the top of the Martian core, which conflicts with seismic observations from
the InSight mission. This indicates that significant proportions of other light elements,
such as carbon or hydrogen, are most likely required alongside sulfur to explain the
large density deficit while maintaining the apparent high P-wave velocity in the Martian

core.

The last part of this work presents the first crystal structure refinement of a high-pres-
sure sulfide phase with the formula Fe4+xS3, which is potentially stable under Martian
inner core conditions. As Fes+xS3 is unstable at ambient conditions, the crystal structure
was solved using in situ high-pressure single-crystal X-ray diffraction. The structure,
with space group Pnma, comprises four edge-sharing Fe-S square pyramids and one
semi-occupied interstitial Fe site, which allows the stoichiometry to vary from x=0 to

1. Measurements of volumes and chemical compositions confirm that the iron content



in Fe4«S3 increases with temperature, approaching the stoichiometry of FesS3 under
conditions compatible with those of the Martian inner core. Further measurements con-
firm that Fe4+xS3 has a higher density than the liquid Martian core and its formation is
consistent with estimates for the core’s sulfur concentration. Although a Maritain inner
core has so far not been detected, it can be shown that a Fe4+«S3 inner core would crys-
talize if temperatures fall below 1960 (£105) K, at the center of Mars, which is still

within the range of estimates for the temperature at these conditions.



Zusammenfassung

Informationen {iber die Struktur und die thermischen Verhéltnisse im Inneren der ter-
restrischen Planeten sind entscheidend fiir das Verstédndnis ihrer Entstehung, Differen-
zierung und internen dynamischen Prozesse. Dies kann jedoch nur erreicht werden, in-
dem geophysikalische und geochemische Beobachtungen durch experimentelle Unter-
suchungen von planetarischen Materialien unter den entsprechenden Bedingungen in-
terpretiert werden. In dieser Arbeit werden die Zusammensetzung und die Bedingungen
im Inneren von Planeten durch den Einsatz mehrerer neuartiger experimenteller Hoch-

druck- und Temperaturmethoden untersucht.

Im ersten Teil dieser Arbeit wird die Loslichkeit von Al,O3 in Ferroperiklas untersucht,
einem Mineral, das als Einschluss in sublithosphdrischen Diamanten vorkommt, und es
wird untersucht, ob die sich daraus ergebende Beziehung zur Interpretation der Tempe-
raturen und Driicke, bei denen sich solche Diamanten bilden, verwendet werden kann.
Eine Serie von Hochdruck-Multi-Anvil-Experimenten wurde im MgO-FeO-Al>Os-
System bei Driicken zwischen 15 und 50 GPa und Temperaturen bis zu 2623 K durch-
gefiihrt. Die Ergebnisse zeigen, dass die Al2Os3-Loslichkeit in Periklas stark tempera-
turabhingig ist, mit zunehmendem Druck innerhalb der untersuchten Bedingungen ab-
nimmt und nur geringfligig durch Zugabe von FeO beeinflusst wird. Thermodynami-
sche Modellierungen unter Verwendung von Daten aus dieser Studie und der Literatur
zeigen, dass der Al,O3-Gehalt von Ferroperiklas im Erdmantel bei den heutigen adia-
batischen Manteltemperaturen nicht hoher als 0,5 Mol-% sein kann und dass bei den
Bedingungen in der Manteliibergangszone ebenfalls ein Minimum erreicht wird. Diese
Erkenntnisse schlieBen aus, dass eine Reihe von Al-reichen Ferroperiklas-Einschliissen,
die in natiirlichen Diamanten gefunden wurden, in der Ubergangszone entstanden sind,
es sei denn, die Temperaturen im Mantel waren superadiabatisch. Diese Untergruppe
von Einschliissen bildete sich wahrscheinlich entweder an der Basis des oberen Mantels

oder an der Obergrenze des unteren Mantels, muss sich aber bei nahezu adiabatischen



Temperaturen gebildet haben. Die meisten Ferroperiklas-Einschliisse weisen Al2O3-Ge-
halte auf, die mit einer Bildung in der Ubergangszone bei Temperaturen {ibereinstim-
men, die dort innerhalb einer subduzierten Platte herrschen, konnten aber auch bei ho-

heren Temperaturen gebildet worden sein, wenn die Al,O3-Aktivititen gering waren.

Kapitel 5 ist eine experimentelle Untersuchung zur Interpretation seismischer Daten der
InSight-Mission auf dem Mars im Hinblick auf die Konzentration leichter Legierungs-
elemente im Marskern. Das Verstindnis des Einflusses leichter Elemente auf die elas-
tischen Eigenschaften von fliissigem Eisen unter hohen Druck- und Temperaturbedin-
gungen ist von entscheidender Bedeutung fiir die Charakterisierung der Zusammenset-
zung planetarer Kerne, die der Schliissel zum Verstdndnis ihrer Entstehung ist. In die-
sem Teilprojekt wurde eine Reihe von P-Wellen-Geschwindigkeits- und Dichtemessun-
gen an Fe- und Fe-S-Schmelzen bei Driicken bis zu 17,8 GPa und Temperaturen bis zu
2273 K durchgefiihrt, wobei Ultraschall-Interferometrie, die Beer-Lambert-Methode
und eine Kombination von Winkel- und Energie-dispersiven Rontgenbeugungstechni-
ken eingesetzt wurden. Die Schmelzkurve von Fe und die Dichte von festem FeS wur-
den ebenfalls experimentell bestimmt, um die thermodynamische Modellierung zu er-
leichtern. Durch die Integration dieser Ergebnisse mit Literaturdaten zu thermodyna-
mischen Eigenschaften bei Umgebungsdruck und den Schmelzkurven von Fe und FeS
wurde ein selbstkonsistentes thermodynamisches Modell fiir das Fe-FeS-System unter
den fiir den Marskern relevanten Bedingungen entwickelt. Die Ergebnisse zeigen, dass
Schwefel sowohl die Dichte als auch die P-Wellengeschwindigkeit von fliissigem Fe
unter den Bedingungen des Marskerns verringert. Um das beobachtete Dichtedefizit im
Marskern zu erklaren, wiaren mindestens 20 Gew.-% Schwefel erforderlich. Solch hohe
Schwefelkonzentrationen wiirden jedoch die P-Wellen-Geschwindigkeit von fliissigem
Fe stark verringern, vor allem im oberen Teil des Marskerns, was im Widerspruch zu
den seismischen Beobachtungen der InSight-Mission steht. Dies deutet darauf hin, dass
neben Schwefel hochstwahrscheinlich erhebliche Anteile anderer leichter Elemente wie

Kohlenstoff oder Wasserstoff erforderlich sind, um das groBe Dichtedefizit

\



auszugleichen und gleichzeitig die scheinbar hohe P-Wellen-Geschwindigkeit im Mars-

kern aufrechtzuerhalten.

Im letzten Teil dieser Arbeit wird die erste Kristallstrukturverfeinerung einer Hoch-
druck-Sulfidphase mit der Formel Fes+xS3 vorgestellt, die unter den Bedingungen des
inneren Marskerns potenziell stabil ist. Da Fes+xS3 bet Umgebungsbedingungen instabil
ist, wurde die Kristallstruktur mit Hilfe der In-situ-Hochdruck-Einzelkristall-Rontgen-
beugung geldst. Die Struktur mit der Raumgruppe Pnma umfasst vier iiber die Kanten
verbundene Fe-S-Quadratpyramiden und einen halbbesetzten Fe-Zwischengitterplatz,
wodurch die Stochiometrie von x=0 bis 1 variieren kann. Messungen des Volumens und
der chemischen Zusammensetzung bestitigen, dass der Eisengehalt in Fes+xS3 mit der
Temperatur zunimmt und sich der Stochiometrie von FesS3 unter Bedingungen néhert,
die mit denen des inneren Marskerns kompatibel sind. Weitere Messungen bestétigen,
dass Fes+xS3 eine hohere Dichte hat als der fliissige Marskern, und seine Bildung stimmt
mit den Schitzungen fiir die Schwefelkonzentration des Kerns iiberein. Obwohl ein
innerer Marskern bisher nicht nachgewiesen werden konnte, ldsst sich zeigen, dass ein
innerer Fes+xS3-Kern kristallisieren wiirde, wenn die Temperaturen im Zentrum des
Mars unter 1960 (+£105) K fallen, was noch im Bereich der Abschétzungen fiir die Tem-

peratur unter diesen Bedingungen liegt.
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1 Introduction

The terrestrial planets (Mercury, Venus, Earth, and Mars) are rocky bodies that formed
in the inner part of the solar nebula. While they share broadly similar rock and iron
metal dominated compositions (e.g., McDonough and Yoshizaki, 2021), in detail their
structures and chemistries exhibit notable variations, particularly when compared to the
Earth (Fig. 1.1). Understanding the formation and characteristics of the terrestrial plan-
ets is fundamental to unraveling the origin and evolution of the Solar System (Mor-
bidelli et al., 2012; Righter and O’Brien, 2011). The study of terrestrial planets typically
requires a multidisciplinary approach, encompassing geophysical observations and
modeling, geochemical and cosmochemical analyses of materials from planets, aster-
oids, and meteorites, as well as experimental and theoretical investigations on the nature

of these planetary materials under the relevant conditions.

Terrestrial

Planets e

Mercury Venus Earth Mars

Planet Radius 2440 km 6052 km 6371 km 3390 km
Planet Mass 3.30x102°kg  4.87 x10%*kg  5.97 x 1024 kg 6.42 x 1022 kg

Distance to Star 0.387 AU 0.723AU 1.000 AU 1.523 AU

Figure 1.1. Characteristics of terrestrial planets in the Solar System. Pictures of planets cour-

tesy of NASA/JPL-Caltech.
1.1 Formation of Terrestrial Planets in the Solar System

Planets form within protoplanetary disks, composed of gas and dust, surrounding young
stars (Williams and Cieza, 2011; Morbidelli et al., 2012). While only remnants of this
process remain in the Solar System, increasingly detailed astronomical observations of
circumstellar disks have significantly advanced our understanding of planet formation
(Andrew et al., 2018; Andrew, 2000; Drazkowska et al., 2022), as exemplified by im-
ages released within the last 6 years from the Atacama Large Millimeter/submillimeter
Array (ALMA). The ALMA images show protoplanetary disks formed around very

young stars that often show substructures comprised of concentric rings separated by

[1]



gaps with lower densities. They provide evidence for very rapid organization of dust,
as some of the observations are for stars that are only 1 million years old (Andrew et

al., 2020).

Inside the protoplanetary disk, millimeter- to centimeter-sized dust aggregates, or “peb-
bles”, can grow from micrometer-sized dust and ice particles via intermolecular forces
and migrate toward the central star due to gas drag (Weidenschilling, 1977). Alterna-
tively, turbulence within the disk can lead to the rapid formation of planetesimals larger
than 100 km through the collective gravitational effects of dense swarms of small par-
ticles concentrated in localized regions, a process known as the gravoturbulent model

(e.g., Johansen et al., 2007).

Oligarchic growth
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Figure 1.2. Terrestrial planets growth through the models of oligarchic growth (a) and pebble
accretion (b). “CC” indicates carbonaceous. (Modified from Burkhardt et al, 2021)

In classical models of planet formation, once the protoplanetary disk develops a sub-
stantial population of planetesimals, the processes of “runaway growth” (Ida and
Makino, 1993) and subsequent “oligarchic growth” (Kokubo and Ida, 1998, 2000) are
triggered. During these stages, accretion is dominated by gravitational interactions be-
tween pairs of planetesimals, leading to the formation of Moon- to Mars-sized planetary
embryos (Fig. 1.2a). In the final stage of planet formation, as the nebular gas dissipates
from the protoplanetary disk, the eccentricities of planetary embryos grow rapidly, re-
sulting in intersecting orbits and frequent collisions (Chambers and Wetherill, 1998).

This chaotic phase, lasting tens of millions of years, is characterized by violent impacts

[2]



between protoplanetary bodies, such as the Moon-forming giant impact, ultimately
forming a small number of terrestrial planets with masses comparable to Earth (Mor-

bidelli et al., 2012, and references therein).
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Figure 1.3. Major elements abundances of chondritic meteorites and terrestrial planets in the
Solar System. Venus is excluded due to insufficient available data. The figure is modified from

McDonough and Yoshizaki (2021) and references can be found in the original publication.

More recently, the “pebble accretion” scenario (Fig. 1.2b) has been proposed as an al-
ternative model for planet formation, wherein planetary embryos grow to planets by
accreting sunward-drifting pebbles from the outer disk under the influence of gas drag
(Ormel and Klahr, 2010; Lambrechts and Johansen, 2012). Pebble accretion is signifi-
cantly faster than planetesimal accretion and may explain the rapid formation of giant
planet cores (e.g., Lambrechts and Johansen, 2012; Levison et al., 2015a). While nu-
merical models suggest that terrestrial planets could also form through pebble accretion
(Levison et al., 2015b; Johansen et al., 2021), this theory remains debated from geo-
chemical and cosmochemical perspectives (e.g., Burkhardt et al., 2021; Olson et al.,

2024; Morbidelli et al., 2025).

It 1s widely accepted that terrestrial planets may accrete from materials with composi-
tions similar to chondritic meteorites—primitive and undifferentiated materials formed
during the earliest stages of the Solar System (McDonough and Sun, 1995; Palme and
O’Neill, 2014; Frost and Myhill, 2016). This is supported by the fact that the major
element composition of chondritic meteorites (Wasson and Kallemeyn, 1988), while
not identical to any known extant meteorite type (see Fig. 1.3), closely resembles both
the solar photosphere’s composition and the terrestrial planets (O’Neill and Palme,

1998; McDonough and Sun, 1995). The diversity in the compositions of terrestrial

[3]



planets may result from variations in their building blocks, accretion histories, and post-

accretion processes, such as collisional erosion (e.g., O’Neill and Palme, 2008)
1.2 Composition and Temperature of Earth’s mantle

The composition of the bulk silicate Earth (BSE) has been constrained using petrolog-
ical methods. A representative example is the pyrolitic model proposed by Ringwood
(1975), which, based on petrological constraints, provides a composition that aligns
well with geophysical observations (Dziewonski and Anderson, 1981) of the upper
mantle and, to some extent, the upper part of the lower mantle (Ricolleau et al., 2009;
Irifune et al., 2010). However, as Earth is differentiated into distinct layers (Fig. 1.4),
whether the chemical composition of the lower mantle is consistent with that of the
upper mantle—i.e., is aligned with the classic pyrolitic model—remains a subject of
active debate (e.g., Irifune et al., 2010; Murakami et al., 2012; Kurnosov et al., 2017;
Murakami et al., 2024). In addition to the pyrolitic model, alternative models proposing
an Mg/Si ratio in the lower mantle of ~1.0—significantly lower than the pyrolitic
model’s ratio of ~1.2 and consistent with a chondritic BSE composition—have also
been suggested. These chondritic models are supported by some studies of the elastic
properties of lower mantle minerals, which indicate they may provide a better fit to
observed seismic profiles of the lower mantle (Murakami et al., 2012; Mashino et al.,
2020). This controversy stems primarily from the lack of sufficient direct measurements
of acoustic velocities in mantle minerals under simultaneous high-pressure and high-
temperature (P-T) conditions, as well as across the compositional ranges plausible for
the mantle. Resolving this question requires further extensive experimental studies on

the elastic properties of lower mantle minerals.

As illustrated in Fig. 1.4, the pyrolitic model suggests that Earth’s upper mantle consists
of ~50%—-60% (Mg,Fe)>Si04 olivine and its high-pressure polymorphs, which evolve
with depth. The remaining composition primarily consists of clinopyroxene (cpx), or-
thopyroxene (opx), and garnet, with the majoritic component in garnet progressively
increasing with depth until all pyroxenes are fully incorporated into the garnet structure
(Ringwood, 1991). The (Mg,Fe)>Si04 ringwoodite breaks down to bridgmanite and fer-
ropericlase at approximately 23 GPa, corresponding to the 660 km seismic discontinu-
ity (Ito and Takahashi, 1989; Ishii et al., 2019). This is accompanied by a gradual trans-

formation of garnet into bridgmanite up to ~26 GPa (Irifune et al., 1996; Ishii et al.,

[4]



2023). The lower mantle is primarily composed of ~75% Fe- and Al-bearing MgSiOs
bridgmanite, ~20% (Fe,Mg)O ferropericlase, and ~5% Al- and Ti-bearing CaSiOs per-
ovskite (Davemaoite). In the lowermost lower mantle, bridgmanite may transform into
the post-perovskite phase, which has been proposed to explain the D discontinuity
(Murakami et al., 2004; Oganov and Ono, 2004; Shim et al., 2004). Recent studies also
suggest that the CaSiOs solubility in bridgmanite increases with pressure, potentially
eliminating the Davemaoite in the deep lower mantle (Ko et al., 2022). If the lower
mantle has a chondritic composition (Murakami et al., 2012), with a smaller Mg/Si ratio
than that of the pyrolitic model, the proportion of ferropericlase would be reduced to
only 5-10%, and the lower mantle would be primarily dominated by bridgmanite (Mu-

rakami et al., 2024).

Depth

Pressure Phase proportions (%)
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Figure 1.4. The structure and mineral assemblages of Earth’s interior. The mineral assemblages
are based on the pyrolitic compositional model. Illustration of mineral assemblages modified

from Irifune and Tsuchiya (2007).

The chemical composition of the BSE remains a topic of debate, and similarly, the tem-
perature within Earth’s interior is also highly uncertain. Since direct measurement of
Earth’s deep interior temperature is not possible, it can only be estimated using indirect
methods. One of the most effective methods to estimate the mantle’s temperature is to
determine the adiabatic temperature profile using the thermodynamic properties of its
constituent minerals (Katsura et al., 2010; Katsura, 2022). The adiabatic temperature

gradient with depth can be expressed as:
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where a is thermal expansivity, g is the gravitational acceleration, T is temperature,
and Cp is the isobaric heat capacity of the mineral assemblage. The values of a and
Cp for each constituent mineral can be determined by fitting the data from calorimetry
measurements and high-pressure and high-temperature (HP-HT) experiments into a
self-consistent thermodynamic model (Stixrude and Lithgow-Bertelloni, 2022). Once
the temperature at a fixed depth is established, the mantle’s adiabatic temperature pro-

file can be derived.
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Figure 1.5. Thermal expansivity (a) and the adiabatic temperature profile (b) in the mantle, as

determined by Katsura (2022).

Katsura et al. (2010) and Katsura (2022) estimated the temperature of the 410 km seis-
mic discontinuity (D410) as a fixed reference point for the adiabatic temperature profile.

D410 is widely accepted to result from the olivine-wadsleyite phase transition. Since
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the pressure at D410 is known, the temperature at this depth can be calculated using
experimentally determined phase diagrams (Katsura et al., 2004). The thermal expan-
sivity and the adiabatic temperature gradient of the mantle, as determined by Katsura

(2022), are illustrated in Fig. 1.5.

While the adiabatic temperature profile provides insights into the average temperature
at a given depth, inclusions in natural diamonds can offer valuable information about
localized temperature conditions in the deep mantle. For instance, thermobarometry-
thermometry methods, which involve measuring residual pressures of inclusions still
trapped in diamonds, can help evaluate the pressure-temperature trajectory along which
entrapment likely occurred (Angel et al., 2022). Moreover, the presence of minor ele-
ments in natural ferropericlase inclusions—the most common type of inclusion found
in proposed sublithospheric diamonds (Walter et al., 2022)—may reveal critical in-
sights into the pressure and temperature conditions of equilibrium. The mantle’s tem-
perature distribution is nonuniform, often influenced by cold subduction slabs (van
Keken and Wilson, 2023) or hot mantle plumes (Koppers et al., 2021), and diamond

inclusions could provide unique constraints on these localized environments.
1.3 Recent Advances in Understandings the Interior of Mars

Following Earth, Mars is the second most extensively explored planet in our Solar Sys-
tem, owing to the achievements of numerous Mars exploration missions since the 1960s,
which continue to advance our understanding today (e.g., Banerdt et al., 2020; Farley
et al., 2020; Tian et al, 2021). Complementing these space missions, systematic studies
of Martian meteorites—shergottites, nakhlites, and chassignites (collectively known as
SNC meteorites)—have provided valuable constraints on Mars’ composition and evo-
lution (e.g., Wénke and Dreibus, 1994; Sanloup et al., 1999; Taylor, 2013; Yoshizaki
and McDonough, 2020; Khan et al., 2022). Mars differs from Earth in size, formation
timing (Dauphas and Pourmand, 2011), and chemical and isotopic composition (e.g.,
Yoshizaki and McDonough, 2020), suggesting that it accreted from a distinct popula-
tion of planetesimals and/or pebbles and underwent a unique evolutionary path. Com-
parative studies of Earth and Mars, therefore, offer valuable insights into the composi-
tions and evolutionary processes of the terrestrial planets and the broader inner Solar

System.

During the period of this thesis work, the seismic observations from NASA’s InSight
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mission have significantly enhanced our understanding of the interior structure of Mars.
Based on the seismic constraints, the thickness of the Martian crust has been determined
to be at the range between 24 and 72 km (Knapmeyer-Endrun et al., 2021). The data
have also revealed a very thick lithosphere (~500 km) and low S-wave velocities in the
upper mantle, indicating a distinct thermal and compositional structure (Khan et al.,

2021).

Furthermore, seismic measurements have determined the size and P-wave velocity of
the Martian core (Stdhler et al., 2021; Irving et al., 2023), suggesting significant enrich-
ment in light elements (Fig. 1.6). Models assuming a homogeneous Martian mantle (Fig.
1.7a) indicate the light-element content of the core to be as high as ~30% (Stdhler et al.,
2021; Irving et al., 2023; Samuel et al., 2023). When a basal magma layer (BML) is
incorporated into the models (Samuel et al., 2023; Khan et al., 2023), as shown in Fig.
1.7b, the resulting density deficit is smaller but still approximately ~20%, significantly
higher than the ~5-10% estimated for Earth’s core (e.g., Hirose et al., 2013).
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Figure 1.6. Comparison of the density models of Martian core with the density of liquid Fe
under the relevant pressures. (123: Irving et al., 2023; S23: Samuel et al., 2023; K23: Khan et
al., 2023).
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Figure 1.7. Internal structure and physical properties (temperature, density, and seismic veloc-
ity) of the Martian interior. (a) Model without a basal magma layer (BML). (b) Model incorpo-
rating a BML. Data adapted from Samuel et al. (2023).

From cosmochemical and geochemical perspectives, S is often considered the primary
light element in the Martian core, alongside other potential candidates such as O, C,
and H (e.g., Wénke and Dreibus, 1994; Sanloup et al., 1999; Taylor, 2013; Yoshizaki
and McDonough, 2020; Khan et al., 2022). The enrichment of S in the Martian core is
primarily supported by the observation of sulfur depletion in the Martian mantle, the
fact that Mars appears more enriched in moderately volatile elements compared to Earth
(e.g., Winke and Dreibus, 1994), and sulfur’s highly siderophile behavior at the mod-
erate high pressure and temperature conditions likely to have prevailed during core-
mantle differentiation of Mars (e.g., Rose-Weston et al., 2009; Suer et al., 2017;
Steenstra and van Westrenen, 2018). If the effects of light elements on the density and
P-wave velocity of liquid iron under HP-HT conditions are systematically constrained
through experimental and theoretical studies, the composition of light elements in the

Martian core could be determined in greater detail. However, experimental
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measurements of liquids under such conditions remain highly challenging, with signif-
icant uncertainties and notable discrepancies in the literature. Additionally, while theo-
retical calculations often show good agreement with experimental observations under
the HP-HT conditions relevant to Earth’s core, they face challenges when modeling
liquid Fe alloys at the lower P-T conditions pertinent to the Martian core (e.g., Dewaele
et al., 2008; Wagle and Steinle-Neumann, 2019). These challenges complicate the in-
terpretation of seismic data, emphasizing the need for further studies to better constrain

the elastic properties of Fe-rich liquid alloys under HP-HT conditions.
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Figure 1.8. Phase diagrams and stable sulfide structures in the Fe-FeS system. (a) Fe-FeS phase
diagram at 1 bar, modified from Waldner and Pelton (2005). (b) Fe-FeS phase diagram at 21
GPa, modified from Fei et al. (2000). (c) Fe-FeS phase diagram at 40 GPa, modified from
Stewart et al. (2007). (d) Crystal structure models of FeS V (Fei et al., 1998), FesS (Koch-
Miiller et al., 2002), and Fe.S (Koch-Miiller et al., 2002). The crystal structure of Fes«S: re-
mains unknown. “L” indicates liquid in (a-c). Brown and yellow spheres in (d) represent Fe

and S atoms, respectively.
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Another unresolved question in Martian core science is the potential existence of an
inner core. While no direct geophysical evidence has confirmed or refuted the presence
of a solid Martian inner core, the possibility of an inner core and the core crystallization
regimes can be evaluated using the melting phase diagrams of Fe-rich alloys. Assuming
S is the primary light element in the Martian core, Fe-FeS melting phase diagrams (Fig.
1.8) provide a framework for simulating Martian core crystallization (e.g., Fei et al.,
2000; Stewart et al., 2007). The potentially high S content in the Martian core suggests
that Fe sulfide phases could crystallize. However, the S-rich side of the Fe-FeS melting
phase diagram remains incomplete under Martian core conditions. While melting phase
relations in the S-rich region have been studied near the top of the Martian core (Fei et
al., 2000), the deep-core conditions remain unexplored. Furthermore, the liquidus phase
Fes+xSz (Feietal., 1997), stable above ~14 GPa, lacks a resolved crystal structure. These
gaps hinder precise modeling of Martian core crystallization, emphasizing the need for

further experimental research.

This thesis aims to provide new constraints on the compositions and conditions of ter-
restrial planetary interiors using multiple experimental approaches. First, it seeks to
constrain the temperature of Earth’s mantle by applying experimental results on the
MgO-FeO-Al;0O3 system under high pressures to analyze ferropericlase inclusions
found in natural diamonds that are proposed to originate from the deep mantle. Addi-
tionally, it integrates results from various HP-HT experimental methods, with a partic-
ular focus on the Martian core’s composition and structure by comparing experimental
results in Fe-S system with recent geophysical observations from NASA’s InSight mis-

sion.
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2 Method

The large volume press (LVP) and diamond anvil cell (DAC) are widely used tools for
generating static high-pressure conditions that simulate the environments within plan-
etary interiors (Ito et al., 2007; Bassett, 2009). The LVP can provide a well characterized
and shallow thermal gradient over a relatively large sample volume, typically around
cubic millimeters in size. Importantly, it also enables a thermodynamically closed sys-
tem with an appropriate experimental assembly design. However, the pressure genera-
tion capability of the LVP is somewhat limited, reaching approximately 25 GPa with
traditional multi-anvil techniques (Keppler and Frost, 2005). Recent advancements us-
ing binder-free tungsten carbide (WC) anvils with optimized geometry have increased
this capacity to around 65 GPa (Kunimoto et al., 2016; Ishii et al., 2019), while pres-
sures exceeding 100 GPa have been achieved using ultrahard, albeit costly, sintered
polycrystalline diamond (PCD) anvils (Yamazaki et al., 2018). Despite these advance-
ments, high absorption of electromagnetic waves by the LVP’s ceramic pressure media
and the limited angular access, restrict spectroscopic characterization methods. Conse-
quently, powder X-ray diffraction (XRD) and X-ray radiography, typically using syn-
chrotron-source white or high-energy monochromatic X-ray beams, remain the primary

X-ray-based methods for characterizing samples in the LVP. (Shen and Wang, 2014)

In contrast, the DAC can generate pressures up to 1 TPa (Dubrovinskaia et al., 2016;
Dubrovinsky et al., 2022), encompassing the pressure range of Earth’s entire interior
and simulating conditions found within giant planets and exoplanets. The transparency
of diamond anvils across a broad spectrum—from infrared to visible light and X-ray—
enables the DAC to support multiple in-situ high-pressure characterization techniques
(Shen and Mao, 2016). Notably, recent advancements in high-pressure single crystal X-
ray diffraction (SC-XRD) using DACs have made this technique even more powerful
for characterizing material structures under extreme conditions (Dubrovinskaia and Du-
brovinsky, 2018). However, although temperatures up to 7000 K can be achieved
through laser heating in the DAC (Dewaele et al., 1998), samples typically experience
significant temperature gradients in a laser-heated diamond anvil cell (LH-DAC). This
gradient can lead to substantial compositional variations across the sample (Sinmyo and

Hirose, 2010), complicating the attainment of thermodynamic equilibrium.

In this study, a complementary approach was applied, leveraging multiple techniques
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to analyze the same system from different perspectives. Both conventional and ad-
vanced multi-anvil techniques were employed to investigate equilibrium phase rela-
tions in materials under conditions analogous to Earth’s mantle and the Martian core.
Additionally, in-situ synchrotron-based multi-anvil techniques in conjunction with ul-
trasonic interferometry, Beer-Lambert X-ray absorption, and the CAESAR method—
combining angle- and energy-dispersive structural analysis and refinement—were uti-
lized to examine the elasticity of Fe-rich liquids under planetary core conditions. Fur-
thermore, high-pressure single crystal XRD measurements in a DAC were conducted

following in-situ sample synthesis via laser heating.

2.1 High Pressure and High Temperature Experiments in a

Multi-anvil Press

2.1.1 In situ Multi-anvil Experiments at Synchrotron Beamlines

Synchrotron radiation generates extremely bright electromagnetic waves with a wide
energy range and sharp directivity (Schwinger, 1949). This occurs when relativistic
electrons are accelerated along a curved path by magnetic fields. Synchrotron radiation
facilities can produce high-brilliance hard X-ray beams that penetrate sample assem-
blies in multi-anvil experiments, enabling in-situ monitoring of sample conditions—
including pressure, temperature, phase assemblages, and sample dimensions—under

high-pressure and high-temperature conditions.

Although both energy-dispersive X-ray diffraction (ED-XRD) and angle-dispersive X-
ray diffraction (AD-XRD) can be applied in in-situ multi-anvil experiments, ED-XRD
is the primary technique used (Ito et al., 2007; Shen and Wang, 2014). A schematic of
in-situ multi-anvil experiments is shown in Fig. 2.1. The advantages of ED-XRD over
AD-XRD in conventional synchrotron multi-anvil experiments include: (1) ED-XRD
provides information across a wider range of d-spacings compared to AD-XRD, which
is constrained by the limited opening angle due to the use of X-ray-opaque tungsten
carbide anvils; (2) the photon flux of the white beam used for ED-XRD is much greater
than that of the monochromatic beam required for AD-XRD, resulting in higher inten-
sity; and (3) ED-XRD provides a cleaner sample signal and clearer background from
the multi-anvil assembly, as the measurement area can be limited to the sample region

through the use of a collimator and receiving slits which reduce contaminating signals

[13]



from the surrounding pressure medium (Fig. 2.1c).
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Figure 2.1. Schematic representation of in-situ multi-anvil experiments conducted at a syn-
chrotron beamline. (a) Experimental setup for in-situ XRD and X-ray radiographic imaging at
high pressures and temperatures. Note: the sketch is not to scale, and the multi-anvil press is
omitted for clarity. (b) Configuration of the Kawai cell used in the experiments. (c¢) Gauge vol-

ume for ED-XRD measurements.

In the present study, in-situ multi-anvil experiments using synchrotron-based X-ray
techniques were conducted at beamline P61B at PETRA III (Farla et al., 2022), beam-
line PSICHE at SOLEIL (Henry et al., 2022), and beamline 13IDD at the APS (Wang
et al., 2009). The multi-anvil press at P61B is a 6-axis press (Aster-15), with six inde-
pendently controlled rams used to compress a cubic space (Manthilake et al., 2012;
Farla et al., 2022). The presses at PSICHE and 13IDD are uniaxial presses featuring
Osugi-type (DIA-type) and split-sphere-type guide blocks, respectively (King et al.,
2022; Wang et al., 2009). In all experiments, hydraulic forces were applied to the sam-
ple assemblies via Kawai cells, which consist of eight tungsten carbide cubes with trun-
cated corners directed toward the sample assemblies (Fig. 2.1). For further details on
the descriptions and classifications of multi-anvil facilities, refer to Ito et al. (2007) and

Keppler and Frost (2005).

Sample temperatures were monitored using the electromotive force (EMF) of a type-D
thermocouple. When the thermocouple failed, temperatures were estimated based on

power-temperature relations determined from similar experiments. Sample pressures

[14]



were assessed by comparing the unit-cell volumes of pressure standards, measured via
ED-XRD, with the equations of state (EOSs) of standard materials found in the litera-
ture. Sample positioning in directions perpendicular to the beam was tracked through
X-ray imaging, based on absorption contrast. To optimize positioning along the beam
direction, the press was scanned along the beam to locate the point where the diffraction
signal from the sample was strongest and interference from regions outside the sample
was minimized. Taking into account factors such as temperature gradients within the
sample, temperature fluctuations during experiments, fitting errors in the unit cell vol-
ume of pressure markers, and the accuracy of pressure markers, the experimental un-
certainties in temperature and pressure were estimated to be approximately 50 K and

0.5 GPa, respectively.
2.1.2 In house Multi-anvil Experiments

Complementary to the in-situ synchrotron multi-anvil experiments, in-house multi-an-
vil facilities offer easier access for conducting time-consuming experiments, as syn-
chrotron beamtime is generally limited and highly competitive. In this study, multi-
anvil presses at the Bayerisches Geoinstitut (BGI), University of Bayreuth, were uti-
lized for in-house runs. Pressures during these experiments were determined using pre-
calibrated press load—pressure relationships, based on the detection of pressure-induced
phase transitions or changes in mixing behavior under applied loads. Additionally, these
calibrations were complemented by comparisons with press load—pressure relationships
established during synchrotron multi-anvil experiments conducted with the same type

of multi-anvil press and guide blocks.

For multi-anvil experiments at pressures up to 23 GPa, we used multi-anvil presses
equipped with split-sphere guide blocks (Hymag and Sumitomo), with pressure cali-
brations described by Keppler and Frost (2005) as illustrated in Fig. 2.2. In these ex-
periments, a Cr203-doped MgO octahedral pressure medium with a 10 mm edge length
(OEL = 10 mm) was compressed using eight tungsten carbide cubic anvils (Ha06 cubes
from Hawedia) with truncation edge lengths (TEL) of 4 mm or 5 mm, depending on the
pressure requirements. For higher pressures, ranging from 27 GPa to 50 GPa, we used
the IRIS-15 press equipped with an Osugi-type guide block (Ishii et al., 2016). Cell
assemblies with OEL/TEL ratios of 7 mm/3 mm and 5.7 mm/1.5 mm (FO05 cubes from

Fuji Die Co. Ltd.) were employed for experiments at 27 GPa and 33 GPa, respectively
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(Ishii et al., 2016; Liu et al., 2017). For the experiment at 50 GPa, a 5.7 mm/1.5 mm
cell assembly was used in conjunction with eight ultrahard 1°-tapered TJSO1 tungsten
carbide anvils (Fuji Die Co. Ltd.), calibrated according to Ishii et al. (2019). The pres-

sure calibrations used for the IRIS-15 press are summarized in Fig. 2.3.
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Figure 2.2. Pressure calibrations for experiments conducted in multi-anvil presses equipped

with split-sphere modules at BGI. Adapted from Keppler and Frost (2005).
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Figure 2.3. Pressure calibrations for experiments conducted in a multi-anvil press with an
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2.2 Determination of Elastic Properties of Liquids under High

Pressure

Due to the lack of long-range order in liquid structures, densities cannot be directly
determined by measuring lattice parameters as is the case for solids. Experimental chal-
lenges in measuring the elastic properties of liquids have led to significant uncertainties
and notable discrepancies in the literature. To better constrain the elastic properties of
Fe metal-rich liquids, this work employed multiple in-situ methods independently and
simultaneously at synchrotron multi-anvil beamlines. P-wave velocities under high-
pressure and high-temperature conditions were measured using the ultrasonic interfer-
ometry method, while liquid densities were evaluated using the Beer-Lambert method

and X-ray diffraction.
2.2.1 P-wave Velocity of Liquids measured by ultrasonic Interferometry

There are two main methods for performing ultrasonic wave velocity measurements:
the phase comparison method (Rigden et al., 1988) and the pulse-echo overlap method
(Papadakis et al., 1974). Due to the simplicity of data analysis and the system required
(Jing et al., 2020; Néri et al., 2024), the pulse-echo overlap method was employed in

this study to perform ultrasonic measurements.
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Figure 2.4. Schematic illustration of the ultrasonic interferometry system used at the synchro-

tron beamline.

Fig. 2.4 illustrates the ultrasonic interferometry system installed as a permanent setup
at beamline P61B, PETRA III (Néri et al., 2024), which was used for our measurements.
A similar ultrasonic interferometry system is also employed at BGI as an in-house fa-

cility and was temporarily installed at beamline PSICHE, SOLEIL during our beamtime

[17]



there. The ultrasonic interferometry system consists of a LiNbOs piezoelectric crystal,
an arbitrary waveform generator, and a digital oscilloscope, all connected via coaxial
cables. Additional details about the ultrasonic system used at 13IDD, APS can be found
in the review by Jing et al. (2020).

During measurements, the arbitrary waveform generator sends bursts of sinusoidal AC
pulses of a fixed frequency to the transducer. The transducer then vibrates and generates
compressional and/or shear waves, which are transmitted to the sample through the WC
anvil and the buffer rod (BR). Reflections of the acoustic waves at various interfaces—
including the BR-sample interface and the sample-backing plate (BP) interface—were

recorded by the digital oscilloscope (Fig. 2.5).

Figure 2.5. Schematic illustration of ultrasonic wave propagation through the high-pressure
assembly during ultrasonic interferometry measurement. BR denotes the buffer rod, and BP
indicates the back plates. Ry, R;, and R; represent the interfaces of the anvil-BR, BR-sample,
and sample-BP, respectively, where the ultrasonic wave is reflected due to acoustic impedance

contrasts.

The arbitrary waveform generators used at BGI, P61B, and 13IDD were the Keysight
Trueform 33622A, Tektronix AFG3152C, and Tektronix AFG3252C models, respec-
tively. The digital oscilloscopes used at these facilities were the Keysight DSOS054A
at BGI, Tektronix MSO64 at P61B, and Tektronix MSO54 at 131DD. To generate lon-
gitudinal waves along the height of the cylindrical samples, 36°-Y cut LiNbO:
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transducers were attached to the backside of the WC anvils. These transducers had been
fabricated into 2.5 mm or 3 mm diameter disks from 3-inch diameter, 60 um thick
LiNbOs wafers (Yamaju Ceramics) using a picosecond pulsed laser cutter. The trans-
ducers used at this study have a relatively wide bandwidth, with good performance at

frequencies between 45 MHz to 75 MHz.

The travel times through the samples at each frequency were analyzed using the
Echofinder software (Néri et al., 2024), allowing the calculation of sound velocities
with the known sample lengths. During the experiments, the sample lengths were mon-
itored in situ using X-ray radiography, which relied on the absorption contrast between

the Fe-rich samples and the backing plate (BP) and buffer rod (BR).

W electrode

AlLO,

Mo electrode

Figure 2.6. Assemblies for multi-anvil experiments using LaCrOs and BDD furnaces. (a)
Standard 10-mm assembly with a LaCrOs furnace used for in-house experiments. (b) 10-mm
assembly with a BDD furnace, developed in this study for synchrotron ultrasonic interferometry

experiments.

Maintaining liquids within the capsule under high-pressure and high-temperature con-
ditions, while preserving a regular shape with parallel surfaces presents a significant
challenge in P-wave velocity measurements of liquids. To address this, we designed a
novel assembly for ultrasonic interferometry measurements. As shown in Fig. 2.6, a
boron-doped diamond (BDD) furnace was used in place of the conventionally em-
ployed LaCrOs heating elements employed for in-house experiments. The BDD fur-
naces utilized in this study were commercially available BDD tubes synthesized via
chemical vapor deposition (CVD) methods (Changsha 3-Better Ultra-Hard Materials
Co., Ltd). The use of CVD-BDD furnaces provided a stable thermal field for the sam-
ples under high pressures and facilitated synchrotron X-ray measurements due to the

high X-ray transparency of BDD (Shatskiy et al., 2009; Xie et al., 2020). Additionally,

[19]



the rigid structure of the BDD furnace minimized irregular deformation of the samples,

thereby improving the precision of sample length measurements.

To further minimize sample deformation during compression, pre-processed samples
were used to reduce the porosity of the starting materials as much as possible. For pure
Fe samples, | mm diameter Fe wires with 99.99% purity were cut and subsequently
double-side polished into the desired cylindrical shape. For S-bearing samples, Fe-FeS
blocks were synthesized at 0.5-0.7 GPa and 1000 K using a piston-cylinder press and

then machined into the desired cylindrical form.
2.2.2 Beer-Lambert Method

The Beer-Lambert method is a widely used technique for determining the density of
disordered samples under high pressure, based on measuring the relative change in X-
ray attenuation upon melting (Katayama et al., 1993; Sanloup et al., 2000; Wang and
Shen, 2014; Sakamaki, 2017; Henry et al., 2022). During a measurement, the sample
with a nearly ideal cylindrical shape was scanned by X-ray beam along the radial di-
rection (Fig. 2.7). Based on the Beer-Lambert Law, the density can be fitted from the

absorption profile:

I(x) =1y eXp[_#spsls (x) — .uenpenlen(x)] (2.1)

where x is the position along the absorption profile, I, and I are the incident and
transmitted beam intensities, respectively, u is the mass absorption coefficient, p is
the density, and [ is the length of the beam path. The subscript s and en correspond
to the sample and the surrounding assembly environment, respectively. As illustrated in

Fig 2.7b., the length of the beam path can be expressed as:

Ls(x) = 2472 = (x — x,)? (2.2)
where 7 is the radius of the sample, and x is the center of an absorption profile.

In the conventional application of the Beer-Lambert law under high pressure, a mono-
chromatic X-ray beam is typically used. The mass absorption coefficient, u, of the sam-
ple can either be calibrated by measuring the X-ray absorption of the sample in its solid
state, where the density is known, or determined using theoretical values. However, as

discussed in Chapter 2.11, the use of a white beam may offer significant advantages
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over a monochromatic beam for most multi-anvil experiments.

(b)

Sample

front view fop view

Figure 2.7. Schematic of the sample geometry for density measurements using the Beer-Lam-
bert law, showing (a) the front view and (b) the top view. Here, x denotes the position along the
scan profile relative to the center of the capsule, » is the sample radius, and I indicates the

sample thickness along the beam path.

In this study, we employed a recently developed method by Henry et al. (2022), which
utilizes a polychromator placed in the beam path after the sample. The principle of this
method involves measuring the ED-XRD pattern of the polychromator material (e.g.,
periclase or rutile) using a Ge detector, while scanning the sample with a white beam.
At a specific position in the scanning profile, the intensity of the diffraction peaks at
each energy is proportional to the intensity of the incident beam on the polychromator
at the same energy, which corresponds to the transmitted beam intensity after being
absorbed by the sample. As the Ge detector can simultaneously record a series of dif-
fraction peaks from the polychromator, this setup enables the collection of multiple
absorption profiles spanning energies from 20 keV to 80 keV using a white beam source

at the beamline PSICHE.

This method offers several advantages. First, it is compatible with other X-ray tech-
niques that rely on a white beam, such as the CAESAR method (see Chapter 2.3), al-
lowing multiple measurements to be performed on the same molten sample. Addition-
ally, the simultaneous collection of multiple absorption profiles provides a redundant
dataset, which can reduce analytical uncertainties in density determination. For density
measurements in this study, we used a newly designed high-pressure assembly (Fig. 2.8)
with a CVD-BDD furnace and sintered samples, incorporating the same considerations

as those applied for ultrasonic assemblies.
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W electrode

Figure 2.8. 10-mm assembly with a BDD furnace, designed in this study for in-situ density

measurements using the Beer-Lambert method.
2.2.3 X-ray Diffraction on Liquids

Although liquids lack long-range order, different liquids possess distinct local struc-
tures due to chemical bonding constraints, which are reflected in the diffuse scattering
signals of their XRD patterns. By quantitatively analyzing the diffuse scattering signals,
both structural information and densities of the liquids can be extracted from the XRD
measurements. Using various static and dynamic compression techniques, the structure
and density of liquids have been measured up to the megabar pressure range (Eggert et
al., 2002; Morard et al., 2014; Drewitt, 2021; Morard et al., 2020; Singh et al., 2022),
offering crucial insights into the physical properties of liquids and fluids in planetary

interiors.

In this study, XRD measurements of Fe-S liquids were performed simultaneously with
some of the ultrasonic interferometry and Beer-Lambert measurements at the PSICHE
beamline, utilizing the combined angular and energy dispersive structural analysis and
refinement (CAESAR) technique (Wang et al., 2005; King et al., 2022). During a CAE-
SAR acquisition, a series of ED-XRD spectra are collected at varying 20 angles with
fine increments (typically less than 0.5°), achieved by adjusting the position of the Ge
detector mounted on a rotation stage. As the Ge detector moves, the incident and dif-
fracted beams remained aligned at a fixed point on the sample, while the slits are con-
tinuously adjusted to maintain an optimized gauge volume. A two-dimensional Energy-
Angle-Intensity dataset was generated from each CAESAR acquisition, where the data
at each 20 angle corresponded to an ED-XRD spectrum, and each detector channel ef-

fectively served as an individual AD-XRD spectrum (Fig. 2.9).
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The CAESAR data collection covers the maximum accessible range of the opening
angle of a multi-anvil press, enabling the acquisition of XRD data over the widest pos-
sible range of the scattering vector Q (Q = 4msin (8)/A4) (see Fig. 2.10). Compared
to conventional multi-angle ED-XRD methods, which collect spectra at only a few 20
angles, the CAESAR method generates a highly redundant dataset. This redundancy
facilitates efficient background subtraction and data reduction (Wang et al., 2005; King
et al., 2022). By applying the data treatment strategy outlined by King et al. (2022), a
diffuse scattering profile with normalized intensity can be obtained directly from the

CAESAR dataset without requiring additional empirical normalization factors.

~
&

2theta (degree)

0 20 40 60 80 100
Energy (keV)

(®) 4

;1;;- + 2theta: 17.5°
ali 4 2theta: 15.5°
2 theta: 13.5°

¥ +
$ x’ + 2theta: 11.5°
.*. i + 2 theta: 9.5°

E +

-+

Intensity
B
1

2 theta: 7.5°
- 2theta: 5.5°
2 theta: 3.6°

Figure 2.9. Example of XRD measurement results on a liquid sample. (a) A CAESAR scan of
Fe-S liquid at 4.8 GPa and 1873 K. (b) Normalized scattering intensity as a function of Q.
Markers in different colors indicate data collected at various 26 angles, demonstrating con-

sistency in diffraction intensity.

An iterative analytical procedure is then employed to extract structural information
from the diffuse scattering data (Kaplow et al., 1965; Eggert et al., 2002; Morard et al.,
2014), enabling the determination of the structure factor S(Q) and the radial distribution
function g(r). Based on the Krogh-Moe-Norman normalization (Krogh-Moe, 1956;

Norman, 1957), the structure factor is defined as

[als(Q) = X lincon (@] + () = (f*)
(fr

5(Q) = (2.3)

where f is the atomic form factor of constituent elements, (f2) =Y, X,./2(Q),

(Y = Xn2m Xnfn(Q) Xmfm(Q), X, is the atomic ratio of nth element, I is the
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scattering signal from the sample and ), I;,,.,,(Q) is the sum of the incoherent scat-

tering signals from the sample.

25 T T T T T T g T

QA

Energy(keV)

Figure 2.10. Scattering vector Q as a function of energy with the Ge detector placed at various

20 angles. The values of 26 angles are indicated above each solid line.

The parameter a can be expressed as

2
_27T2p0 + fOQmaxZ IInCOh(SCQZg + <f >Q2dQ
Jimexl g2aq

a = (2.4)

Where p, is the average density, and the Q,,4, 1s the maximum value of the scatter-
ing vector. The distribution function F(r) and the radial distribution function g(») can

be defined by a Fourier transform of S(Q):

Qmax

Fo == [ os@-nsinende = 4mrlp) - pl  29)
0

F(r) + 4mrpy _ p(r)
4mrpo Po

where r is distance from the origin atom and p(r) is the is the atomic density as a
function of .

It is assumed that no atoms are located at distances shorter than the first coordination
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shell. For 0 < r < 1yin, Where 7y, 18 the minimum distance from the origin atom:
F(r) = —4nrp, (2.7)
and
gr)=0 (2.8)

An iterative procedure is employed to determine S(Q), F(r), g(r), and p,, ensuring
that F(r) exhibits minimal oscillations in the low-r region. The iteration process con-

cludes when the following y? function is minimized:

Tmin

22(p0) = j [~F,(r) — 4mrpo]2dr 2.9)
0

where F; is the distribution function after i-th iterations.

In the present study, the software Amorpheus (Boccato et al., 2022) was used to process
the I(Q) data of Fe-rich liquids. Following the estimation from Morard et al. (2014),
the uncertainty of the density determined using this method is approximately 3

atom/nm?, which corresponds to 0.3 g/cm?.

2.3 Single Crystal Structure Determination in a Diamond Anvil

Cell after Laser-Heating

Recent advancements in high-pressure single-crystal X-ray diffraction techniques (Du-
brovinskaia and Dubrovinsky, 2018) have made it routine to study in-situ the crystal
structures of um- to sub-pm-sized grains synthesized in a laser-heated diamond anvil
cell (LH-DAC) at high-pressure conditions. This technique has become a crucial tool
for investigating materials under the extreme conditions of planetary interiors, particu-
larly for synthetic phases whose crystal structures cannot be preserved at ambient pres-
sure. In this study, we used high-pressure single-crystal X-ray diffraction to analyze the
crystal structure of a novel high-pressure iron sulfide phase, synthesized in situ under
high-pressure and high-temperature conditions in a DAC, as its structure cannot be re-

tained upon decompression to ambient conditions.
2.3.1 In situ sample synthesis using Laser-heated Diamond Anvil Cell

Gem-quality diamond anvils are transparent to a wide range of electromagnetic
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wavelengths, enabling interactions between the compressed sample in a DAC and var-
ious types of light. By absorbing the energy of lasers that pass through the diamonds
and are focused on the sample (Fig 2.11), sample temperatures of the order of thousands

of Kelvins can be reached (Ming and Bassett, 1974; Bassett, 2009).

Depending on the sample's absorption properties for laser light, either a near-infrared
(IR) laser (wavelength = 1.064 um) or a CO: laser (wavelength = 10.6 um) can be
selected for heating (Salamat et al., 2014; Anzellini and Boccato et al., 2020). In prac-
tice, a near-IR laser is commonly used to heat metallic phases and Fe-bearing opaque
or semi-transparent minerals, while a CO: laser is preferred for heating optically trans-
parent minerals. Consequently, in this study, a near-IR laser-heating systems was uti-
lized to heat iron sulfide samples in DACs. The near-IR laser can be focused to a spot
size ranging from a few micrometers to tens of micrometers on the sample surface (An-
zellini and Boccato et al., 2020), making it advantageous for applications requiring a
small heating area. This is particularly beneficial for laser-heating experiments at multi-
megabar pressures, where the sample size is extremely small (Dubrovinsky et al., 2022).
However, the small laser spot size can lead to steep temperature gradients, reaching up
to hundreds of kelvins per micrometer in both radial and axial directions (Kavner and
Nugent, 2008; Du et al., 2013; Geballe et al., 2012). The introduction of double-sided
laser heating and the optimization of energy distribution within the laser spot help to
reduce temperature gradients in LH-DAC experiments (Errandonea, 2006; Prakapenka

et al., 2008).

In this study, the portable laser-heating system at the ID14 beamline at ESRF (Kupenko
et al., 2012; Aprilis et al., 2017) and an in-house laser-heating system at BGI (Fe-
dotenko et al., 2019), were used for LH-DAC experiments. We used a BX90-type dia-
mond anvil cell (DAC) (Kantor et al., 2012) equipped with a pair of diamond anvils,
each with a culet diameter of 250 um. The diamonds were mounted on Boehler-type
tungsten carbide seats (Boehler et al., 2004) to provide a relatively large optical opening
angle. Back-transformed poorly crystalline iron sulfide crystals, synthesized in a multi-
anvil press, were used as the starting material. The use of a pre-synthesized material
with the desired composition ensures the correct chemical composition and homogene-
ity of the material within the minute laser-heated areas, which is critical for achieving
reproducible experimental results. The samples were pre-compressed into pellets with

a thickness of approximately 10 um before being loaded into the sample chamber of
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the pre-indented Re gasket. KCl or helium were used as the pressure medium and ther-

mal insulation layer, as illustrated in Fig. 2.11.

The samples were heated to temperatures above or near their solidus at the target pres-
sures to promote crystal grain growth. Temperatures were estimated by fitting the sam-
ple's thermal radiation to a grey-body approximation. Once the target temperatures were
reached, the samples were maintained at those conditions for 5 to 10 seconds before
being quenched to room temperature.

diamond anvil
laser

. pressure medium

Re gasket

laser . .
diamond anvil

Figure 2.11. Schematic of the sample configuration in a laser-heated DAC experiment.
2.3.2 Single Crystal Data Collection under High Pressure conditions

The wavelength of X-rays is comparable to the interatomic distances within the lattice
of a crystalline solid. When an incident X-ray beam interacts with the three-dimensional
periodic structure of a single crystal, the crystal produces a series of distinct diffraction
spots. These spots result from constructive interference of the scattered X-rays, gov-
erned by Bragg's law (eqn. 2.10), with each spot corresponding to a specific set of crys-

tal planes.
2dsinf = ni (2.10)

where d is the distance between crystal planes, 8 is the angle between the incident
X-rays and the crystal planes, A is the wavelength of the beam, and n is any integer

number.

Typical mineral structures produce hundreds to thousands of unique reflections, collec-
tively forming a diffraction pattern. Each reflection is assigned Miller indices (44/) that
indicate its position within the pattern. This diffraction pattern exhibits a reciprocal
Fourier transform relationship to the crystal lattice and the unit cell in real space. Con-

sequently, by correctly fitting the Miller indices and the intensities of the diffraction
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spots, the crystal structure can be determined.

Although data collection and processing are significantly more complex, single-crystal
XRD has more advantages with respect to powder XRD because it measures individual
reflections from specific crystallographic planes, providing a three-dimensional diffrac-
tion pattern which allows to a more accurate and precise atomic arrangement determi-
nation. In contrast, powder XRD patterns consist of all equivalent reflections overlap-
ping at given d-spacing values, which can cause ambiguities in indexing and challenges

in resolving complex structures.

The limited opening angle in a DAC often causes the incident and diffracted beams to
be obstructed by the WC seat or the DAC body, while the crystals synthesized in an
LH-DAC are typically um- to sub-pm-sized. These factors make single-crystal studies
on such samples using an in-house X-ray source nearly impossible. However, the highly
brilliant and low divergence X-ray beams from third- and fourth-generation synchro-
tron facilities offer significant advantages for these measurements. Firstly, the high-
energy X-ray beams available at synchrotron facilities enable broader coverage of the
reciprocal space and minimum absorption from the diamonds. More importantly, syn-
chrotron X-ray beams can be focused to an area of a few pm? to sub-um?, comparable
in size to the studied samples, which minimizes diffraction from the environment
around the crystallite of interest (i.e. diffraction from the gasket material) and allows

precise structural analysis of these tiny crystals
(a)

X-ray beam ' }

DAC J \k /

Detector

Figure 2.12. SC-XRD experiment in a DAC. (a) Schematic drawing of data collection regime.
(b) Opening angle in a DAC, which is limited by the dimensions of the diamond anvil and the
geometry of the WC seat in DAC.
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In this thesis, single-crystal XRD experiments were performed at the Extreme Condi-
tions X-ray Diffraction and Imaging beamline ID15B (Garbarino et al., 2024) at the
ESRF. The measurements used an X-ray wavelength of 0.4100 A and a beam size of
approximately 1 X 1 um. Initially, a 2D powder XRD map was constructed with a step
size of 2 um by scanning the sample stage (Hrubiak et al., 2019). This mapping process
was performed to locate phases of interest within the samples. Once these phases were
identified, SC-XRD data collection was carried out over the maximum available angu-
lar range (-30° to +30° or -34° to +34°, depending on the DAC's opening angle). The
DAC was mounted on a motorized goniometer and rotated around the ® axis with an
increment step of 0.5° for data acquisition. The single crystal XRD data collection pro-

cess is illustrated in Fig. 2.12.
2.3.3 Data Reduction and Single Crystal Structure Refinement

Depending on the grain size of the samples, a complete SC-XRD dataset collected from
the laser-heated samples may contain up to hundreds of individual domains, as shown
in Fig. 2.13, effectively forming a multi-grain system (Serensen et al., 2012). To per-

form single-crystal structure analysis, it is essential to isolate the target domains from

the full dataset.

Figure 2.13. Example of SC-XRD data for Fe sulfide in a DAC after laser heating. (a) All
reflections shown in reciprocal space. (b) A domain of a novel Fe sulfide (Fes:xS3) indexed

using the DAFi program (Aslandukov et al., 2022). Data visualized with CrysAlisPro software.
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Several crystallographic software applications are available for processing multi-grain
data, including GrainSpotter (Schmidt, 2014), ImageD11 (Serensen et al., 2012), and
DAFi (Aslandukov et al., 2022), all of which can sort reflections from individual do-
mains. Unlike GrainSpotter and ImageD11, which require prior knowledge of possible
lattice parameters, DAFi can perform domain searches without any pre-existing infor-
mation about the crystal structure. This makes DAFi particularly useful when dealing
with completely unknown phases or unfamiliar crystal chemistries. In this study, DAFi
was chosen to process the data for separating the desired domain, as it is more compat-
ible with the single-crystal data reduction software that has been used previously at the
BGI (CrysAlis Pro). More details about the data reduction procedures can be found in
Bykova (2015).

After data reduction of the selected domains, we used the Olex2 software package
(Dolomanov et al., 2009) to solve and refine the single-crystal data. Despite the differ-
ent orientations and reflection coverage of grains from the same sample, the solved
structures showed strong consistency with each other. This consistency confirmed the

reliability of the structural solution and refinement.
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3 Synopsis

This chapter summarizes the results and implications of this thesis, which are detailed
in Chapters 4 to 6. Chapter 4 presents systematic findings on the solubility of Al>Os in
ferropericlase under conditions corresponding to Earth's deep mantle. Parameterized
through a thermodynamic model, these results were applied to constrain the origins of
ferropericlase inclusions found in diamonds. The methodology described can also be
used to determine temperatures and temperature gradients in high-pressure experiments.
Chapter 5 focuses on the elastic properties of Fe-FeS liquids under high pressure and
high temperature (HP-HT). The results reveal that sulfur reduces both the density and
P-wave velocity of liquid Fe under Martian core conditions, indicating that Fe-S liquids
alone cannot account for seismic observations of the Martian core. Chapter 6 presents
the first crystal structure refinement of a high-pressure sulfide phase, Fes+xS3, and ex-
plores the potential crystallization regime of the Martian core based on these experi-

mental findings.
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3.2 Alumina in ferropericlase in Earth’s mantle

The majority of natural diamonds appear to have formed in the sub-cratonic lithospheric
mantle, however, a rare subset of are considered to have formed at much deeper condi-
tions in the sublithospheric mantle (Walter et al., 2022). This subset is characterized by
the mineral inclusions found in these diamonds, with the main indicators for a sublith-
ospheric origin being the minerals majoritic garnet and ferropericlase. The inclusions
can potentially provide unique evidence for the conditions of temperature and compo-
sition within the deep mantle. To extract this information from inclusions in sublitho-
spheric diamonds, however, studies need to be performed to determine temperature and
pressure dependent element partitioning. A further problem is that because only a single
mineral is generally preserved in the diamond, information is lacking on element activ-
ity as the inclusion formed or last equilibrated. If we study major elements that are
likely to have high activities in the mantle, however, we can start by placing constraints
on the solubility of the element within the phase in question and then consider how the
activity my change from this upper limiting value for different assemblages. In this way
it is still possible to interpret element concentrations in the inclusions in order to ex-

clude certain sets of formation conditions.

In this study, we conducted a series of high-pressure multi-anvil experiments in the
MgO-ALOs system between 15 and 50 GPa and at temperatures up to 2623 K, to de-
termine the solubility of Al2Os in periclase in the stability fields of coexisting spinel
(Sp), corundum (Cor), the Mg>AlbOs modified ludwigite (Ldw) phase, MgAl,O4 cal-
cium ferrite (CF) phase, and the MgAl,04 calcium titanate (CT) phase. The results show
that the Al,O3 solubility in periclase is strongly temperature-dependent over the condi-
tions investigated, being, for example, < 0.5 mol.% at 1923 K but up to 6.8 mol.% at
2623 K at 23 GPa (see Fig. 3.1). Conversely, periclase Al,O3 solubility exhibits a neg-
ative relationship with pressure. Experiments in the MgO-FeO-Al>O3 system show that
FeO has a negligible effect on the Al,Os solubility in ferropericlase.
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Figure 3.1. The solubility of Al,Os in periclase as a function of pressure and temperature. Ex-
perimental results at 15 GPa (a), 19 GPa (b), 23 to 27 GPa (c), and 27 to 33 GPa are compared
with the thermodynamic model established in this study. All curves are calculated considering
the indicated coexisting phases at the denoted pressures using the thermodynamic model de-

rived in this study.

Based on these experimental results, we built a thermodynamic model to describe per-
iclase Al>O3 solubility in the MgO-Al,O3 and MgO-Si10,-Al,03 system up to 40 GPa.
This model is used to investigate the Al2O3; contents of ferropericlase inclusions ob-
served in natural diamonds, which vary up to 0.35 mol. %. Pressure-temperature curves
along which particular inclusions formed can be produced if equilibrium can be as-
sumed with Al-bearing minerals found in the same diamond. Alternatively, the maxi-
mum possible AlO3 content in ferropericlase can be determined for a certain pressure-
temperature profile and inclusions with Al2O3 contents that exceed this curve can be
excluded from those conditions. To obtain such solubility curves, calculations are per-
formed for periclase coexisting with the Al-rich phases spinel, garnet and bridgmanite
(Fig. 3.2). The calculations indicate that ferropericlase Al>O3-contents cannot be greater
than 0.5 mol.% under present day adiabatic mantle temperatures and go through a min-
imum at mantle transition zone conditions. This excludes a number of Al-rich ferroper-
iclase inclusions found in natural diamonds (Walter et al., 2022), from being formed in

the transition zone, unless temperatures were super-adiabatic. This subset of inclusions
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likely formed either at the base of the upper mantle or the top of the lower mantle, but
must have formed at near adiabatic temperatures. The majority of ferropericlase inclu-
sions, have Al,O3; contents that are consistent with formation in the transition zone at
near slab temperatures, but could still have been formed at higher temperatures if Al>O3

activities were low.
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Figure 3.2. (a) AL,Os solubility in periclase in the MgO-SiO,-Al,03 and MgO-ALOs systems
calculated from the thermodynamic model. The black solid curve shows the calculated periclase
Al,Os concentration in the MgO-Si0,-Al>O; system coexisting with most Al-abundant mineral
stable in the mantle at different depths, i.e., spinel (Sp), pyrope (Pyp), or MgAl,O4 CF phase,
along a typical adiabatic mantle temperature. (b) The distribution in Al,Os concentration in

naturally formed ferropericlase inclusions found in diamonds.

3.3 Influence of Sulfur on the Elastic Characteristics of Martian

Core

Recent geophysical observations, particularly seismic data from the InSight mission,
have revealed the size of the Martian core (Stdhler et al., 2021) and provided direct
constraints on the P-wave velocity at the top part of the liquid core (Irving et al., 2023).
Geophysical models based on seismic observations indicate that the density of the Mar-
tian core is significantly lower than that of pure liquid Fe under the same pressure and
temperature conditions (Stéhler et al., 2021; Irving et al., 2023; Samuel et al., 2023;
Khan et al., 2023). However, the constrained P-wave velocity at the top of the Martian
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core remains comparable to that of pure liquid Fe (Irving et al., 2023; Samuel et al.,
2023; Khan et al., 2023). If the effects of light elements, including sulfur, on the density
and P-wave velocity of liquid iron under high pressures and temperatures are system-
atically constrained by experimental and theoretical studies, seismic observations of the
Martian core can provide strong evidence for the core’s composition, and for Mars’

early differentiation and evolution processes.
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Figure. 3.3. Densities (a) and P-wave velocities (b) of liquid Fe-FeS solutions. The black
squares, green inverted triangles, and blue circles indicate experimental data from this study for
Fe (1873-2273 K), Fe-6 wt.% S (1690—-1873 K), and Fe-15 wt.% S (1473-2073 K), respectively.
The curves in the figure are derived from the thermodynamic model determined in this study,
plotted at 2150 K for Fe (black solid curves) and 1750 K for Fe-6 wt.% S (green dashed curves),
Fe-15 wt.% S (blue dotted curves), and FeS (grey solid curves), respectively.

In this study, we have used ultrasonic interferometry and several in situ X-ray methods,
independently and simultaneously, to determine the elastic properties of pure Fe and
Fe-S liquids under HP-HT, including density and P-wave velocity (Vp). By combining
experimental constraints on solid phase density and melting curves, along with end-
member thermodynamic data at ambient pressure and melting curves from the literature,

we have developed a new self-consistent thermodynamic model for the Fe-FeS system
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applicable to the conditions of the Martian core. Models that are fit in this way to the
widest possible number of experimental constraints are essential due to the large uncer-

tainties inherent in liquid property measurements.
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Figure. 3.4. Comparison between the adiabatic properties of Fe-S liquids calculated from the
thermodynamic model developed in this study (solid curves), with models for Martian core
properties that are based on InSight measurements. Panels (a), (c), and (e) show density, longi-
tudinal velocity, and temperature profiles calculated using a reference CMB temperature (TO)
of 2090 K at 19 GPa (P0), compared with profiles that employ InSight measurements but as-
sume no basal magma layer (BML) at the Martian core-mantle boundary (S23: Samuel et al.,
2023). Panels (b), (d), and (f) are calculated at a reference CMB temperature of 2760 K at 22
GPa and are compared with profiles based on InSight measurements that assume the existence
of a BML at the CMB of Mars (S23: Samuel et al., 2023; K23: Khan et al., 2023). The grey,
green, blue, and red curves indicate compositions of pure Fe, Fe with 10 wt.% S, Fe with 20

wt.% S, and Fe with 30 wt.% S, respectively.

Our results indicate that sulfur lowers both the density and P wave velocity of liquid Fe
under Martian core conditions (Fig. 3.3). To account for the observed density deficit in
the Martian core, at least 20 wt.% sulfur would be required. However, such high sulfur

concentrations would lower the P-wave velocity of liquid Fe, most significantly at the
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top of the Martian core, which conflicts with seismic observations from the InSight
mission (Fig. 3.4). This indicates that significant proportions of other light elements,
most likely carbon or hydrogen, are required alongside sulfur to explain the large den-
sity deficit while maintaining the apparent high longitudinal wave velocity in the Mar-

tian core.
3.4 Crystal structure of Fes+«S3 and its stability in Martian Core

Due to the similarity between estimates of the core’s sulfur content and the iron - iron
sulfide eutectic composition at core conditions, it has been concluded that temperatures
are too high for Mars to have an inner core. Recent low-density estimates for the core,
however, appear consistent with sulfur contents that are higher than the eutectic com-
position, leading to the possibility that an inner core could form from a high-pressure
iron sulfide phase. Below pressures of around 14 GPa, the Fe-FeS system is a simple
binary eutectic system, and FeS V is the only sulfide phase stable as a liquid phase on
the S-rich side. Beyond 14 GPa, however, the melting phase diagram of the Fe-FeS
system becomes more complex, and a range of intermediate iron sulfide phases emerge,
including Fe3+xS2, FezS, Fe12S7, and FesS», each appearing under specific pressure-tem-
perature-composition conditions (Fei et al., 2000; Zurkowski et al., 2022a, 2022b). Un-
derstanding the crystal structures and densities of these high-pressure sulfide phases is

critical for understanding the status and evolution of Martian core.

In this study, we conducted a series of HP-HT experiments, employing multiple in-situ
and ex-situ characterization techniques to investigate the crystal chemistry and melting
phase relations in the Fe-FeS system. Using high-pressure single-crystal X-ray diffrac-
tion (SC-XRD) following in-situ synthesis via laser heating in a diamond anvil cell at
15-20 GPa, we identified a new Fe-sulfide structure, which based on its distribution of
crystallographic sites, is best described as Fes«Ss. This structure, with space group
Pnma, consists of four edge-sharing Fe-S square pyramids and one partially occupied
interstitial Fe site (see Fig. 3.5), which allows the stoichiometry to vary from x = 0 to
1. Phases previously synthesized under similar conditions, such as Fes3Sz and FesxS2
(with an undetermined crystal structures), are likely to share this same structure. In-situ
HP-HT powder X-ray diffraction measurements at a synchrotron multi-anvil beamline
(Fig. 3.6) confirmed that Fe4+xS3 is the thermodynamically stable phase in the Fe-FeS

system. Although a Martian inner core has not yet been detected, our modeled melting
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phase relations for the Fe-FeS system indicate that an Fe4+xS3 inner core could crystal-
lize if temperatures at Mars's center drop below 1960 (+105) K. This temperature re-

mains within the estimated range of current conditions for the Martian core.

Figure 3.5. The structural model of Fe4+«S; as determined by SC-XRD. The building blocks of

Fe4:Ss consist of four Fe-S pyramids and one semi-occupied Fe-S tetrahedron.

The crystallization of a sulfide inner core is consistent with the absence of an active
dynamo, as the residual liquid would be richer in Fe and would, therefore, remain at the
base of the outer core, inhibiting chemical convection The detection of a Martian inner
core through further geophysical observations, along with an estimate of its density,
would provide critical constraints on the chemical composition and temperature of the
Martian core. Moreover, the existence of a Martian inner core would imply a relatively
cool Martian interior, which would be incompatible with the presence of a basal magma
layer on top of the CMB. Conversely, if an inner core is confirmed to be absent, the
Fe4+S3 melting temperature would provide a lower limit for the temperature at the cen-

ter of Mars.
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Abstract

A series of high-pressure multi-anvil experiments were conducted in the MgO-Al,Os3
system between 15 and 50 GPa and at temperatures up to 2623 K, to determine the
solubility of Al,Os3 in periclase in the stability fields of coexisting spinel, corundum, the
Mg>Al,Os modified ludwigite phase, the MgAl,O4 calcium ferrite phase, and the
MgAl,0O4 calcium titanate phase. The Al,Os solubility in periclase is strongly tempera-
ture-dependent over the conditions investigated. Conversely, periclase Al2O3 solubility
exhibits a negative relationship with pressure. Experiments with up to 40 mol.% FeO
in ferropericlase show Al,Os3 solubilities that are near identical to those of periclase,
within experimental uncertainties. A simple thermodynamic model incorporating sig-
nificant literature on ambient pressure measurements is able to describe periclase Al>O3
solubility up to 40 GPa. This model is used to investigate the Al,O3; contents of fer-
ropericlase inclusions observed in natural diamonds, which vary up to 0.35 mol. %.
Pressure-temperature curves along which particular inclusions formed can be produced
if equilibrium can be assumed with Al-bearing minerals found in the same diamond.
Alternatively, the maximum possible Al2O3 content in ferropericlase can be determined
for a certain pressure-temperature profile and inclusions with Al,O3 contents that ex-
ceed this curve can be excluded from those conditions. To obtain such solubility curves,
calculations are performed for periclase coexisting with the Al-rich phases spinel, gar-
net, bridgmanite and the MgAl>O4 calcium ferrite phase. The calculations indicate that
periclase, and by inference ferropericlase, Al2Os-contents cannot be greater than 0.5
mol.% under present day adiabatic mantle temperatures and go through a minimum at
mantle transition zone conditions. This excludes a number of Al-rich ferropericlase in-
clusions found in natural diamonds from being formed in the transition zone, unless
temperatures were super-adiabatic. This subset of inclusions likely formed either at the
base of the upper mantle or the top of the lower mantle, but must have formed at near
adiabatic temperatures. The majority of ferropericlase inclusions have Al,O3 contents
that would be consistent with formation in the transition zone at near slab temperatures,

but could still have been formed at higher temperatures if Al2O3 activities were low.

Keywords: periclase alumina solubility; lower mantle; diamond inclusions; mantle

temperature
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4.1 Introduction

Determining the formation conditions of sublithospheric diamonds is important as they
provide evidence for the mobility of carbon-bearing fluids or melts in the Earth’s deep
convecting interior (Stachel, 2001; Walter et al., 2011). The inclusions captured inside
diamonds can potentially provide information on these formation conditions and possi-
bly on the nature of the mobile carbon-bearing medium from which they formed (Anzo-
lini et al., 2019; Thomson et al., 2016). Ferropericlase, (Mg,Fe)O, is apparently the
most common type of inclusion found in proposed sublithospheric diamonds, and is
often used to identify them as originating from the lower mantle (Harte et al., 1999;
Hayman et al., 2005). Ferropericlase is, most likely, the second most abundant phase in
the bulk of the lower mantle (Irifune and Tsuchiya, 2007). The high molar Fe/(Fe+Mg)
ratios of some ferropericlase inclusions, which extend to values > 0.8, have also been
attributed to an origin in the deep lower mantle due to either a pressure dependent shift
in interphase Fe-Mg partitioning, or interaction between the mantle and core (Hayman
et al., 2005; Kaminsky, 2012). Other studies have pointed out that ferropericlase could
also form as a result of either decarbonation, or more likely reduction of carbonate melts
(Liu, 2002; Brey et al., 2004; Thomson et al., 2016; Bulatov et al., 2019), at potentially
any depth in the mantle. Diverse origins of ferropericlase inclusions are in fact sup-
ported by recent studies (Nimis et al., 2018; Lorenzon et al., 2023), that determined
crystallographic orientation relationships (CORs) between inclusions and their dia-
mond hosts. Specific CORs were observed only for Fe-rich ferropericlase inclusions,
potentially implying a distinct syngenetic origin, versus a protogenetic origin for inclu-

sions with lower Fe-contents that display random CORs.

By utilizing elastic geobarometry, where residual pressures are measured for inclusions
still trapped in diamonds, it has been possible to determine that some ferropericlase
inclusions have formation pressures ranging to at least 22.1 GPa (Anzolini et al., 2019;
Nestola et al., 2023a). Such a technique provides a pressure-temperature (P-T) curve
along which entrapment likely occurred (Angel et al., 2022; Kohn et al., 2023), but
requires a complementary method in order to pinpoint both P and T conditions, as in

traditional thermobarometry-thermometry assessments (e.g., Nimis, 2022).

In addition to FeO and MgO, there are a number of minor elements in natural ferroper-

iclase inclusions, the concentration of which might reveal information on the formation
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conditions. For instance, the Fe**/LFe ratio of ferropericlase diamond inclusions has
been used as an indicator of the redox conditions at which the diamonds formed (e.g.,
Wirth et al., 2014; Kaminsky et al., 2015; Kiseeva et al., 2022; Nestola et al., 2023b).
One possibility is that the incorporation of Al2O3 into the structure of ferropericlase,
which occurs via the component (Aly3,Vai3)O, where Va is a cation vacancy (Hallstedt,
1992), might reveal information on the P or T conditions of equilibrium. The effects of
changing conditions on Al>O3 incorporation may also be of broader interest because
Al>Os has already been shown to have a marked effect on ferropericlase transport prop-
erties, such as electrical conductivity and diffusivity (e.g., Sempolinski and Kingery,
1980; Van Orman et al., 2003, 2009; Ammann et al., 2012; Riet et al., 2020). For ex-
ample, the presence of just 0.1 mol.% Al>Os3 raises the rate of Mg self-diffusion in per-

iclase by 1 to 2 orders of magnitude at 25 GPa (Van Orman et al., 2003).

Ferropericlase inclusions found in natural diamonds have Al,O3; concentrations that
range up to 0.35 mol. %, although the majority of samples have concentrations that are
an order of magnitude lower than this (Walter et al., 2022). The variability in the Al,O3
concentration may provide information on the P, T, or Al,O3 activity at which the inclu-
sions formed. Although it is difficult to independently assess the Al2O3 activity during
formation, a maximum limit can be determined by assuming saturation with a mantle
Al,Os-bearing phase, such as spinel or garnet. Knowledge of the P-T dependency of
ferropericlase Al2O3 solubility should allow formation conditions to be excluded under
which particular ferropericlase inclusions would have Al2O3 concentrations that exceed
this upper limit. Alternatively, it may be possible to independently determine Al>O; ac-
tivity from the presence of proposed co-forming phases, such as garnet, in the same

growth zone of the diamond.

Phase relations in the MgO-Al,O3 system have been intensively studied at ambient
pressure under varying temperatures (e.g., Alper et al., 1962; Stubican and Roy, 1965;
Mori, 1982; Zienert and Fabrichnaya, 2013). Periclase forms a limited solid solution
with AlbO3, which is T dependent. At saturation with coexisting MgAl>O4 spinel, the
periclase AlO3 content reaches a value of approximately 9 mol % at 2500 K (Zienert
and Fabrichnaya, 2013). However, currently the mixing behaviour of MgO and Al,O3
in periclase remains unexplored at high P and T. In addition to spinel, a series of Al>Os-
rich phases which can coexist with periclase have been identified in the MgO-Al,Os

system under high P and T conditions, including AI>O3 corundum (Liu, 1975; Akaogi
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et al., 1999; Irifune et al., 2002; Kojitani et al., 2010), a calcium ferrite-structured
MgAl,O4 (CF) phase (Irifune et al., 1991; Akaogi et al., 1999; Irifune et al., 2002), an
Mg>AlOs phase with a modified ludwigite (Idw) structure (Enomoto et al., 2009;
Kojitani et al., 2010), and an MgA1>O4 calcium ferrite (CT) phase (Ono et al., 2005,
2006). The formation of various high-pressure Al>Os-rich phases will alter the Al,Os3
activity within the system adding further complexity to the experimental study of the

solubility behaviour.

In this study, we have performed a series of high-P and high-T multi-anvil experiments
within the MgO-ALO3 system, reaching pressures up to 50 GPa, to investigate the sol-
ubility of Al2O3 in periclase to lower mantle conditions. Complementary experiments
were conducted in the FeO-MgO-Al>O3 system at 21 GPa and up to 2300 K to evaluate
the potential influence of FeO on the solubility of Al,O3 in natural ferropericlase. Based
on the experimental results, we evaluate the factors affecting the AI>Os; concentration
in ferropericlase in the sublithospheric mantle and discuss the P-T formation conditions

of ferropericlase inclusions found in natural diamonds.
4.2 Materials and Methods

For experiments conducted in the MgO-Al>O3 system, mixtures of reagent-grade MgO
and AlO; powders with grain sizes of ~ 1 pm were used as starting materials. Powders
with MgO:Al,O3; molar ratios of 6:1 and 12:1 were ground with ethanol in an agate
mortar for around 1 hour to ensure the mixtures were homogenous. The mixtures were
then dried overnight and stored in an oven at 125 °C before being loaded into high-
pressure multi-anvil assemblies. For complementary experiments investigating the ef-
fect of FeO on the Al>Os3 solubility in ferropericlase, (Mg,Fe)O pellets containing 20
mol.% (Fp80) and 40 mol.% (Fp60) FeO were synthesized from dried mixtures of rea-
gent-grade Fe;O3 and MgO in a CO-CO: gas mixing furnace at 1100°C and an oxygen
fugacity two log units below the fayalite-magnetite-quartz oxygen buffer. The recov-
ered Fp80 and Fp60 pellets were ground and then mixed with Al>O3 in a molar ratio of
6:1. An Fp90 composition was produced from powders of Fp80 and MgO, and also
mixed 6:1 with AlOs. Approximately 5 wt.% metallic iron with a grain size < 10 um

was mixed with the resulting starting materials to control the oxygen fugacity.

We used multi-anvil presses with either a split-sphere guide block (Hymag) or an

Osugi-type guide block (IRIS-15) at the Bayerisches Geoinstitut (BGI), for experiments
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between 15 - 23 GPa and 27 - 50 GPa, respectively. The methodologies and pressure
calibrations for the Hymag press are described by Keppler and Frost (2005), and by
Ishii et al. (2016; 2019) for the IRIS-15. A Cr203-doped MgO octahedron with a 10 mm
edge length (OEL = 10 mm) was used with eight tungsten carbide cubic anvils with 4
mm truncation edge lengths (TEL =4 mm, Ha06 cubes from Hawedia) for experiments
between 15 and 23 GPa and cell assemblies with OEL/ TEL = 7 mm/3 mm and 5.7
mm/1.5 mm (FO5 cubes from Fuji Die Co. Ltd.) for experiments at 27 GPa and 33 GPa,
respectively. For an experiment at 50 GPa, a 5.7 mm/1.5 mm cell assembly was used
with eight ultrahard 1°-tapered TJSO1 tungsten carbide anvils (Fuji Die Co. Ltd), as
calibrated by Ishii et al. (2019).

In each experiment in the MgO-ALO3 system, except runs 11193 and H5299, the start-
ing material was placed as a thin layer (< 100 um) next to the hot junction of a type-D
thermocouple (TC), to minimize the differences between TC readings and the sample
temperatures, given the large temperature gradients in the higher pressure assemblies
(e.g., van Westrenen et al., 2003). No correction was applied to the thermocouple emf
to account for a possible pressure effect. Another sample capsule was usually placed
adjacent to the MgO-Al,O3 mixture for a separate purpose, unrelated to the current
study. As shown in Fig. 4.1a, the materials surrounding the MgO-Al>O3 samples were
the MgO and Al>O; ceramic components of the high-P assembly, which do not, there-
fore, introduce contamination into the samples. For run 11193, the TC was directly in
contact with the centre of the rhenium furnace, and the temperature reading is therefore
the temperature of the furnace. In run H5299, a semi-sintered MgO tube with 1.8 outer
diameter and 1.2 inner diameter was filled with the sample and then placed into the
cylindrical LaCrOs furnace. In this case only the sample composition within 100 pm of
the TC junction is reported. For experiments in the FeO-MgO-Al>O3 system, the cap-
sules were made of four-hole dense polycrystalline AI>O3 tubes, with 0.2 mm diameter
holes. MgO-Al>O3, Fp90-A1,03, Fp80-Al,03, and Fp60-Al>Os3 starting materials were
placed in each of the holes. Thermocouples were not used in the experiments in the
FeO-MgO-Al,O3 system as a comparison is made with the solubility in the MgO-Al,03

sample.

After compression to the target load, a LaCrOs or rhenium furnace was used to heat the
sample to the desired temperatures (1773 — 2623 K). Samples were heated for between

1 to 1200 min, depending on the P-T conditions, before quenching to room temperature
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by switching off the heating power and decompressing. After recovery, the assemblies
were embedded in epoxy resin and then ground and polished with sandpaper and pol-
ishing cloths, utilizing increasingly finer diamond sprays (1 pm, 0.5 pm, and 0.25 um).
The experimental phase assemblages were characterized using a scanning electron mi-
croscope (SEM, LEO1530) and a micro-focused powder X-ray diffractometer (Brucker
AXS D8 Discover) equipped with a two-dimensional solid-state detector, using a Co-
Ko radiation source operated at 40 kV and 500 pA. The chemical compositions of the
run products were then quantified using a JEOL JXA-8200 electron probe microana-
lyzer (EPMA) operating at 15 kV and 15 nA. Periclase, corundum, and iron metal were
used as standards. Analyses were performed with a focused beam of approximately 1
um diameter. Simulations on the influence of secondary fluorescence from the adjacent
AlOs-rich phase on the Al concentration in periclase were performed using the PE-
NEPMA computer program (Llovet and Salvat, 2017). The effect is found to be negli-
gible, as it contributes < 0.016 wt.% to the periclase analysis when the probe beam is 2

um away from the grain boundary of an Al,Os-rich phase, see supplementary Fig. 4.S1.
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Table 4.1 Experimental Conditions and Results

Run No. Pressure  Temperature Durgtion Coexisting phases? EPMA Measurements on Periclase (wt.%) ° Normalized compositions (mol.%)
(GPa) (K) (min) MgO FeO Al03 Total N MgO FeO AlOs

H5431b 15 1773 (50) 760 Per, Sp 99.8 (5) n. d. 0.9 (2) 100.8 (3) 11 99.63 (10)  0.00 (0) 0.37 (10)
H5424b 15 2073 (50) 30 Per, Sp 96.1 (3) 05(1) 34(2) 10002 5 98.33(14)  0.30(8) 1.37 (8)
H5482b 19 1773 (50) 20 Per, Cor 99.1 (3) 0.0(0) 05(1) 99.6 (3) 6 99.79 (4) 0.01 (1) 0.21 (4)
H5490b 19 1773 (50) 10 Per, Cor 99.7 (8) 0.0(0) 06(1) 100.3(8) 6 99.78 (3) 0.01 (0) 0.22 (3)
H5492b 19 2073 (50) 20 Per, Cor 97.5 (5) 0.0(0) 25(2) 100.0(3) 7 98.98 (2) 0.02 (2) 1.00 (8)
H5495 19 2273 (50) 5 Per, Cor 93.4 (8) 00(0) 71(7)  1006(5) 11 97.06 (29)  0.01(1) 2.93 (29)
H5310b 23 1923 (50) 360 Per, Cor 99.9 (5) 0.0(0) 11(1) 101.0(5) 14 99.55 (4) 0.01 (1) 0.45 (4)
H5306 23 2073 (50) 180 Per, Cor 98.2 (7) 00(0) 25(1) 100.7(6) 5 99.01 (3) 0.01 (0) 0.98 (4)
H5299¢ 23 2273 (50) 120 Per, Cor, (Ldw) 94.7 (5) 00(0) 54(2)  1001(55 3 97.79 (9) 0.02 (1) 2.19(9)
11421c 27 1973 (50) 10 Per, Cor 99.2 (3) 0.0(0) 0.9(1) 1001 (3) 12 99.64 (4) 0.01 (1) 0.34 (4)
H5420b 23 2373 (50) 15 Per, Ldw 93.0 (7) 09(7) 66(4)  1006(4) 9 96.72(53)  0.55(39)  2.73(15)
H5435b 23 2400 (50) 5 Per, Ldw 90.1 (6) 01(0) 83(3)  985(7) 15 96.42(13)  0.06 (2) 3.52(12)
H5317b 23 2623 (50) 3 Per, Ldw 84.7 (6) 04(1) 156(7) 1007(6) 9 9297 (31)  0.27 (6) 6.76 (32)
H5359b 23 2623 (50) 1 Per, Ldw 85.4 (6) 00() 150(7) 1004(4) 9 9348 (31)  0.01(1) 6.51 (31)
H5345b 23 2623 (50) 1 Per, Ldw 86.9 (6) 0.0(0) 141(0) 101.0(6) 13 93.97(25)  0.01(1) 6.02 (25)
11401b 27 1973 (50) 10 Per, CF 1005(3) 0.0(@©) 0.8() 101.2(2) 11 99.70 (4) 0.01 (1) 0.29 (4)
11412¢c 27 2123 (50) 5 Per, CF 99.6 (4) 00(0) 11(1) 100.7(3) 16 99.54 (5) 0.01 (1) 0.45 (4)
11255 27 2200 (50) 120 Per, CF 97.9 (7) n. d. 2.6 (1) 100.5(6) 16 98.96 (6) 0.00 (0) 1.04 (6)
11193 33 2000 (50) 1200 Per, CF 96.6 (4) 0.0(0) 0.4(1) 97.0(13) 9 99.81 (6) 0.02 (3) 0.17 (4)
11415 33 2300 (50) 10 Per, CF 98.1 (5) 01() 18(1) 100.0(5) 11 99.23(13)  0.06 (2) 0.71 (4)
11420 50 2000 (50) 20 Per, CT 100.4(4) 0.0(0) 0.4(0) 100.8(3) 13 99.85 (2) 0.01 (0) 0.15(4)

Notes. *Abbreviations: Per, periclase; Sp, spinel; Cor, corundum; Ldw, Mg»Al>,Os phase with a modified ludwigite structure; CF, calcium ferrite phase of MgAl,O4;
CT, calcium titanate phase of MgAl,O4. P The numbers in parentheses are one standard deviation in terms of least units cited and n. d. is not detectable. N is the number
of EPMA-analyses. In run H5299, the TC broke at 2223 K, and the final temperature (2273 K) is extrapolated from the power-temperature relation of the same run.

The coexisting phases are Per and Sp near the TC, but the Ldw phase, indicated in the brackets, appears in the hotter region of the assembly.
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4.3 Results

4.3.1 Phase assemblages identified in the MgO-Al;03 system experiments

TC insulation
(ALLO;)

MgO - Al,O, mixture
(Per — Cor)

MgO Capsule (for other sample)

200 um S um
TS

10 pm
=

5 pum 5 um

Figure 4.1. Backscattering electron images of recovered samples. a) An example where a MgO-
Al,O3 mixture was placed around the thermocouple (TC) junction of a high-pressure assembly.
The assembly was recovered from 23 GPa and 1923 K (H5310b). (b) An enlarged portion of
the MgO-Al,Os mixture located directly under the TC hot junction shown in (a) containing the
assemblage periclase (Per) and corundum (Cor). (¢) Coexisting periclase (Per) and spinel (Sp)
recovered from 15 GPa and 1773 K (H5431b). (d) Coexisting periclase and Mg,Al,Os phase
with a modified ludwigite structure (Ldw) recovered from 23 GPa and 2623 K (H5359D). (e)
Coexisting periclase and calcium ferrite phase (CF) of MgAl204 recovered from 27 GPa and
2200 K (11255). (f) Coexisting periclase and calcium titanate (CT) phase of MgAl,O4 recovered
from 50 GPa and 2000 K (11420).

The experimental conditions and run products are listed in Table 4.1 and images of
typical experimental samples are shown in Fig. 4.1. Diffusion and reaction of MgO or

AlLOs from the surrounding assembly into the samples was found to be minimal and all
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runs contained periclase coexisting with an Al,Os-rich phase, which therefore fixed the
AL O3 activity. As stated, in most of the experiments the MgO-Al,O3 sample was placed
around the TC junction and a secondary sample was often placed below this, which was
used for another purpose. This secondary sample was in some instances FeO-bearing
and diffusion of FeO resulted in minor amounts of FeO in the MgO-Al,O3; samples,
which reached values in the range 0.1-0.5 wt % in four samples and 0.9 wt % in one
sample (Table 4.1). As explained later, FeO appears to have very little effect on the

Al>Os3 solubility in periclase, especially at these very low concentrations.

The average grain size of periclase in different runs ranged from approximately 5 pm
to a little larger than 10 pm, depending on the temperature and heating duration. The
chemical composition of periclase is homogenous within single periclase grains and
does not show significant chemical zoning. The diffusion coefficients of Al in periclase
are expected to be larger than 10-13 m?/s under the pressure and temperature conditions
in the present experiments (Van Orman et al., 2009). The diffusion length scale of Al in
periclase should, therefore, be larger than the typical grain size of 5 um within 1 min,
implying that chemical equilibrium should be rapidly achieved. As the grain size of the
starting materials is ~1 um, the rapid grain growth, even in experiments run for only 10
min at 1773 K, also indicates rapid diffusion of Mg and Al in periclase, therefore, also

supporting the attainment of chemical equilibrium in the run products.

The experimental phase relations are plotted in Fig.4.2 and compared with the previous
estimates of these boundaries. The breakdown of MgAl,O4 spinel to MgO and Al,O3
was found to occur between 15 GPa and 19 GPa at temperatures between 1773 K and
2273 K, which agrees well with the phase boundaries established in the experiments of
Akaogi et al. (1999) and Kojitani et al. (2010). At temperatures higher than 2273 K at
23 GPa, corundum and periclase recombined to form a Mg>Al,Os modified ludwigite
(Ldw) structured phase, which is also consistent with previous studies (Enomoto et al.,
2009 and Kojitani et al., 2010). The MgAL>O4 calcium ferrite (CF) structured phase was
found at pressures of 27 GPa and 33 GPa, consistent with the transition boundary de-
termined by Kojitani et al. (2010). A low-density calcium ferrite phase (LD-CF) iden-
tified by Ishii et al. (2021) at 27 GPa and 2773 K and a MgAl,0O4 phase of unknown
structure (unknown phase, UP) stable above 26 GPa and 2473 K found by Kojitani et
al (2010) were out of the investigated pressure and temperature range of this study. At
50 GPa and 2000 K (I1420), a MgAIL>O4 calcium titanate (CT) phase was identified by
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powder XRD (Supplementary Fig. 4.S2).

2800 -
T l T 7
l f
| [
& | gp |
/
; 1 006 !
l [
2400 | I il
| I
<z S i
5 | i
g : : 1
2 crF | I €T
L
‘ |
2000 . ;< =
| :
' Phases in this study:
I, @® Sp+Per
| O Cor+ Per |
'[ A Ldw +Per
. B CF+Per
| © cr+per
|
1600 | 1 o , L 1 L
30 40 50 60

Pressurce (GPa)

Figure 4.2. Phase relations in the MgO-Al>O; system and the phase assemblages observed at
different P-T conditions in this study. Abbreviations are Per, periclase; Sp, spinel; Cor, corun-
dum; Ldw, Mg>Al,Os phase with a modified ludwigite structure; CF, calcium ferrite phase of
MgAl>Oq4; CT, calcium titanate phase of MgAlO4. UP is the MgAl;O4 phase with an unknown
structure discovered by Kojitani et al. (2010) and EP is the e-type MgAl,O4 phase found by Liu
(1978) and confirmed by Ono et al. (2006). Thick red lines show the phase boundaries calcu-
lated from the thermodynamic model described in section 3.3, where the UP, EP, and CT phases
were not considered. The violet dotted lines (A99) indicate the Sp = Per + Cor and Per + Cor =
CF phase from Akaogi et al. (1999). The blue dash dotted line (102) is the phase boundary Per
+ Cor = CF phase from Irifune et al. (2002). The orange dashed lines (K10) are phase bounda-
ries between Sp, Per + Cor, CF, Ldw + Cor, and UP from Kojitani et al. (2010). The grey dash
lines (O06) are the phase boundaries between CF/EP and EP/CT determined by Ono et al.
(2006).
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The chemical compositions of the coexisting phases can be found in Table 4.S1. The
spinel and CF phase are slightly enriched in MgO, exhibiting an Al/Mg ratio ranging
between 1.92 and 1.98. Coexisting corundum contains up to 2.5 mol.% MgO. The com-
position of the modified ludwigite phase closely aligns with Mg>Al>Os stoichiometry,
within the margins of analytical uncertainty. In contrast, the MgAl,O4 CT phase syn-
thesized at 50 GPa and 2000 K is markedly non-stoichiometric, with an Al/Mg ratio of
1.85.

4.3.2 Solubility of Al>0;3 in periclase

Table 4.1 and Fig. 4.3 show the Al>O3 concentration in periclase coexisting with differ-
ent Al-rich phases at various P-T conditions. Following the same non-linear trend as
the ambient pressure data (e.g., Alper et al., 1962; Stubican and Roy, 1965; Mori, 1982;
Zienert and Fabrichnaya, 2013), the solubility of Al>Os in periclase increases strongly
with temperature. For example, at 23 GPa it increases from 0.45 mol.% at 1923 K to
higher than 6.8 mol % at 2623 K. The transition of the coexisting Al,O3-rich phase from
corundum to the Mg>Al,Os ludwigite phase has a near negligible influence on the Al,0O3
solubility in periclase, as the temperature dependence follows an almost identical trend
before and after the phase transition at 23 GPa. Overall, pressure suppresses the solu-
bility of Al,O3 in periclase and decreases its rate of change, i.e., sensitivity, with tem-
perature. For example, an increase in temperature of 100 K at 1 bar and 2000 K raises
the solubility by approximately 1.1 mol %, whereas the solubility drops by approxi-
mately the same amount if the pressure is increased to 15 GPa, where the temperature
sensitivity, i.e., the increase in the periclase Al,O3 solubility for the same temperature
increase, is approximately halved. By 33 GPa the experimentally determined solubili-
ties are < 1 mol % even at the highest temperature investigated, and by 50 GPa the
solubility is approximately one order of magnitude lower (0.15 mol.%) than the ambient
pressure value at 2000 K. This pressure dependency is due to the positive volume
change that occurs as Al enters periclase from a coexisting phase, which is compounded
by the high-pressure phase transitions to increasingly denser phases. As periclase goes
through no phase transition at mantle conditions, its Al2O3 solubility will likely de-

crease throughout the entire mantle, i.e. up to 135 GPa.
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Figure 4.3. The solubility of Al,Os in periclase as a function of pressure and temperature. Ex-
perimental results at 15 GPa (a), 19 GPa (b), 23 to 27 GPa (c), and 27 to 33 GPa are compared
with a thermodynamic model that is fit to the entire dataset, as described in section 3.3. Results
at ambient pressure from the literature (Frenkel et al., 1960; Alper et al., 1962; Stubicam and
Roy, 1965; Whitney and Stubicam, 1971; Henriksen and Kingery, 1979; Mori, 1982) are also
plotted for comparison. All curves are calculated considering the indicated coexisting phases at
the denoted pressures using the thermodynamic model. The abbreviations are as described for

Fig. 4.2.
4.3.3 Thermodynamic modeling of the MgO0-Al;03 System

A series of equilibria involving a periclase AlO1.5 component are used to fit the experi-
mental data in the MgO-Al>O3 system over different pressure ranges, depending on the
stability of the coexisting Al2Os-rich phase. In this fitting process thermodynamic terms
for the standard state of the A1O1.5s component and periclase non-ideal mixing terms are
refined. The use of an AlO1.5s component is consistent with previous 1 bar treatments
(Hallstedt 1992; Zienert and Fabrichnaya, 2013) and with the models that use an FeO 5
component in wiistite and ferropericlase (Jung et al. 2004; Hidayat et al., 2017). For the

thermodynamic properties of coexisting corundum and spinel, which are all treated as
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single component phases, the database of Holland and Powell (2011) is used. For the
Mg>Al,Os modified ludwigite phase, the standard state properties were fitted using the
phase relations (Kojitani et al., 2010), employing properties from the Holland and Pow-
ell (2011) database for all other phases, with the heat capacity estimated from a sum-
mation of values for periclase and corundum. For the CF phase an existing thermody-
namic treatment was used (Kojitani et al., 2012). The phase boundaries calculated using
these data are shown as the solid curves in Fig. 4.2 and are in good agreement with
phase boundaries bracketed by Kojitani et al. (2010). As the phase boundaries with the
CT phase are poorly known, the data point obtained at 50 GPa was not used in the
model. To fit the phase equilibria data of Akaogi et al. (1999) and Kojitani et al. (2010)
for the breakdown of spinel to periclase and corundum it was necessary to add a AV
of disordering to the spinel Bragg-Williams treatment in the Holland and Powell (2011)
database. These two previous studies on the phase relations are inconsistent with each
other, which is assumed to be caused by metastable persistence of spinel at temperatures

<1500°C in the experiments of Akaogi et al. (1999).

Several studies have examined the Al-content of periclase in equilibrium with spinel at

1 bar (Alper et al., 1962; Stubican and Roy, 1965; Mori, 1982). From the equilibrium
MgAl, 0, <=> 2Al0, 5 + MgO (4.1)
spinel periclase

the condition for equilibrium can be rearranged to give
—AGG) = RTIn(XEeh) + 2RTIn(XES, ) + With o, [1 — 2X5eh + 3(X5e0)’] (4.2)

where AG(}y is the standard state Gibbs free energy of equilibrium (6.1), R is the gas
constant, XAty _is the mole fraction of AlO1 5 in periclase, and Wyist_ajo, .is a sym-
metric Margules interaction parameter that describes the non-ideality of mixing be-
tween MgO and AlO, 5 in periclase. Wh‘;g{,_ alo, ;18 @ function of temperature and

pressure i.e.,
Whigo-a10,5 = Wu — TWs + PWy (4.3).

AG(ol) is determined using the Holland and Powell (2011) database except for the AlO; 5

component of periclase which is calculated at 1 bar and the temperature of interest from,
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P C
ArGOp10, s(abar) = 0.5[ArG° AL 0, (1bar) + 4 + BT| (4.4)
where AfG"ﬁf;oS(lbar,T) is the Gibbs free energy of formation of corundum, calculated

from the Holland and Powell (2011) database, and A and B are constants. The terms
A, B, Wy, and W5 were refined by fitting 1 bar measurements of the Al- content of
periclase in equilibrium with spinel (Frenkel et al., 1960; Alper et al., 1962; Stubican
and Roy, 1965; Whitney and Stubican, 1971; Henriksen and Kingery, 1979; Mori, 1982)
to equation (6.2). The non-stoichiometric higher MgO content of spinel observed at 1
bar with increasing temperature was ignored as it is relatively small (~5 mol %) and is
not observed in the high-pressure data (see supplementary Table 4.S1). Using a series
of equilibria similar to equation (6.2), data from experiments where periclase coexists
with spinel, corundum, the Mg>Al,Os ludwigite phase and the MgAl,O4 CF phase, were
fitted simultaneously in a weighted least squares procedure by refining the W, term
of the periclase interaction parameter and the volume and bulk modulus of the periclase
AlO15 component. Refinement of the thermal expansion term resulted in unfeasibly
high values and it was, therefore, fixed at the value for periclase. The resulting terms
are reported in supplementary Table 4.S2-4.S4 and a comparison between the model
and the experimental data is shown in Fig. 4.3. The model well describes both the am-
bient pressure data from the literature (Frenkel et al., 1960; Alper et al., 1962; Stubicam
and Roy, 1965; Whitney and Stubicam, 1971; Henriksen and Kingery, 1979; Mori, 1982)
and the high-pressure data from this study. The discrepancy in temperature between
data points and the model are generally within 2%. The major uncertainty in the exper-
imental data is caused by the temperature gradient in the sample region, even though
we chose grains for microprobe analysis that were as close to the thermocouple hot
junction as possible. As the hot junction generally extends over at least 0.5 mm in the
radial direction and 0.2 mm axially (Fig. 4.1a), thermocouple readings are likely to be
still averages over these regions, even though the high thermal conductivity of the ther-
mocouple wires should alleviate this to some extent. Nevertheless, the difference in
temperature between thermocouple readings and actual temperatures of the EPMA an-
alysed region may be up to 50 K. Furthermore, no correction was applied to the ther-
mocouple emf to take account of a potential pressure effect. Although such an effect
has been measured for type-D thermocouple (Nishihara et al., 2020), the conditions at
which it has been determined are at lower pressures and temperatures than examined

here and cannot be safely extrapolated. Any pressure corrections on temperature
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measurements using type-D thermocouples determined in the future at conditions closer
to the experiments performed here, would, therefore, have to be added on to the tem-

peratures determined using Al,O3 solubility analyses.
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Figure 4.4. Al,O; solubility in periclase as a function of pressure in the MgO-Al,O; system
calculated using the derived thermodynamic model. The coexisting phases are indicated by the

type of dashed and solid lines. The abbreviations are as described for Fig. 4.2.

The experiment at 50 GPa, where the MgAl>O4 structured CT phase coexisted with
periclase, was not included in the modelling as there are insufficient observations to
obtain thermodynamic properties for the CT phase. As shown in Fig. 4.S3, an extrapo-
lation of the model assuming equilibrium with the lower pressure CF phase underesti-
mates the periclase Al2O3; content at 2000°C by approximately 0.07 mol %, which is
outside of the analytical uncertainty of 0.04 mol %. Although the model is probably
consistent once temperature uncertainties are also considered, it is unexpected that fix-
ing the A1>Os activity with the CF phase underestimates values in the CT phase stability
field, as the latter has a smaller volume and we would, therefore, expect the model to
overestimate it (Ono et al., 2006). It is possible that this discrepancy may be explained
once reliable data to determine the thermodynamic properties from the phase bounda-

ries becomes available.

Fig. 4.4 shows the results of the thermodynamic model with the Al,O3 content of peri-
clase calculated at four different temperatures between ambient pressure and 40 GPa.
The sensitivity of the Al2Os3 solubility to temperature is high above 1800 K and in-

creases with temperature, which can be attributed to the effect of the configurational
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entropy on the Al,Os3 solubility and also due to a decrease in the Margules interaction
term. However, the solubility also decreases with pressure, with a steepening in slope
occurring upon the phase transformation of spinel to higher-pressure phases. This is an
effect of the volume change of the governing equilibrium and is most likely caused by
a change in site occupancy of Al, from partial tetrahedral occupancy in spinel to com-
plete octahedral occupancy in corundum and the ludwigite structure. Periclase Al,O3
solubility could be applied as a thermometer and/or barometer in high pressure multi-
anvil experiments, or in other high-pressure equipment. This might be useful, for ex-
ample, in experiments where the thermocouple has broken, perhaps during studies of
high-pressure melting phase relations. Very small amounts of MgO-Al,O3 mixtures
could be added to the high-pressure assembly and then analysed afterwards to extract
the temperature. At 2100 K and 15 GPa, for example, a 0.1 mol % difference in Al>O3
content, which is easily measurable, equates to a temperature difference of only 20 K.
Whereas if the pressure at these conditions was uncertain by 2 GPa, this equates to a
change in solubility of only 0.05 mol %, i.e., a 10 K uncertainty on the absolute tem-
perature determination. The accuracy of such absolute temperature determinations in-
creases with temperature but decreases with pressure and would become inaccurate
above 27 GPa, where the solubility becomes low and small changes equate to large
temperature changes. On the other hand, if the temperature were to be measured using
a thermocouple, then at temperatures above 2200 K the solubility could be used to pro-
vide a quite accurate pressure determination, also with a practical limit of approxi-
mately 27 GPa, although potentially higher for experiments performed at the volatile-

free silicate solidus.
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4.3.4 Further experiments on the effect of FeO on ferropericlase Al;03 solu-
bility

Two experiments (H5874, H5875) were conducted in the FeO-MgO-Al>O3 system at
21 GPa and temperatures of approximately 2000 and 2200 K respectively. As these
experiments were performed to examine the effect of FeO on ferropericlase Al2O3 sol-
ubility at the same temperatures, no thermocouple was employed and temperatures are
simply compared to those obtained from the MgO-Al>O3 sample in the same experi-
ment. The run products of the four compositions in both experiments are periclase or
ferropericlase coexisting with corundum (see Fig. 4.5 and Fig. 4.S4). Grains of metallic
iron remained in all recovered samples from the FeO-bearing starting compositions,
ensuring minimal ferric iron. The FeO concentrations in the ferropericlase samples are
a few mole percent higher than in the starting materials (see Fig. 4.5 and Table 4.2), due
to oxidation of metallic iron, most likely, by absorbed water in the starting materials
and ceramic assembly components. The capsule containing the four samples was
ground and exposed perpendicular to the axial direction of the furnace, close to the
upper surface (end). As each sample is located at an approximately symmetric position,
they should each have experienced the same temperature. Run H5875 was then ground
down a second time by a further 0.3 mm to expose the four samples closer to the center
of the capsule in the axial direction, which experienced a higher temperature (center)
than at the end of the capsule. As shown in Fig. 4a, compared to the FeO-free end-
member, the presence of up to 44 mol.% FeO in ferropericlase results in only a minor
variation in ferropericlase Al2O; solubility. In run H5874, for which the end-member
periclase Al>Os3 solubility gives a T of 2124420 K, with the uncertainty propagated only
from the compositional variation, the ferropericlase samples have identical Al>O3 solu-
bilities within the analytical uncertainty (~0.1 mol.%). For the end of the sample in run
HS5875, the periclase solubility gives a T of 2235+13 K, whereas the more FeO-rich
samples have slightly lower solubilites. Nevertheless, the T calculated for the ferroper-
iclase samples are still at most only 42 K lower. At the center of the same sample the T
18 2299411 K, and the FeO-samples again record temperatures that are only 45 K lower.
Given that the apparent effect of FeO on the ferropericlase Al,O3 solubility only seems
to appear once the temperature is raised above approximately 2100 K, is seems more
plausible that the FeO-samples at these higher temperatures are indeed recoding small

radial temperature variations in the assembly, rather than an effect of FeO on the Al>Os3
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solubility. Even if there were an effect of FeO it appears to be insignificant at temper-
atures below 2100 K and at higher temperatures would cause differences in temperature
of < 50 K for FeO contents up to 44 mol.% FeO. We consider, therefore, that for most

practical applications the effect of FeO on the Al>O; solubility in ferropericlase can be

ignored.
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in each capsule experienced the same temperature.
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Table 4.2. Chemical Compositions of Periclase and Ferropericlase in Runs H5874 and H5875

EPMA Measurements (wt.%) ¢ Normalized compositions (mol.%)
Run No. a P (GPa) Starting materials b

MgO FeO AlOs  Total N MgO FeO Al203
H5874a 21 Fp100 + Al.O3 949(3) 0.2(0) 27(1) 97.8(2) 8 98.8(5) 0.1(0) 1.1(1)
H5874b 21 Fp90 + Al2O3+Fe 749(3) 215(2) 26(1) 990(2) 9 85.1(1) 137(1) 1.2(0)
H5874c 21 Fp8O +AlbOs+Fe 645(3) 329(3) 24(1) 998(3) 9 76.8(2) 22.0(2) 1.1(0)
H5874d 21 Fp60 + Al,O3 +Fe 408 (3) 57.8(4) 2.2(1) 100.8(4) 8 55.0 (3) 43.8(3) 1.2(1)
H5875a (end) 21 Fp100 + AlO3 930(3) 0.2(0) 42(1) 975(3) 8 98.1(1) 0.1(0) 1.8(1)
H5875b (end) 21 Fp90 + AbOs+Fe 762(4) 191(55) 39(2) 993(3) 9 86.2(3) 12.1(3) 1.8(1)
H5875c (end) 21 Fp80 + AlbOs+Fe 652 (2) 31.7(2) 3.3(1) 1001(3) 11 774(1) 211(1) 15(1)
H5875d (end) 21 Fp60 + AlbOs + Fe  41.3(1) 56.4(3) 3.0(1) 100.6(4) 9 557 (1) 42.7(1) 1.6(1)
H5875a (center) 21 Fp100 + Al03 920(2) 01(0) 55() 975(@) 10 97.7(1) 0.0(0) 2.3(1)
H5875b (center) 21 Fp90 + Al.Os+Fe 758(3) 183(3) 48(2) 989(3) 15 86.2(1) 11.7(2) 22(1)
H5875¢ (center) 21 Fp80 + AlbOs+Fe 644 (3) 314(3) 40(2) 998(4) 17 770(1) 211(2) 1.9(1)
H5875d (center) 21 Fp60 + AlOs + Fe  405(2) 56.4(4) 3.5(1) 100.4(3) 18 55.1(2) 431(3) 1.9(1)

*“end” and “center” indicate the measured surfaces that were close to the end or the center of the capsule perpendicular to the axial direction.
Fp is ferropericlase, with Fp90 indicating, for example, 90 mol % MgO.

“The numbers in parentheses are one standard deviation and N is the number of analyses.
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4.4 Discussion

441 Maximum Al:Os3 contents in ferropericlase in the mantle

Before examining ferropericlase Al,O3 contents in natural systems, it is important to con-
sider whether the presence of other components may influence the Al,O3 solubilities. The
only component present in sufficient proportions to affect Al.O3 solubility in natural dia-
mond inclusions is FeO, and even this effect appears to be relatively minor, as previously
discussed. Cr2O3 shows the second highest concentrations that can reach values of ~2
wt. %, but the AbO3-Cr203 interaction parameters would have to be extremely large for
such concentrations to influence the Al,O3 content and this seems not to be the case for
other solid solutions such as spinel or garnet (O'Neill and Wall 1987; Luth et al., 1990).
The same argument can be used to discount the effects of other minor components. The
Fe**/> Fe ratios in ferropericlase inclusions found in natural diamonds are typically lower
than 0.12, and less than 0.05 Fe*" per 1 oxygen formula unit and are therefore unlikely to
have any influence (McCammon et al., 1997; McCammon et al., 2004; Kaminsky et al.,
2015; Kiseeva et al., 2022). It might be considered that Na could influence the Al content
through a charge balanced substitution. However, the Na contents of natural ferropericlase
inclusions in diamonds are at most ~1 wt. % and as a result the Na-Al interaction parameter
would have to be extremely large for an effect on Al>O3 solubility to be produced. Such a
substitution is also clearly not required for large amounts of Al to be accommodated in the

periclase and ferropericlase structures.

To determine how periclase Al,O3 solubility would change within assemblages that might
form in the mantle, we have to consider which Al-rich phases will coexist with periclase in
the MgO-A1,03-S10; system, as they will fix the AIbO3 activity. In Fig. 4a, solubilities are
calculated for both the MgO-ALO3; and MgO-Al,03-S10; systems at temperatures along a
typical mantle adiabat (Katsura, 2022). The latent heat effect of the phase transitions has
been smoothed out in this profile (see supplementary Fig. 4.S5). For the MgO-Al>O3 sys-
tem the effects of pressure and temperature result in a maximum Al>O3 solubility of ap-
proximately 0.5 mol % being reached at the spinel to corundum transition near 16 GPa. At

this point the strongly temperature dependent solubility in the spinel field gives way to the
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stronger pressure dependence in the corundum field. If a solubility of this magnitude were
found in a ferropericlase inclusion in a diamond, this would imply either adiabatic condi-
tions near the top of the transitions zone, assuming the Al,Os activity were set by equilib-
rium with corundum or pure spinel, or super-adiabatic conditions over a broader depth
interval, if we assume that the Al,O3 activity was actually lower than this. This maximum
will only exist in an SiO2-free system however. In the MgO-Al,03-S10; system, thermo-
dynamic calculation shows that spinel is in equilibrium with periclase only to approxi-

mately 10 GPa, where it transforms to pyrope through the reaction:
MgAl, 0, + 3Mg,Si0, = 4MgO + Mg3Al,Si;04, (4.5)
spinel forsterite  periclase pyrope

It is interesting to note that in the presence of periclase, the transformation to produce py-
rope is displaced to much higher pressures than in peridotite mantle. In peridotite mantle
the pyrope-forming reaction involves enstatite and occurs at approximately 1.5 GPa, but in
the presence of excess periclase, enstatite is unstable with respect to forsterite. In the pres-
ence of pyrope the Al,Os activity drops sharply with pressure, as calculated from the equi-

librium,
periclase pyrope forsterite periclase

and at higher pressures from similar equilibria involving wadsleyite and ringwoodite (high
pressure polymorphs of forsterite). The presence of periclase means that there is no ma-
joritic component in garnet at transition zone conditions because there is no MgSiO3; com-
ponent as it reacts with periclase to produce an Mg>SiO4 polymorph. This is actually con-
sistent with analyses of garnet inclusions in natural diamonds that are considered to be co-
occurring with ferropericlase inclusions and which indeed show no majorite component

(Walter et al., 2022; Hutchinson, 1997).

As ringwoodite breaks down to periclase and bridgmanite at high pressure, the periclase
Al-content is calculated to rise very rapidly due to the volume change of the equilibrium.

We can again calculate the maximum plausible Al-content in periclase by using the pyrope
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end-member in the calculations:
Mg3A12313012 <=> 3MgSIO3 + Alz 03 (4‘7)
pyrope bridgmanite periclase

At approximately 26 GPa pyrope will then break down (Ishii et al., 2023) and the CF-
MgAl>0O4 phase will become the most Al2Os-rich phase that can coexist with ferropericlase
in the lower mantle. In a peridotite composition the bridgmanite Al>O3 content would fix
the activity of Al,Os, but this would result in periclase Al,O3 solubilities lower than those
indicated for coexistence with the CF phase. Although higher pressure MgAl,O4 poly-
morphs including the CT-phase are not considered in the model, as they are increasingly
denser, they should lead to even lower ferropericlase Al,O3; contents compared to the CF
phase field. The results on the CT phase discussed in section 3.3 are in general agreement
with this, even if they do not agree perfectly with the extrapolation of the CF model. There-
fore, the CF curve in Fig. 4.6a still provides a conservative maximum plausible ferroperi-

clase A,Os content along a mantle adiabat.

The Al>O;s concentrations in periclase coexisting with bridgmanite in the MgO-Si02-Al20;
system reported by Liu et al. (2019a, 2019b) at 27 GPa are in good agreement with our
calculated values. As discussed previously, the effect of FeO and other components
should be minimal on the ferropericlase Al.O3 contents and in fact experimentally deter-
mined values reported for ferropericlase coexisting with garnet and bridgmanite are in good
agreement with those predicted in Fig. 4.6a (Frost and Langenhorst, 2002; Huang et al.,
2021). Data from Irifune (1994) and Irifune et al. (2010) are also in good agreement with
our calculations and document a sharp increase in ferropericalse Al2O3 concentration at the
top of the lower mantle, as calculated in the model. However, some of the reported fer-
ropericlase compositions have SiO> contents > 1 wt.%, which correlate with higher Al,O3

contents and likely arise from beam overlap with silicate phases.

Our thermodynamic calculations reveal that, under current adiabatic mantle temperatures,
the Al2O3 content in mantle ferropericlase cannot exceed 0.5 mol.%, when uncertainties
are considered. While such a minor impurity content will not noticeably affect the thermo-

dynamic or thermoelastic properties of ferropericlase, it could conceivably influence
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transport properties. As the self-diffusion of Mg in periclase is sensitive to its Al>O3 content
(e.g., Van Orman et al., 2003, 2009; Ammann et al., 2012; Riet et al., 2020), the influence
of Al203 on the rate of chemical diffusion in lower mantle ferropericlase may have impli-
cations for other transport properties, such as rheology. Furthermore, as the Al,O3-content
in ferropericlase diminishes with increasing depth in the lower mantle, as shown in Fig.
4.6a, this may, therefore, suppress cation diffusion in periclase in the deep lower mantle.
In conjunction with the negative pressure dependence of self-diffusion coefficients in pure
periclase (e.g., Ita and Cohen, 1998), bulk chemical transport in the deep lower mantle may
be substantially slower compared to the uppermost parts of the lower mantle, with the ex-
ception of the core-mantle boundary, where elevated temperatures could accelerate this

transport.

4.4.2 Interpreting the Al;O; contents of ferropericlase inclusions in natural di-

amonds

Fig. 4.6b plots the A12O3 compositional distribution of natural ferropericlase inclusions in
diamonds from the recent review of Walter et al., (2022), and a few other studies (Seitz et
al., 2018; Nimis et al., 2019; Gu et al., 2022; Kisseeva et al., 2022; Lorenzon et al., 2023).
The Al,O3 concentration of the inclusions varies between 0 and approximately 0.35 mol.%
(0.5 wt.%), with an average value close to 0.04 mol.% (0.1 wt. %). As discussed previously
it is unlikely that the FeO content of ferropericlase has a significant effect on the Al,O3
solubility so we assume solubilities are the same as for periclase. In this scenario, the con-
centration of Al2Os is a sensor for Al,O3 activity, temperature, and pressure, with differing
sensitivities under different conditions. It can, in principle, be used to constrain any of these
three factors if the other two are known, and would, therefore, be more powerful in com-
bination with other methods. If the Al,O3 activity could be isolated, independently, for ex-
ample, at a particular pressure and temperature this would provide important information
on the chemical environment in which the inclusion formed. Even in the absence of other
methods, however, some conclusions can be made on natural samples by making certain
reasonable assumptions. Two approaches can be taken, firstly for estimating the conditions
of ferropericlase formation and secondly for excluding certain conditions for high-Al>O;

bearing inclusions. Before employing compositions of natural samples, it should be pointed
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out that probably none of the available analyses were performed to specifically determine
the ferropericlase Al,Oz-content and in some studies, it was not even analysed. Furthermore,
in most studies the uncertainties are not reported, and neither can it be clarified that the
reported Al-contents originate from ferropericlase and not from other inclusions. In fact,
one value reported by Burnham et al (2016) of 8.38 wt. % Al>Os, (with a similar level of
Si0»), can most likely be excluded on these grounds. There is also evidence for Al-spinel
exsolution from ferropericlase (Wirth et al., 2014), and if such exsolution annealed up after

entrapment it might result in misleading or inhomogeneous Al>O3 contents.

Nonetheless, taking the analyses at face value and employing the first approach, we can
examine inclusions that are reported to co-occur with Al,Os-rich phases and calculate a
temperature assuming equilibrium with these phases. Hutchison (1997), for example, re-
ports that ferropericlase inclusion BZ243B co-occurs with pyrope-rich garnet and olivine.
Assuming the olivine has not back transformed from a higher-pressure polymorph, then
the formation pressure would have been between 10 and 14 GPa. As shown in Fig. 4.6a,
the Al,O3 solubility changes strongly with pressure under these conditions resulting in for-
mation conditions that vary along a curve extending from 1447 K at 10 GPa to 1680 K at
14 GPa. Hutchison et al. (2004), intriguingly, report a corundum inclusion which is pro-
posed to be associated with ferropericlase (BZ241A). If these phases were indeed in equi-
librium then this implies equilibration conditions between 1507 K at 16 GPa and 1597 K
at 26 GPa. Harte et al. (1999) on the other hand report that ferropericlase BZ207B co-
occurs with proposed bridgmanite, which back-transformed on decompression, and
jeftbenite, which may be back-transformed from pyrope (Nestola et al., 2023c). The low
Al-content of the proposed bridgmanite limits the pressure to the top of the lower mantle
and if we assume pressures of 24-25 GPa, and that jeftbenite was indeed back-transformed
from pyrope, we obtain temperatures of between 1800 and 1664 K respectively. As these
examples show, to narrow the determined temperatures it would be necessary to obtain an

independent measure of the pressure.
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Figure 4.6. (a) A,Os solubility in periclase in the MgO-SiO,-Al,O3; and MgO-Al,O3 systems cal-
culated from the thermodynamic model. The black solid curve shows the calculated periclase Al,O3
concentration in the MgO-Si0,-Al,O3 system coexisting with an Al-bearing mineral stable in the
mantle at different depths, i.e., spinel (Sp), pyrope (Pyp), or MgAl,Os CF phase, along a typical
adiabatic mantle temperature (Katsura, 2022). Fo, Wds, and Rwd indicate the polymorphs of
Mg,SiOs, forsterite, wadsleyite, and ringwoodite, respectively. Brg stands for the bridgmanite
MgSiOs; endmember. The dashed, dot, and solid grey curves show the maximum Al>Oj in periclase
in the MgO-Al,Os system, coexisting with Sp, corundum (Cor), and CF phase, respectively along
the same adiabat. The solid blue line shows the periclase Al>Oj; solubility in the MgO-SiO,-Al,0O3
system when the temperatures are 300 K lower than the mantle adiabat. The shaded regions indicate
the uncertainties propagated from that of the adiabatic temperature. (b) The compositional distri-
bution of Al,O3 contents in ferropericlase inclusions in diamonds, from Walter et al. (2022), Seitz
et al., (2018), Nimis et al., (2019), Gu et al., (2022), Kisseeva et al., (2022) and Lorenzon et al.,
(2023).

Recently, Gu et al. (2022) reported an inclusion assemblage containing touching grains of
ringwoodite, ferropericlase, and enstatite, where the enstatite grain was proposed to have

been originally trapped as bridgmanite. Based on the Fe-Mg partitioning between
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ferropericlase and proposed bridgmanite, conditions of ~24 GPa and 1928+200 K were
obtained. Nestola et al. (2023a) investigated a ferropericlase inclusion inside the same di-
amond using elastic geobarometry and obtained a quite consistent formation pressure of at
least 22.1 (£2.1) GPa. We can make a temperature estimate for the inclusion reported by
Gu et al. (2022) using the Al,O3 contents of the ferropericlase and the coexisting former
bridgmanite inclusion, by equating the Gibbs free energies of the A1O3 components in the
two phases. In the particular inclusion, the bridgmanite FeO and Al.O3 contents are quite
low, approximately 4.5 and 1.2 wt. % respectively and a coupled substitution of Al onto
the two bridgmanite cation sites is, therefore, plausible (Huang et al., 2021). Using ther-
modynamic data for the bridgmanite AlO3; component and an interaction parameter for
bridgmanite MgSi03-Al,03 mixing (reported in supplementary Table 4.S2 and 4.S3) de-
rived by fitting coexisting compositions of bridgmanite and corundum determined by Liu
et al (2017), we calculate a formation temperature of between 1987 K and 2099 K for
pressures of 22.1 and 24 GPa respectively, which is in quite good agreement with the esti-
mates of Gu et al. (2022). To give some idea of the uncertainty, the same calculation using
the thermodynamic data of Stixrude and Lithgow-Bertelloni (2022) for the bridgmanite
AlO3; component gives temperatures that are approximately 150 K lower. Ifideal mixing
is assumed, all temperature estimates increase by 100 K. This is an interesting result be-
cause it not only indicates temperatures which are near or even possibly above a typical
mantle adiabat at the top of the lower mantle, but the bridgmanite composition indicates
AL Os activities that are relatively low, i.e. lower than those expected for typical mantle
peridotite assemblages. As the bulk of ferropericlase inclusions have Al>O3 contents close
to this low level (Fig. 4.6b) this might imply that they are in general formed at low Al>,O3
activity rather than low temperatures. What is not clear, however, is why the assemblage
reported by Gu et al. (2022) did not chemically reequilibrate during the journey to the

lithosphere and then surface.

In the second approach, however, we can exclude conditions of formation of some inclu-
sions where their Al,O3 contents would be higher than the calculated solubility in the MgO-
Si0,-AlbO3 system at those conditions. This of course works mainly for the highest Al,O3
bearing samples. The solubility calculated in the MgO-SiO2-Al2O; system in Fig. 4.6a
should reflect the highest Al,O3 activity that can be obtained at any particular pressure and
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temperature. It is quite plausible that ferropericlase inclusions formed in the mantle under
conditions where Al,Os-activities were lower than those implied by the coexistence of Al-
rich phases. In some instances, for example, ferropericlase inclusions appear to co-occur
with low-Al bearing chromite spinel (e.g. Kaminsky et al., 2001) that would impose Al>O3
activities much lower than implied by the curves in Fig. 4.6a. Similarly, the bridgmanite
discussed in the last paragraph had an Al-content much lower than expected for a peridotite
bulk composition. Therefore, even low ferropericlase Al2O3 contents could still equate to
high temperatures of formation. However, ferropericlase Al>O3 contents cannot be higher
than the calculated curves in Fig. 4.6a at any given pressure, unless temperatures were
super adiabatic. Furthermore, the addition of FeO to the system has been shown to have an
insignificant effect on Al,Os solubility and further components such as CaO are hardly
soluble in ferropericlase and will only serve to further lower the Al,Os3 activity of the co-

existing phase.

As shown in Fig. 4.6a, periclase Al.O3 solubility drops significantly in the mantle transition
zone. This means that approximately eight of the most Al-rich ferropericlase inclusions can
be excluded from forming in the mantle transition zone, unless temperatures were signifi-
cantly higher than a typical mantle adiabat. These inclusions most likely formed either
within a narrow pressure range around 10 GPa or in the top region of the lower mantle.
However, these inclusions cannot have formed at temperatures more than 100 K lower than
adiabatic temperatures, regardless of where they were produced. This is, therefore, good
evidence that at least some diamonds did not form at low temperatures associated with
either thick cratonic lithosphere or subduction zones, but at temperatures very close to

those of the convecting mantle.

Several studies have proposed that ferropericlase-bearing diamonds may form in the mid-
transition zone as carbonate melts released from a subducting slab are reduced on entering
the ultramafic mantle (Thomson et al., 2016; Walter et al., 2022). Fig. 4.6a also shows the
same maximum periclase Al-content curves calculated for a temperature profile 300 K be-
low an adiabatic gradient, in order to approximate temperatures close to a subducting slab.
The majority of ferropericlase inclusions have Al,Os-contents that would be quite con-

sistent with such conditions in the transition zone, if they formed in equilibrium with garnet.
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They could of course, however, have formed at higher temperatures, if Al,O3 activities

were lower.

The Al>O3 content of ferropericlase inclusions can, therefore, be used to eliminate certain
conditions for a subset of higher-Al bearing inclusions but the concentration on its own
cannot provide a definitive answer regarding specific formation conditions. A more reliable
approach is to use coexisting Al-bearing phases to constrain the Al,Os3 activity and this can
then be used to obtain temperatures through the use of an independent method to determine
pressure, such as elastic thermobarometry (Anzolini et al., 2019; Kohn et al., 2023). It is
also possible that other minor elements in ferropericlase inclusions can yield information
on the formation conditions, using a similar type of calibration as performed here. The SiO-
concentration, for example, is generally of a similar magnitude in natural ferropericlase
inclusions (Walter et al., 2022) to the Al,O3 content. Such analyses are important as they
provide one of the only mechanisms through which to determine temperatures in the sub-

lithospheric mantle.
4.5 Conclusions

In this study, we have investigated the solubility of Al2Os in periclase coexisting with a
series of Al,Os-rich phases formed by high pressure and temperature phase transitions of
MgALO4 spinel in the MgO-AlO3 system. Experiments were performed at pressures up
to 50 GPa and temperatures to 2623 K. The solubility of Al>O3 in periclase is temperature
dependent with the sensitivity to Al2O3 content increasing with temperature but also de-
creasing with pressure. A thermodynamic model for periclase Al2Os solubility uses the
known phase transformation boundaries for Al,Os-rich phases in the system to determine
their thermodynamic properties. This only works to conditions of the CF-structured
MgAl,O4 phase at approximately 40 GPa as phase boundaries of higher-pressure poly-
morphs are not well constrained. The Al,O3 solubility in FeO-bearing ferropericlase ap-
pears to be almost identical to that of periclase, implying that FeO has little effect. Further
thermodynamic calculations in a more representative mantle system (MgO-SiO>-AlbO3)
indicate that, throughout the mantle, the ferropericlase Al.O3 content cannot exceed 0.5
mol.% under current adiabatic mantle temperatures. Such a small content of Al2O3 will not

influence the thermoelastic properties of ferropericlase, but could still influence transport
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properties as such concentrations have been reported to affect Mg self-diffusion.

Ferropericlase inclusions in diamonds have Al,O3; contents that vary up to approximately
0.35 mol. %. If such inclusions could be reliably considered to have formed contempora-
neously with other Al2Os-rich inclusions such as garnets in the same diamond, then the
concentration can be used to determine the temperature of formation. However, for most
inclusions the Al>Os3 activity at formation will be unknown and our model can only be used
to determine the maximum Al,Os solubility assuming coexistence with a Al,Os-rich phase
of the mantle. Using this solubility relationship, conditions in the mantle can be excluded
at which some ferropericlase inclusions could have formed because their A1>O3 contents
would be too high. Thermodynamic calculations show that the solubility of Al,O3 in fer-
ropericlase at mantle adiabatic conditions goes through two maxima, at the base of the
upper mantle and top of the lower mantle. By comparison, the solubility at transition zones
conditions goes through a minimum throughout the garnet stability field. As a result, a few
ferropericlase inclusions can be excluded from formation in the transition zone as their
Al>Os contents are higher than even super adiabatic conditions would produce. These high-
Al,Os3 content inclusions must have been formed, however, at temperatures within 100 K
of a typical mantle adiabat, either at the base of the upper mantle or at the very top of the

lower mantle.
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Appendix A. Supplementary Material for

Alumina solubility in periclase determined to lower mantle conditions and implica-

tions for ferropericlase inclusions in diamonds

This document contains additional figures and tables referred to in the paper. Figure 4.S1
shows modelling of EPMA secondary fluorescence. Figure 4.S2 shows X-ray diffraction
patterns of CF and CT phases. Figure 4.S3 is a comparison between the thermodynamic
model and the experimental data between 25 and 55 GPa at different temperatures. Figure
4.S4 is an image of an experimental sample containing ferropericlase and periclase sample.
Figure 4.S5 shows the adiabatic temperature profile used in this study. Tables report the
chemical composition of the Al,Os-rich phases coexisting with periclase (Table 4.S1), and

the parameters used for thermodynamic modelling in this study (Tables 4.S2 to 4.S3).
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Figure 4.S1. Assessment of the secondary fluorescence effect on the EPMA-analyses of the Al
concentration in periclase. (a) Schematic diagram of the geometry of the simulation of adjacent
Al>,0O3 corundum and MgO periclase grains. (b) The contribution from secondary fluorescence of
the adjacent AlO; grain on the measured Al,O3 concentration in periclase as a function of distance

from the grain boundary. The simulations were performed using the computer program PENEPMA
(Llovet and Salvat, 2017).
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Figure 4.S3. The effect of pressure on the solubility of Al,O; in periclase. The black, blue, and red
curves show the solubility of Al,Os in periclase coexisting with the CF phase calculated from the
thermodynamic model established in this study at 1950 K, 2000 K, and 2050 K, respectively. The
circle and square symbols are the experimental data on periclase coexisting with the CF and CT

phases, respectively at approximately 2000 K.
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Figure 4.S4. A backscattered electron image of the recovered capsule and surrounding assembly
from run H5875, sectioned perpendicular to the furnace direction. Samples with four different start-
ing compositions were filled in each of the isolated holes of the capsule, which was a four-hole

corundum thermocouple tube.
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Figure 4.S5. A mantle adiabatic temperature profile, based on that of Katsura (2022), that is used
in the model depicted in Fig. 4.4. The effect of latent heat due to phase transitions on the mantle
adiabat is not accounted for to simplify the parameterization. The red solid curve was generated by
refitting the adiabatic geotherm from Katsura (2022) using a 4th order polynomial. The shaded
region shows the uncertainty of the geotherm, which is considered in the model presented in Fig.
4.6a.
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Table 4.S1. Chemical Compositions of the Phases Coexisting with Periclase

EPMA Measurements (wt.%) b

Normalized compositions (mol.%)

Run No. P (GPa) T (K) Phase

MgO FeO Al203 Total N MgO FeO Al203
H5431b 15 1773 (50) Sp 285(2) 00(0) 709(6) 99.4(4) 9 50.4 (4) 0.0(0) 49.6(3)
H5424b 15 2073 (50) Sp 285(1) 02(1) 71.0(3) 996(3) 4 502 (1) 02(1) 49.6(2)
H5482b 19 1773 (50) Cor 0.7 (3) 0.0(1) 99.2(1) 1000(2) 4 1.8(8) 01(1) 98.1(7)
H5490b 19 1773(50) Cor  0.4(1)  0.0(0) 99.8(3) 100.2(4) 5 1.1(2) 0.0(0) 989(2)
H5492b 19 2073 (50) Cor 0.6 (2) 00(0) 992(3) 998(22) 6 1.6 (4) 0.0(0) 98.4(4)
H5495 19 2273 (50) Cor 0.9 (2) 0.0(0) 100.0(2) 1009(1) 6 2.2(5) 0.0(0) 97.8(5)
H5310b 23 1923 (50) Cor 0.3 0.0 99.0 99.3 1 0.9 0.0 99.1
H5306 23 2073 (50) Cor 0.5(2) 00(0) 994(4) 999(3) 8 1.2 (4) 0.0(0) 98.8(4)
H5299 23 2273 (50) Cor 0.5(2) 0.0(0) 969(5) 974(7) 3 1.4 (5) 0.0(0) 98.6(5)
11421c 27 1973 (50) Cor 1.0(2) 0.0(0) 980(0) 99.0(3) 2 2.4 (5) 0.0(0) 97.6(5)
H5420b 23 2373(50) Ldw 439(4) 03(2) 555(4) 988(8) 4 66.5(2) 0.3(2) 332(1)
H5435b 23 2400 (50) Ldw 438(3) 0.0(0) 554(5) 993(5) 8 66.6(3) 0.0(0) 333(3)
H5317b 23 2623 (50) Ldw 446(2) 0.2(1) 569(4) 101.7(4) 5 66.4(2) 0.1(1) 335(2)
H5359b 23 2623 (50) Ldw 444(1) 0.0(0) 56.0(3) 1004(3) 4 66.7(1) 0.0(0) 33.3(1)
H5345b 23 2623 (50) Ldw 446(2) 0.0(0) 56.0(3) 1006(3) 5 66.9(1) 0.0(0) 33.1(1)
11401b 27 1973 (50) CF 28.8 0.0 70.9 99.7 1 50.7 0.0 49.3
11412¢ 27 2123 (50) CF 29.0(7) 00() 706(9 996(4) 6 51.0(9) 0.0(0) 49.0(9)
11255 27 2200 (50) CF 288(1) nd. 7093) 99.7(4) 9 50.7(1) 0.0(0) 49.3(1)
11193 33 2000 (50) CF 287(3) 00(0) 721(4) 1008(3) 9 502(3) 0.0(0) 49.8(3)
11415 33 2300 (50) CF 29.1(13) 0.0(0) 70.2(12) 99.4(12) 10 51.1(14) 0.0(0) 48.8(14)
11420 50 2000 (50) CT  29.7(4) 0.0(0) 694(4) 99.2(4) 6 520(4) 0.0(0) 48.0(4)
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Table 4.S2. Standard state thermodynamic parameters

oo

AfH S b Vo Ko
a c d (x109) K’
kJ/mol JK*mol? (x10%) J/bar K GPa
Periclase
-601.55 26.5 0.0605 0.0362 -535.8 -0.2992 1.125 3.11 160 3.95
(MgO)
Periclase
2.890 35 163.5 4
(Al203)
Corundum -1675.33 50.9 0.1395 0.589 -2460.6 -0.5892 2.558 1.8 254 4.34
Spinel -2301.26 82.0 0.2229 0.6127 -1686.0 -1.551 3.978 1.93 192.2 4.04
Mg2Al20s -2831.98 116.52 0.2347 1.1587 -4843.9 -0.506 4.803 2.0 200 4
CF-MgAl204 -2245.65 86.5 0.1510 1.918 -652.58 0.3539 3.614 241 205 4.1
Bridgmanite
ALO -1637.767 51.8 0.1395 0.589 -2460.6 -0.5892 2.54 1.8 203 4
2U3

Note. Cp =a + bT + ¢T2 + dT% (kJK'mol™). Data for CF-MgA1,Os from Kojitani et al., (2012). VO of Mg>ALOs is from Kojitani et al. (2010). Values

in italic were refined in this study as described in the text. All other values are from Holland and Powell (2011).
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Table 4.S3. Fitting Terms for the Standard State Gibbs Free Energy of the Periclase

Al;03 End Member and Margules Parameters for Periclase and Al>O3 Bridgmanite

A B WH Ws Wv
kJ/mol J K1mol? kJ/mol J K1mol? J GPalmol?!
Periclase
-34.27 -14 156.381 41.917 -362
(Al203)
Bridgmanite
12
(Al203)
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Abstract

Understanding the influence of light elements on the elastic properties of liquid iron
under high pressure and temperature conditions is crucial for characterizing the com-
position of planetary cores. In this study, a series of P-wave velocity and density meas-
urements on Fe and Fe-S liquids were conducted at pressures up to 17.8 GPa and tem-
peratures up to 2273 K, using ultrasonic interferometry, the Beer-Lambert method, and
a combination of angular and energy-dispersive X-ray diffraction techniques. The melt-
ing curve of Fe and the density of solid FeS were also experimentally constrained to
facilitate thermodynamic modeling. By integrating these results with literature data on
thermodynamic properties at ambient pressure and the melting curves of Fe and FeS, a
self-consistent thermodynamic model for the Fe-FeS system was developed under con-
ditions relevant to the Martian core. Our results indicate that sulfur lowers both the
density and P-wave velocity of liquid Fe under Martian core conditions. To account for
the observed density deficit in the Martian core, at least 20 wt.% sulfur would be re-
quired. However, such high sulfur concentrations would lower the P-wave velocity of
liquid Fe, most significantly at the top of the Martian core, which conflicts with seismic
observations from the InSight mission. This indicates that significant proportions of
other light elements, such as carbon or hydrogen, are most likely required alongside
sulfur to explain the large density deficit while maintaining the apparent high P-wave

velocity in the Martian core.

Keywords: Fe-S liquid alloys; Elastic property; Thermodynamic modeling; Martian

core
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5.1 Introduction

Sulfur is generally considered to be a dominant light alloying element in the Martian
core, with cosmochemical models estimating its content to be between 6.6 and 21.4 wt.%
(Wanke and Dreibus, 1994; Lodders and Fegley, 1997; Sanloup et al., 1999; Taylor,
2013; Yoshizaki and McDonough, 2020). The enrichment of S in the Martian core is
primarily supported by the observation of sulfur depletion in the Martian mantle, the
fact that Mars appears more enriched in moderately volatile elements compared to Earth
(e.g., Wénke, 1991), and sulfur’s highly siderophile behavior at the moderate high pres-
sure and temperature conditions likely to have prevailed during core-mantle differenti-
ation of Mars (e.g., Rose-Weston et al., 2009; Suer et al., 2017; Steenstra and van
Westrenen, 2018). Martian core-mantle fractionation most likely did not occur at suffi-
ciently reducing conditions or at sufficiently high temperatures for either silicon or ox-
ygen to have become major light alloying elements in the core (Yoshizaki et al., 2020;
Rubie et al., 2004). Recent geophysical observations, particularly seismic data from the
InSight mission, have revealed the size of the Martian core (Stéhler et al., 2021) and
provided direct constraints on the P-wave velocity at the top part of the liquid core
(Irving et al., 2023). Geophysical models based on seismic observations indicate that
the density of the Martian core is significantly lower than that of pure liquid Fe under
the same pressure and temperature conditions (Stéhler et al., 2021; Irving et al., 2023;
Samuel et al., 2023; Khan et al., 2023). Depending on whether a basal magma layer
(BML) is considered, the most recent geophysical models imply that the Martian core
may contain 9-22 wt.% light elements (Irving et al., 2023; Samuel et al., 2023; Khan
et al., 2023). However, the constrained P-wave velocity at the top of the Martian core
remains comparable to that of pure liquid Fe (Irving et al., 2023; Samuel et al., 2023;
Khan et al., 2023). If the effects of light elements, including sulfur, on the density and
P-wave velocity of liquid iron under high pressures and temperatures (HP-HT) are sys-
tematically constrained by experimental and theoretical studies, seismic observations
of the Martian core can provide strong evidence for the core’s composition and for the

nature of early differentiation processes.

Experimental measurements of the elastic properties of liquids under HP-HT conditions
remain highly challenging and are generally associated with significant uncertainties

and notable discrepancies between studies reported in the literature. For instance, under
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only modest pressures (<7 GPa), discrepancies in the reported densities of FeS liquids
are as large as ~1 g/cm?, i.e. >20%, (Nishida et al., 2008; Nishida et al., 2011; Chen et
al., 2014; Morard et al., 2018a; Xu et al., 2021). Furthermore, at 10 GPa, the maximum
excess volumes of mixing between Fe and FeS liquids have been modeled as -0.94
cm’®/mol (Morard et al., 2018a), -0.86 cm?*/mol (Terasaki et al., 2019), and -0.49
cm?/mol in (Xu et al., 2021), with each study showing different trends as pressure in-
creases. As a result, elastic models of Fe-S liquids, based on the sparse and inconsistent
data, show even greater discrepancies when extrapolated to higher pressures and tem-

peratures, complicating the interpretation of seismic observations.

On the other hand, theoretical calculations also encounter challenges when modeling
liquid Fe alloys under the P-T conditions of the Martian core. This is primarily because
ab initio calculations tend to largely overestimate the density of Fe-rich alloys at lower
pressures, despite showing good agreement with experimental observations at the HP-
HT conditions relevant to Earth’s core (e.g., Dewaele et al., 2008; Wagle and Steinle-
Neumann, 2019). For instance, a recent ab initio study on pure liquid Fe at pressures of
19 GPa and 35 GPa required a pressure correction of 16.6 GPa to match experimental
data (Huang et al., 2023). Consequently, different calculation methods and correction
schemes can lead to significant variations in the computed elastic properties (Kuskov
and Belashchenko, 2016; Morard et al., 2018a; Wagle and Steinle-Neumann, 2019;
Huang et al., 2023; Li et al., 2024). Moreover, the large discrepancies in experimental
data for Fe-S alloys further complicate the application of reliable correction schemes,

especially beyond pure liquid Fe.

Due to the large uncertainties inherent in liquid property measurements, even at ambient
pressures, rigorous constraints can only be obtained by combining different types of
measurements into a model capable of self-consistently describing the various thermo-
dynamic, equations of state and phase equilibria observations (e.g. Dorogokupets et al.,
2017). The model then needs to be evaluated against the widest possible dataset. In this
study, we have used ultrasonic interferometry and several in situ X-ray methods, inde-
pendently and simultaneously, to determine the elastic properties of pure Fe and Fe-S
liquids under HP-HT, including density and P-wave velocity (Vp). By combining ex-
perimental constraints on solid phase density and melting curves, along with end-mem-
ber thermodynamic data at ambient pressure and melting curves from the literature, we

have developed a new self-consistent thermodynamic model for the Fe-FeS system

[106]



applicable to the conditions of the Martian core.
5.2Experiments

5.2.1 Starting materials

The starting materials for the high-pressure in-situ synchrotron X-ray experiments con-
sisted of regular cylinders of Fe or Fe-FeS mixtures with parallel polished bases. Sam-
ples for the ultrasonic experiments had diameters of 1.0 mm and were 0.6 mm high,
while samples for X-ray absorption experiments had diameters of 0.6 mm and were 0.4
mm high. The pure Fe cylinders were made from Fe wires with 1 mm diameter and
99.99% purity. The Fe-FeS blocks were synthesized at 0.5-0.7 GPa and 1000 K using
a piston-cylinder press and subsequently machined into the desired cylindrical shape.
Details of the starting material for synthesis using the piston-cylinder press are provided

in Supplementary Text 5.S1.

The resulting cylinders were homogeneous mixtures of Fe and FeS, confirmed by scan-
ning electron microscope (SEM) analysis. SEM images of the recovered samples are
shown in Fig. 5.S1. The pre-synthesis and machining steps are critical to ensure the
quality of the subsequent in-situ synchrotron X-ray experiments, as they minimize po-

rosity in the sample and reduce irregular deformation during compression steps.
5.2.2 HP-HT multi-anvil experiments at synchrotron beamlines

In situ multi-anvil experiments using synchrotron-based X-ray techniques were per-
formed at beamline P61B at PETRA I1I (Farla et al., 2022), beamline PSICHE at SO-
LEIL (Henry et al., 2022), and beamline 131DD at the APS (Wang et al., 2009). High
pressures were achieved by compressing the sample assemblies using eight tungsten
carbide (WC) cubes (F05, Fujilloy) with 26 mm edge lengths, truncated to 4 mm or 5
mm at the corners (truncated edge length, TEL). A Cr.0s-MgO octahedron with a 10
mm edge length (OEL) was used as the pressure medium with pyrophyllite gaskets,
while boron-epoxy X-ray windows within gaskets were employed in experiments in-
volving combined angle- and energy-dispersive structural analysis and refinement
(CAESAR) and Beer-Lambert absorption measurements (see Sections 2.3 and 2.4). Af-
ter reaching the target press load, high temperatures were generated using a tubular

boron-doped diamond furnace (CVD-BDD) synthesized via chemical vapor deposition
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methods (Changsha 3-Better Ultra-Hard Materials Co., Ltd). The BDD furnace pro-
vides stable heating performance, while preserving the X-ray transparency of the as-
sembly (Shatskiy et al., 2009; Xie et al., 2020) and helps minimize irregular defor-
mation of the sample under HP-HT. The designs of the high-pressure assemblies are
shown in Fig. 5.S2 and 5.S3. Energy-dispersive X-ray diffraction (ED-XRD) measure-
ments of the samples and pressure markers under HP-HT conditions were collected
using a Ge detector fixed at 20 angles of either 6 or 8 degrees. Temperatures were mon-
itored with a type-D thermocouple, while pressures were determined using the equation
of state (EOS) of the pressure standards. Considering the temperature gradient within
the sample, temperature fluctuations during the experiment, the fitting error of the pres-
sure marker's unit cell volume, and the accuracy of the pressure marker, the experi-
mental uncertainties in temperature and pressure are estimated to be 50 K and 0.5 GPa,

respectively.
5.2.3 P-wave velocity measurements using ultrasonic interferometry

A 36°-Y cut LiNbO:s transducer was attached to the backside of the WC anvils to gen-
erate longitudinal waves that travelled parallel to the cylindrical axis of the samples.
The transducers were fabricated into 2.5 mm or 3 mm diameter disks from 3-inch di-
ameter and 60 um thick LiNbOs wafers (Yamaju Ceramics) using a picosecond pulsed
laser cutter. The transducer was electrically connected to an arbitrary waveform gener-

ator and digital oscilloscope through coaxial cables.

During the measurements, pulses with frequencies from 45 to 75 MHz were sent from
the arbitrary waveform generator and transmitted to the sample through the WC anvil
and buffer rod (BR). The reflections of the acoustic waves at each interface—including
the BR-sample interface and the sample-backing plate (BP) interface—were recorded
by the digital oscilloscope. The travel time through the sample was analyzed using the
Pulse-echo overlap method (Papadakis et al., 1972) with the Echofinder software (Néri
et al., 2024). The length of the samples under HP-HT conditions was measured using
X-ray imaging, utilizing the absorption contrast between the Fe-rich samples and the
BP and BR, which were made from Al.Os. An example of a liquid longitudinal wave
velocity measurement is illustrated in Fig 5.1. The ultrasonic interferometry system in-
stalled at P61B is described in detail by Néri et al. (2024). For the ultrasonic experi-
ments at the PSICHE beamline, we brought a similar system from the Bayerisches
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Geoinstitut (BGI), which is also detailed in Néri et al. (2024). Further information about

the ultrasonic interferometry system at 13IDD can be found in Jing et al. (2020).
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Figure 5.1. P-wave velocity measurements of liquid Fe at 14.3 GPa and 2173 K (BT657). (a)
X-ray image of the sample. “BR” refers to the buffer rod, “BP” to the backing plate, and “T-C”
to the thermocouple. The Fe sample is 0.46 mm thick. (b) Ultrasonic interferometry signal of
the liquid sample at 75 MHz. The two-way travel time of the acoustic wave through the sample
is indicated by the black arrow.

The samples were enclosed by a tube made from either single crystal MgO or polycrys-
talline Al,03 (OD/ID = 1.6 mm/ 1.0 mm), and sealed at the top and bottom with a BP
and a BR, both made from dense polycrystalline Al2Os, as shown in Fig 5.S2. The
melting of the samples was monitored using multiple indicators, including the appear-
ance of a diffuse scattering signal, the disappearance of sharp XRD peaks from the solid
phases, and, most importantly, the disappearance of solid phases in the X-ray images
(see Fig. 5.2). Additionally, significant changes in the acoustic signal through the sam-
ple provided further evidence of melting (Chantel et al., 2018; Xu et al., 2018). We
have measured the Vp of liquid Fe, liquid Fe with 6 wt.% S, and liquid Fe with 15 wt.%
S at pressures up to 17.8 GPa and temperatures to 2273 K.
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Figure 5.2. Representative X-ray radiographic images of Fe-S samples (MA229) during melt-

ing at approximately 8 GPa. The starting material was a mixture of metallic Fe and troilite (FeS),
with a composition corresponding to Fe-15 wt.% S. The sample was in a subsolidus state at
1173 K, and exhibited coexisting solid Fe and liquid Fe-S between 1273 K and 1573 K. At
1673 K, the sample was fully molten, consisting of a single liquid phase.

5.2.4 Density measurements using the Beer-Lambert method

We used the Beer-Lambert absorption method to evaluate the density of liquid Fe-15
wt.% S at high pressure and high temperature in a multi-anvil press at the PSICHE
beamline. An AlOs disk, 1.2 mm in diameter and 0.25 mm thick, was used as the lid
of the capsule and served as a density standard (Fig. 5.S3). Following the methodology
described by Henry et al. (2022), a polychromator (rutile in this case) was placed in the
beam path after the sample, and a series of absorption profiles spanning energies from
20 keV to 80 keV were collected simultaneously by scanning the sample perpendicu-
larly across the beam with a 25 pum (horizontal) x15 pum (vertical) spot size. The density
of the molten sample was determined from its X-ray absorption profiles using the Beer-

Lambert Law:

I(x) =1, exp[_.uspsls(x) - .uenpenlen(x)] (5.1)

where x is the position along the absorption profile, I, and I are the incident and
transmitted beam intensities, respectively, u is the mass absorption coefficient, p is
the density, and [ is the length of the beam path. The subscripts s and en indicate
the sample and the surrounding assembly environment, respectively. Since the sample

is cylindrical, the length of the beam path across the sample can be expressed as:

Ls(x) = 24/72 = (x — x0)? (5.2)
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where r is the radius of the sample, and x, is the center of an absorption profile.
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Figure 5.3. Density measurements of Fe-S liquids under high pressure obtained using the Beer-
Lambert method. (a) X-ray absorption profile of the liquid sample at various energies. The pixel
brightness indicates the transmitted beam intensity. (b) X-ray image of the liquid sample at 4.8
GPa and 1873 K. “T-C” indicates the thermocouple. The diameter of the sample is 0.617 mm.
(c) Fitting of the X-ray absorption profiles of the liquid sample with X-ray energies ranging
from 31.9 keV to 51.8 keV. The solid circles indicate the projected absorption profiles shown
in (a), and the dashed curves are the fitted profiles at the corresponding energies, labeled beside

each curve.

The absorption profiles of the Al:Os lid were collected to subtract the assembly envi-
ronment’s contribution from the sample’s absorption profile. The parameters g,

ps and r were obtained by fitting the absorption profile at a given energy. The mass
absorption coefficient ug of the sample was assumed to be the same in both the solid
and liquid states at the same X-ray energy. The u, values at different energies were
determined by fitting the pre-melting absorption profiles of the sample, with the density
calculated from the unit cell volumes obtained by XRD and the bulk composition of the
sample. Absorption profiles centered at 31.9, 35.6, 36.3, 40.4, 44.3, 45.1,47.8, and 51.8
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keV, which have sufficient signal-to-noise ratio, were selected for density determina-
tion (Fig. 5.3).

5.25 CAESAR measurements on liquids

For the ultrasonic interferometry and X-ray absorption measurements of Fe-S liquids
conducted at PSICHE, XRD data on the molten sample were simultaneously collected
using the CAESAR technique (Wang et al., 2004; King et al., 2022), allowing both Vp
and density measurements on liquids. A series of ED-XRD spectra were collected at a
20 ranging from 2.5° to 22.1° with a step size of 0.2°, obtained by moving the position
of the Ge detector. The CAESAR method can provide XRD data with a large Q-range
despite the limited opening angle of the multi-anvil press, while also generating a highly
redundant dataset that facilitates efficient background subtraction and data reduction
(Wang et al., 2004; King et al., 2022).

The scattering intensity spectra, 1(Q), were obtained from the 2-dimensional Energy-
Angle-Intensity data using the conversion and correction procedures described in King
et al. (2022). The diffraction peaks from the Al.Os capsules in the 1(Q) profile were
removed using the software RPS (Boccato et al., 2022). The structure factor S(Q), dis-
tribution function F(r), and radial distribution function g(r) were calculated using the
Amorpheus software package (Boccato et al., 2022). The liquid density estimation from
the XRD data follows the methodology of Morard et al. (2014), which assumes that no
atoms are located at distances shorter than the first coordination shell, where F(r) = -
4rrpoand g(r) =0, for O < r < rmin, With rmin being the cutoff radius. During the conver-
sion from 1(Q) to F(r) in Amorpheus, an iterative procedure is applied to minimize
oscillations in the low-r region to satisfy the condition F(r) = -4zrpo. The atomic density

po is determined when F(r) shows minimal oscillations.
5.2.6 Chemical analysis of the recovered samples

After the HP-HT measurements, the assemblies were recovered to ambient conditions
and embedded in epoxy for polishing. The mounted samples, along with the pressure
medium and BDD furnace, were first ground to a position near the center of the sample
using a diamond polishing plate with 9 um diamond grains. Subsequently, the samples
were polished using polishing cloths with progressively finer diamond sprays (1 pum,
0.5 um, and 0.25 pm).
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The chemical compositions of the run products were quantified using a JEOL JXA-
8200 electron probe microanalyzer (EPMA) operated at 15 kV and 15 nA. A defocused
beam with a diameter of 20-30 um was used for analyzing the quenched melt. Metallic
Fe, pyrite (FeS2), and periclase (MgO) were employed as standards for the quantifica-

tion of Fe, S, and O, respectively.

5.3 Results

5.3.1 Elastic properties of Fe-S liquids under high pressure

The measured densities and Vp of liquid Fe and Fe-S alloys are summarized in Table
5.1. The uncertainties in the determined Vp are estimated to range between 2% and 4%,
primarily due to uncertainties in the sample length, as the samples tend to undergo slight
deformation after melting (as shown in Fig. 5.1). In the pressure range investigated in
this study (up to 17.8 GPa), the addition of sulfur decreases the P-wave velocities of
liquid Fe, with this effect diminishing as pressure increases (Fig. 5.4). The influence of
temperature on the Vp of liquid Fe and Fe-S alloys is negligible within the experimental
temperature range and falls within the measurement uncertainties. The Vp of pure liquid
Fe measured up to 14.3 GPa in this study are consistent, within uncertainty, with pre-
vious ultrasonic interferometry studies (Jing et al., 2014; Nishida et al., 2016; Nishida
et al., 2020) and inelastic X-ray scattering (1XS) measurements (Kuwayama et al.,
2020). The literature data on liquid Fe-S alloys show significant discrepancies, and a
comparison with the results of this study parameterized through thermodynamic mod-

eling, is discussed in Section 4.
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Figure 5.4. Densities (a) and P-wave velocities (b) of liquid Fe-FeS solutions. The black
squares, green inverted triangles, and blue circles indicate experimental data from this study for
Fe (1873-2273 K), Fe-6 wt.% S (1690-1873 K), and Fe-15 wt.% S (1473-2073 K), respec-
tively. The curves in the figure are derived from the thermodynamic model determined in this
study, plotted at 2150 K for Fe (black solid curves) and 1750 K for Fe-6 wt.% S (green dashed

curves), Fe-15 wt.% S (blue dotted curves), and FeS (grey solid curves), respectively.

Structure factors S(Q) and radial distribution functions g(r) extracted from the XRD
patterns of Fe-15 wt.% S liquid collected through the CAESAR method, are shown in
Fig. 5.5. As shown in Fig. 5.54 and Table 5.S1, the first sharp peak in the radial distri-
bution function (r1) of Fe-15 wt.% S liquid decreases from 2.51 nm at 4.8 GPa to 2.44
nm at the highest pressure investigated (14.5 GPa), indicating a progressively denser
liquid structure. The r1 positions and their pressure dependence are consistent with pre-
vious measurements for similar compositions (Morard et al., 2018a; Xu et al., 2021),
as shown in Fig. 5.54. The intrinsic uncertainty in the analysis of the XRD pattern for
liquid alloys is approximately 3 atoms/nm3 (Morard et al., 2014; Boccato et al., 2022),
which corresponds to approximately 0.3 g/cm3 for the measurements in this study, alt-
hough the CAESAR method provides significantly better data quality compared to tra-
ditional methods (King et al., 2022; Xu et al., 2021). Nevertheless, in experiments
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where both CAESAR and Beer-Lambert measurements were performed (MA236), the
resulting densities of Fe-15 wt.% S at 4.8 GPa and 1873 K are in good agreement, with
densities of 5.8(3) g/cm3 from XRD measurements and 5.9(1) g/cm3 from the Beer-
Lambert method. This consistency indicates that the accuracy of the XRD method is
acceptable, even though its precision may not be as high. The measured densities of Fe-
S liquids up to 14.5 GPa in this study align well with recent experimental data from Xu
etal. (2021) at lower pressures (<7 GPa), within experimental uncertainties (Fig. 5.S5).
Further comparisons with other experimental data and theoretical calculations are dis-

cussed later, following parameterization through thermodynamic modeling.
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Figure 5.5. Structure factor S(Q) (a) and radial distribution function g(r) (b) of Fe-15 wt.%
liquid from 4.8 to 14.5 GPa. The temperatures range from 1573 to 1773 K. The positions of the

first sharp peak in the radial distribution functions are labeled on top of the peaks.
5.3.2 Melting temperature of liquid Fe

Melting temperatures of liquid Fe determined in this study, using ultrasonic interfer-
ometry and ED-XRD measurements, are closely aligned with the recently reported
melting curves by Hou et al. (2021), Morard et al. (2018b), and Anzellini et al. (2013),
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as shown in Fig. 5.6a. Since the ultrasonic and ED-XRD measurements were conducted
with temperature increments of approximately 50 K, the melting temperatures could be
overestimated by up to 50 K. Even when accounting for these uncertainties, the melting
temperatures determined in this study remain higher than those reported by Sinmyo et
al. (2019) and Ezenwa and Fei (2023). Applying the extrapolation of the empirical pol-
ynomial from Nishihara et al. (2020) to correct for the pressure effect on the EMF of
TC, the actual temperature for Fe melting at 14.3 GPa might be up to 81 K higher than
the TC reading (see Table 5.1). However, since this empirical correction equation was
developed based on experimental data below 1173 K, extrapolation to temperatures
above 2000 K may not be reliable in the context of this study. Therefore, potential cor-
rections for the pressure effect on the EMF are provided in Table 5.1 for reference but
are not applied in the subsequent discussions.

5.3.3 Density of solid FeS phases under high pressure

For sulfur-bearing samples, the P-V-T relationships of FeS IV and FeS V (Urakawa et
al., 2004) were measured below the solidus temperatures. The volume data for the solid
FeS phases are listed in Supplementary Tables 5.S2 and 5.S3 and plotted in Fig. 5.6d
at selected temperatures, with further details shown in Fig. 5.S6. No detectable volume
drops or jumps were observed during the phase transition between FeS 1V and FeS V,
consistent with previous studies that identify this transition as a second-order phase
transition (Fei et al., 1995; Kusaba et al., 1998; Urakawa et al., 2004). The anomalous
compression behavior in the pressure range of 4-12 GPa, previously proposed as a
gradual spin transition of iron (Fei et al., 1995; Kusaba et al., 1998; Urakawa et al.,
2004), was confirmed in our measurements (Fig. 5.6d and Fig. 5.56). The P-V-T rela-
tions of FeS IV and FeS V are in good agreement with previous data and can, therefore,
be combined into a comprehensive dataset for modeling the equations of state of solid

FeS phases.
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Figure 5.6. Melting curves and densities of Fe and FeS. (a, ¢) Melting curves of Fe and FeS.
The red solid circles indicate the experimental data from this study, while the red curves are the
melting curves derived from the thermodynamic models developed in this study. For Fe (panel
a), melting curves from recent literature are shown for comparison: H21 (Hou et al., 2021), S19
(Sinmyo et al., 2019), M18 (Morard et al., 2018b), and A13 (Anzellini et al., 2013). BCC and
HCP boundaries are from Dorogokupets et al. (2017). For FeS (panel c), the melting curve is
compared with high-pressure data from B92 (Boehler, 1992) and ambient pressure data from
WPO5 (Waldner and Pelton, 2005). Upper limits of the melting temperature from X21 (Xu et
al., 2021) and C05 (Chen et al., 2005) are shown, along with the W90 (Williams, 1990) melting
curve. (b, d) Densities and derived equations of state for solid and liquid Fe and FeS. The solid
and dashed lines indicate densities of liquid and solid phases from the thermodynamic model,
plotted in 300 K increments. For Fe (panel b), experimental data for solid Fe (T13: Tsujino et
al., 2013) and liquid Fe (K20: Kuwayama et al., 2020; T11: Tateyamaet al., 2011; H90: Hixson
et al., 1990) are shown. For FeS (panel d), experimental data for solid phases are from this
study, as well as from U04 (Urakawa et al., 2004), K98 (Kusaba et al., 1998), and F95 (Fei et
al., 1995). Liquid-phase data are from X21 (Xu et al., 2021), M18 (Morard et al., 2018a), NO8
(Nishida et al., 2008), and KT70 (Kaiura and Toguri, 1979). The color bar indicates the tem-

peratures of the symbols and curves.
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5.3.4 Chemical compositions of the recovered samples

The chemical compositions of the recovered samples are reported in Supplementary
Table 5.54, except for runs BT699 and MA234, where the melt escaped at the end of
the measurements. In addition to Fe and S, less than 0.6 wt.% of O was detected in the
recovered samples, probably due to slight oxidation of the starting Fe powers. This
amount of O is not substantial and will be ignored in further discussion. The differences
in the S concentrations between the measured values and the starting materials are less
than 1 wt.%, which provides evidence that the measurements were performed in a nom-
inally closed system, where the melts were effectively encapsulated during the in-situ
measurements. We assume that the compositions of BT699 and MA234 were also the

same as the starting material, i.e., pure Fe and Fe-6+1 wt.% S, respectively. Backscat-

tered electron images of the successfully recovered samples are shown in Fig. 5.57.
5.4 Thermodynamic modeling of Fe-FeS liquids

To systematically describe the effect of S on the elastic properties of Fe-rich liquids
and reliably extrapolate the experimental results to the conditions covering the entire
Martian core, we have developed a thermodynamic model based on the end members
Fe and FeS. We combine constraints provided by density and elastic property meas-
urements with data on the end-member melting curves to obtain a single self-consistent
model. The P-T phase relations of a melting curve provide important constraints on
both the densities and elastic properties of liquids once the properties of the correspond-
ing solid phases are well known. We employ the equation of state framework developed
by Stixrude and Lithgow-Bertelloni (2005, 2011, 2024), along with the references cited

therein, as summarized in Supplementary Text 5.S2.
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Table 5.1 Experimental Conditions and Elastic Properties of Fe-S Liquids.

Run No.* P TCreading T correction$ Vp Density Method*
(GPa) (K) (K) (km/s) (g/cm3)

Fe

BT657 8.2(5) 2123(50) 53 4.37(9) - Ultrasonic
7.6(5) 2223(50) 55 4.30(9) - Ultrasonic
14.3(5)  2173(100)* 81 4.72(9) - Ultrasonic
14.3(5)  2273(100)* 88 4.74(9) - Ultrasonic

BT699 4.1(5) 1873(50) 25 4.09(8) - Ultrasonic

T2830 10.0(5) 2073(50) 59 4.43(16) - Ultrasonic

FeosSe

MA234 12.5(5) 1690(50) 48 4.48(9) - Ultrasonic

MA235 7.3(5) 1873(50) 39 4.03(8) 6.6(3) Ultrasonic, XRD

FessSis

MA229  7.6(5) 1673(50) 33 3.85(8) 5.9(3) Ultrasonic, XRD
7.9(5) 1873(50) 41 3.85(8) Ultrasonic
8.0(5) 1913(50) 43 5.8(3) XRD
6.7(5) 2023(50) 42 3.82(16) - Ultrasonic

MA231  13.4(5) 1490(50) 40 4.34(9) 6.5(3) Ultrasonic, XRD
13.1(5) 1573(50) 43 4.33(9) 6.4(3) Ultrasonic, XRD
12.9(55)  1773(50) 53 4.33(9) - Ultrasonic
125(5)  1523(50) 40 4.33(9) 6.4(3) Ultrasonic, XRD

MA233  145(5)  1600(50) 50 4.42(9) 6.7(3) Ultrasonic, XRD
13.9(5)  1680(50) 50 4.41(9) 6.7(3) Ultrasonic, XRD
138(5)  1773(50) 55 4.40(9) - Ultrasonic
14.0(5) 1873(50) 61 4.36(9) - Ultrasonic
13.9(5) 1973(50) 67 4.34(9) - Ultrasonic
12.0(5) 1480(50) 37 4.23(8) 6.7(3) Ultrasonic, XRD
12.8(5) 1573(50) 43 4.26(9) 6.6(3) Ultrasonic, XRD

MA236  4.8(5) 1773(50) 26 - 5.8(3) XRD
4.8(5) 1873(50) 28 - 5.8(3) XRD
4.8(5) 1873(50) 28 - 5.9(1) Beer-Lambert

T2833  17.8(5)  1473(50) 47 4.63(9) - Ultrasonic
175(5)  1600(50) 53 4.61(9) - Ultrasonic

fRun numbers marked with BT, T, and MA refer to multi-anvil experiments conducted at beamline P61B
(DESY), beamline 13IDD (APS), and beamline PSICHE (SOLEIL), respectively.

"The reported pressures were calculated using the EOS of corundum from Shi et al. (2022). The differ-
ences between the pressures calculated using the EOS from Shi et al. (2022) and those from Néri et al.
(2024) are within 0.2 GPa.

$Temperature corrections for the readings of type-D thermocouples at high pressures estimated based on
the empirical polynomial extrapolation from Nishihara et al. (2020).

*TC failed and the temperatures were estimated based on the power-temperature relation estab-
lished below 1773 K in the same heating cycle.

Vp values were measured using ultrasonic interferometry, while densities were determined via XRD or
the Beer-Lambert method.

Numbers in parentheses indicate the uncertainties in the last digit.
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5.4.1 End member properties of Liquid Fe and FeS

Thermodynamic models for Fe and FeS liquid endmembers are derived by fitting sev-
eral key observations: (1) data on the thermal expansion of the liquid phases at ambient
pressure, (2) the EOS of the solid endmembers and the melting curves at high pressures,

and (3) Ve measurements on liquid phases at both ambient and high pressures.

We compared a large set of literature data on the density of liquid Fe at ambient pressure,
as shown in Fig. 5.7a. The fitted model lies in the middle of the wide range of experi-
mental data (Kamiyaetal., 2021; Le Maux et al., 2019; Watanabe et al., 2016; Drotning,
1981; Saito et al., 1969; Kirshenbaum and Cahill, 1962) but shows good agreement
with recent high-temperature measurements up to 2320 K by Le Maux et al. (2019). In
the case of liquid FeS, where limited literature data are available, the fitted model ac-
curately captures the density measurements from Kaiura and Toguri (1979), though it
deviates slightly from the results of Kucharski and Toguri (1994), being approximately
0.1 g/cm? higher (Fig. 5.7b).

Since the Gibbs free energies of the solid and liquid phases are equal along the melting
curve, and the thermodynamic properties of the solid Fe and FeS phases can be well
evaluated, the melting curves offer critical constraints on the Gibbs free energies of Fe

and FeS liquids. Specifically, at the melting point, the Clausius—Clapeyron relation:

dr AV

P - AS (5.3)

where dT /dP is the slope of the melting curve, AS and AV are the entropy and vol-
ume change upon melting, respectively, highlighting that the shape of the melting curve
is sensitive to AV, providing important information on the volume and compressibility
of the liquid phases using well-constrained properties of the solids. Thermodynamic
models for solid Fe and FeS were fit to calorimetric data obtained at ambient pressure
(Chase, 1998 for Fe, and Evans et al., 2010 and references therein for FeS) and thermo-
elastic measurements. For FCC Fe, the equation of state was fitted using data from
Nishihara et al. (2012), Komabayashi et al. (2010), and Tsujino et al. (2013). For FeS
IV and FeS V, data from Fei et al. (1995), Kusaba et al. (1998), and Urakawa et al.
(2004), along with data collected in this study, were used. The transition between FeS
IV and FeS V is described using a tricritical Landau model, and the gradual spin
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transition of Fe in FeS (Urakawa et al., 2004) is treated as the mixing of high-spin and
low-spin FeS end members. More details on the thermodynamic model for solid FeS
are provided in Supplementary Text 5.S3. While a spin transition of Fe may also occur
in liquid FeS, the mixing of high-spin and low-spin states is expected to be significantly
broadened at the high temperatures relevant to planetary core conditions, as seen in the
model for the solid FeS phase (see Fig. 5.S8). Therefore, in this study, the liquid FeS
end member is modeled as a single component. Properties of FeS liquid were then de-
termined by fitting the melting curve of Boehler (1992) up to 43 GPa, which aligns with
the melting data reported by Chen et al. (2005), Xu et al. (2021), and Edmund et al.
(2024). Melting temperatures for Fe determined in this study, along with several recent
Fe melting curves that show consistent results (e.g., Anzellini et al., 2013; Morard et
al., 2018b; Hou et al., 2019), were used to constrain the properties of Fe liquid. The
fitted parameters of the thermodynamic models for the solid and liquid phases are given
in Table 5.2.

The Vp of liquid Fe, measured at both ambient and high pressures, were incorporated
into the fitting of the thermodynamic model for liquid Fe. This dataset includes results
from this study as well as data from the literature (Nasch and Manghnani, 1998; Ku-
wayama et al., 2020; Nishida et al., 2020; Jing et al., 2014). In the case of FeS, however,
limited Vp data is available within the pressure range relevant to this study. The only
applicable data is from Nishida et al. (2016), with Vp of FeS liquid measured up to 6.4
GPa.

Comparisons between the model and experimental data for both solid and liquid Fe and
FeS phases are shown in Fig. 5.6, with further details in Figs. 5.56, 5.S9, and 5.S510.
The density of FeS solid shows complexities both due to an Fe spin transition, which
increases the density of FeS but can be seen to get broader in pressure with increasing
temperature, and due to the second order transition of FeS IV to FeS V, which is tem-
perature dependent. These effects are extremely well matched by the thermodynamic
model, with the pressure and sharpness of the high-spin to low-spin transition of Fe in
FeS at room temperature also matching the pressure and sharpness of the transition
observed in Fe K g emission line data collected by Rueff et al. (1999). Although the
experimental densities of Fe and FeS liquids under high pressures were not included to
fit the end-member models, the models show good agreement with the most recent ex-

perimental measurements. The density of liquid Fe from the present model closely
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matches the experimental data from Kuwayama et al. (2020) across the entire pressure
range of the dataset (Fig. 5.6 and Fig. 5.510). Under Martian core conditions, the dif-
ferences in densities and P-wave velocities of liquid Fe derived from the current model,
compared to other experimentally based models from the literature (Komabayashi et al.,
2014; Dorogokupets et al., 2017), are within 0.2 g/cm?3 and 0.1 km/s, respectively, as
shown in Fig. 5.S11. There is slightly less agreement with a recent model based on ab
initio calculations (Wagle and Steinle-Neumann, 2019), most likely because it was de-
veloped for the TPa pressure range and has fewer constraints at the relatively low pres-

sures relevant to this study.
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Figure 5.7. Densities of Fe (a) and FeS (b) under ambient pressure and elevated temperatures.
The black solid curves depict the densities calculated using the thermodynamic model from this
study. The symbols indicate data from literature for solid Fe (K21: Kamiya et al., 2021; B55:
Basinski, et al., 1955), liquid Fe (LM19: K21: Kamiya et al., 2021; Le Maux et al., 2019; W16:
Watanabe et al., 2016; D81: Drotning, 1981; S69: Saito et al., 1969; KC63: Kirshenbaum and
Cahill, 1962), solid FeS (T05: Tenailleau et al., 2005; S03: Selivanov et al., 2003; K98: Kusaba
1998), and liquid FeS (KT94: Kucharski and Toguri, 1994; KT79: Kaiura and Toguri,
1979). The densities of liquids in the super-cooled temperature regions are not included in the

et al.,

models.

As mentioned earlier, there is a significant discrepancy in the reported densities of lig-
uid FeS under high pressure across the literature. Based on the systematic evaluation in
this study, some of these values can be excluded. For example, the densities of liquid
FeS reported by Nishida et al. (2011) and Chen et al. (2014) are even higher than those
predicted at the same conditions for solid FeS by the EOS derived in this study, which
is unlikely to be the case. In contrast, the current liquid FeS model agrees well with the
experimental observations from Morard et al. (2018a) and Xu et al. (2021), falling

within the experimental uncertainty (Fig. 5.6).
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Table 5.2. Thermodynamic parameters of Fe and FeS phases refined in this study.

. Be
Vo Ko Ky Fy 0o Yo q Ty ¢ Yel Vp Sp Teo
Phase (3 mol
(cm3 mol?) (GPa) (KJ mol?) (K) (K) K?) (cm®mol?t)  (KJ mol?) (K)
FeS V-HS 18.58(3) 85(1) 47  -117.6(3) 249(2)  235(2) 050 300 0 - 0.325(6) 11.2(2) 565
FeS V-LS 16.23(6) 104(2) 40  -106.7(3) 288(3) 173(5) 160 300 0 - 0.325(6) 11.2(2) 565
Liquid FeS 22.31(6) 19.4(3) 65  -271.6(3)  98.5(4)  145(2) 1.80 1460 0 - - - -
FCC Fe 6.93(1) 1502) 55 -2.6(0) 279(2)  2.16(4) 050 300  0.0029(1)  1.2(1) - - -
Liquid Fe 7.96(1) 87(1) 59  -108.1(1) 182(1)  2.08(3) 145 1811  0.0049(1) 0.88(6) - - -

Vy: Volume at reference conditions; Krq: Isothermal bulk modulus at reference conditions; Ky: Pressure derivative of isothermal bulk modulus; F,: Reference value of Helmholtz free
energy; 6,: Debye temperature at reference state; y,: Gruneisen parameter at reference state; g: Volume dependency parameter for the Griineisen parameter; T,:Reference temperature;
B..;: Parameter for thermal excitation of electrons; y,;:VVolume dependence of f,;; Vp: Maximum excess volume of Landau transition; Sp: Maximum excess entropy of Landau transition;
T.o: Critical temperature of Landau transition at ambient pressure. The equations for the thermodynamic expressions are summarized in Supplementary Text 5.S2.
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5.4.2 Elasticity of Fe-FeS solutions

With the end-member thermodynamic models for liquid Fe and FeS established in this
study, we can further examine the elastic properties of Fe-FeS liquid mixtures in detail.
Based on the experimental results from this and previous studies, we find that within
the experimental uncertainties, the densities and Vp of Fe-S liquid mixtures can be ac-
curately described by assuming ideal mixing of the Fe and FeS end members, without
the need to introduce excess volume of mixing terms. The Gibbs free energy of the

mixture is expressed as:

G(P' T, xFeS) = (1 - xFeS)GFeL(P' T) + xFeSGFeSL(P' T)
+(1 = Xpes)RTIN(1 — Xpes) + (Xpes) RTIN(XEes) (5.4)

where Gr,, (P,T) and Gges, (P,T) are the Gibbs free energy of pure liquid Fe and

liquid FeS, respectively. Under a given P-T condition, the volume of the mixture is
V(xpes) = (1 — Xpes)Vre + XpesVpes, (5.5)

but we can also calculate the volume using,

VP,T, xpes) = (Z—i)T, (5.6)

the isothermal bulk modulus from,

Ky(P,T) = -V (Z_I}:)T (5.7)

and the adiabatic bulk modulus from,

K, = V(ap) _Clry (5.8)
s wvls C, T '

where Cp is heat capacity at constant pressure, and Cy, is the heat capacity at constant

volume. Cp, Cy , entropy S and thermal expansion «, are calculated as follows:
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vp = |— (5.13)

Among the literature data on experimental measurements of Fe-S liquid densities, our
model aligns well with recent multi-anvil experiments at pressures below 7 GPa from
Xuetal. (2021), within experimental uncertainty across the full composition range (Fig.
5.S5). Additionally, density measurements from laser-heated diamond anvil cell (LH-
DAC) experiments in the Fe(Ni)-S system by Morard et al. (2013) with 12 wt.% S and
Kawaguchi et al. (2022) with 16 wt.% S also match our model (Fig. 5.S12). However,
the data from Morard et al. (2013) begin to deviate at pressures above approximately
70 GPa, and densities from dynamic compression measurements at pressures above 100
GPa by Huang et al. (2018) show slight inconsistencies with our model. This discrep-
ancy is likely because the FeS end-member model used in this study is constrained by
melting curves up to only 43 GPa, making it potentially less applicable at much higher
pressures. At pressures below 5 GPa, our model shows substantial inconsistencies with
experimental measurements in the Fe-S and Fe(Ni)-S systems (Sanloup et al., 2000;
Balog et al., 2003; Nishida et al., 2008; Morard et al., 2018a), which themselves show
inconsistencies across the literature. This may be due to the complex mixing behavior
caused by strong interactions between Fe-(Ni)-S at low pressures, while the system

tends toward ideal mixing at higher pressures, as supported by the thermodynamic
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modeling in Xu et al. (2021), where the excess volume of mixing diminishes with in-

creasing pressure.

There are also significant discrepancies in the reported effects of sulfur on the Vp of
liquid Fe alloys among experimental studies (Jing et al., 2014; Nishida et al., 2016;
Nishida et al., 2020; Kawaguchi et al., 2017), though the reasons remain unclear. Our
experiments and model show relatively good agreement with the results of Jing et al.
(2014), whereas the trend of Vp in Fe-S liquids rising rapidly to approach or exceed that
of pure Fe at 10 GPa, as reported in Nishida et al. (2020) and Terasaki et al. (2019), is

neither observed in our experiments nor supported by our model (see Fig. 5.S13).

The densities of Fe-S liquids from some recent ab initio calculations (Kuskov and
Belashchenko, 2016; Huang et al., 2023) show good agreement with our experiments
and thermodynamic models (Fig. 5.S14a). However, the Vp from these studies do not
match any experimental observations, including those from this study (Fig. 5.S14b).
This seems to imply that simple pressure corrections to the calculation results may not
adequately capture the second-order thermodynamic properties of Fe-rich liquids. In
the case of another recent ab initio calculation on Fe-16 wt.% S liquid (Li et al., 2024),
where no experimental corrections were applied, neither the density nor Vp aligned

closely with any experimental observations.
5.5 Implications on the composition of the Martian core

Using the newly derived thermodynamic model for the Fe-FeS system, we can place
constraints on the composition of the Martian core based on its density and P-wave
velocity that have been evaluated using data from the InSight lander (St&hler et al., 2021;
Irving et al., 2023; Samuel et al., 2023; Khan et al., 2023). Comparisons of the density
and P-wave velocity of liquid Fe-S alloys with estimates based on the InSight observa-
tions are illustrated in Fig. 5.8, along two hypothetical adiabatic temperature profiles:

one that considers the presence of a basal magma layer (BML) and the other without
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(Samuel et al., 2023). For the BML model comparison we have performed the calcula-
tion at the relatively high core-mantle boundary (CMB) temperature proposed in the
BML model by Samuel et al., (2023). The gradient of the adiabatic temperature profile
is calculated from the Fe-S thermodynamic model:

dT _ TVa

oo (5.14)

Assuming sulfur is the only light element alloyed with Fe in the Martian core, approx-
imately 30 wt.% S would be required to account for recently proposed core densities
that consider no BML (Samuel et al., 2023; Irving et al., 2023). In contrast, either ap-
proximately 20 wt.% or 24 wt.% S would be needed to explain the density deficit in the
Martian core models of Samuel et al. (2023) and Khan et al. (2023), respectively, where

a BML is considered.

To put these possible core concentrations into context, they can be compared with cos-
mochemical estimates for the availability of S in the materials from which Mars is likely
to have formed. Mars has often been considered to have a hereditary relationship to
ordinary or enstatite chondrites, based on oxygen isotopes (Lodders and Fegley, 1997;
Sanloup et al., 1999). If we assume that Mars formed only from ordinary chondrites
(either H, L or LL) (Wasson and Kallemeyn, 1988), and all S partitioned into the core
and none was lost due to volatility, then the core would contain approximately 10 wt. %
S. If it were made from enstatite chondrites, on the other hand, the core would contain
either 16 wt. % S (EL) or 27 wt. % S (EH), with the latter being comparable to that
expected for CI chondrites. Consequently, models based on Mars being formed from
mixtures of these meteorites propose core S contents in the range of 10 — 16 wt %
(Lodders and Fegley, 1997; Sanloup et al., 1999). For concentrations of S in the Martian
core to be more than 20 wt. % would require it to have formed mainly from EH or ClI
type materials and for virtually no S to have been lost due to incomplete condensation

or evaporative processes. However, Mars is clearly depleted in elements with similar
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condensation temperatures to S but which remained lithophile, and a recent estimate
based on the trends of such elements in SNC meteorites, concluded that there should be
<7 wt. % S in the core (Yoshizaki and McDonough, 2020). If Martian core sulfur con-
tents are in the range of 20-30 wt.% then this would imply that the sulfur concentration
of Mars is decoupled from other elements with similar condensation temperatures. This
would also have important implications for the sulfur content of the Earth’s core, which
has in the past been constrained to be < 1.7 wt. % based on the same type of reasoning

(Dreibus and Palme, 1996).

However, a further argument against sulfur being the only light element is that a pure
Fe-S Martian core cannot simultaneously match both the density and V, constraints
from the InSight models, either with or without a BML. As shown in Fig. 5.8c and d,
the high sulfur concentrations required to match the density of the core, decrease the P-
wave velocity. This contradicts models based on InSight data that imply the P-wave
velocity becomes higher than that of pure liquid Fe in the Martian core (Irving et al.,
2023; Samuel et al., 2023; Khan et al., 2023). Although our thermodynamic model
shows that the P-wave velocity of Fe-S liquid tends to converge with pure liquid Fe in
the deeper Martian core, the velocity-lowering effect of sulfur remains significant, par-
ticularly in the upper part of the core. The comparison between the Fe-FeS thermody-
namic model and the trends for the Martian core based on InSight measurements there-
fore highlights the need to consider additional light elements alongside sulfur, which
could stiffen Fe-rich alloys and increase the P-wave velocity under Martian core con-

ditions.
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Figure 5.8. Comparison between the adiabatic properties of Fe-S liquids calculated from the
thermodynamic model developed in this study (solid curves), with models for Martian core
properties that are based on InSight measurements. Panels (a), (c), and (e) show density, longi-
tudinal velocity, and temperature profiles calculated using a reference CMB temperature (T0)
of 2090 K at 19 GPa (P0), compared with profiles that employ InSight measurements but as-
sume no basal magma layer (BML) at the Martian core-mantle boundary (S23: Samuel et al.,
2023). Panels (b), (d), and (f) are calculated at a reference CMB temperature of 2760 K at 22
GPa and are compared with profiles based on InSight measurements that assume the existence
of a BML at the CMB of Mars (523: Samuel et al., 2023; K23: Khan et al., 2023). The grey,
green, blue, and red curves indicate compositions of pure Fe, Fe with 10 wt.% S, Fe with 20

wt.% S, and Fe with 30 wt.% S, respectively.

While the depletion of vanadium and chromium from the Earth’s mantle has been used
to argue for a reducing phase of terrestrial core formation that likely resulted in silicon

entering the core (O'Neill, 1991), for Mars the same depletions do not seem to have
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occurred (Yoshizaki and McDonough, 2020). Oxygen, on the other hand, may dissolve
into Fe-rich liquids in significant amounts if the temperature is sufficiently high (Tsuno
etal., 2011). In the basal magma layer (BML) scenario proposed by Samuel et al. (2023),
for example, the temperature at the Martian CMB is proposed to exceed 2700 K. Under
such conditions approximately 10 mol.% oxygen could have dissolved into the Martian
core, based on the model from Tsuno et al. (2011). However, as oxygen partitioned into
the core, the FeO content of the BML would be lowered, most likely leading to the
BML either crystallizing or becoming gravitationally unstable. A BML may, therefore,
be inconsistent with CMB temperatures that are high enough for significant oxygen to
enter the core. Conversely, in a “cold” CMB scenario, where a BML is absent or where
it is not at the super-liquidus conditions proposed by Samuel et al. (2023), the solubility
of oxygen in the core would be limited, as suggested by earlier models (e.g., Rubie et
al., 2004). Thus, in both scenarios, the concentration of oxygen in the Martian core is

likely to be limited.

Hydrogen and carbon have also been proposed as potential light elements in the Martian
core (e.g., Gudkova and Zharkov, 2004; Y oshizaki and McDonough, 2020; Khan et al.,
2022), although based on their volatility their concentrations in Mars should be much
lower than sulfur. The effects of hydrogen on the elastic properties of liquid Fe at high
pressures remain largely unknown due to experimental challenges. However, since the
P-T melting curve of FeH is relatively flat at pressures below 20 GPa (Sakamaki et al.,
2009), this implies that the densities and compressibilities of the solid and liquid FeH
phases may be similar. We can then make a qualitative estimate of hydrogen's effect on
liquid Fe using experimental results from FeHx solids. Using this approach, we would
expect the addition of hydrogen to increase the P-wave velocity of solid Fe (e.g.,
Sakamaki et al., 2009; Thompson et al., 2018), while reducing its density. We estimate
that approximately 0.3 wt. % H in the Martian core could lower the required amount of

sulfur to within the range 10-15 wt. %, while maintaining a P-wave velocity that was
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broadly consistent with the Insight constraints. This core H content could form through

reduction of approximately 0.7 wt % H2O from the silicate portion of the planet.

The incorporation of carbon (C) has also been shown to significantly increase the sound
velocity of liquid Fe under Martian core conditions, as demonstrated in previous exper-
iments (Nakajima et al., 2015). Therefore, the combined incorporation of S and C into
the Martian core presents another promising solution for explaining seismic observa-
tions of the Martian core. However, the simultaneous incorporation of large amounts of
H and C may be limited, as hydrogen reduces the solubility of carbon in liquid Fe (Hi-
rose et al., 2019). Further systematic studies on the Fe-S-C and Fe-S-H ternary thermo-
dynamic systems are necessary to explore these hypotheses and place more compre-

hensive constraints on the composition of the Martian core.
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Appendix B. Supplementary Material for

The Influence of Sulfur on the Elastic Properties of the Martian Core

Supplementary Text 5.S1.
Starting material syntheses using piston-cylinder press

For the synthesis of Fe-FeS hot-pressed cylinders, Fe powder (<10 um, 99.9%, Alfa-
Aesar) and sulfur chips (99.995%, Chempur) were weighed and ground together in an
agate mortar with ethanol for over 30 minutes to ensure homogeneity. The mixture was
then dried in an oven at 70°C for more than 6 hours. The Fe-S powder was first loaded
into corundum tubes with inner diameters (ID) of either 1.0 mm or 0.6 mm and approx-
imately 1 mm in height. These corundum tubes, containing the Fe-S powder, were
placed inside gold (Au) capsules with an outer diameter (OD) of 5 mm and an ID of 4.8
mm, and the surrounding space was filled with Fe-S powder of the same composition.
Syntheses in the piston-cylinder (PC) press were conducted using the standard “3/4-
inch” assemblies at the Bayerisches Geoinstitut (BGI), heating the samples at 0.5-0.7
GPa and 1000 K for over 6 hours. After cooling and decompression, the samples were
recovered by breaking the corundum tubes. The sides of the resulting sintered samples
were molded by the inner walls of the Al:Os tube into cylindrical forms, although the
top and bottom remained irregular. The samples were then double-side polished, result-
ing in regular cylinders with flat, parallel top and bottom surfaces perpendicular to the

cylindrical sides.
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Supplementary Text 5.S2.
Summary of equations for thermodynamic modeling of end members

The thermodynamic modeling of the endmember phases in this study is based on the equation
of state framework established by Stixrude and Lithgow-Bertelloni (2005, 2011, 2024), along

with the references cited therein.
The Helmholtz free energy, F(V,T), is expressed as:
FV,T)=Fy+ E(V) + [Fen(V,T) = Fen(V, To)] + [Fa(V, T) — Fu(V, To)]  (5.52.1)

where F; isthe Helmholtz free energy of a reference state, and F., F;, and F,; are the con-
tributions from cold compression, thermal lattice vibrations, and thermal excitation of electrons,

respectively. The calculation of F_ is based on Birch’s finite strain theory:
9 2 ' 3
F(V)= EKTOVO[f + (Kr —Df”] (5.52.2)

where V,, is the volume at ambient pressure and reference temperature (1), Krqg is the iso-
thermal bulk modulus at the reference temperature (Ty), and Ky is its pressure derivative. The

scalar part of the Eulerian finite strain, f, is expressed as:

f= %[(%)2/3 _ 1] (5.52.3)

The thermal contribution to the Helmholtz free energy F;,(V,T) is expressed based on the

Debye free energy function:

-3 .9/T
F.,(V,T) = 9nRT (g) f In[1 — exp(—x)] x%dx (5.52.4)
0

where n indicates the number of atoms in the chemical formula, R is the ideal gas constant,

and @ is the Debye temperature. 6 varies with volume and is expressed as:
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1
0% =021+ 6y,f + E(—12y0 + 36y,% — 18q0y0)f2)] (5.52.5)

where y, and q, are the first and second logarithmic volume derivatives of the Debye tem-

perature.

The electronic term F,; is considered only for the metallic Fe phases (BCC, FCC, and liquid

Fe) in this study,
1 2
Fa(V,T) = =5 Ba(VIT (5.52.6)
with

vV Yel
Ber(V) = Beio (70) (5.52.7)

Based on the established F(V,T) expression, the P-V-T equation of state can be obtained by

taking the partial derivative of F with respect to volume.

P(V,T) = — (2_5)7 (5.52.8)

The Gibbs free energy at a given P-T can then be obtained using the relation:
G(P,T)=F(V,T)+ PV (5.52.9)

Following Evans et al. (2010), the second-order phase transition from FeS IV to FeS V is treated
using the tricritical Landau model. When the temperature is lower than the critical temperature
(T,), the contribution of the Landau transition to the Gibbs free energy G; and volume V,,

are given by
1
G, =Sp [(T -T.)Q? + §T60Q6 (5.52.10)

Vex = Vp(1-Q%) (5.52.11)

where Vp and Sp are the maximum excess volume and maximum excess entropy,
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respectively. The macroscopic order parameter Q is expressed as

T
Q= (1 - —) (5.52.12)
Te
and
Vb
T,=T,+—P (5.52.13)
Sp

where Sp is the maximum excess entropy. When T > T,., G, =0 and V,, = Vp.
Therefore, for the solid FeS phase, the Gibbs free energy is expressed as

Geotar(P,T) = G(P,T) + G, (P, T) (5.52.14)
and the volume of the solid FeS phase is expressed as

Viotat = V(P,T) + Vox (P, T) (5.52.15)

Supplementary Text 5.S3.
Thermodynamic modeling of the spin transition in solid FeS

In order to constrain properties of liquid FeS from its melting curve, we need a thermodynamic
model for the solid FeS phases. In this study, the high-spin (HS) and low-spin (LS) states of
NiAs-type FeS phases are treated as two separate end members each with their own equation
of state properties. The gradual spin transition at high pressure and high temperature observed
in experiments is modeled as a progressive change in the fraction of the LS component (x;¢)
within the HS-LS FeS solid solution. The Gibbs free energy of the HS-LS FeS solid solution,

Gress» 1s expressed as

Gress(P,T) = (1 = )Gros, s (P, T) + XGros, s (P, T) + Seons T + Gys(T) (5.53.1)

[149]



where Gres, . and Gpeg, . are the Gibbs free energy of HS and LS FeS, respectively. The con-

figuration entropy of mixing, Scony, 18 expressed as

Scons = xXpsRIn(xys) + (1 — x,5)RIn(1 — x15) (5.83.2)

and the excess energy of mixing, Gy, is modeled using a symmetrical Margules model

Gys(T) = x(1 — x, )W (5.53.3)

where W is the Margules parameter, which is fitted to be 1.1 kJ/mol, and is assumed to remain

constant across different pressures and temperatures.

Under thermodynamic equilibrium, the parameter x5 in Gres.(P,T) at a given P-T condi-
tion can be determined by minimizing Gpess(P, T) with x;5. Once x5 is solved, the volume

of the HS-LS FeS solid solution is calculated as

Vress = (1 — X)Vpes, s + XVres, (5.53.4)
or
aGFeS
Vress = ( 3P 5 ] (5.53.5)

Thermodynamic parameters for the solid FeS phases were evaluated in this study. The proper-
ties of the HS and LS FeS end members, along with the mixing parameters, were fitted simul-
taneously to match the thermochemical properties of FeS at ambient pressure (Evans et al.,
2010 and references therein) and the experimentally measured volumes from this study and
from the literature (Urakawa et al., 2004; Kusaba et al., 1998; Tenailleau et al., 2005; Selivanov
et al., 2003). The resulting model, with parameters listed in Table 5.2, matches the experimental
observations under ambient conditions and successfully describes the abnormal compression

behavior observed at high pressure (Fig. 5.S6).
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Figure. 5.S1. An example of the texture of the Fe-S starting material synthesized using a piston-
cylinder press. The grey and black regions in the backscattered electron image are metallic Fe
and troilite (FeS), respectively. The bulk composition is approximately Fe-6 wt.% S, used in

runs MA234 and MA235.

ZrO, or Al,O,
(crushable)

(crushable)

Figure. 5.52. A schematic of the design (a) and an optical microscope reflected light image of
the recovered high-pressure ultrasonic assembly. “BR” refers to the buffer rod, “BP” to the
backing plate, “S” to the sample, “T-C” to the thermocouple, and “BDD” to boron-doped dia-

mond.
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Figure. 5.83. A schematic of the assembly for X-ray absorption measurements using the Beer-

Lambert method. “T-C” refers to the thermocouple and “BDD” to boron-doped diamond.
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Figure. 5.54. The change of positions of the first sharp peak in the radial distribution functions
(77) with pressure. The compositions of the melts are Fe-S alloys with 14-16 wt.% S. The solid
circles represent the results from this study. 'M18' refers to data from Morard et al. (2018), 'X21'

to Xu et al. (2021).
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Figure. 5.S5. Comparison between model densities determined in this study with experimental
results from various studies at temperatures between 1300 and 1500 K (a), 1500 and 1700 K
(b), 1700 and 1900 K (c), and 1900 and 2300 K (d). The solid circles indicate experimental data
from this study. 'X21' refers to data from Xu et al. (2021), 'T19' to Terasaki et al. (2019), 'M18'
to Morard et al. (2018), 'C14' to Chen et al. (2014), 'N11' to Nishida et al. (2011), 'S00' to
Sanloup et al. (2000), 'NO8' to Nishida et al. (2008), and 'T11' to Tateyama et al. (2011). 'B03'
indicates the equation of state for Fe-10 wt.% S from Balog et al. (2003). T19 provides experi-
mental data from the Fe-Ni-S system, while the others report data from the Fe-S system. The
solid curves in (a), (b), (c), and (d) are generated at 1400 K, 1600 K, 1800 K, and 2000 K,
respectively, using the thermodynamic model from this study. Sulfur concentrations in the melt

are indicated by the symbol colors, as shown in the color bar.
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Figure. 5.S6. Equation of state of the solid FeS polymorphs, FeS IV and FeS V. The solid curves
are generated using the thermodynamic model derived in this study. The solid circles show data
from this study. 'U04' refers to data from Urakawa et al. (2004), 'K98' to Kusaba et al. (1998),
'F95' to Fei et al. (1995). Temperatures are indicated by the symbol colors, as shown in the color
bar. The spin transition creates the strong curvature observed below 10 GPa, mainly at temper-
atures < 800 K because at higher temperatures the transformation occurs over a wide pressure
range and is therefore less obvious. The Landau transition between IV and V phases can be

observed as a kink in the isotherms visible mainly above 10 GPa.
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Figure. 5.57. The back scattered electron images of the recovered samples of run MA229 (a),

MA231 (b), MA233 (c), MA235 (d), MA236 (e), T2830 (f), T2883 (g), and BT657.
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Figure. 5.S8. Spin transition of Fe in FeS IV and FeS V under high pressure. The curves are

generated using the thermodynamic model developed in this study.
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Figure. 5.S9. Equation of state of FCC Fe. The solid curves are generated using the thermody-
namic model developed in this study. The data points from the literature (T13: Tsujino et al.,
2013; K10: Komabayashi et al., 2010; N12: Nishihara et al., 2012) are plotted for comparison.

Temperatures are indicated by the symbol colors, as shown in the color bar.
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Figure. 5.510. Comparison of the density (a) and longitudinal velocity (b) of liquid Fe derived
from the thermodynamic model derived in this study (solid curves), compared with results from

previous studies, up to 135 GPa. K20: Kuwayama et al., 2020; N20: Nishida et al., 2020.
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Figure. 5.S11. Comparison of the adiabatic properties of liquid Fe derived from the thermody-
namic model (solid red curves) developed in this study with other models from the literature.
W19: Wagle and Steinle-Neumann, 2019; D17: Dorogokupets et al., 2017; K14: Komabayashi,
2014. (a) Adiabatic temperature profiles of Fe with a reference temperature of 2000 K at 20
GPa. The slopes of the adiabatic temperature (b), adiabatic bulk moduli (c), Griineisen param-
eters (d), densities (e), and sound velocities of liquid Fe are plotted along the temperature pro-

files shown in (a).
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Figure. 5.512. Comparisons of densities (a) and longitudinal velocities (b) of Fe-FeS melts
calculated from the thermodynamic model with experimental data for the Fe(Ni)-S system from
20 to 135 GPa. The curves are generated from the model, with the corresponding temperatures
and compositions labeled beside them. 'M13' refers to XRD results for Fe(Ni)-12 wt.% S from
Morard et al. (2013) at temperatures between 2140 and 2830 K. 'H18' indicates dynamic com-
pression results for Fe-11.8 wt.% S at temperatures from 2500 to 3130 K from Huang et al.
(2018). 'K22' indicates XRD results for Fe(Ni)-16 wt.% S at temperatures from 3200 to 3700
K from Kawaguchi et al. (2022). 'K17' denotes IXS results for Fe(Ni)-16 wt.% S from Kawa-

guchi et al. (2017) at approximately 2500 K.
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Figure. 5.S13. Comparison between longitudinal velocities for Fe-FeS melts calculated from

the thermodynamic model with experimental results at temperatures of 1300—1500 K (a), 1500—

1700 K (b), 1700-1900 K (c), and 1900-2300 K (d). Solid circles indicate experimental data

from this study. "T19' refers to Terasaki et al. (2019), 'K17' to Kawaguchi et al. (2017), 'J14' to

Jing et al. (2014), 'N20' to Nishida et al. (2020), 'N16' to Nishida et al. (2016), 'K20' to Ku-

wayama et al. (2020), and 'NM98' to Nasch and Manghnani (1998). T19 and K17 provide ex-

perimental data from the Fe-Ni-S system, while the others report data from the Fe-S system.

The solid curves in (a), (b), (¢), and (d) were generated at 1400 K, 1600 K, 1800 K, and 2000

K, respectively, using the thermodynamic model from this study. Sulfur concentrations in the

melt are indicated by the symbol colors, as shown in the color bar.
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Figure. 5.5S14. Comparison of densities (a) and longitudinal velocities (b) of Fe-FeS melts cal-
culated from the thermodynamic model with results from ab initio calculations. 'KB16' refers
to data at 2000 K from Kuskov and Belashchenko (2016), 'H23' to data at 2100 K and 2400 K
from Huang et al. (2023), and 'L24' to data at 2000 K from Li et al. (2024). The solid curves
were derived at 2000 K using the thermodynamic model from this study. Sulfur concentrations

in the melt are indicated by the symbol colors, as shown in the color bar.
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Table 5.S1. Chemical compositions, experimental conditions, and the fitting results of the XRD measurements on Fe-S liquids.

Run No. Fef St P T! rid Density lo 12
(at. %) (at. %) (GPa) 12e) (nm) (atom/nm?) (atom/nm°)
MA229 75.8 24.2 7.6 1673 0.248 71.2 3 0.4
75.8 24.2 8.0 1913 0.247 69.5 3 0.4
MA231 75.4 24.6 13.4 1490 0.244 78.1 3 0.6
75.4 24.6 13.1 1573 0.244 76.6 3 1.9
75.4 24.6 12.5 1523 0.245 76.8 3 1.7
MA233 77.6 22.4 14.5 1600 0.244 79.6 3 2.0
77.6 22.4 13.9 1680 0.244 79.4 3 1.9
77.6 22.4 12.0 1480 0.244 79.4 3 2.2
77.6 22.4 12.8 1573 0.245 78.9 3 1.7
MA235 91.1 8.9 7.3 1873 0.249 73.6 3 0.4
MA236 75.8 24.2 4.8 1773 0.251 70.2 3 0.4
75.8 24.2 4.8 1873 0.249 70.0 3 0.2

"The atomic percentages of Fe and S are normalized based on EPMA measurements from the recovered samples.
The overall uncertainties in pressure and temperature are estimated to be approximately 0.5 GPa and 50 K, respectively.

S 11 represents the fitted position of the first sharp peak in the radial distribution function. The cutoff radius, rmi, was fixed at 0.192 nm for all fittings.
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Table 5.S2. P-V-T relations of FeS IV

No. TC reading” T correctionf Phase Ve Pressure’ a c VFes Vres/Z3
X) K) (A% (GPa) A) A) (A% (A%

MA229-08 773 9 BCC, FeS IV 22.97(1) 7.4 6.725(2) 5.538(2) 216.9(2) 27.11(3)
MA229-13 773 11 FCC, FeS IV 44.56(2) 9.0 6.677(2) 5.494(2) 212.1(2) 26.51(2)
MA231-05 773 9 BCC, FeS IV 22.99(1) 72 6.732(2) 5.545(2) 2177(2) 272102
MA231-14 773 13 HCP, FeS IV 21.53(2) 12.7 6.559(1) 5.378(1) 2003(1)  25.04(1)
MA233-05 773 9 FCC, FeS IV 44.97(1) 7.4 6.732(1)  5542(1)  217.5(1)  27.19(1)
MA234-06 773 9 FCC, FeS IV 44.98(2) 7.4 6.745(2)  55542)  2189(2)  27.36(2)
MA234-16 773 14 HCP, FeS IV 21.44(5) 13.6 6.535(3) 5.366(2) 198.42)  24.81(3)
MA235-06 773 9 FCC, FeS IV 45.08(2) 7.0 6.760(6) 5.568(3) 2204(5)  27.55(6)
MA235-11 773 10 FCC, FeS IV 44.65(2) 8.7 6.688(1)  5.505(1)  2132(1)  26.66(1)
T2833-03 773 11 FCC,FeSIV  44.41(11) 9.7 6.6412)  5453(3)  2083(2)  26.04(3)

fTemperature corrections for the readings of type-D thermocouples at high pressures based on the empirical polynomial extrapolation from Nishihara et al. (2020).
Pressures were calculated using the equation of state of FCC Fe evaluated in this study or BCC and HCP Fe from Dorogokupets et al., 2017.

$The number of formula units per unit cell (Z) for FeS IV is 8.
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Table 5.S3. P-V-T relations of FeS V

No. TC reading” T correction® Phase Ve Pressure’ a c Vres Ves/Z8
(K) (K) (A% (GPa) A) A) (A% (A
MA229-16 973 15 FCC, FeS V 44.99(2) 9.0 3.354(1) 5.516(1) 53.75(5)  26.88(2)
MA229-17 1073 18 FCC, FeS V 45.27(2) 8.8 3.363(1) 5.536(1) 5423(4)  27.122)
MA229-20 1173 20 FCC, FeS V 45.57(1) 8.5 3.378(2) 5565(3)  54.97(15)  27.49(7)
MA230-12* 773 4 BCC, FeS V 23.56(1) 3.0 3.475(1) 5716(3)  59.77(12)  29.89(6)
MA230-17* 773 BCC, FeS V 23.10(1) 6.3 3.397(1) 5.596(2) 5591(9)  27.96(4)
MA230-19* 873 10 FCC, FeS V 45.51(3) 6.3 3.407(1) 5.611(1) 56.41(4)  2821(2)
MA230-20* 973 13 FCC, FeS V 45.46(6) 73 3.396(1) 5.585(1) 5579(5)  27.89(2)
MA230-21* 1073 18 FCC, FeS V 45.25(7) 8.9 3.377(1) 5.561(2) 54.92(6)  27.46(3)
MA232-06 773 4 BCC, FeS V 23.60(1) 27 3.476(2) 5732(3)  59.98(15)  29.99(7)
MA235-14 1073 17 FCC, FeS V 45.46(5) 8.1 3.375(1) 5.546(2) 5471(6)  27.36(3)
MA235-15 1168 17 FCC, FeS V 45.94(10) 72 3393(3)  5.587(10)  55.71(32)  27.86(16)
MA236-09 773 BCC, FeS V 23.67(4) 22 3.477(3) 5732(5)  60.03(20)  30.01(10)
MA236-11 1023 FCC, FeS V 46.78(12) 33 3.482(1) 5.723(2) 60.08(7)  30.04(3)
MA236-15 1073 FCC, FeS V 46.81(17) 3.6 3.475(1) 5.719(2) 50.82(7)  29.91(3)
MA236-16 1173 10 FCC, FeS V 47.07(10) 3.7 3.478(4)  5725(11)  59.98(37)  29.99(19)

fTemperature corrections for the readings of type-D thermocouples at high pressures estimated based on the empirical polynomial extrapolation from Nishihara et al.

(2020).

T Pressures were calculated using the equation of state of FCC Fe evaluated in this study or BCC Fe from Dorogokupets et al.; 2017

SThe number of formula units per unit cell (Z) for FeS V is 2.

*TC failed in run MA230, and the temperatures were estimated based on the power-temperature relation established in other experiments.
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Table 5.84. Chemical composition of the recovered samples

Run No. Fe (Wt.%) S (Wt.%) O (wt.%)  Total (wt.%)
MA229 83.3(4) 15.3(2) 0.6(1) 99.2(5)
MA231 83.4(2) 15.7(1) 0.2(1) 99.3(1)
MA233 84.6(2) 14.0(1) 0.5(1) 99.1(1)
MA235 93.3(4) 5.2(2) 0.6(1) 99.2(3)
MA236 83.1(3) 15.2(2) 0.4(1) 98.7(1)
T2830 98.9(3) 0.0(0) 0.2(1) 99.2(3)
T2833 84.5(1) 14.1(1) 0.6(1) 99.2(1)
BT657 98.6(2) 0.0(0) 0.2(1) 98.9(2)
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Abstract

Seismic, geodetic and cosmochemical evidence point to Mars having a sulfur-rich liquid
core. Due to the similarity between estimates of the core’s sulfur content and the iron - iron
sulfide eutectic composition at core conditions, it has been concluded that temperatures are
too high for Mars to have an inner core. Recent low density estimates for the core, however,
appear consistent with sulfur contents that are higher than the eutectic composition, leading
to the possibility that an inner core could form from a high-pressure iron sulfide phase.
Here we report the crystal structure of a phase with the formula Fes+xSs, the iron content
of which increases with temperature, approaching the stoichiometry FesS3 under Martian
inner core conditions. We show that Fes+xSs has a higher density than the liquid Martian
core and that a Fes+xS3 inner core would crystalize if temperatures fall below 1960 (£105)

K at the center of Mars.
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6.1 Introduction

Observations from NASA's InSight mission have revealed that the core of Mars is enriched
in light elements, as its density appears to be substantially lower than that of Fe-Ni alloy
(Stdhler et al., 2021; Irving et al. 2023; Samuel et al., 2023; Khan et al., 2023). Based on
seismic wave reflections at the apparent core-mantle boundary of Mars, models consider-
ing either the existence (Samuel et al., 2023; Khan et al., 2023) or absence (Stédhler et al.,
2021; Irving et al. 2023; Samuel et al., 2023) of a basal silicate magma layer indicate that
the Martian core contains 9 to 20 wt.% or 20 to 25 wt.% of light elements, respectively. In
either case, the abundance of light elements in the Martian core is significantly higher than
in Earth's core (5 to 10 wt.%) (Hirose et al., 2013), implying considerable differences in
accretion and differentiation processes during the early stages of planetary formation
(Chambers et al., 2001). From cosmochemical perspectives and geochemical considera-
tions, candidate light elements in the Martian core include S, O, C, and H (Wénke and
Dreibus, 1994; Lodders and Fegley, 1997; Sanloup et al., 1999; Yoshizaki and McDonough,
2020). Sulfur, in particular, is often highlighted as a likely major light element in the Mar-
tian core, primarily due to it being the most prevalent moderately volatile element in the
solar nebula (Palme et al., 2014), its siderophile (“iron-loving”) behavior during core-man-
tle differentiation (Rose-Weston et al., 2009), and the fact that core formation on Mars was
likely not a sufficiently reducing or high-temperature process for Si or O to be major light
elements (Rubie et al., 2015). Assessments based on similarly volatile lithophile elements
argue for <7 wt. % S in the Martian core (Yoshizaki and McDonough, 2020) but this would
most likely require significant proportions of C and H to explain the core’s density deficit,
which should, by the same arguments, be even more depleted in Mars than S. If similarly
volatile elements are used to predict the S contents of ordinary and enstatite chondrites, the
resulting concentrations for most of these meteorite sub-types are underestimated, raising
the possibility that S contents of planetary bodies might vary independently of elements

with similar condensation temperatures.

Seismic and lander radio science data from the InSight mission have confirmed that Mars

has a liquid core (Stdhler et al., 2021; Irving et al. 2023; Samuel et al., 2023; Khan et al.,
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2023; Le Maistre et al., 2023), but the presence of a solid inner core cannot be currently
excluded on geophysical grounds (Stdhler et al., 2021; Irving et al. 2023). If further geo-
physical observations were to verify the existence, size, and density of a Martian inner core,
then combined with the appropriate mineral physical interpretation, this would provide es-
sential constraints on the composition and temperature of the interior, as well as the possi-
ble mechanisms that initiated and terminated the magnetic field in early Mars (Breuer et
al., 2015; Helffrich, 2017). In the scenario of a S-rich Martian core, the cooling and solid-
ification processes of an initially fully molten Martian core are primarily governed by the
melting phase relations of the Fe-FeS system under the high-pressure and high-temperature
(HP-HT) conditions relevant to the Martian core. The eutectic composition in the Fe-FeS
system shifts in the direction of the Fe-rich side with increasing pressure, from approxi-
mately 15.5 wt.% S at 21 GPa (Fei et al., 2000), i.e. the pressure at the top of the Martian
core, to approximately 12 wt.% S at 40 GPa (Stewart et al., 2007; Mori et al., 2017; Morard
et al., 2008), the pressure at the center of Mars. Within the possible compositional range of
Mars’ core, either Fe or Fe sulfides could be liquidus phases that might crystalize as an
inner core (Helffrich, 2017; Stewart et al., 2007). Understanding the crystal structures and
densities of these liquidus phases is, therefore, critical for determining their behavior dur-

ing cooling of the Martian core.

In addition to the endmembers Fe and FeS, the solid phases reported under Martian core
conditions in the Fe-FeS system include Fe>S, FesS, and Fes+«S» (Fei et al., 2000; Stewart
et al., 2007). Fe»S is identified as a subsolidus phase in the Fe-FeS system at 21 GPa but is
replaced by FesS or Fe;«S2 when the temperature increases above the solidus temperature
on the FeS-rich side of the eutectic (Fei et al., 2000). Whether Fe,S becomes a liquidus
phase under higher pressures, corresponding to deeper Martian core conditions, remains
unknown. Fes;S adopts a FesP-type structure and has a S content (16 wt.%) close to the
eutectic composition of the Fe-FeS system at Martian core pressures (Fei et al., 2000).
During the cooling of the Martian core, if the sulfur concentration in the liquid core is
above but close to the eutectic composition, FesS is expected to crystallize. FesS would be
gravitationally stable at the center of the Martian core, as its density would be higher than

that of the residual liquid (Stewart et al., 2007). However, if the bulk composition is more
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sulfur-enriched, for example, greater than 16 wt.% S at 21 GPa (Fei et al., 2000), the phase
described as Fe3+xS2 would be the liquidus phase (Helffrich, 2017). Fes+xS> decomposes
during decompression and cannot be recovered to ambient pressure (Fei et al., 1997; Zhao
et al., 2024). Its crystal structure can, therefore, only be investigated in-situ, under high
pressure conditions. The crystal system of Fes+xS> has been determined to be orthorhombic
using powder X-ray diffraction (Zhao et al., 2024), but its structure remains undetermined.

Consequently, the density and elastic properties of Fes+xS> remain largely unknown.

In order to determine the crystal structure and density relations of the elusive Fe3+«S» phase,
we conducted a series of HP-HT experiments within the Fe-FeS system, employing multi-
ple in-situ and ex-situ characterization techniques. However, instead of Fes+xS>, we ob-
tained a crystal structure for an iron sulfide phase that is more accurately described, on the
basis of its crystallography, as Fes+xS3. This phase was synthesized within the P-T and
compositional range where Fes+xSz has been previously reported, which almost certainly
has the same structure. We have further investigated the composition, density and potential

role of Fe4+,S3 in forming a Martian inner core.
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6.2 Results

6.2.1 Structural refinement of Fey+S3

As the target Fes+xS2 phase is known to decompose to nano-crystallites of a few different
phases during decompression (Fei et al., 1997), we performed high-pressure single crystal
structure analyses in the diamond anvil cell (DAC) following in situ syntheses through
laser heating (LH) at pressures of approximately 15 GPa and 21 GPa. The starting material
for the LH-DAC experiments comprised degraded “Fes+xS2” crystals, which were initially
synthesized at pressures ranging from 14 to 16 GPa in a multi-anvil (MA) press. Although
these starting materials maintained a homogeneous composition on a scale of less than 100
nm, their crystal structure experienced degradation during the decompression process in
the MA press, and therefore, cannot be directly used for structure determination. After syn-
theses in the LH-DAC, single crystal X-ray diffraction (SC-XRD) data were collected at
room temperature and high pressures on the newly grown crystals in the reacted LH area.
Using a micro-focused synchrotron X-ray beam (~1 pm * 1 pm) it was possible to index
reflections from numerous sub-um sized grains with different orientations in each sample.
Structural solution of several of these grains led to the identification of a previously un-
known structure exhibiting orthorhombic symmetry in the reacted areas of two experiments
conducted at 15 GPa and 1150(%£200) K (run LJFeS01) and 21 GPa and 1400(£200) K (run
LD101). The reflections measured for all grains indicate clearly that the space group of this
phase is Pnma. Structural refinement of two single crystals exhibiting the best discrepancy
factors in each experiment (see more details in Supplementary Methods) indicates that the
phase is characterized by five non-equivalent crystallographic sites for Fe and three non-

equivalent sites for S.

As shown in Fig.6.1, there are four Fe sites that are five-fold coordinated, forming four
edge-sharing Fe-S square pyramids; whereas the remaining iron site is four-fold coordi-
nated, creating a Fe-S tetrahedron. The fundamental building blocks of the structure of
Fe4+xS3 are consistent with the high pressure Fe12S7 phase (Zurkowski et al., 2022), stable
above 100 GPa and the Fe,S phase stable above 21 GPa (Zurkowski et al., 2022; Oka et
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al., 2022). The tetrahedral site can be considered as an interstitial site between neighboring
Fe-S square pyramids. If all the Fe and S sites are fully occupied, this would lead to a
stoichiometry corresponding to FesSs;. However, refinements of the SC-XRD data indicate
that the Fe tetrahedral site is not fully occupied, leading to a chemical formula Fes:xS3
(Supplementary Table 6.S1 and Table 6.1), where x is the Fe occupancy at the tetrahedral
site. In experimental run LD101, the occupancy of the tetrahedral site in the Fes+xS3 phase
was found to be 0.77 (£0.01), which can be described with the more appropriate stoichi-
ometry Fes.77S3, or following the formula of Fei et al. (2000), Fes.18S>. In another experi-
mental run, LJFeS01, conducted under lower pressure-temperature (P-T) conditions than
LD101, the tetrahedral site occupancy was refined to 0.11 (+£0.01) Fe atoms. This results
in the composition Fe4.11S3, or Fe»74S> when expressed in the Fes+,S, formula. Moreover,
the unit cell volume of the Fes4+xSs phase at 21 GPa and 300 K synthesized in run LD101
(331.2 A%) is notably larger than that at 15 GPa and 300 K synthesized in run LJFeS01
(324.0 A%). This is clearly due to the increased Fe occupancy of the tetrahedral site, which
causes an increase in tetrahedral volume and, therefore, an increase in unit-cell volume (see
Supplementary Discussion and Supplementary Fig. 6.S1). The details of the crystallo-
graphic parameters are presented in Table 1 and Supplementary Table 6.S2. The Fes.11S3
crystal in run LJFeSO1 was then further compressed up to 22.5 GPa at room temperature
to examine its density and compressibility (Supplementary Table 6.S3). The compression
curve of Fe4.11S3 at room temperature was then fitted using a second-order Birch-Murna-
ghan equation of state (Birch, 1947), resulting in Vo = 364.8(5) A* and Ko = 97(2) GPa.
After normalizing to the same pressure, for example, 21 GPa, the densities of Fe4.11S3 and
Fe4.77S3 samples are 23.7% and 20.2% lower than hcp Fe (Fei et al., 2016), respectively.
The non-stoichiometry, therefore, also affects the density, which increases with Fe content,

in spite of the increase in the unit cell volume.
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Figure 6.1. In situ single crystal structure determination of Fes.S3 under high pressure. (a) The
diffraction mapping displays the reflections that satisfy the condition -h -1 | for Fes.S3 (space
group: Pnma), which were collected at 14.9(1) GPa at room temperature following laser heating at
1150(x200) K (run LJFeS01). The data were acquired through a step-scan procedure spanning the
range of o from -30° to 30°. (b) The structural model of Fes:Ss as determined by SC-XRD. (c)
Depiction of the building blocks, including the Fe-S pyramid and semi-occupied Fe-S tetrahedron,
that constitute Fes:xSs. The crystal structure models were visualized using the software Vesta
(Momma and Izumi, 2011).
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Table 6.1. Atomic coordinates and equivalent isotropic displacement parameters for

Fes+xSs

X y z Occ. Uiso

Fes11S3, 14.9(1) GPa, V = 324.0(6) A3

a=10.897(5) A, b =3.125(1) A, c = 9.515(18) A

Fel 05697 (2) 0.25 0.5826 (3) 1 0.029 (1)
Fe2 0.2731(2) 0.25 0.0687 (3) 1 0.026 (2)
Fe3 0.2850(2) 0.25 0.7915 (4) 1 0.027 (2)
Fe4 0.0246(2) 0.25 0.6208 (4) 1 0.035 (1)
Fe5 0.0587 (14) 0.25 0.215(3) 0.11(1) 0.029 (5)
S1 0.3728(3) 0.25 0.5858 (5) 1 0.031 (2)
S2  0.3758(2) 0.25 0.2651 (6) 1 0.030 (2)
S3  0.1275(3) 0.25 0.4203 (5) 1 0.032 (2)
Fes77Ss, 21.1(5) GPa, V = 332.4 (2) A3

a=11.073(3) A, b =3.182(1) A, c = 9.435(4) A

Fel 05724(2) 0.5 0.5745(3) 1 0.018 (1)
Fe2 0.2779(2) 0.25 0.0617 (3) 1 0.019 (1)
Fe3 0.2723(2) 0.25 0.7840 (3) 1 0.021 (1)
Fe4 0.0285(2) 0.25 0.6084 (4) 1 0.028 (1)
Fe5 0.0640(3) 0.25 0.2102(4) 0.77(1) 0.016 (1)
S1 0.3688(4) 0.25 0.5784 (4) 1 0.016 (1)
S2  0.3740 (4) 0.25 0.2628 (5) 1 0.016 (1)
S3  0.1340 (4) 0.25 0.4178 (5) 1 0.019 (1)

The space group of Fes.xSs is Pnma. All the data was collected at room temperature.

To ascertain whether the Fes+xS3 phase we identified at high pressure and room temperature
is thermodynamically stable at the HP-HT conditions of synthesis, and to determine if a
phase transition occurs during temperature quenching, we conducted in situ HP-HT XRD
measurements using an Fe plus 15 wt. % S composition, in a multi-anvil press (MA) at the
beamline PSICHE, SOLEIL (Supplementary Table 6.S4). A representative result (run
MAZ233), as presented in Fig. 6.2, reveals a series of peaks emerging in the energy-disper-
sive (ED) XRD pattern when the temperature reached 800 K at a pressure of approximately
14 GPa. These peaks, which cannot be indexed as polymorphs of Fe and FeS (Urakawa et
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al., 2004), can all be indexed to the Pnma Fe4+xS3 phase identified in our study. This finding
supports the conclusion that the Pnma Fes+«xS3 phase is indeed the thermodynamically sta-
ble phase under these HP-HT conditions. The unit cell expanded by around 6% as the tem-
perature increased from 800 K to 1100 K. This degree of expansion is too large to be solely
attributed to thermal expansion. This abnormal volume expansion confirms the results of
our LH-DAC experiments that the Fes+xS3 phase tends to incorporate more iron and be-

comes progressively denser with increasing temperature.

MA233117
14.9(5) GPa, 1100(50) K

=)
w
|

MA233/16
13.9(5) GPa, 800(50) K

Intensity (a.u.)

MA233/13

14.1(5) GPa, 300 K Fes Il

Energy (keV)

Figure 6.2. In situ ED-XRD patterns collected in a synchrotron MA experiment using an FessSis
starting material conducted at approximately 14 GPa and at the temperatures indicated. The Ge
detector was positioned at an angle of 8.02 degrees 26. The grey, dark yellow, black, violet, and
red sticks indicate bcc Fe, hep Fe, fcc Fe, FeS 11, and Fes.Ss reflections, respectively. The minor
peaks marked with black reversed triangles appear to be residual from FeS IV and those marked

by diamonds are from FeO.

The Fe4xS3 phase discovered in this study is stable within the same P-T range reported for
the Fes+xS> and FesS, phases in the literature (Fei et al., 2000; Fei et al., 1997; Zhao et al.,
2024; Zhang et al., 2008; Tsuno et al., 2009; Urakawa et al., 2018). The composition range
and temperature-composition relations of Fe4+xS3 are consistent with that reported for both

FesxS2 and FesS, (see Fig. 6.3a). Therefore, the FesxS2 or FesS; phase, whose crystal
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structure was previously unknown, is certain to be the same as the Fe4xS3 phase identified

in this study
6.2.2 P-V-T-x relations of Fe4+S3

Chemical composition analyses of the quenched products from our in-house MA experi-
ments further demonstrate the nonstoichiometric nature of the Fes+xS3 phase, as well as its
relationship with P, T, and sulfur activity. These experiments were carried out within the
Fe-FeS system under a range of conditions: pressures from 14 to 27 GPa, temperatures
from 918 to 1640 K, and varying bulk sulfur concentrations (Supplementary Table 6.S5).
Representative images illustrating the phase assemblages and textures of the recovered
samples can be found in the Supplementary Fig. 6.S2. Fig. 6.S3a illustrates that the
Fe/(Fe+S) ratio, and consequently the value of x in Fe4+,S3, increases notably with increas-
ing temperature. A large range of variation in the value of x in Fe4+xS3, from 0.09 to 0.80,
was observed in this study that approaches the theoretical limits permissible within the
crystallographic framework (i.e. 0 to 1). However, x also varies depending on the nature of
the coexisting phase, i.e. the Fe activity, being approximately 0.2 higher when coexisting
with metallic iron compared to FeS at 16 GPa, based on the results in this study. Although
we cannot quantify the effect of pressure on the variation of x from the current dataset, x
may increase with pressure at a given temperature. This possibility is implied by the devi-
ation observed in the previous study by Fei et al. (2000), conducted at 21 GPa, where x

values are higher and deviate from the trend observed at 16 GPa in this study.

With the established relationship between temperature and composition for Fe4+xS3, we can
evaluate its P-V-T-x relations using the HP-HT data from this study and from the literature
(Zhao et al., 2024). The experiments from Zhao et al. (2024) were conducted at pressures
between 13 and 16 GPa, and contain metallic iron. Therefore, we can fit the temperature-
composition relationship from our in-house multi-anvil (MA) experiments and literature
(Urakawa et al., 2004; Tsuno et al., 2009) with FesxS3 coexisting with metallic iron at
approximately 16 GPa to constrain the compositional effects (i.e. influence of the x param-
eter) on volume. A linear fit of x=aX (T —b) yields the result a=9.5+

0.6 x 107*K™! and b = 750+ 50K, where T is in K. The composition-volume
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relation can be determined using the single crystal refinements collected in this study, from
the volume difference between the Fe4.11S; and Fes.77S3 samples, after normalization to the
same pressure. After correcting the effects of composition and compressibility on the vol-
ume of Fe4xS3, we can estimate its thermal expansion. We assume that the thermal expan-
sion coefficient of FesxS3 does not vary significantly with x, and fit the P-V-T data of
Fe4xS3 from this study and the literature (Zhao et al., 2024) using the thermal expansion
expression: @ = 1/V (dV/0T)p, assuming a remains constant over the limited pressure
(13 to 16 GPa) and temperature range (800 to 1100 K). The resulting thermal expansion
coefficient is 5.3£2.0 x 10-5 K-1, which is comparable to that of the FesS phase (~3.6 x
10-5 K-1 at 1000 K and 15 GPa, Chen et al., 2007), but significantly smaller than that
previously estimated for the “Fe3S,” phase (~26.58 x 10-5 K-1) in the same pressure and
temperature range (Zhao et al., 2024). The significant overestimation of « in the previous
study by Zhao et al. (2024) is due to the fact that the volume expansion resulting from
compositional variation with temperature was not accounted for separately in the evalua-
tion of thermal expansion. The P-V-T-x relations of FesS3 are shown in Fig. 6.3. These
relations accurately describe the large volume changes observed in the experimental data,

which are caused by both thermal expansion and compositional variation.
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Figure. 6.3. P-V-T-x relations of Fes.xSs. (a) Compositions of Fes.xSz obtained from quenched MA
experiments. In the present study, the Fes.xSz samples coexist with metallic Fe (red-filled circles,
16 GPa), solid FeS (black open inverted triangles, 14 GPa; black solid inverted triangles, 16 GPa),
or Fe-S melt (blue solid diamonds, 16 GPa; blue open diamonds, 27 GPa). The grey symbols indi-
cate results from the literature: open squares (Tsuno et al., 2009), filled triangles (Fei et al., 2000),
open triangles (Zhang et al., 2008), and the filled star (Urakawa et al., 2018). The red dashed line
is a linear fit of the x-T relationship for samples coexisting with metallic iron at pressures of 15-16
GPa. (b) Compression curves of Fes.xSs for various compositions and temperatures. The black
dashed line, orange solid line, red solid line, and violet solid line show values generated from the
P-V-T-x model at 300 K, 800 K, 950 K, and 1100 K. The x values in high temperature curves
follow the x-T relations indicated by the red dashed line in Fig. 6.3a. The black diamonds and
triangles are data collected in a DAC at 300 K in this study. The solid circles are the HP-HT data
in this study and the open squares are the HP-HT data from the literature, which were interpreted
as FesS; (Zhao et al., 2024). The red dashed line indicates the EOS of “FesS,” at 940 K, as reported
by Zhao et al. (2024).

6.3 Discussion

Although there is currently no direct geophysical evidence confirming the existence of a
Martian inner core, recent seismic and geodetic observations have provided important con-
straints on the state of the core as a whole (Stéhler et al., 2021; Irving et al. 2023; Samuel
et al., 2023; Khan et al., 2023; Le Maistre et al., 2023). Seismic measurements have de-

tected the apparent core-mantle boundary of Mars, supplied decisive evidence that at least
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the upper region of Mars' core is in a liquid state and provided estimates for the core’s
average density (Stahler et al., 2021; Irving et al. 2023; Samuel et al., 2023; Khan et al.,
2023) that range from 5.7 to 6.65 g/cm3. The substantial variation in these density estimates
stems from whether a basal magma layer is considered to exit, which in turn implies dif-
ferent thermal regimes for Mars’ interior. While the innermost state of Mars' core has not
yet been revealed by seismic observations, the detected liquid region of the core sets an
upper limit to a potential inner core radius of < 750 km (Irving et al. 2023). Models based
on geodesy also support the existence of a liquid core, though these observations are gen-
erally insensitive to an inner core unless it is sufficiently big (Defraigne et al., 2003). Based
on the assumption that the sulfur content of Mars' core may be quite close to the Fe-FeS
eutectic, previous models have proposed that temperatures are likely too high for an inner
core to form (Stewart et al., 2007; Fei et al., 2005). However, the relatively low densities
recently proposed for the core (Stahler et al., 2021; Irving et al. 2023; Samuel et al., 2023)
raises the possibility that the composition may lie to the S-rich side of the eutectic at con-
ditions approaching the center of Mars. To examine this possibility, we first determine
whether an Fes+xSz inner core would be gravitationally stable and the temperature required
for it to crystallize, then compare this with proposed Martian areotherms to assess the likely

core crystallization regime.

If we extrapolate the obtained P-V-T-x relations for Fes+xSs to inner core conditions, the
density will increase both due to compression and because x will approach 1, reaching a
value of 7.5(+0.3) g/cm?® at the center of Mars (40 GPa and 2000K). This is larger than the
range estimated using recent seismic observations for the density at the center of a liquid
Martian core (Stahler et al., 2021; Irving et al. 2023; Samuel et al., 2023; Khan et al., 2023),
implying that an Fes+xSz inner core would be gravitationally stable in a bottom-up crystal-
lization regime (Supplementary Fig. 6.S3). It is worth noting that in estimating the density
of Fes+xS3, the thermal expansion coefficient was assumed to be constant, which likely
results in a slight underestimate of the inner core density. Even though this assumption
does affect the conclusion of gravitational stability, further in situ HP-HT experiments

would be required to establish a full thermodynamic model describing the P-V-T-x
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relations of Fes+xS3, considering both the P-T effect on the variation of x and the effect of

x on the thermoelastic properties of Fes+xSa.

2200

2000

1800

1600

Temperature (K)

1400 — —Fe-10Wt.% S
- - <Fe-14Wt.% S
— - -Fe-18Wt.% S
1200 F —— Fe-22 wt.% S| -
1 1 ] 1 1
15 20 25 30 35 40

Pressure (GPa)

Figure 6.4 Fe-S system liquidus curves as a function of pressure. Black dashed line: Fe-10 wt.% S
liquid where Fe is the liquidus phase; blue dotted line: Fe-14 wt.% S where FesS is the liquidus
phase; black dotted line: Fe-14 wt.% S where Fe is the liquidus phase < 25 GPa; red sold lines: Fe-
18 wt.% S with Fes+xSs as the liquidus phase; red dash-dot line: Fe-22 wt.% S with Fes.xS3 as the
liquidus phase. The grey-shaded regions are estimated areotherm of the Martian core'® with CMB
temperatures at 1700 K and 1900 K.

Constraints on the temperature for inner core crystallization can be obtained by examining
the thermal stability of Fes+xSs, which increases quite significantly with pressure, from less
than 1200 K at 14 GPa (Fei et al., 1997) to ~1500 K at 21 GPa (Fei et al., 2000). At higher
temperatures, Fes«Ss will melt incongruently to form solid FeS and Fe-S liquid:
Fe,,xS3(solid) = 2FeS(solid) + Fe, S (liquid). The Fes+xS3 synthesized in this study
coexists with Fe-S liquid at 1640 K and 27 GPa, indicating a melting temperature higher
than this. An extrapolation of the melting curve to the pressure at the center of the Martian
core (~40 GPa), indicates that Fes+xSs is stable up to approximately 1970(£105) K (Sup-
plementary Fig. 6.S4). This relatively refractory behavior of Fes+xS3 underlines the poten-

tial for it to form planetary inner cores.
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The solidification regime of the Martian core will depend on the core’s composition and
temperature. We have parameterized the melting phase relations in the Fe-FeS system up
to 40 GPa considering the liquidus phases Fe, FesS, Fes+xS3, and FeS and using our results
and those from the literature (Supplementary Fig. 6.S5). Since there is no experimental
evidence to support the stability of Fe12S7 and Fe>S (Zurkowski et al., 2022; Fei et al.,
2000) as liquidus phases under Martian core conditions, these phases were not considered
in our model. Fig. 6.4 shows Fe-S liquidus curves for different amounts of S, compared
with Martian areotherms, from which the core solidification regime can be inferred by
considering potential points of intersection. As illustrated in Fig. 6.5., during the cooling
of Mars, if the core contains ~7-12 wt.% S, Fe-metal snow will form at the top of the
Martian core, as proposed previously (Stewart et al., 2007). The crystalized Fe will sink
but will be dissolved again in the deeper core region where the liquidus temperature is then
lower than the areotherm (see curve 10 wt.% S in Fig. 6.4). If the Martian core contains
~13-16 wt.% S, the liquidus curve will first decrease with pressure (see curve 14 wt.% S
in Fig. 6.4), where Fe-metal is the liquidus phase. However, as the S content of the eutectic
melt decreases with increasing pressure, FesS will replace Fe as the liquidus phase at higher
pressures (21 to 32 GPa, depending on the exact S content), which will cause the liquidus
temperature to increase with pressure. In this case, the areotherm could intersect the liqui-
dus curve at both the top and bottom of the Martian core, which means that both iron snow
and bottom-up growth of FesS could occur simultaneously. However, if the Martian core
contains 17-25 wt.% S, which would be quite consistent with recent density estimates
(Stéhler et al., 2021; Irving et al. 2023; Samuel et al., 2023), Fes+xS3z will be the liquidus
phase over the entire pressure range of the Martian core, with a liquidus temperature that
increases continuously with pressure (see curves 18 and 22 wt.% S in Fig. 6.4). This means
that an Fes+xSsz inner core will start to crystalize if the center of such a S-rich Martian core

cools below approximately 1960 K.

Mars has no active global magnetic field, implying that there is no dynamo operating in
the Martian core. Crystallization of Fe in the form of iron snow would cause chemical
convection below the snow zone, although whether this convection would provide enough

energy to run a dynamo is debated (Breuer et al., 2015; Helffrich et al., 2017; Hauck et al.,
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2006; Bland et al., 2008; Riickriemen et al., 2015), as it is dependent on the generation of
a positive net buoyancy flux (Hemingway et al., 2021). In contrast, the crystallization of a
sulfide inner core is consistent with the absence of an active dynamo, as the residual liquid
would be richer in Fe and would, therefore, remain at the base of the outer core, inhibiting

chemical convection (Breuer et al., 2015).

~7-12wt% 3 ~13-16wt.% 3 ~17-25wt% 3

.o:.t.: : .:ﬂ':'::': :'.o

g =)

FeqS,

“Fe show” “Fe snow” and Fe,.S, bottom-up
Fe,S bottom-up

Figure 6.5. Solidification regimes of the Martian core for different bulk core sulfur concentrations.
(@) Iron snow. (b) Simultaneous iron snow and FesS crystalizing from the center. (c) Bottom-up

crystallization of FesxSa.

The presence of an inner core composed of Fes+xSz would likely have a negligible impact
on interpretations of geodetic observations. For instance, with a small inner core allowed
by current seismic constraints (e.g., a radius of <600 km), the mass of an FesSs inner core
would constitute less than 5% of the total core mass, altering the moment of inertia by only
~0.1%. Additionally, according to numerical calculations, the nutation effects of an inner
core with a radius of 600 km are expected to be insignificant (Defraigne et al., 2003). Thus,
geodesy alone may be insufficient to constrain the existence of a relatively small inner
core, and further seismic observations from future space missions, as well as additional
analyses of InSight seismic data, are needed to provide more definitive evidence regarding
the presence or absence of a Martian inner core. Further experimental measurements to
enable seismic velocities of Fes+xSs to be determined would be also important for the in-

terpretation of potential inner core-related seismic signals.

The temperature at the center of the Martian core would need to be lower than 1800 K to

allow FesS to crystallize or for an 'iron snow' zone to reach the Martian center and form an
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inner core of Fe (Fig. 6.4). This corresponds to a temperature of approximately 1500-1600
K at the core-mantle boundary (CMB), which is lower than all current thermal models for
Mars (Fei et al., 2005; Hauck and Phillips, 2002; Williams and Nimmo, 2004; Plesa et al.,
2015; Samuel et al., 2021; Huang et al., 2022). Therefore, crystallization of an FesS or Fe
inner core are likely to be only future scenarios, possible only after Mars has cooled further
(Stewart et al., 2007). On the other hand, the crystallization temperature of Fes+xSzin a core
containing, for example, 22 wt.% S—an amount that could satisfy the Martian core's den-
sity deficit (e.g., Irving et al. 2023)—would be approximately 1960 (x105) K. This ap-
proaches the lower limit of the estimated temperature of the Martian core in some thermal
models (Hauck and Phillips, 2002; Williams and Nimmo, 2004; Plesa et al., 2015). The
detection of a Martian inner core through further geophysical observations, along with an
estimate of its density, would provide critical constraints on the chemical composition and
temperature of the Martian core. Moreover, the existence of a Martian inner core would
imply a relatively cool Martian interior, which would be incompatible with the presence of
a basal magma layer on top of the CMB. Conversely, if an inner core is confirmed to be
absent, the Fes+xSs melting temperature, i.e., 1960 (£105) K, would provide a lower limit

for the temperature at the center of Mars.

It is worth noting that the addition of other light elements, such as O, C, and H, may impact
the crystallization phase relations of the Fe-FeS system, though the effects remain largely
unknown due to a lack of experimental studies in more complex systems. On the one hand,
the addition of multiple light elements could further lower the eutectic temperature of the
system making an inner core less likely. On the other hand, it is possible that elements such
as H, that can be incorporated in high pressure sulfides in stoichiometric proportions
(Abeykoon et al., 2023), might partition sub-equally between liquid and melt phases and
have little effect on crystallization temperatures. While this study provides a preliminary
estimation of the likelihood of Fes+xS3 crystallization in the Martian core, further experi-
ments involving relevant more complex chemical compositions are needed to test the hy-

potheses proposed here.

6.4 Methods
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Starting material. The initial mixtures were composed of metallic iron powder (99.9%, 10
pm particle size) and high-purity elemental sulfur (99.999%). The bulk compositions of
the mixtures are listed in Supplementary Table 6.S5. The elements were mixed in an agate
mortar under ethanol for about 45 minutes, followed by drying overnight in an oven at 340
K. For the in-house multi-anvil experiments, the mixed powder was directly used as the
starting material, without any pre-treatment. For the synchrotron multi-anvil experiments,
the powder mixtures underwent a pre-sintering process. This involved compressing the
powders in a piston-cylinder press at 0.5 GPa and 1000 K for over 6 hours. Following
sintering, the materials were machined into regular cylinders, each measuring approxi-
mately 1 mm in diameter and 0.6 mm in height. The sintered cylinders contained a mixture
of metallic Fe and troilite (FeS). For the LH-DAC experiments, a pre-synthesized Fes+xS3
crystal separated from a prior multi-anvil experiment was utilized. The degraded crystal

was pre-compressed into a thin pallet, roughly 10 pum thick, to serve as the starting material.

In-house multi-anvil experiments. 10 mm and 7 mm edge length octahedral assemblies
were compressed using tungsten carbide cubic anvils with 5 mm and 3 mm truncation edge
lengths (TEL), respectively. The 10/5 assembly was used for experiments targeting pres-
sures between 14 to 16 GPa. The 7/3 assembly was utilized for the experiments at 27 GPa
(Ishii et al., 2016; Liu et al., 2017). In these in-house multi-anvil experiments, the pressure
uncertainties at high temperatures are estimated to be +2 GPa. The starting materials were
loaded into a gold capsule for run S7995, while MgO capsules were used in all other runs.
After reaching the target loads, the samples were heated to high temperatures using LaCrO3
heaters. Temperatures were monitored using a type D W-Re thermocouple, except for run
S7995 and 11691a, where the temperature was estimated based on the power-temperature
relation from previous experiments. The pressure effects on the electromotive force (EMF)
of the thermocouple were corrected (Nishihara et al., 2020). These temperatures were
maintained for durations ranging from 1 to 10 hours, followed by rapid quenching to room

temperature by shutting down the power source.

Synchrotron multi-anvil experiments. The experiments were conducted at the beamline
PSICHE at the SOLEIL synchrotron (King et al., 2022). This assembly was equipped with
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a boron-doped diamond (BDD) heater, synthesized through the chemical vapor deposition
(CVD) method (Nishida et al., 2020; Xie et al., 2020). The CVD-BDD heaters are notable
for providing stable heating conditions and high X-ray transparency, which assists the col-
lection of high quality XRD data. The assemblies were compressed to high pressures using
tungsten carbide anvils with 5 mm TEL. The samples, which were placed in a corundum
(Al203) capsule, were illuminated by the white X-ray beams, and the energy-dispersive
XRD patterns of the samples were collected in-situ at high pressures and high temperatures.
The unit cell parameters of the phases present in the samples were determined through
Rietveld Le Bail fitting, using the GSAS-11 software package (Toby et al., 2013). Temper-
atures were measured using a type D thermocouple, with corrections also applied for pres-
sure effects on the EMF (Nishihara et al., 2020). Pressures were evaluated using the equa-
tion of state of corundum (Shi et al., 2022). The differences in pressure are less than 0.2

GPa when applying an alternative pressure standard for corundum (Néri et al., 2024).

Single crystal syntheses in LH-DAC and high-pressure SC-XRD. We employed a BX90-
type diamond anvil cell (Kantor et al., 2012), equipped with a pair of diamond anvils each
having a culet diameter of 250 um for the high-pressure single crystal synthesis and meas-
urements. Pre-indented rhenium gaskets were employed. A thin platelet of Fes+xS3 sample
was sandwiched between two KCI layers and compressed to approximately 15 GPa in run
LJFeS01. KCI provided both thermal insulation and the pressure marker (Dewaele et al.,
2012) in the experiment. The sample was then heated from both sides using near-infrared
lasers to a temperature of 1150 (200) K, employing a modified version of the portable
double-sided laser of the ID14 beamline at ESRF (Kupenko et al., 2012; Aprilis et al.,
2017). The temperature for LJFeS01 was estimated based on the melting phase relations in
the high-pressure Fe-FeS system (Fei et al., 1997), as the Fes+xSs phase coexisted with Fe-
S liquid (Supplementary Fig. 6.56). For run LD101, helium was loaded at 1.2 kbar and
served both as a pressure-transmitting medium and thermal insulator for laser heating. The
sample was compressed to approximately 20 GPa and then heated to 1300 (200) K, em-
ploying the in-house laser-heating system at the Bayerisches Geoinstitut (Fedotenko et al.,
2019), with temperatures estimated by fitting the radiation of the sample using a grey body

approximation. The pressure of run LD101 was estimated based on a pressure calibration
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of the Raman shift of the diamond anvils (Akahama and Kawamura, 2006). For both runs,
the samples were subjected to heating for durations ranging from 5 to 10 seconds before
being rapidly quenched to room temperature.

High-pressure XRD measurements were conducted at the high-pressure diffraction beam-
line ID15B at the ESRF in Grenoble. We utilized a focused X-ray beam with a wavelength
of 0.4100 A, and a beam size of approximately 1 pm x 1 pm. Initially, a 2D-scan XRD
map with a step size of 2 um was constructed by scanning the sample stage (Hrubiak et al.,
2019). This process was aimed at locating phases of interest within the samples, as illus-
trated in Supplementary Fig. 6.S6. Upon locating these phases, SC-XRD data collection
was conducted over a range of -30 degrees to +30 degrees for LJIFeS01, and -34 degrees to
+34 degrees for LD101, with an increment step of 0.5 degrees. The Domain Auto Finder
program (DAFi) (Aslandukov et al., 2022) was employed for the rapid identification of
domains of Fes+xS3 microcrystals within the complete SC-XRD dataset collected from the
multiphase samples. Domains of Fes+xS3 were primarily located in the region adjacent to
the melt within the laser-heated spots. In the colder areas of the laser-heated spot, FeS I11
and several unidentified phases were indexed from the SC-XRD dataset. As this paper
concentrates on the stability of liquidus phases, some further reflections for the unidentified
subsolidus sulfide structures identified within the samples are outside of the scope of this
discussion. Data reductions were performed using the CrysAlis Pro software package. The
crystal structures of Fes+xSs from each run were subsequently solved and refined using the
Olex2 software package (Dolomanov et al., 2009). Further details regarding the structure

solution and refinement can be found in Supplementary Methods.

Sample Recovery and Chemical Analysis. After the completion of the in-house multi-anvil
experiments, the run products were carefully recovered to ambient conditions, mounted in
epoxy resin and subsequently polished for chemical analyses. The samples were analyzed
using a JEOL JXA-8200 electron probe microanalyzer (EPMA), which was operated at 15
kV and 15 nA. Calibration standards of metallic iron, pyrite, and periclase were employed
for Fe, S, and O, respectively. The solid phases of the samples were analyzed with a fo-

cused beam, approximately 1 um in diameter. The compositions of the quenched liquids
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were measured using a defocused beam with a diameter ranging from 10 to 30 pm, de-

pending on the size of the quenched texture.

Parameterization of liquidus temperature. The pressure and composition dependencies of
the liquidus temperature are parameterized following a similar approach to previous mod-
els (Rivoldini et al., 2011; Helffrich, 2017), incorporating more experimental constraints
from this study. The melting phase diagram at a given pressure is constructed using the
melting temperatures of the liquidus phases (Fe, FesS, Fes+xSs, and FeS) and the eutectic
temperature and composition as anchor points. It is assumed that the liquidus temperature
has a linear dependence on sulfur concentration when Fe or FeS is the liquidus phase, and
a parabolic dependence on sulfur concentration when Fes+S3 or FesS are the liquidus
phases. Fe, Fes+xSs, and FeS are liquidus phases at pressures from 14 to 21 GPa, while Fe,
FesS, Fes+xSs, and FeS are liquidus phases at pressures above 21 GPa. We use the melting
curves of Fe (Dorogokuoets et al., 2017) and FeS (Boehler, 1992) from the literature and
evaluate the eutectic compositions and temperatures at high pressures (Supplementary Fig.
6.57), as well as the melting curves of FesS and Fes+Ss (Supplementary Fig. 6.54), using
data from this study and the literature (Fei et al., 1997; Fei et al., 2000; Thompson et al.,
2022). The change in the peritectic composition from Fes+xSz plus liquid to FeS plus liquid
as a function of pressure was estimated based on data from this study and the literature (Fei
etal., 1997; Fei et al., 2000). The sulfur content is parameterized to increase with pressure
until it reaches the composition of FesSz. Meanwhile, the peritectic composition at the point
where FesS plus liquid reacts to Fes+S3 plus liquid is assumed to be the composition of
FesS (16.1 wt.% S). The parameters describing the model are listed in Supplementary Table
6.56. The melting phase relations at 15 GPa, 21 GPa, 27 GPa, and 40 GPa, generated using
this model, are plotted in Supplementary Fig. 6.S5 and compared with literature data to

demonstrate consistency.
Data Availability

The data supporting the main findings of this work are available in the main text and the
supplementary materials. Additional data can be available from the corresponding author

upon request.
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Appendix C. Supplementary Material for

The structure and stability of Fes+xS3 and its potential to form a Martian inner core

Supplementary Methods

Single crystal structure solution and refinement of Fes+xS3. We utilized the Olex2 soft-
ware package (Dolomanov et al., 2009) to solve and refine the single-crystal data after data
reduction. Atomic scattering factors were used for the Fe and S atoms. In a preliminary
model the structural solution identified four Fe positions (Fel-Fe4) and three S positions
(S1-S3), which form edge-sharing Fe-S square pyramids. All these atomic positions were
refined anisotropically. However, significant electron density was observed in the intersti-
tial sites among the square pyramids. The electron cloud intensity was insufficient to be
identified as an Fe atom, and if identified as an S atom, the S-S bond length would be
unrealistically short. We used the Platon software within the Olex2 package to search un-
successfully for twin laws, confirming that the abnormal electron density in the interstitial
site was not due to twinning. Based on the known compositional information of this phase,
we propose that the interstitial site is occupied only partially by Fe (Fe5). Since the occu-
pancies for Fel, Fe2, Fe3, Fe4, S1, S2, and S3 were 0.98, 1.00, 0.98, 0.98, 1.00, 0.99, and
1.03, respectively, these positions can be considered fully occupied within the measure-
ment error range. Therefore, we fixed these positions to full occupancy and refined the

occupancy of the Fe5 position which was refined isotropically.

[200]



Supplementary Discussion

Single-crystal structure-chemistry relationship. The two single-crystal samples analyzed
in this study have different compositions due to the presence of a different amount of Fe in
the tetrahedral interstitial site (Fe5). As the amount of Fe increases at the Fe5 site the tet-
rahedral volume also increases. Such changes cannot be compared directly, since the pres-
sure at which the two samples have been measured is different, however, since the change
in the tetrahedral volume between sample LJFeS01 (4.54(1) A3 x=0.11) and sample
LD101 (4.85(1) A3, x = 0.77) is 7%, we can expect a much larger difference when com-
pared at a same pressure. The polyhedral volumes of sites Fel, Fe2, Fe3 and Fe4 also in-
crease due to the opening of the S atoms sub-lattice caused by the increase in amount of Fe
at the Fe5 site. Such changes are not uniform because they depend on which S atom belongs
to the coordination sphere, and are less than 3% for Fel, Fe2 and Fe3 but are 7% for Fe4.
The effect of composition on the unit-cell volume is shown in Supplementary Fig. 6.S1
where the compression of sample LJFeS01 (x = 0.11) is compared with the unit-cell vol-
ume of sample LD101 (x = 0.77), which is approximately 6% larger due to the presence of

more Fe into the Feb site.
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Figure. 6.S1. P-V-T-x relations of FesxSs under high pressure and room temperature.
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Figure. 6.52. Backscattered electron images depicting Fes+«Ss and associated phases from multi-
anvil experiments, all encapsulated in MgO capsules. (a) Fes.xSs alongside metallic Fe, obtained at
16 GPa and 998 K. (b) FesxSs with FeS, also from 16 GPa and 998 K. (¢) Fes+xSs in the presence
of metallic iron and a melt phase, recovered from 16 GPa and 1266 K. (d) Fes:«Ss with a melt phase,
recovered from 16 GPa and 1266 K.
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Figure. 6.S3. Comparison between the densities of Fe, FesS, Fes:Ss, and FeS under Martian core
conditions and at 2000 K. The blue curves are for FesxSs determined in this study for x = 0, 0.4,
0.8, and 1. The black solid curve, light grey solid curve, and black dash curves are the density of
fce iron (Tsujino et al., 2013), FesS (Thompson et al., 2020), and FeS (Urakawa et al., 2004). Den-
sity estimates for the liquid Martian core (S23: Samuel et al. (2023); 123: Irving et al. (2023); K23:
Khan et al. (2023)) are plotted for comparison.
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Figure. 6.54. The melting curves of Fes.xSs and FesS under Martian core conditions evaluated in
this study. The red solid curve indicates the melting temperature of Fes:Ss, constrained by data
from this study (red open triangles) and the literature (red circles, Fei et al., 1997; Fei et al., 2000)
where the liquidus phase was originally reported as FesS; or Fes«S,. The red open triangles indicate
the temperature at which Fes.xSs coexists with Fe-S liquids, which constrains the lower limit of
Fes+xSs melting. The blue solid curves indicate the melting curves of FesS used in the model in this
study. The blue circle (Fei et al., 2000) and blue square (Thompson et al., 2022) denote the reported
melting temperatures of FesS from the literature. For comparison, the melting curves of Fe
(Dorogokupets et al., 2017), FeS (Boeher, 1992), and the Fe-FeS eutectic temperatures evaluated
in this study are also plotted.
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Figure. 6.S5. Melting phase diagrams of the Fe-FeS system at 15 GPa (a), 21 GPa (b), 27 GPa (c),
and 40 GPa (d). The curves are generated from the model derived in this study, with the colors
indicating liquidus curves where particular phases are on the liquidus, black for Fe, blue for FesS,
red for Fes:xSs, and grey for FeS. The liquidus curves where Fe and FeS are liquidus phases are
assumed to vary linearly with sulfur concentration, while those with FesS and Fes:Ss as the liquidus
phases are assumed to follow a parabolic relationship. The solid circles are the experimental data
from this study. The symbols P22 (Pease and Li, 2022), U18 (Urakawa et al., 2018), C08ab (Chen
etal., 2008a, b), LO1 (Lietal., 2001), P18 (Pommier et al., 2018), F97 (Fei et al., 1997), TO9 (Tsuno
et al., 2009), FOO (Fei et al., 2000), F13 (Fei et al., 2013), CB07 (Chudinovskikh and Boehler,
2007), and SO7 (Stewart et al., 2007) represent the experimental data reported in the literature.
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Figure. 6.56. Two-dimensional mapping of the (2 1 3) Peak of Fes:Ss in Experiment LIJFeSO1.
This diffraction map was created by systematically moving the sample stage in 2 um increments.
The specific location chosen for the single XRD measurement is highlighted in the image and la-

beled as G-0809.
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Figure. 6.S7. Eutectic compositions (a) and eutectic temperatures (b) of Fe-FeS system under high
pressure. The blue circles represent the data from this study. Data points denoted LO1 (Li et al.,
2001), SO7 (Stewart et al., 2007), FO7 (Fei et al., 2007), B11 (Buono and Walker, 2011), FOO (Fei
etal., 2000), CB0O7 (Chudinovskikh and Boehler, 2007), K10 (Kamada et al., 2010), C07 (Campbell
et al., 2007), M08 (Morard et al., 2008), and M17 (Mori et al., 2017) are taken from the literature.
In (b), black and blue symbols represent the eutectic temperatures, while red and grey symbols

represent the temperatures where melts and solids are detected, respectively.
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Table 6.S1. Experimental Conditions and Identified Fez+S2 in LH-DAC Runs.

Starting  Pressure P T Unit Cell Volume
Run No. . ] . , x*
Material ~ Medium (GPa) (K)” at 300 K
Fes+xS3
LJFeS01 KCI 14.9(1) 1150(200) 324.0(6) 0.11(1)
(S7995)
Fes+xS3
LD101 He 21.1(5) 1400(200) 331.2(2) 0.77(1)
(11570a)

*The pressures are measured at room temperature after laser heating. KCI was used as a pressure standard
(Dewaele et al., 2012) in run LJFeS01. The Raman shifts of diamond culets (Akahama and Kawamura, 2006)
was used to estimate the pressure of LD101 at room temperature.

tIn run LIFeSO01, the temperatures were not directly measured but estimated based on the phase relations and

compositions of the run products. For run LD101, the temperature was determined by fitting the collected
thermal radiation spectrum with the Planck radiation function, following the gray-body approximation.

$The x values in Fes:,Ss were estimated by single crystal XRD refinements.
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Table 6.S2. Crystallographic data and structure refinement details for Fes+xSs

Fes11Ss Fes77Ss
Formula weight 325.72 362.58
Pressure 14.9(1) GPa 21.5(5) GPa
Temperature 298(2) K 298(2) K
Wavelength 0.410 A 0.410 A

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected

Independent reflections

Coverage of independent reflections
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [>20(1)]

R indices [all data]

Largest diff. peak and hole

Orthorhombic

Pnma

a=10.897(5) A a=90°

b =3.1252(6) A p=90°
c=9515(18) A y=90°
324.0(6) A3

4

6.671 g/cm?®

4.18 mm?

619

0.015 x 0.013 x 0.013 mm?
3.96 to 21.00°
-14<=h<=14, -4<=k<=4,
-6<=I<=7

259

204 [R(int) = 0.020]
39.4%

Full-matrix least-squares on F?
204/6147

1.157

Robs = 0.058, WRobs = 0.157
Rai = 0.073, wRan = 0.192
0.86 and -1.02 e-A3

Orthorhombic

Pnma

a=11.073(3) A a=90°

b =3.1820(6) A p=90°
c=9.435(4) A y=090°
332.43(17) A3

4

7.245 g/cm?®

4.67 mm*

688

0.003 x 0.002 x 0.002 mm?
1.64 to 15.40°
-13<=h<=11, -4<=k<=3,
-9<=|<=8

252

178 [R(int) = 0.042]
58.1%

Full-matrix least-squares on F2
178/0/ 46

1.017

Robs = 0.055, WRobs = 0.138
Rall = 0.075, wRan = 0.152
1.87 and -1.25¢-A3
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Table 6.53. Unit Cell Parameters of Fes.xS3 at High Pressures and 300 K measured in
DAC.

Pressure (GPa)* a(A) b (A) c(A) V (A3)
LJFeS01, x =0.11

1.6(1) 11.466(2)  3.245(4)  9.737(1)  362.3(6)
14.8(6) 10.929(1)  3.165(1)  9.420(7)  325.9(3)
14.9(1) 10.897(5)  3.125(1)  9.515(2)  324.2(3)
15.4(4) 10.991(7)  3.160(3)  9.319(1)  323.6(6)
16.1(6) 10.944(8)  3.159(3)  9.279(1)  320.7(4)
17.1(9) 10.953(8)  3.133(3)  9.316(1)  319.6(6)
19.4(7) 10.812(1)  3.138(1)  9.304(8)  316.2(3)
21.3(10) 10.787(3)  3.129(3)  9.261(2)  312.6(6)
22.5(11) 10766(2)  3.120(1)  9.284(8)  311.8(3)
LD101, x=0.77

20.1(5) 11.054(3)  3.178(7)  9.428(5)  331.2(2)

*The pressures in LIFeS01 were determined based on the KCI pressure scale (Dewaele et al., 2012) and the

pressure in LD101 was estimated by the Raman shift of diamond anvils (Akahama and Kawamura, 2006).

Table 6.54. Unit Cell Parameters of Fes+xSs from Synchrotron Multi-anvil Experiments.

Run No./ S. M. P T Unit Cell Parameters of Fes4+xS3

FileNo.  (wt%) (GPa) (K) a(A) b A) c(A) S
PEISCHE, SOLEIL
MA231/017 FessSis  13.4(5) 1100(50) 11.278(3)  3.217(1)  9.597(3)  348.2(1)
MA233/016 FessSis 13.9(5) 800(50)  11.072(2)  3.152(1)  9.494(2)  331.3(1)
MA233/017 FessSis  14.9(5) 1100(50) 11.277(1)  3.217(1)  9.656(1)  350.2(1)

*The pressures are determined based on the Al,Os pressure scale (Shi et al., 2022).

tTemperatures were measured using a type-D thermocouple, with the pressure effects on thermocouple EMF

corrected (Nishihara et al., 2020).

S.M. is starting material
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Table 6.S5. Chemical Compositions of Run Products in Multi-anvil Experiments.

px  T* Starting  Dura- Compositions determined by EPMAT
Run No. Material tion Phase
(GPa)  (K) Wt  (min) Fe(Wt%) S(Wt%) O (Wt%) Total Wt%) N
FeanSs  700(2)  295(2)  0.3(1) 99.8(3) 17
S7995 14 918  Fer3Sorzy 210
FeS  629(1)  363(1)  0.2(0) 99.3(2) 6
FeanSs  707(3)  286(2)  0.6(1) 100.04) 12
H5840a 16 995  FegrsS125 600
Fe 99.33)  0.1(0)  0.4(1) 99.8(3) 8
FeanSs  707(3)  287(2)  0.6(0) 100.03) 6
H5840b 16 995 FesoS20 600
Fe 992(2)  01(0)  0.3(1) 99.5(2) 7
FeanSs  706(3)  285(3)  0.6(0) 99.7(2) 9
H5840¢c 16 995 Fe7sS2s 600
Fe 99.42)  01(1)  0.3(0) 99.7(2) 5
FeunSs  69.9(2)  294(1)  0.7(1) 99.9(2) 18
H5840d 16 995 Fe70S30 600
FeS  628(1)  359(2)  0.2(1) 98.9(2) 9
FewSs  714(2)  280(2)  0.6(1) 99.9(2) 10
S8013a 16 1161 FesrsS125 210
Fe 98.7(3)  06(2)  0.4(1) 99.72) 15
FeanSs  713(2)  27.9(2)  0.4(0) 99.6(2) 11
S8013b 16 1161 FesoS20 210
Fe 98.7(3)  03(2)  0.2(0) 99.3(2) 9
FeunSs  71.2(2)  27.8(2)  0.4(0) 995(2) 9
S8013c 16 1161 Fe7sS2s 210
Fe 98.2(5)  06(2)  0.3(1) 99.1(3) 8
FesnSs  708(3)  282(1)  0.6(1) 99.6(4) 18
S8013d 16 1161 Fe70Sz0 210
FeS  629(2)  359(1)  0.3(0) 99.1(3) 9
FewSs 715(3)  276(2)  05(1) 9953) 12
H5837a 16 1266 FessSis 180 Fe 97.6(2)  20(0)  0.2(0) 99.8(2) 9
melt  79.4(2)  196(1)  0.3(1) 993(2) 32
FeeSs  716(3)  27.8(2)  0.4(1) 99.7(3) 38
H5837b 16 1266 FesSxo 180 Fe 97.33)  17(1)  0.2(0) 99.2(2) 7
melt  791(2)  19.6(1)  0.4(1) 99.12) 15
FeanSs  714(2)  27.82)  0.4(1) 99.6(3) 26
H5837¢ 16 1266 FersSzs 180
melt  77.92)  212(2)  0.4(0) 99.41) 24
FeanSs  710Q2)  283(2)  0.4(1) 99.82) 12
H5837d 16 1266 FewSxm 180 FeS  626(2) 3622  02(1) 99.1(3) 15
melt  775(3)  21.4(3)  0.5(1) 99.4(1) 5
FeanSs  732(2)  262(1)  0.6(1) 100.02) 13
11691a 27 1640 FersSzs 30
melt  742(2)  245(3)  0.8(1) 99.4(1) 16

*The uncertainties of pressures and temperatures are estimated to be 2 GPa and 50 K, respectively. Tem-
peratures were measured using a type-D thermocouple, with the pressure effects on thermocouple EMF
corrected (Nishihara et al., 2020).

TThe figures within the brackets represent the standard deviations, expressed in the smallest cited units,

and 'N' denotes the number of analyses.
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Table 6.56. Parameters describing the melting phase diagram of the Fe-FeS system

Parameter Expression/ Reference
Melting temperature of Fe Dorogokupets et al., 2017
Melting temperature of FeS Boehler, 1992

Melting temperature of FesS (K)* To=1305, Po =21, a=4.6(5), c = 4.8(5)
Melting temperature of FesxSs (K)* To=1173, Po=14,a=6.5(5), c = 3.1(3)

T,, = 1135 + 26.6 x (P — 14) — 0.44 x (P — 14)?,
Eutectic temperature (K)

P > 14 GPa
Eutectic composition (wt.% S) Xoy =31.1 —1.03 x P + 0.014 x P?
Peritectic composition (wt.% S)
Xpers = 16.1
(FesS to FessxSs)
1 1 it 0
Peritectic composition (Wt.% S) ‘o {0.55 x (P —14) + 21.0,14 < P < 22.4GPa
perz — 25.6,P > 22.4 GPa

(Fes+xS3 to FeS)

*The melting temperature of FesS and Fes+xSs are expressed using the Simon-Glatzel equation (Simon

P—P,

and Glatzel, 1929): T, = To( -

1/c
) , where P and P are in GPa and Ty in K.
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