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Abstract

Abstract

Planet Mercury exhibits unique geochemical features and physical properties among the planets
in our solar system. Mercury is the smallest terrestrial planet and is characterized by a large metallic
core. As the planet accreted, the heat originated from early accretional impacts, core-mantle
differentiation, and radiogenic decay was sufficient to melt Mercury. This early period, known as the
“Magma Ocean” stage, has been first invoked for the Moon and is thought to have occurred in most
terrestrial planets. As the silicate and metal portions separated, the crystallization of the silicate part
resulted in the formation of the primordial mantle. What occurs during this critical period sets the stage
for all subsequent events that shaped Mercury as we see it today. This includes mantle remelting and
the production of a secondary magmatic crust, as well as the stability and storage of volatile elements
that are crucial for planetary dynamics and building of an atmosphere. The data returned by NASA’s
MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft
revealed an unusually high concentration of sulfur of surface volcanic units coupled with the paucity of
iron. This indicates highly reduced conditions (or low oxygen availability) of formation of surface lavas.
Sulfur is thus a major mantle volatile, and its occurrence has profound implications for melting
temperatures, phase equilibria and, consequently, the vertical structure of the mantle. The goal of this
doctoral thesis is to investigate the structure of the primordial mantle of Mercury as the direct result of
the crystallization of its magma ocean, to provide a revised standard model for the evolution of the
planet in its early history. Piston-cylinder experiments were performed on compositions that span
Mercury’s magma ocean’s evolving silicate liquid, over a vast range of temperature (1125 — 1950 °C),
pressures (0.5 — 3.0 GPa), and oxygen fugacity (from IW-3.0 to IW-8.5, with IW being the iron-wiistite
solid buffer). Experimental results (phase equilibria, major element distribution) were then combined
with petrologic modelling to simulate the fractional crystallization of Mercury’s magma ocean (MMO),
to reconstruct the stratigraphic sequence of Mercury’s primordial mantle. Our results show that the
structure of the primordial mantle of Mercury relies heavily on the Bulk Silicate Mercury (BSMe)
composition and the presence of sulfur. Starting compositions with a low Mg/Si plus sulfur favour
enstatite over forsterite, stabilize quartz, and delay the formation of clinopyroxene and plagioclase. In
addition, Mg-, Ca-rich sulfides may segregate from the magma ocean, and their abundance will depend
on the initial S content of BSMe. The mantle of Mercury is dominated by either orthopyroxene or
olivine depending on the BSMe composition. Based on our modelled crystallization sequences, we
identify both refractory and fertile mantle reservoirs. The former feature either olivine, orthopyroxene,
or both coexisting phases in the lower cumulus, while the latter are defined by the appearance of
clinopyroxene. Sulfur strongly influences the composition of the residual MMO liquid, leading to SiO»

enrichment in S-bearing melts, whereas S-free liquids become SiO,-depleted. We demonstrate that



Abstract

sulfur behaves like other common volatiles, as it lowers the liquidus temperature and the density of
Mercury-like silicate melts. Finally, we show that the storage of heat-producing elements (HPE) in
Mercury’s mantle is affected by sulfur. Indeed, the presence of sulfides segregated from the magma
ocean, coupled with trapped liquid in the early cumulates will enhance HPE storage in the upper

primordial mantle of Mercury, which is hypothesized to host a Moon-like KREEP layer.
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Chapters Overview

Chapter 1 - Introduction on Mercury and the magma ocean concept - gives a general outlook
on what we know about Mercury and how the concept of magma oceans developed and evolved in the
science community. A general introduction on Mercury is proposed (1.1.), specifically about Mercury’s
major features (1.1.1.), the exploration of the planet (1.1.2.), Mercury’s surface geochemical
heterogeneity (1.1.3.), the bulk silicate composition of the planet (1.1.4.), and formational scenarios
(1.1.5.). The second part of this chapter is dedicated to magma oceans (1.2.), particularly on the very
concept of magma ocean and how it was introduced and how it took roots in the science community
(1.2.1.). A discussion on magma ocean processes then follows (1.2.2.), and the role of viscosity in the
evolution of magma oceans is also presented (1.2.3.). A short paragraph is dedicated to basal magma
oceans and how they could originate (1.2.4.), followed by a discussion on magma ocean cooling
timescales (1.2.5.). Finally, an introduction on Mercury’s Magma Ocean tackles the current constraints
on the early existence of a putative magma ocean on Mercury (1.2.6.). This chapter ends with a

paragraph defining the goal of the doctoral thesis (1.3.).

Chapter 2 — Methodology - describes the array of experimental, and analytical techniques
employed over the course of this PhD. The starting paragraph is dedicated to the preparation of the
starting powders (2.1.). This is followed by a section that tackles the experimental strategy (2.2.), with
details on the principles and functioning of the piston cylinder, and sample treatment (2.2.1.). Next is
the turn of the analytical strategy (2.3.), with information on the principles of scanning electron
microscopy (2.3.1.) and electron probe micro-analysis (2.3.2.). Two final digressions of this chapter
concern the calculation of the relative phase proportions in our experiments through mass balance (2.4)

and the determination of oxygen fugacity (2.5.).

Chapter 3 - The role of sulfur on the liquidus temperature and olivine-orthopyroxene equilibria
in highly reduced magmas - is the first published article, where we delve into the influence of sulfur on
the liquidus temperature and silicate phase equilibria of Mg-rich silicate melts under low oxygen

fugacity conditions, and the implications for the magma ocean differentiation.

Chapter 4 - The crystallization of Mercury s magma ocean and the formation of its primordial
mantle structure - represents the second scientific article currently under review. We explore the
crystallization products of Mercury’s S-bearing magma ocean under reduced conditions, by considering
a range of potential BSMe compositions. We then investigate the several major implications for the
magma ocean crystallization, spanning from the definition of mantle refractory and fertile reservoirs to

the influence of sulfur on silicate liquid density and HPE storage.



Chapters Overview

Chapter 5 — Perspectives for BepiColombo —reviews the major contributions that the upcoming
ESA BepiColombo mission will provide to the characterization of Mercury (5.1.). This chapter also
shows how the results of this doctoral thesis can help place tighter constraints on the compositional

features found on the surface of the planet (5.2.). Some concluding thoughts end this final chapter (5.3.).

At the end of the thesis, additional information is also provided. First, the supplementary
materials of the first published article (Chapter 3) are shown (Appendices A, B). Next, supplementary
information related to the second article under review (Chapter 4) is provided (Appendices C, D). A list
of each experimental run describing the experimental conditions, compositions, and relative phase

assemblages is added at the end of the manuscript (Appendix E).



Chapter 1: Introduction to Planet Mercury and the

Magma Ocean Concept

1.1.Mercury

1.1.1. Mercury's Major Features

Mercury is one of the most interesting planetary bodies to investigate in the field of planetary
sciences. Although no single individual is credited for the discovery of the planet as it is visible with
the naked eye, Mercury’s appearance is often recorded as morning or evening star in Babylonian clay
tablets dating around the first half of the second millennium before common era (BCE) (Sachs, 1974).
The planet owes its name to the swift wing-footed Roman messenger of gods (Hermes in the Greek
mythology), probably due to the rapidity of the planet’s brief appearances just before dawn or after
sunset (Dunne and Burgess, 1978). Mercury has a mean spherical radius of 2439 km and is the smallest
amongst the four terrestrial planets (Table 1.1.). The planet orbits around the Sun with a mean
heliocentric distance of 0.39 Astronomical Units (AU) and is characterized by a high orbital eccentricity
€ (0.2). Mercury is also known for its 3:2 spin-orbit resonance (Colombo, 1965; Colombo and Shapiro,
1966), meaning that for every three rotations around its axis, the planet revolves twice about the Sun.
Except for Earth, Mercury is the only terrestrial planet that hosts a global magnetic field, resulting from
a dominantly dipolar core dynamo (Johnson et al., 2018). Mercury does not possess an atmosphere, but

a neutral gas exospheric envelope surrounds the planet (McClintock et al., 2018).

Table 1.1. Major physical properties of the terrestrial planets of our solar system (De Pater and

Lissauer, 2015, McDonough, 2025).

Mercury Venus Earth Moon Mars

Distance from Sun (AU) 0.39 0.72 1.00 1.00 1.52
Radius (km) 2439 6052 6371 1738 3390
Mass (1024 kg) 0.33 4.87 5.97 0.07 0.64
Uncompressed density (kg m-3) 5300 4400 4400 3300 3800
Surface Gravity (m s2) 3.7 8.9 9.8 1.6 3.7

Mercury’s internal configuration follows that of the other terrestrial planets Venus, Earth, and Mars
(Fig. 1.1.). A metallic core, a silicate mantle and crust form the planet. Similarities end here though.

Mercury’s most enigmatic feature is indeed its high uncompressed density (the density calculated

6



Chapter 1: Introduction to Planet Mercury and the Magma Ocean Concept

without considering the effect of gravity, Table 1.1.), which is the result of its high core-to-mantle ratio

(Fig. 1.1.).

The Terrestrial Planets

“Core
I Mantle
Il Crust

. Mercury
© (0.39 AU)

Figure 1.1. Internal configuration of the four terrestrial planets (numbers in parentheses refer to the

heliocentric distance expressed in astronomical units AU).

Mercury’s metallic core is ~ 85 % of the planetary radius and is divided into an outer and inner core.
Magnetic and geodetic data suggest that the outer part might be partially molten and rich in light
elements (Si, S, C), while the solid inner core (up to 1500 km in size) is nearly pure metallic Fe (Margot
et al., 2007; Johnson et al., 2018; Knibbe and van Westrenen, 2018; Genova et al., 2019; Wardinski et
al., 2019; Steinbriigge et al., 2021). The possibility for the existence of a FeS layer at the core-mantle
boundary has also been considered (Cartier et al., 2020; Pirotte et al, 2023; Davies et al., 2024).
Mercury’s outer silicate shell (~ 420 km in thickness) comprises a heterogenous mafic mantle (about
400 km thick) and a relatively thick secondary crust (~ 35 + 18 km) (Padovan et al., 2015; Namur et al.,
2016a; McCoy et al., 2018; Wang et al., 2022; Beuthe et al., 2020; Goossens et al., 2022). Mercury’s
mantle is presently considered to be the product of the primordial differentiation caused by the
crystallization of a global scale, silicate magma ocean (MMO) early in the planet’s history. Early
differentiation processes within the mantle may have caused density-driven instability, which triggered
mantle overturn, eventually leading to a stable mantle configuration (Mouser et al., 2021; Mouser and
Dygert, 2023). The crust of Mercury is volcanic in origin with reprocessing caused by surface impacts
(McCoy et al., 2018). The magma erupting on the surface of the planet was produced by generally low-
pressure batch decompression melting of the mantle (Charlier et al., 2013; Namur et al., 2016a; McCoy
et al., 2018).



Chapter 1: Introduction to Planet Mercury and the Magma Ocean Concept

1.1.2.  Mercury Exploration

The fascination around Mercury and its characterization is partly due to the difficulty of its
exploration. The planet is located in the Sun potential well and cannot be investigated by telescope
observations, given the elevated risk of optics damage from the exposure to direct electromagnetic
radiation (Solomon, 2003; Solomon and Anderson, 2018). The innermost planet was first visited by
NASA’s Mariner 10 spacecraft (Fig. 1.2.a), which performed three fly-bys between 1974 and 1975
(Cremonese et al., 2007 and references therein). During these close approaches, Mariner 10 could obtain
images of the apparent Moon-like surface of Mercury (Fig. 1.2.b), detect a handful of neutral exosphere
constituents, and discover the presence of a global magnetic field (Shirley, 2003; Solomon and
Anderson, 2018). In addition to Mariner 10’s findings, Earth-based observations confirmed the presence

of volatile elements in the exosphere (Vander Kaaden et al., 2019 and references therein).

The first in-depth mission designed to target the ‘Iron Planet’ (Solomon et al., 2001; Strom and Sprague,
2003) was NASA’s MErcury Surface, Space ENvironment, GEochemistry, and Ranging
(MESSENGER) mission (Fig. 1.2.c). The spacecraft was launched in August 2004 on a Delta II rocket.
After performing several flybys around Earth, Venus, and Mercury, the probe entered the orbit of
Mercury in March 2011. MESSENGER major scientific objectives involved investigating the surface
chemical composition, the geologic history of Mercury, the characterization of the core and the nature
of its exosphere, magnetic field, and the distribution of volatiles at the poles (Solomon et al., 2001;
Solomon and Anderson, 2018). The MESSENGER spacecraft was capable of meeting all the goals set
by the primary mission, as it allowed the planetary science community to obtain unprecedented insights
into the least studied terrestrial planet. After completing its primary mission, and two mission
extensions, the probe was left crushing on Mercury’s surface on the 30" ° April 2015. During its 4-year
operative regime (2011-2015), MESSENGER was able to provide the first global view of Mercury,
coupled with the surprising composition and heterogeneity of its surface (Weider et al., 2015). Only the
southern hemisphere was not as resolved as the northern, due to the ellipticity of MESSENGER orbit.
This caused elemental maps to be at a relatively low spatial resolution (McNutt et al., 2018; Benkhoff
et al., 2021). MESSENGER first unveiled the extent of effusive volcanism on the surface of the planet
and its importance in building Mercury’s crust, revealing different volcanic processes other than purely
effusive (Blewett et al., 2013; Byrne et al., 2018). MESSENGER observations also helped place
constraints on the size of the metallic core (~2000 km), although large uncertainties regarding the size
of the inner core still exist (Benkhoff et al., 2021). A renewed effort to explore Mercury is underway
through the BepiColombo mission (Fig. 1.2.d), a joint venture between the European Space Agency
(ESA) and the Japan Aerospace Exploration Agency (JAXA). Led by ESA, the mission is named after
the Italian scientist Giuseppe "Bepi" Colombo, who made significant contributions to the understanding
of Mercury’s orbit (Colombo, 1965). BepiColombo consists of two spacecrafts: ESA’s Mercury
Planetary Orbiter (MPO), and JAXA’s Mercury Magnetospheric Orbiter (Mio, formerly known as
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MMO). The first spacecraft is led by ESA, and will provide a global characterization of the planet,
focusing on the interior structure, surface, exosphere, and magnetosphere. Mio is led by JAXA and will
devote itself to the study of Mercury’s exosphere and magnetosphere, including the interactions between
the solar wind and Mercury’s surface (Benkhoff et al., 2021). BepiColombo officially began its long
journey on the 20" of October 2018. The spacecraft is expected to enter the orbit of Mercury in

November 2026, and to start routine science operations in early 2027 (at the time of writing).

Figure 1.2. (a) The Mariner 10 spacecrafi and its science instruments (NASA / JPL) (b) Mercury’s
southern hemisphere as seen by Mariner 10 (Credit: NASA/JPL). (c) 3D artist rendition of the
MESSENGER spacecraft orbiting Mercury (NASA/JHUAPL). (d) 3D artist rendition of the
BepiColombo spacecraft on the way to Mercury (ESA/JAXA).

1.1.3.  Mercury’s Geochemical Heterogeneity

MESSENGER spectroscopic data showed that the volcanic material covering Mercury’s
surface has unusual characteristics. Surface lavas were generally found to be enriched in both SiO; and
MgO, but also FeO-depleted, sulfur and alkali-rich (Nittler et al., 2018). Mercury’s surface composition
was also found to be spatially heterogenous, and several geochemical regions have been identified (Fig.

1.3.). Depending on the criteria and methods utilized to discriminate Mercury’s geochemical regions, a
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differing number of terranes have been identified in the literature (Weider et al., 2015; McCoy et al.,
2018; Vander Kaaden et al., 2017; Peplowski and Stockstill-Cahill, 2019). Here, for simplicity, we only

refer to the geochemical regions present in McCoy et al. (2018).
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Figure 1.3. Map of Mercury showing the geochemical terranes of Mercury (McCoy et al., 2018).

The High-Magnesium Terrane (red region in Fig. 1.3.) is the largest geochemical region and is
characterized by the highest surface Mg/Si (up to ~ 0.8), Ca/Si (~ 0.2 —0.3), and S/Si (0.1 —0.2) coupled
with the lowest Al/Si. The Caloris Interior Plains Terrane (light blue region in Fig. 1.3.) is the only
geochemical terrane that almost perfectly overlaps with the ~ 1550 km-wide impact basin geomorphic
unit. This unit is characterized by low Mg/Si (~ 0.4) and the highest Al/Si (up to ~ 0.3) on the surface
of the planet. The Northern Terrane (violet region in Fig. 1.3.) is partly associated with the smooth
plains’ unit, which is a geomorphic unit considered to be an ancient emplacement of lavas erupted via
flood volcanism (Head et al., 2011). It exhibits low Mg/Si (< 0.5), Ca/Si (< 0.2), S/Si (< 0.1), and high
Al/Si (0.2 — 0.3). Finally, the Low Fast Terrane represents a portion of the northern smooth plains. Its
name derives from the low count rates for fast neutrons detected by the Neutron Spectrometer (NS)
onboard MESSENGER (Lawrence et al., 2017), which are sensible to the average atomic mass of
surface elements, particularly regarding the relative concentrations of high-mass and low-mass
elements. This unit has an intermediate Mg/Si (0.4 — 0.5), with lower Ca/Si and Na/Si as compared to

the Northern Terrane.

1.1.4.  Bulk Silicate Mercury (BSMe)

FeO depletion combined with the positive correlation between S and normally lithophile
elements (e.g., Mg, Ca, Na) on surface volcanic units point to parental magmas formed under highly

reduced conditions (e.g., Namur et al., 2016a). Planetary scientists have then attempted to investigate
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mantle sources, and as a consequence, Bulk Silicate Mercury (BSMe), starting from the surface
compositional data through both petrology modelling and laboratory experiments (Charlier et al., 2013;
Namur et al., 2016a; Wang et al., 2022; Anzures et al., 2020; Fischer and Parman, 2025; Saracino et al.,
2025). Importantly, investigating BSMe implies exploring the compositional array that the potential
Mercury’s building blocks might cover. Terrestrial planets unlikely accreted from a single meteorite
composition (Brown and Elkins-Tanton, 2009). Isotopic analyses tell us that the contribution from
different compositions is expected, as has been shown for Earth and Mars (Dauphas, 2017; Sanloup et
al., 1999; Tang and Dauphas, 2014). The scarcity of data on Mercury’s surface and the resulting large
uncertainties in the composition of the Bulk Silicate Mercury (BSMe) make it reasonable to assess a
single meteoritic composition. In the case of Mercury, EC enstatite chondrites have been considered
close analogues of BSMe, as they show similar geochemical features like FeO-free silicate phases, a
relative abundance of S, and alkali metals (McCoy et al., 1999; Malavergne et al., 2010; Brown and
Elkins-Tanton, 2009; Nittler et al., 2018; Charlier and Namur, 2019). BSMe has been investigated by
both combining data from surface volcanic materials with melting experiments (Namur et al., 2016a;
Nittler et al., 2018) and by defining magmatic fractionation lines of surface and mantle compositions
(Anzures et al., 2020; Fischer and Parman, 2025). Nittler et al. (2018) calculated the mantle sources of
the high-Mg region and the North Volcanic Plains by considering the phase proportions and
compositions of enstatite and forsterite reported by Namur et al. (2016a) (see Table 1.2.). Their results
were similar to the silicate portion of ECs, adjusted to account for silica reduction to Si stored in the
core under low fO; (e.g., Malavergne et al., 2010; Chabot et al., 2014). Fischer and Parman (2025)
calculated a BSMe composition (Table 1.2.) based on a new Mercury Fractionation Line (MFL)
obtained by recalculating the Mg/Si and Al/Si ratios of X-Ray Spectrometer (XRS) data in McCoy et
al. (2018). Because ECs are enriched in silica, they calculated the amount of Si being reduced and
removed to the core for each published EC composition until the Si-depleted compositions fell along
the MFL. Anzures et al. (2020) proposed a modified CH3 chondrite composition (ALH 85085) as the
best approximation of the BSMe, due to its similar Mg/Si, Al/Si, Fe/Si, and Ni/Si ratios.

The BSMe compositions considered in this doctoral thesis are inspired by the silicate fraction of ECs
(Table 1.2.; Xu et al., 2024; Saracino et al., 2025). An average composition was obtained from published
analyses of high-iron (EH) and low-iron (EL) enstatite chondrites (Jarosewich, 1990; Berthet et al.,
2009). We decreased the P,Os content to account for the markedly siderophile behaviour of P (Gu et al.,
2019; Steenstra et al., 2020; Pirotte et al., 2023). Some Si was also removed from the original chondritic
composition: two compositions with different Mg/Si ratios were selected, corresponding to the
segregation of 8 wt% and 15 wt% Si from the silicate fraction into the core (named Mer8 and Mer15,
respectively; Xu et al., 2024; Saracino et al., 2025). Assuming that the core of Mercury represents 67%
of the planet’s bulk mass (Hauck et al., 2013), these values imply core Si contents of 2.9 wt% (Mer8)
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and 5.5 wt% Si (Merl5), spanning the lower range of estimated Si concentrations in Mercury’s core

(Nittler et al., 2018). All BSMe and mantle compositions are reported in Table 1.2.

Table 1.2. Compositions of the starting materials used in this doctoral thesis (expressed in wt%). Also

shown are (a) Mercury’s pre-melting mantle compositions of the Northern Smooth Plains and

Intercrater Highly cratered Terrains, respectively (Nittler et al., 2018), (b) Primitive Mantle Mercury
(Anzures et al., 2020), (c) Bulk Silicate Mercury from Fischer and Parman (2025), (d) EH4 Indarch
(Berthet et al., 2009), and Bulk Silicate Earth (McDonough, 2025). Abbreviations: n.d. — not

determined.

SiO2
TiO2
Al2O3
Cr203
FeOtot
MnO
MgO
CaO
Na20
K20
P20s
NiO
Total
Mg/Si

Cal/Al

BSMe (this thesis)

Mer8 Mer15

54.82 47.91

0.14 0.16
3.70 4.26
0.52 0.60
n.d. n.d.
0.28 0.33

37.32 43.04

1.62 1.87
1.37 1.58
0.13 0.15
0.10 0.10
n.d. n.d.

100.00 100.00

0.88 1.16

1.18 1.18

Pre-melting
mantle
(NSP)?

53.67

0.24

4.57

n.d.

0.02

n.d.

36.89

2.26

1.97

0.05

n.d.

n.d.

99.67

0.89

1.34

Pre-melting
mantle
(IcP HCT)?

51.98

0.21

4.24

n.d.

0.03

n.d.

37.64

3.84

1.29

0.04

n.d.

n.d.

99.27

0.93

2.45

12

Primitive
Mantle
Mercury®

51.32

0.21

3.78

0.41

0.54

0.09

40.72

2.73

0.08

0.02

n.d.

0.11

100.01

1.02

1.95

Bulk
Silicate

Mercury®

52.06
0.13
3.38
0.54
0.20
0.31

39.84
1.75
1.62
0.17

n.d
n.d
100.00
0.99

1.40

Bulk
Silicate
Earth?

44.92

0.20

4.19

0.33

8.05

0.14

37.81

3.27

0.36

0.03

0.02

0.22

99.54

1.09

2.1
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1.1.5. Mercury’s Formational Scenarios

Mercury’s unusual features, mainly its large metal-to-silicate ratio (Fig. 1.1.), have led planetary
scientists to propose different mechanisms regarding the formation of the planet. These scenarios are
usually divided into two classes or endmembers: orderly and chaotic processes (Fig. 1.4.; Ebel and
Stewart, 2018; Charlier and Namur, 2019). Orderly processes are defined as those processes that
characterize the inner region of the solar nebula in the initial stages of planetary formation. A number
of mechanisms have been brought up to explain Mercury’s signatures including differing condensation
temperatures of metals and silicates (Lewis, 1973), aerodynamic fractionation (Weidenschilling, 1978),
solar wind-driven mantle evaporation (Fegley and Cameron, 1987), photophoresis (Wurm et al., 2013;
Wurm, 2018), magnetic erosion (Hubbard, 2014), electromagnetic processes in the protoplanetary disc
(McDonough and Yoshizaki, 2021), and accretion from unequilibrated, organic interplanetary dust
particles (C-IDP) (Ebel and Alexander, 2011). Early condensation models explain the peculiar nature
of Mercury by either the differing condensation temperatures of metals and silicates (Lewis, 1973) or
by the fact that an energetic Sun was hot enough to vaporize part of the mantle of Mercury (Fegley and
Cameron, 1987). Condensation models and partial mantle evaporation both imply significant depletion
of volatiles in the mantle and are not consistent with the recent observations performed by
MESSENGER showing volatile amounts (e.g., Na, Cl, K, S) comparable to those of other rocky bodies
(Nittler et al., 2018; Lewis, 1973; Brown and Elkins-Tanton, 2009). Weidenschilling (1978) suggested
that the separation of metals and silicates in Mercury would occur through aerodynamic fractionation
where silicates are more preferentially removed than metals because of gas drag in a centrally condensed
nebula with non-Keplerian rotation. Photophoretic processes have also been proposed to account for
Mercury’s features. Photophoresis is an astrophysical process that can separate highly thermally
conducting material (metals) from low thermally conductive silicates. This process would be capable
of reproducing Mercury’s features and other exoplanets sharing similar characteristics (Wurm et al.,
2013; Wurm, 2018). To explain Mercury’s large metal / silicate ratio, Hubbard (2014) called on
magnetic-induced collisions that would have favored the build-up of metallic materials at the expense
of the loosely bound silicate portion during planetesimal formation. The aerodynamic fractionation,
magnetic erosion, and photophoretic processes (Weidenschilling, 1978; Hubbard, 2014; Wurm et al.,
2013; Wurm, 2018) can recreate Mercury’s high density and metal enrichment, but they do not provide
an explanation for the reducing conditions of differentiation of the planet (Ebel and Stewart, 2018).
Ebel and Alexander (2011) investigated condensation models with a high abundance of unequilibrated,
anhydrous, and organic interplanetary dust particles, or C-IDPs. Their results show similarities in
mineralogy and petrology with enstatite chondrite material, which would have later accreted to form
Mercury. Recently, McDonough and Yoshizaki (2021) developed a compositional model of the inner

solar system where they suggest that the core mass fractions (thus the metal-to-silicate ratios) of the
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terrestrial planets depend on the varying electromagnetic separation capability of magnetized metallic

alloys and silicates.
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Figure 1.4. End member scenarios for the formation of Mercury (modified after Charlier and Namur,

2019, illustrations courtesy of M. Garlick).

Chaotic processes, on the other hand, require external ‘input,’ like the collision of one or more impactors
of differing sizes onto a putative primordial Mercury, also called proto-Mercury. One of the most
recurring hypotheses about Mercury’s origin is that a giant impact stripped off part of the silicate portion
of a large chondritic proto-Mercury. Benz et al. (2007) showed that a large impact on a proto-Mercury
with 2.25 times the mass of current-sized Mercury could have caused a long-term compositional
differentiation of the planet. In a recent work investigating Ni and Co distribution between metal and
silicate in aubrite meteorites (reduced enstatite-rich achondrites), Cartier et al. (2024) proposed that the
Aubrite Parent Body (AuPB) might represent a fraction of the mantle of a large proto-Mercury which
was partly stripped off by a large collision, thus supporting the giant impact hypothesis. On the other
hand, Asphaug and Reufer (2014) hypothesized that Mercury (as well as other iron-rich bodies) could
have been formed by inefficient accretion. They indeed show that one or more events of hit-and-run
collisions (HRC, oblique collision between two bodies that later gravitationally separate) could have
been able to produce Mercury. Chau et al. (2018) investigated the possibility of a single giant impact, a
hit-and-run, and multiple collisions, respectively, capable of producing Mercury as we see it now. In
order to create modern Mercury, a single giant impact is expected to be head-on and relatively fast (circa
30 km/s). The hit-and-run scenario, with proto-Mercury as the smaller body targeting a larger body,

must consider a large proto-Mercury (about 4.5 Myiercury) given the high probability of proto-Mercury
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disruption upon impact. Lastly, multiple collisions can effectively form today’s Mercury especially if

the number of impacts is limited to two and the associated velocities are moderate (~ 20 km/s).

1.2.Magma Oceans

1.2.1. The Concept of Magma Ocean (MO)

Following accretional processes, terrestrial planets are thought to have been characterized by
local or global scale magma oceans in their early stages of evolution. In order to have such an extensive
melting, a substantial amount of thermal energy is required. Depending on the size of the planetary
body, magma oceans are considered to have formed thanks to the supply of multiple heat sources. For
planetesimals and proto-planets, an inner source of heat could be provided by the presence of
radioactive elements like 2°Al and ®“Fe (which are now extinct) with short half-lives (~ 0.7 and 2.6
Myrs, respectively) called Short-Lived Radioisotopes (SLRs), whose decay is thought to have released
a significant amount of heat in the first million years of the solar system (a few million years after the
formation of Calcium-Aluminium-rich Inclusions, CAls). 2°Al for example is produced in supernovas,
when nuclides are ejected following the explosion of large, short-lived stars (Christiansen et al., 2022).
The presence of 2°Al (the most abundant SLR) is evidenced by the measured Mg, a daughter product
of 2°Al, in chondritic samples. Other radioactive isotopes with longer half-lives and that are still active
today like #**U, “°K, #*?Th might have also played a non-negligible part in the heat budget, although
with a lesser extent (Salvador et al., 2023). For larger bodies, the heat released by SLRs alone wouldn’t
have been enough to melt them (Schaefer and Elkins-Tanton, 2018). In this latter case, local or global
melting could have been achieved as the kinetic energy of colliding objects is converted into thermal
energy during planet-building accretionary impacts (Elkins-Tanton, 2012; Tronnes et al., 2018; Brown
and Elkins-Tanton, 2009; Salvador et al., 2023; Solomatov, 2015). The extent of melting is controlled
by the size and mass of the colliding bodies, the impact angle, the velocity, and the frequency of impacts
(Salvador et al., 2023 and references therein). Accretionary impacts would have also likely released
volatiles from the impacted silicate bodies. This would have created steam atmospheres capable of
lengthening the lifetime of surface MOs by raising the surface temperature above the solidus (Hamano
et al. 2013; Chao et al., 2021). Metal-silicate differentiation is another class of processes that would add
an additional source of heat for MOs. During the early stages of planetary formation, protoplanets would
warm up through radioactive decay and accretionary heating. Within these bodies, Fe-rich material
would have then separated from the silicate portion (owing to their lower solidus temperature) and
coalesced, forming a metallic core (Christiansen et al., 2022). Specifically, the separation of the metallic
core from the silicate portion would have caused the release of gravitational potential energy, which is
dissipated through friction in both the silicate liquid and metallic core (Christiansen et al., 2022). Metal-

silicate differentiation could be caused by different processes (liquid metal percolating through solid
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silicates, liquid metal sinking through liquid silicates), occurring over different timescales, but it would
likely provide with enough thermal energy to melt the overlying silicate layers (Salvador et al., 2023

and references therein).

It is common in specialized journals, conferences, and books to stumble upon the term magma ocean
as indicating large bodies of silicate liquid produced through extensive melting. As for the terminology,
though, the very expression ‘magma ocean’ was questioned by Warren (1985) who suggested that a
magma ocean would have theoretically meant a ‘virtually 100 % liquid, with a mainly gas/liquid upper
surface and a water-like viscosity of the order of 102 poise (1 poise = 0.1 Pa s)’ and preferring the term
magmasphere. A detailed definition of magma ocean is found in Solomatov (2015), which we borrow
and extend to all planetary bodies, thus defining a magma ocean as a ‘partially or completely molten
layer within a planetary body’s deep interior whose motions are controlled largely by liquid viscosity’.
According to Taylor and Norman (1992), magma oceans can be defined by two factors: (1) the magma
behaves rheologically as a fluid, with suspended crystals being less than 50 % in volume: (2) the magma
ocean represents a consistent fraction (more than 10%) of a planetary body. The modern concept of MO
was established following the recovery of more than a thousand rock samples by the Apollo 11 mission
by Wood et al. (1970), and Smith et al. (1970). They indeed suggested that the global distribution of
anorthosites on the lunar surface (plagioclase-rich rocks) could have been the result of the flotation of
plagioclase in a denser global silicate magma ocean. Large scale melting was later confirmed by
studying trace elements through experimental petrology (Schnetzler and Philpotts, 1971; Shervais and
Taylor, 1986). Since then, the lunar magma ocean (LMO) hypothesis has garnered general acceptance.
Over the last decades, geochemical evidence in combination with geophysical models and numerical
simulations of the evolution of the solar system have thus led planetary scientists to apply the MO
concept to Mercury (Brown and Elkins-Tanton, 2009; Vander Kaaden and McCubbin, 2015; Mouser et
al., 2021; Xu et al., 2024), Venus (Trennes et al., 2019, Hamano et al., 2015), Earth (Trennes et al.,
2019; Solomatov, 2015), Mars (Elkins-Tanton et al., 2003; Elkins-Tanton, 2012), Vesta (Elkins-Tanton,
2012; Greenwood et al., 2005; Mandler and Elkins-Tanton, 2013), and lo (Khurana et al., 2011). Major
advancements in detection techniques in exoplanetary science have also revealed a class of rocky
exoplanets characterized by surface magma oceans which are sometimes termed as /ava worlds (Chao
et al., 2021; Leger et al., 2011), demonstrating the importance of the magma ocean stage as a crucial

period for planetary evolution.

1.2.2.  Magma Ocean Processes

The process of solidification in magma oceans mainly follows two steps (Brown and Elkins-
Tanton, 2009): (1) assuming that a young planetary body is hot enough to be entirely above the liquidus

temperature (the highest temperature where both liquid and solid phases are in thermodynamic
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equilibrium), a strong convective regime begins, causing initial liquid homogenization (no chemical
gradient) and allowing heat to flow upwards. Simple convection can be quantified by using the Rayleigh
number, an a-dimensional ratio between buoyant and viscous forces, as shown below:

_pgaATD?
= -

Ra (Eq. 1.1)

Where p is liquid density, g is gravity, a is the thermal expansivity coefficient, A7 is the temperature
range across the liquid, D is liquid depth, # is dynamic viscosity, and « is thermal diffusivity. As the
liquid cools, the adiabat curve (i.e., the temperature gradient within the cooling magma ocean) intersects
the solidus at depth, enabling the magma ocean to crystallize starting from the bottom upwards (Walker
et al., 1975; Elkins-Tanton et al., 2003; Brown and Elkins-Tanton, 2009). The solidification of a magma
ocean can follow two paths: fractional or equilibrium crystallization. In order for the former to happen,
it’s necessary that the velocity of crystal settling exceeds the convection velocity, allowing the crystals
to create a chemical differentiation (Elkins-Tanton, 2012; Solomatov, 2015). On the contrary,
equilibrium crystallization is expected to occur when crystal sedimentation, or settling, time is smaller
than crystallization time (Solomatov, 2015 and references therein). This can happen if the crystal size
doesn’t exceed a critical value (deriical) considered as the threshold between equilibrium and fractional
crystallization which Solomatov (2015) suggests is about 1 mm for Earth. (2) Crystallization models
mimicking the solidification of MOs usually produce unstable density structures (Schaefer and Elkins-
Tanton, 2018). According to Elkins-Tanton (2012) such instabilities may cause mantle overturn which
may be produced by the following processes: MO enrichment in heavy elements (Elkins-Tanton et al.,
2011); formation of crystals at different temperatures with different compressibilities (Elkins-Tanton et
al., 2003); Fe enrichment in residual liquids following Mg-Fe exchange in mafic minerals (Schaefer
and Elkins-Tanton, 2018). A gravitationally unstable mantle can result in overturn via Rayleigh-Taylor
instabilities. Assuming a liquid with constant dynamic viscosity #, the overturn time scale of unstable
mantle cumulates with thickness D can be quantified as follows (Hess and Parmentier, 1995):

4 m%y

toverturn =

Where g is the gravity acceleration, y is the density gradient (in this model, liquid density is thought to
vary linearly with depth). High viscosities will lengthen overturn time, while mantle thickening and the
rise in g (depending on the internal mass distribution) are expected to lead to a decrease of Zovertum.
Various phases of overturn are considered to have taken place in the primordial mantle of Venus and
Earth (Elkins-Tanton, 2012; Rolf et al., 2018), the Moon (Grove and Krawczynski, 2009; Prissel et al.,
2023; Maurice et al., 2024), and Mars (Elkins-Tanton et al., 2003, Elkins-Tanton, 2012). The inferred
unusual composition of Mercury’s silicates presumably prevented overturn from occurring (Vander
Kaaden and McCubbin, 2015), although a recent study posits that it might have occurred within 100
Myr of MMO solidification (Mouser and Dygert, 2023).
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1.2.3.  The Importance of Viscosity on the Behaviour of Silicate Melts

Although this doctoral thesis is not centered on investigating the rheological properties of the
silicate melts produced during the course of the experimental series, for which specific experimental
designs and instruments are necessary, it is nonetheless important to discuss about the relevance of
viscosity in the study of melts and magma oceans. As also shown in the definition of magma ocean in
Solomatov (2015), viscosity is a major variable to consider when approaching the study of MO

behaviour.

Peridotite liquids at near-liquidus temperatures are characterized by viscosities in the order of 10! Pa s
at low pressure (Dingwell et al., 2004; Solomatov, 2015). Viscosity of ultramafic silicates generally
decreases sensibly with temperature (Solomatov, 2015). As for pressure dependency, differences arise
whether melts are polymerized (non-bridging oxygens versus tetrahedrally coordinated cations, NBO/T
< 1) or depolymerized (NBO/T > 2) (Russell et al., 2024). Viscosity of polymerized melts decreases
with pressure between 1 and 13 GPa (Wang et al., 2014; Sakamaki and Ohtani, 2022), while
depolymerized melts exhibit an increase with pressure. Liebske et al. (2005) found that the viscosity of
peridotite liquids increases to ~ 8.5 GPa and decreases at higher pressure. Cochain et al. (2017) showed
that (a) viscosity of pyroxene melts decreases with pressure, and (b) two viscosity trends can be found,
with a first marked drop in viscosity below 5 GPa and a second more softened decrease above 5 GPa.
Russell et al. (2024) developed a viscosity model for ultramafic melts where viscosity is seen to
significantly increase with pressure at mantle conditions. If we now consider a global scale crystallizing
body of magma on a planet, we may expect the evolving residual liquid to vary significantly in
composition, which in turn may seriously affect the physical and rheological properties of the very
magma ocean. Over the course of the MO lifetime, the variation in viscosity can be indeed of several
orders of magnitude (Salvador et al., 2023). As for the volatile control on viscosity, H>O for example
decreases the viscosity of silicate melts at low pressure and temperature conditions (Russell et al., 2024;
Solomatov, 2015), although differences in viscosities between anhydrous and hydrous melts seem to be
negligible at high temperatures (Solomatov, 2015; Salvador et al., 2023). The viscosity model of Russell
et al. (2024), on the other hand, predicts a 0.5 log units monotonous decrease in viscosity for Earth’s
mantle melts when 5 mol% H,O are added. Recently, Mouser et al. (2021) showed the negative
dependency of dissolved sulfur on viscosity in reduced Mg-rich melts relevant to Mercury’s magma
ocean. The viscosity of silicate melts is crucially controlled by the solid fraction in the melt (Solomatov,
2015). The influence of the solid fraction on the viscosity can be shown in the following expression
(Roscoe, 1952):

_ m
= e s (Eq. 1.3)
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Where # is viscosity of the suspension, 7; is the viscosity of the liquid, ¢ is the solid volume fraction,
and ¢, is the maximum packing crystal fraction (Solomatov, 2015) and is the critical solid fraction
separating a melt-dominated rheology from a solid-dominated rheology (Salvador et al., 2023). The
rheological shift from melt-dominated behaviour to crystal-dominated behaviour makes the magma

rheologically ‘locked,” where crystal shape is hypothesized to play a major role (Mangler et al., 2024).

1.2.4.  Basal Magma Oceans (BMOs)

Although magma oceans are believed to develop mainly on the outermost part of planetary
bodies, some of them like Venus, Earth, the Moon might have hosted inner, basal magma oceans
(BMOs). BMOs could be produced by means of the following processes (Elkins-Tanton, 2012): (i)
planetesimal melting from the interior (accretional heating); (ii) density inversion between solids and
liquids, with the latter sinking downwards (especially in large planets, Tronnes et al., 2019); (iii)
conversion of potential energy of core formation to thermal energy, which would be stored in the
planetary interior; (iv) radiogenic heating from radio-isotopes-enriched layers forming as a consequence
of fractionation and subsequent overturn. Labrosse et al. (2007) hypothesized that a deep, ~100 km-
thick layer of dense melt may have formed early in Earth's history (Fig. 1.5.), representing a
geochemical reservoir, particularly for heat producing elements (HPEs). The dense Fe-rich BMO would
have slowly frozen through fractional crystallization, depositing the Fe-rich solids upwards on the

bottom of the solid mantle. Boukaré et al. (2025) recently suggested that on Earth, an iron-oxide-rich

BMO would have formed and that it represents the last residue of the magma ocean solidification.

Figure 1.5. Evolution of Earth’s magma ocean with the formation of a surficial and a basal magma

ocean (yellow areas) and the crystallization of mantle minerals (grey areas) (Labrosse et al., 2007).

Kraettli et al. (2022) investigated the possibility for the formation of a BMO on the Moon (Fig. 1.6.).
They suggested that in the crystallizing LMO, neutrally buoyant olivine would have stalled in the

middle of the magma ocean creating a barrier that would have separated the residual magma ocean into
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a surface magma ocean, and a ~ 220 km-thick basal magma ocean. The lunar BMO would have then
crystallized dense garnet-rich layers and would have produced a highly evolved residual liquid that
might still exist at the present time. They found that the existence of the lunar BMO is dependent on
many factors, mainly the initial depth of the LMO, the initial composition of Bulk Silicate Moon (mostly
the starting Mg/Fe ratio), and the compressibility of the magma ocean. Given the similarity between
Earth’s and Venus’ sizes, O’Rourke (2020) extended the possibility of BMO formation also the sister
planet of Earth. As Venus has no plate tectonics, the lifetime for a BMO would be extended significantly
as more heat would be still stored in the interior. A 200-400 km-thick BMO would be still present today,

representing a potential reservoir for incompatible elements.
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Figure 1.6. Schematic evolution of the 220 km-thick lunar basal magma ocean (Kraettli et al., 2022).

1.2.5. Magma Ocean Cooling

MO cooling timescale depends on the heat flux within the magma ocean, which is controlled
by turbulent convection regimes (Maurice, 2020). This in turn depends on MO viscosity, which, as we
have seen, can be rather low for primitive compositions. This would create strong turbulent heat fluxes

(Solomatov, 2015). In general, the time required for a MO to solidify can be expressed as such (Chao

et al., 2021):

pbL (Eq. 1.4)

t =
MO q

Where p is the magma ocean density, D is the magma ocean depth, L is the latent heat of crystallization,
and q is the heat flux. End-member scenarios leading to three considerably different cooling timescales
are now presented (Chao et al., 2021): (a) in the case of the formation of a stable surficial lid, the magma
ocean cooling time will depend on the lid thickness, with timescale ranges being a considerable fraction

of a planetary body’s age; (b) during the MO crystallization, a secondary atmosphere might made of
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volatiles (usually H>O or CO,) might develop (Abe, 1997). In this case, the heat flux at the surface is
partly suppressed, leading a typical terrestrial magma ocean hundreds of km thick to cool in the order
of several hundred thousands of years (if not millions) (Maurice, 2020); (c) in the absence of both a
stable crust and/or a thick atmosphere, the heat escape towards the outer space would be extremely
effective (unless there’s an equal amount of heat produced from the interior), thus leading a magma

ocean to crystallize in a very short time (decades).

1.2.6. Mercury’s Magma Ocean

Independently from the formational scenarios that shaped planet Mercury early in its history (e.g.,
Ebel and Stewart, 2018), the combination of accretionary impacts, metal—silicate segregation, and decay
of short-lived radioisotopes would have produced enough heat to completely melt the planet (Schubert
et al., 1988; Schaefer and Elkins—Tanton, 2018). This inference is supported by the large size of the core
of the planet (Hauck et al., 2013), meaning that a high degree of differentiation capable of effectively
segregating nearly all the metal in the core must have been reached in its early history. This would have
created a global Mercury Magma Ocean (MMO). Layering would have developed within the
crystallizing magma ocean to form the primordial mantle of Mercury. The segregation of olivine- and
pyroxene-rich cumulates denser than the residual liquid probably resulted in the formation of a
vertically heterogeneous mantle composed of increasingly ultramafic lithologies towards the core-
mantle boundary (McCoy et al., 2018, Brown and Elkins-Tanton, 2009). The inferred bulk mantle S
content (Namur et al., 2016a) led authors to suggest that also sulfide phases would have segregated
from the MMO, with major implications for potential mantle overturn (Boukaré et al., 2019; Mouser
and Dygert, 2023). Also, following interpretations of MESSENGER’s spectroscopic data, the expected
paucity of FeO in Mercury’s magma ocean presumably prevented flotation of plagioclase as a result of
the low-density residual liquid (Vander Kaaden and McCubbin, 2015). A recent study from Mouser and
Dygert (2023) nonetheless suggested that overturn could have been possible within 100 Myrs of magma
ocean solidification, caused by density instabilities of dense pyroxenite layers on underlying less dense
harzburgite layers. In any case, according to Vander Kaaden and McCubbin (2015), graphite would
have been the only low-density, buoyant phase in a FeO-depleted MMO, whose flotation likely
contributed to forming Mercury’s primary flotation crust, with its thickness depending on the bulk C
content of the MMO.
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1.3.Goal of the Thesis

This introduction briefly explained the peculiar character of Mercury amongst the planetary bodies
in our solar system. Mercury is unique both in its interior makeup and in its composition. The amount
of data in our possession as obtained by Mariner 10, MESSENGER, and Earth-based observations is
not comparable to that of Mars, or the Moon. Nevertheless, substantial advancements have been made
in the understanding of Mercury’s configuration, formation, and evolution. We know very little about
the early magma ocean stage, and the few scientific efforts are mostly based on modelling. This doctoral

endeavour serves as a first revised model of the interior of Mercury based on experimental petrology.

The goal of the thesis is therefore to reconstruct the primordial structure of the mantle of Mercury via
an experimentally driven approach capable of retrieving the silicate phase equilibria and the sequence
of crystallization of a global magma ocean on Mercury under reducing conditions (Fig. 1.7.). The
experimental approach is combined with petrological modelling (Namur et al., 2012; Charlier et al.,
2018; Zhang et al., 2024), which is employed with the scope of tracking the compositional evolution of
a silicate magma ocean, as new crystals form and segregate from the silicate liquid. Our combined
approach has the ultimate scope of reconstructing the internal layering of Mercury’s silicate shell from
the core-mantle boundary up to the crust. Thanks to our modelled crystallization sequence, we will be
able to define mantle fertile and refractory reservoirs, which are paramount to investigating the
petrogenesis of surface lavas. In parallel, we investigate the role of sulfur in affecting silicate phase
equilibria, the liquidus temperatures, and density of Mercury’s magma ocean. We indeed aim to use the
experimental dataset developed throughout the project to quantify the shifts in phase boundaries
induced by sulfur dissolved in silicate melts, and to empirically parameterize the depression of the
liquidus temperature as a function of sulfur content in reduced, Mg-rich silicate systems. Moreover, we
investigate the role of sulfur on the density of the magma ocean of Mercury, as this has major
consequences on the possibility for solid phases to be able to float and thus contributing to the buildup
of the primary crust of the planet. Lastly, we explore the impact of sulfur on the storage of HPE, which
is crucial to study the thermal evolution of the planet. Our study will provide the most up-to-date model

for the evolution of the silicate portion of Mercury’s interior.
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Figure 1.7. Schematic concept showing the approach undertaken by this doctoral thesis
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2.1. Preparation of Starting Materials

The composition of a magma ocean is expected to vary significantly from the beginning right
to the end of crystallization. As this doctoral project aims at investigating the chemical evolution of a
global scale magma ocean on planet Mercury, multiple starting materials are needed to recreate the
evolving composition of the silicate liquid. This approach is inspired by Charlier et al. (2018) who
investigated the crystallization products of the lunar magma ocean. For the first part of this doctoral
project (Chapter 3), the first compositions that we consider need to represent the average composition
of the silicate portion of the planet, or Bulk Silicate Mercury (BSMe) as it formed after the separation
of the metallic core from the silicate component. The starting composition Mer8 and Merl15 are reported
in Table 1.2. and a discussion on how they were determined can be found in Section 1.1.4. (Chapter 1).
Testing starting compositions with a range of different Mg/Si proves indeed important as this has been
shown to deeply affect the layering of Mercury’s primordial mantle (Anzures et al., 2020; Saracino et
al., 2025). For the second part of the project (Chapter 4), we prepared starting powders that represent
the residual liquid of the MMO as the cumulus thickens with decreasing melt fraction F. Mer_1, Mer 2,
and Mer 3 were then prepared. A detailed explanation of how they were determined is proposed in

Section 4.1. (Chapter 4). The compositions of all starting materials are shown in Table 2.1.

Table 2.1. Chemical composition of the silicate starting materials used throughout the doctoral project.

n.d. — not determined.

Mer8 Mer15 Mer_1 Mer_2 Mer_3

SiO; 54.82 47.91 56.53 62.91 66.48
TiO2 0.14 0.16 0.38 0.17 0.16
Al;O3 3.70 4.26 9.46 13.85 16.62
Cr20; 0.52 0.60 0.56 0.11 0.02
MnO 0.28 0.33 0.37 0.31 0.04
MgO 37.32 43.04 24.01 11.95 4.39
CaO 1.62 1.87 4.33 5.12 5.68
Na.O 1.37 1.58 3.75 5.10 6.00
K20 0.13 0.15 0.36 0.49 0.60
P20s 0.10 0.10 0.26 n.d. n.d.
Total 100.00 100.00 100.00 100.00  100.00
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The starting powders were produced from high-purity oxide powders: SiO», TiO,, Al,O3, Cr,03, MnO,
MgO, CaSiOs, Na,Si0Os, K»Si409, and AIPO,4. CaSiOs and Na,SiO; were produced following simple

reactions of decarbonation, as shown below:
CaCO; + Si0; = CaSiO; + CO; (Eq. 2.1)
Na,CO; + SiO; = Na,Si0; + CO» (Eq.2.2)

All the settings for the preparation of the powders are reported in Table 2.2. To obtain reducing
conditions for our experimental runs, a strongly reducing agent like metallic Si is needed (Cartier and
Wood, 2019). We therefore prepared our powders with different metallic Si/SiO, ratios in the starting
materials to obtain a range of oxygen fugacity consistent with the average fO, estimated for the silicate
interior of Mercury. Once the powders were prepared, they were mixed in an agate mortar with
methanol. Both S-free and S-bearing compositions were prepared, with FeS, S, or a mixture of FeS+S
being added to the starting materials to ensure sulfide saturation. All the powder mixtures were stored

in oven at 120 °C.

Table 2.2. List of oxide components produced at the laboratory in Liege.

Oxide Reaction Drying settings Drying settings
Powders reactants products
MgO 1400 °C for 96 h
SiO; 1100 °C for 72 h
CaCOs3 400 °C for 12 h
CaCOs — 400 °C for
. SiO2 + CaCOs = CaSiOs 4h 750 °C for 12 h / After / 1100
CaSiOs +CO2 °C for 96 h
SiO2— See above
Na2COs — 750 °C for o
_ SiO + N22COs = NazSiOs 48 h 750 °C for for 12 h / After /
Na;S|03 +CO»
SiO2— See above 750 °C for 96 h
K2COs — 700 °C for
. i = i 116 h
K;Si406 4 SiO2 + Kf%%sz K2SisOg

SiO2— See above

2.2. Experimental Strategy

Our entire project has been revolving around the use of the piston cylinder. The piston-cylinder
apparatus is a device able to investigate phase equilibria at high pressures and high temperatures, usually
0.2 — 5.0 GPa and 600 to 2000 °C (Boyd and England, 1960; Dunn, 1993; McDade et al., 2002). The

first person to design an instrument capable of applying both high pressure and temperature to a solid
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substance was the English engineer C. A. Parsons (Parsons, 1888). Parsons’ original design was later
improved by Bridgman (1940). The basis for the modern piston cylinder designs is after the work of
Boyd and England (1960), who were the first to use a device of this sort to investigate the interior
structure of Earth. The pressure and temperature ranges attained by piston-cylinder apparatuses make
them indeed well suited for investigating crustal and upper mantle conditions on Earth, or even core
conditions on smaller bodies (Condamine et al., 2022). The modern concept of the piston-cylinder is to
exert pressure on a sample assembly in a tungsten carbide (WC) vessel supported by a steel ring (Boyd

and England, 1960) (Fig. 2.1.).
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Figure 2.1. Two-dimensional (left) and three-dimensional (right) model of an end-loaded piston-

cylinder (Pirotte, 2023). The assembly containing the sample is placed in the pressure vessel.

Pressure transfer to the sample via a solid pressure medium is achieved by means of pressure
amplification. A small load of a large steel piston is converted into a large load on a small piston (Dunn,
1993). Pressure amplification can be expressed as follows:

2
Prom(kbar) = 1073 Z2mp . (bar)

2
nrpiston

(Eq. 2.3)

Where 7ram 1s the radius of the upper ram, 7pison i the radius of the piston, poi is the hydraulic pressure
of the oil. It is clear from this relation that small pistons will be able to achieve higher pressure than
larger pistons. This translates into different cell assembly sizes (expressed in inches, 2", 34", 1"), based
on the pressure range investigated. Piston cylinders are usually divided into two types: non-end-loaded
piston cylinders possess one hydraulic pump, and the pressure attained cannot exceed 2.2 GPa, which
corresponds to the strength of WC in the core vessel. End-loaded piston cylinders, on the other hand,
are equipped with two hydraulic pumps allowing them to attain higher pressures (3 — 6 GPa), which
can vary depending on the type of steel alloy employed for the vessel (Vetere, 2024). Temperature is
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applied by setting a regulated voltage to the furnace and is monitored with a thermocouple (Dunn,
1993). Thermocouples can be of different materials (like Pt-Rh or W-Re) and of different types
(according to the relative metal proportions) (Dunn, 1993). Attaining the entire spectrum of temperature
and pressure conditions also depends on the properties of the materials making up the different cell
assemblies (McDade et al., 2002). The more widely used materials for cell assemblies are NaCl,
talct+pyrex, and BaCOs. NaCl cells are suited for low T (< 1600 °C), low-to-high pressure runs, and for
short and long durations. BaCOs are more suited for high temperature (> 1600 °C), low-to-high pressure,
and for all durations. Talc assemblies behave well at high temperature (T > 1600 °C), although their use
at high pressure should be avoided, given their high frictional correction factor (as too much pressure
would be applied to the WC core) (Condamine et al., 2022 and references therein). Capsules are also a
major component in piston cylinders cell assemblies, as they contain the samples to study. They can be
made of different materials like Au, Pt, graphite, and AgPd alloys. Importantly, capsules need to be
weak in order not to interfere with the pressure transmission and be quite inert to not react with the
sample (Dunn, 1993). As for this doctoral project, low-to-high pressure (0.5 — 3.0 GPa) and high
temperature (1125 — 1950 °C) experiments featured in this thesis were conducted by employing the
Voggenreiter Mavo LPC 250-300/50 end-loaded piston-cylinder located in the Laboratory of Petrology,
Geochemistry, and Petrophysics of the University of Liege (Fig. 2.2.). All experiments here featured
were conducting using graphite capsules. These were chosen for several reasons. First, they buffer the
oxygen fugacity at the C-CO equilibrium. Graphite is also quite inert as a material and reacts little with
the silicate phases. Also, Mercury likely differentiated in C-saturated conditions (Steenstra and van
Westrenen, 2020). For experiments conducted at pressures between 1.0 and 3.0 GPa, half an inch
assemblies were employed coupled with BaCOs cells (Fig. 2.3.a). The latter were produced by sintering
BaCO; powder mixed with toner ink at room temperature and later fired in a muffle furnace at T = 700
°C for 25 minutes. For experiments conducted at 0.5 GPa, three quarters inch assemblies in combination

with talct+pyrex cells were used (Fig. 2.3.b).
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Figure 2.2. End-loaded Voggenreiter Mavo LPC 250-300/50 piston-cylinder model at the Department
of Geology, University of Liege (Belgium).

The starting powders (~10 mg) were packed into graphite capsules and dried in the oven at 120 °C. The
capsule is surrounded by a Al,Os sleeve and MgO spacers and inserted into a graphite furnace. BaCOs
cells were used as the pressure medium. Assembled cells are eventually wrapped in a
polytetrafluoroethylene (PTFE) sheet. Details on the cell assembly are shown in Fig. 2.3. Assemblies
are first pressurized at room temperature up to 0.7 GPa for half inch assemblies, or 0.4 GPa for three
quarters inch assemblies. Next, temperature is increased to 865 °C at 100 °C/min. A temperature dwell
is then followed during which the target pressure is attained. The duration of the dwell can vary
depending on the target pressure. After the dwell, a new increase in temperature is followed (at 50
°C/min) up to the target temperature. The difference in temperature between the tip of the thermocouple
and the centre of the capsule is ~ 25 °C. During the course of the doctoral project, ‘spontaneous’ pressure
increase was observed particularly in S-bearing runs at temperatures higher than 1300 “C. Lower ram
pressure was therefore kept 10-to-20 bars below the target pressure to compensate for such an effect.
Experiments were eventually quenched by switching off the power supply. A list comprising all
experimental runs featured in this doctoral thesis can be found in the supplementary information

(Appendix E).
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Figure 2.3. Two dimensional sketches of the (left) 1/2" assembly and (right) 3/4" inch assembly
employed during this doctoral project. Both assemblies were wrapped in PTFE prior to insertion into

the pressure vessel of the piston—cylinder.

2.2.1. Sample Recovery and Mounting

After quenching the experiments, the samples are extracted from the experimental assembly
(Fig. 2.4.). The extracted capsules are later glued into a thin section, mounted on a diamond wafer saw
apparatus and cut into two halves. The two halves are then detached from the thin section and placed in
a silicone mold and eventually mounted in epoxy. The epoxy is later left solidifying for ~ 14 hours.
Samples are later polished with increasingly fine SiC polishing pads (800, 1200, 2400, 4000 P# grits),

and finally with a 1 um diamond pads. They are now ready to be analyzed.
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Figure 2.4. Freshly extracted 3/4" assembly after quenching an experimental run. The assembly is
wrapped in PTFE (greyish film) and covered in a mixture of mineral oil and MoS: (or molikote, dark
stains on the PTFE sheet) to facilitate the assembly extraction from the pressure vessel of the piston-
cylinder. The steel plug for the thermocouple insertion can be seen on the top of the image (the

pyrophyllite ring encircling the steel plug is missing).

2.3. Analytical Strategy

Sample characterization was performed through non-destructive qualitative and quantitative
analytical techniques. Qualitative analyses were performed via Scanning Electron Microscopy (SEM)
to identify the silicate phases (crystals and glass), metals, and sulfides and for illustrative purposes. On
the other hand, quantitative analyses were conducted via Electron Probe Micro-Analysis (EPMA) to
retrieve the chemical composition of all the identified phases. A review of the two analytical techniques

employed over the course of this doctoral project is now presented.

2.3.1. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is an analytical technique designed for micro elemental
analysis and for imaging of solid samples in a wide range of physical sciences (Newbury and Ritchie,
2013; Goldstein et al., 2003). The principles of the SEM were first outlined by Knoll (1935), and the
first microscope was built by von Ardenne (1938). The basic idea of the SEM is to target a sample with
an energetic source to characterize it. The volume of the specimen is irradiated by an electron beam
with energy in the range 5 — 30 keV (Reed, 2005), originated from an electron source (or gun), which
is focussed thanks to the use of apertures and electromagnetic coils (Goldstein et al., 2003). When the

electrons impinge on the targeted sample, both elastic — meaning that they involve little energy loss -
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and inelastic - with high energy loss - scattering processes occur (Wenk, 1976). Electrons are
particularly slowed down during inelastic interactions, which are defined as interactions between the
impinging electrons and the bound electrons or the lattice of the specimen. The amount of energy loss
is called stopping power and is dependent on the density of the targeted sample (Reed, 2005). Elastic
scattering occurs when the incident electron gets deflected by the specimen’s atomic nuclei (Fig. 2.5.).
This type of interaction implies almost no loss of energy, due to the large mass of the nucleus as

compared to that of the electron (Reed, 2005).

Elcctron path
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Figure 2.5. Schematic view of elastic scattering (Reed, 2005).

As inelastic interactions imply the transfer of energy from the targeting electrons to the specimen’s
atoms, the excited atoms also release secondary electrons (SE). A fraction of the incident electrons is
scattered with an angle larger than 90° and emerge from the interface of the sample. These are referred
to as backscattered electrons (BSE). Secondary electrons are characterized by lower energies (a few eV
only) as compared to backscattered electrons. Secondary electrons and backscattered electrons are both
used for sample imaging. SE images are usually useful to highlight the topography of the sample, while

BSE images are mostly used to show the compositional variations of the specimen.

Another type of signal produced by the targeted sample is the emission of x-rays. X-rays are usually
produced through two distinct mechanisms (Reed, 2005). A continuous x-ray spectrum is the result of
energetic electrons interacting with atomic nuclei. This can cause a change of energy state which takes
the form of an x-ray. A characteristic x-ray spectrum is the consequence of the electrons transitioning
between different energy levels and they are specific to each elemental species (Fig. 2.6.; Reed, 2005).
In this latter case, x-rays are produced when the bombarding electrons excite the electrons of an inner
shell of the specimen, which are later ejected. The electron hole created by the incident radiation causes
another electron from the outer shell to fill the hole. The difference in energy between the two energy
levels is released in the form of an x-ray. Because x-rays are characteristic of each elemental species,
x-rays provide compositional information of the sample (Zhou et al., 2006). SEMs are typically
equipped with semiconductor Energy Dispersive Spectrometers (EDS), which detect the characteristic
x-rays emitted by the sample and convert them into electrical signals. These detectors measure the

energy and intensity of the x-rays, producing spectra that allow both qualitative and quantitative analysis
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of the sample’s composition (Reed, 2005). The energy of the x-rays identifies the elements present,
while their intensity reflects the relative abundance. The lowest element concentration that can be
detected is referred to as detection limits and is usually expressed in parts per million (ppm). For EDS,
detection limits are usually around 1000 ppm or 0.1 wt% for heavier elements (Chew et al., 2021),
although recent technological advancements allowed lower detection limits to be attained (Newbury

and Ritchie, 2015).
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Figure 2.6. Difference between continuous and characteristic spectra (Reed, 2005).

Qualitative analysis of our samples, including imaging and phase identification, was performed with
the FEI QEMSCAN at RWTH Aachen (Germany), and with the TESCAN MIRA (4" Gen) at the
Department of Geology at KU Leuven (Belgium). Backscattered images (BSE) were captured to
analyze the different phases present and to show phase textures. Both general and close-up images were
taken to highlight textural features and to compare results with mass balance calculations. In RWTH
Aachen, BSE images were taken with an accelerating voltage of 15 keV, a 1 nA beam current, and a 10
mm working distance. BSE images in KU Leuven were taken with an accelerating voltage of 15-20
keV, a 1 nA beam current, and a working distance of 15 mm. Selected EDS spectra analyses were also

performed to help identify phases, and to retrieve their chemical composition.

2.3.2. Electron Probe Micro-Analysis

The Electron Probe Micro-Analyzer (or EPMA) is an instrument that allows for chemical
analyses of selected volumes of solid samples which are hit by a focused beam of electromagnetic
radiation of charged particles (Reed, 2005; Potts et al., 1995). The principles for the functioning of the
first EPMA were delineated in the doctoral thesis of Castaing in 1951 (Castaing, 1951). The physical
principles behind of EPMAs are identical to what has been shown for SEMs. EPMAs generally feature
two types of X-ray spectrometers: Energy Diffusive Spectrometers (EDS) and Wavelength-Dispersive
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Spectrometers (WDS). While EDS detectors categorize the incident x-ray radiation based on its energy,
WDSs sort x-rays based on wavelength thanks to Bragg diffraction from a crystal, which is crucially

dependent on measured angles, as shown here:
nA = 2d sinf (Eq. 2.4)

Where n is the diffraction order, d is the interplanar spacing of 6 is the Bragg angle (Fig. 2.7.a).
Different diffracting crystals with different d values are used to cover the broad 4 range of typical rock-
forming elements, so that multiple diffracting crystals are used in an EPMA. Also, the geometry of the
crystal is slightly convex rather than flat to obtain an approximately constant Bragg angle (Fig. 2.7.b).
Sorting x-rays by wavelength rather than by energy allows WDS measurements to be much accurate
than EDS measurements. WDS detectors have detection limits in the order of 10s ppm and possess a
spectral resolution that is an order of magnitude higher than that of EDS detectors (Chew et al., 2021).
For WDS measurements, a crucial role is played by the interplay between the positioning of the electron
source, the angle of the diffracting crystals, and the positioning of the x-ray detector (Ritchie and
Newbury, 2013).
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Figure 2.7. (a) Bragg diffraction (Reed, 2005). (b) Schematic geometry of a Wavelength Dispersive

Spectrometer (Potts et al., 1995).

As for what pertains to our project, quantitative analyses were performed by employing the CAMECA
SX Five Tactis at Laboratoire Magmas et Volcans, Université Clermont Auvergne (Clermont-Ferrand,
France), and with the JEOL JXA-8530F at the Department of Material Engineering at KU Leuven
(Belgium).

In Clermont-Ferrand, silicate crystals, sulfide, and metallic phases were measured with a 15 kV
accelerating voltage and 15 nA beam current. Silicate glasses were measured with a 15 kV accelerating
voltage and a 4 to 15 nA beam current (depending on the melt fraction). Silicate crystals were analyzed
with a focused beam, whereas glasses with a defocused beam (the spot size being 2-20 um depending

on the size of the glass pocket and/or quench textures). Sulfides were measured with a focused beam
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and metals with a focused or defocused beam (5-10 um), depending on the size of the metallic phases
and on the presence of heterogeneities and quenched textures. Counting times of 10-30 s were used for
each element. Both natural and synthetic calibration standards were employed. The standards for
crystals are albite for Na, orthoclase for K and Al, wollastonite for Ca, San Carlos olivine for Si,
forsterite for Mg, TiMnOs for Ti and Mn, Cr,0s for Cr, fayalite for Fe. For the glass we used: albite for
Na, orthoclase for K and Al, forsterite for Mg, TiMnOs for Ti and Mn, Cr,0;s for Cr, fayalite for Fe. The
same standards were used for the glass phases, except that wollastonite was employed for both Si and
Ca, and BaSO,4 was used for S. Details on how S was measured in the silicate glass are reported in
Chapter 3 (Section 3.2.3.). The calibration standards for the sulfide phases are albite for Na, Si metal
for Si, wollastonite for Ca, forsterite for Mg, orthoclase for Al, TiMnO; for Ti, Cr metal for Cr,
chalcopyrite for Fe and S, Mn metal for Mn, Fe,P for P. The same standards were used for metallic
phases, except that Fe metal was used for Fe. A ZAF (Z, atomic number; A, absorption; F, fluorescence)

correction was applied to account for inter-elemental (matrix) effects.

In Leuven, silicate crystals and sulfide and metallic phases were measured with a 15 kV accelerating
voltage and 10 nA beam current. Silicate glasses were measured with a 15 kV accelerating voltage and
a 15 nA beam current. Crystals were analyzed with a focused beam and glasses with a beam defocused
to 5-20 um depending on the size of the glass pool. Sulfides were measured with a focused beam and
metals with either a focused or a defocused beam (5—10 pm) depending on the size of the metallic phase
and the presence of heterogeneities and quench textures. Peak counting times were 10-30 s and
background counting times on each side of the peak were 5—15 s for each element. The standards for
crystals are albite for Na, orthoclase for K and Al, diopside for Ca, olivine for Si and Mg, rutile for Ti,
MnO for Mn, Cr,0s for Cr, fayalite for Fe. For the glass we used albite for Na, obsidian for K and Al,
olivine for Mg, diopside for Ca, rutile for Ti, rhodonite for Mn, Cr,Os for Cr, hematite for Fe, and BaSO4
was used for S. The standards we used for metals and sulfides are albite for Na, Si metal for Si, diopside
for Ca, olivine for Mg, obsidian for Al, rutile for Ti, Cr metal for Cr, Fe metal for Fe, Mn metal for Mn,

pyrite for S. A CITZAF (Armstrong, 1988) correction was applied to account for the matrix effect.

2.4. Mass Balance Calculations

Mass balance is a major tool in petrology and geochemistry to assess a variety of processes. In
igneous petrology, mass balance is employed to investigate fractional crystallization trends, magma
mixing, and mantle melting (Li et al., 2020; Janousek et al., 2016). In particular, calculating the balance
of masses proves extremely useful to check the quality of compositional data (EDS or WDS data, for
example), and to assess the attainment of equilibrium. In a magmatic system, mass balance can be

described by the following equation:
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Co=FCL+ (1-F)Cs (Eq. 2.5)

Where C, is the concentration of a component in the system, F is the liquid fraction, Cj, is the
concentration of a component in the liquid fraction, and Cs is the concentration of a component in the
solid fraction. For the purpose of this project, mass balance calculations were performed in order to
retrieve the relative phase proportions of our experimental runs. A macro-enabled Visual Basic for
Application (VBA) Excel program developed by Li et al. (2020) was employed. The composition of
the melt, combined with those of the coexisting solid phases (and relative 1o errors) are needed for the
calculation procedure. The starting composition is also needed for the balance of masses to be
calculated. The resulting relative proportions (Table 2.3.) are then shown in a separate table together
with the associated error (sum of the square error estimate, SSE). Standard deviation estimates of phase
proportions are also computed. Mass balance determination was not possible only in the case of the

impossibility to retrieve data for very small, solid phases.

Table 2.3. Example of mass balance determination on run A468.

Unconstrained Result for A468
Phases Prop.(%) \-Prop.(%.  Std. Comp. Residual
Gl 79.100 77.349 4.229 Si02 0.000
Opx 6.467 6.324 5.735 Al203 -0.085
Ol 16.697 16.327 2.903 MgO 0.000
SUM  102.263 100.000 Cao 0.232
SSE 0.061

2.5. Oxygen Fugacity

The oxidation state of a system is a major concept in petrology. It corresponds to the
hypothetical charge that an atom would possess if all its bonds with other atoms would be ionic (Cicconi
et al., 2020). The concept of oxidation states is intricately linked to redox, or oxidation-reduction,
reactions. These are defined as reactions involving changes in the oxidation states of the participating
chemical species (Cicconi et al, 2020). The availability of electrons is what controls the oxidation state
of an element. In extremely simple terms, oxidation can be considered as the loss of electrons, and
reduction is the gain of electrons (White, 2013). The tendency of chemical species of gaining electrons
can be approximated as redox (electron) potential. To measure the potential for redox exchange in high
temperature geological systems, Earth scientists use molecular oxygen transfer (Moretti and Neuville,
2021). Igneous petrologists use oxygen fugacity (fO.) to describe the oxidation state of magmatic
systems. fO» is defined as the partial pressure of oxygen in a non-ideal mixture. Fugacity is a variable

that is defined as pressure adjusted to account for the non-ideal behaviour of magmatic systems
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(McSween et al., 2003). In Earth-based magmatic systems, fO, is relative to the valence state of Fe. In
oxidizing conditions, Fe is present as Fe?", following this reaction (Frost, 1991; Carmichael and

Ghiorso, 1990):
Fe,S5i0, 5 2 Fey + SiO, + 0, Fayalite — Iron — Quartz (FIQ) (Eq. 2.6)
At higher fO,, Fe will be present as both Fe?" and Fe*" according to this reaction:
2 Fe;04 + 3 5i0, < 3 Fe,Si0, + 0, Fayalite — Quartz — Magnetite (FMQ) (Eq. 2.7)
At exceedingly high fO,, Fe will only occur as trivalent Fe, according to the following reaction:
6 Fe,03 = 4 Fe;04 + 0, Magnetite — Haematite (MH) (Eq. 2.8)

In more reducing conditions, such as those present in Earth’s mantle, or in Mercury, iron will be present

as both Fe?" and Fe’ (Corgne et al., 2008):
Fe + 20, 5 Fe0 Iron— Wiistite (IW) (Eq. 2.9)

At the conditions below the IW buffer, Fe will occur only in its metallic form Fe’. All reactions shown
above where component atoms are in more than one oxidation state are therefore called redox reactions
(McSween et al., 2003). Although all the presented reactions include oxygen, it is important to point
out that it is misleading to talk about redox reactions as an exchange of oxygen, where in reality the
exchange between reactants and products involves electrons (Cicconi et al., 2020; McSween et al.,
2003). An important point to make when looking at the redox reactions is that the thermodynamic
coexistence of an atom in two different valence states, for example Fe*" and Fe?', will fix the oxygen
fugacity. fO, will change only when one of the phases will be completely consumed (White, 2013). This

is the reason these reactions are defined as solid buffers (Fig. 2.8.).
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Figure 2.8. Common oxygen buffers used in petrology. Data are compiled from Frost (1991). MH,
NiNiO, FMQ, WM, IW, QIF refer to magnetite-hematite, nickel-nickel oxide, fayalite-magnetite-quartz,
wiistite-magnetite, iron-wiistite, and quartz-iron-fayalite redox solid buffers, respectively (curves are

extrapolated over the displayed temperature range).

Studying redox conditions on Mercury is of particular importance. As we have already seen, Mercury’s
lavas originated from a mantle that differentiated under low fO, (Cartier and Wood, 2019; Namur et al.,
2016a). Oxygen fugacity is therefore expressed relative to the IW buffer. Also, Mercury’s primordial
mantle likely differentiated in FeO-poor conditions, so that the fO, determination cannot rely on the
concentration of FeO. In detail, the activity coefficients calculated for FeO in Mercury-like systems are
poorly constrained (Namur et al., 2016b; Anzures et al., 2020; Wykes et al., 2015, Pirotte et al., 2023).
SOz can thus be calculated using the equilibrium between Si-rich metal and SiO: in the silicate melt

(Cartier et al., 2014):
S107 Melt = Simetal T 02 (Eq. 2.10)

Where SiO; meit is the concentration of SiO; in the silicate melt, and Sime is the concentration of Si in
the metal. The activity of SiO; in the melt (ag;¢,) is assumed to be ~ 1 as SiO is the main component

of the melt that can also saturate solid SiO, phases (Cartier et al., 2014). Conversely, the activity of Si

in the metal is given by:

asi = Xs; Vsi (Eq. 2.11)

Where Xj; is the molar Si content in the metal and vs; is the activity coefficient of Si as determined

following the thermodynamic formalism of Ma (2001). Since in the first part of the project (Chapter 3)
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we obtained several experimental assemblages constituted by silicate melt + olivine + orthopyroxene,

as;o, can be calculated from the following reaction:
Mg,Si0, + Si0, = Mg,S5i,04 (Eq. 2.12)

In the first part of the part of the project, we therefore determined the oxygen fugacity by revising the
method of Cartier et al. (2014). More details are discussed in Chapter 3 and in Appendix A. For the
second part of the project (Chapter 4), we obtain more evolved melts with a higher SiO» content that

also saturate quartz. In this latter case, we could therefore assume ag;p, ~ 1.
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Abstract

The geochemical data provided by the NASA MESSENGER spacecraft unveiled the
geochemical heterogeneity of the volcanic crust of Mercury. Surprisingly, a high amount of sulfur was
detected which combined with a low iron content, implies highly reduced conditions of parental
magmas. Several variables (temperature, pressure, oxygen fugacity fO,, and to a lesser extent, melt
composition) affect the solubility of sulfur in silicate melts. In reduced silicate melts, sulfur has an
oxidation state of S* and replaces anionic oxygen to form MgS and CaS complexes. Experimental
studies have shown the high S solubility in silicate melts at low fO,. As observed with other volatile
elements, high S contents in silicate melts can deeply affect their properties such as (1) lowering the
liquidus as compared to S-free compositions and (2) changing solid-liquid phase equilibria. In this
study, we performed high temperature (1500 — 1950 °C) and high pressure (1.5 — 3.0 GPa) piston-
cylinder experiments on Fe-poor compositions relevant to the petrogenesis of Mercury’s volcanic crust
with the aim of quantifying the effect of sulfur on depressing their liquidus temperature and
understanding its role on phase equilibria. Several compositions were prepared to track the stability
fields of olivine (high melt Mg/Si ratio) and orthopyroxene (low melt Mg/Si ratio) in both S-saturated
melts and S-free melts. A range of reduced conditions were obtained by using different Si/SiO> ratios
in the mixes. S-saturated experiments show increasing S abundances in the silicate melts (~ 1 — 9 wt%)
as fO, decreases (from IW -2.9 to IW -6.2, IW representing the iron-wiistite thermodynamic
equilibrium). Parameterizing our experimental results gives the liquidus depression as a function of the

sulfur content in the melt (mol. fraction):
AT};4(°C) = — 65208.22 [S]3,01; + 16595.32 [S17ere + 532.31 [Smere
(MSWD = 3.24; SEE = 35 °C)

The range of sulfur concentration in our experimental melts would cause a liquidus depression of ca.
20 — 190 °C. Moreover, our experiments illustrate the role of sulfur in promoting the stability field of
orthopyroxene over that of olivine which has major implications for the crystallization of the Mercurian
magma ocean and the primordial mineralogical stratification of the mantle. In addition, the presence of

sulfur lowers the pressure and temperature conditions of the olivine-orthopyroxene cotectic.

3.1.Introduction

Analysis of spectrometric data returned by NASA's MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft revealed peculiar features of planet Mercury.
Specifically, the unusually high concentration of sulfur in surface volcanic units coupled with the

paucity of iron pointed to highly reduced conditions for surface lavas (Nittler et al., 2011, 2020;
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McCubbin et al., 2012; Zolotov et al., 2013; Weider et al., 2015). Such a high amount of sulfur at
reducing conditions may bond with cations such as Si, Mg and Ca in silicate structures (Berthet et al.,
2009; Namur et al., 2016a; Anzures et al., 2020; Pommier et al., 2023), which raises questions about its
effects on the thermodynamic activities of major oxide components in the melt. As such, high-S
concentrations are expected to severely affect silicate phase equilibria and melt properties (Namur et
al., 2016b; Pommier et al., 2023), which in turn exert an influence on Mercury’s differentiation
processes of Mercury such as the crystallization of the magma ocean, mantle structure, mantle melting,
and volcanism (Vander Kaaden et al., 2017; Boukaré et al., 2019; Mouser et al., 2021; Lark et al., 2022;
lacovino et al., 2023; Xu et al., 2024). Moreover, understanding the role of sulfur on the liquidus
temperature of reduced silicate melts is necessary to investigate metal-silicate partitioning during the
primordial differentiation as well as the thermal evolution of Mercury during its early history (Mouser

et al., 2021; Mouser and Dygert, 2023).

For magmatic compositions relevant to Earth or more generally the terrestrial planets, it has been shown
that volatile elements have important effects on magmatic liquidus temperature, phase equilibria, and
fractionation trends. Although much effort has been made to characterize the influence of H>O and CO;
(e.g. Brey and Green, 1977; Médard and Grove, 2008; Dasgupta et al., 2013), more recent studies have
investigated the role of other volatile species like Cl, F in terrestrial evolution and in planetary interiors
(e.g. Filiberto et al., 2012, 2014; Farcy et al., 2016). All together, these studies point toward a strong
effect of volatiles in depressing magmatic liquidus temperatures (Brey and Green, 1977; Médard and
Grove, 2008; Dasgupta et al., 2013) and in changing the stability field of key silicate minerals such as
olivine and orthopyroxene (Filiberto et al., 2012, 2016).

The behaviour of sulfur depends on the oxidation state of the system (e.g., O’Neill and Mavrogenes,
2002; Jugo et al., 2004; Nilsson and Peach, 1993; Boulliung and Wood, 2023). In reducing systems,
sulfur has an oxidation state of S* in silicate melts while it is under the form of S® in more oxidizing
conditions. The solubility of sulfur in silicate melts depends on several different variables, such as
temperature, pressure, oxygen fugacity, and, to a lesser extent, melt composition (Wallace and
Carmichael, 1992; Mavrogenes and O’Neill, 1999; O’Neill and Mavrogenes, 2002). In oxidizing
conditions, S solubility in the melt is proportional to the melt FeO content (O’Neill, 2021) and can reach
some thousands of ppm. Interestingly, several experimental studies have shown much higher S
solubility in FeO-poor (or free) reduced melts (McCoy et al., 1999; Holzheid and Grove, 2002; Berthet
etal.,2009; Chabot et al., 2014; Wykes et al., 2015; Namur et al., 2016a, b; Anzures et al., 2020). Namur
et al. (2016a) showed that S concentration in reduced mafic melts significantly increases from < 1 wt%
at oxygen fugacity (fO) IW -2 (IW being the iron-wiistite thermodynamic equilibrium) to > 10 wt% at
IW -8. The solubility of S* is also affected by the bulk composition of silicate melts. Experiments
performed at reducing conditions (IW -1 to IW -2) showed that S solubility decreases with a higher
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degree of polymerization (i.e., bulk SiO, content; Holzheid and Grove, 2002). Previous experiments
also demonstrated how sulfur deeply affects the equilibria of silicate phases, particularly those regarding
the stability of olivine, orthopyroxene, and clinopyroxene (Berthet et al., 2009; Namur et al., 2016b,
Anzures et al., 2020, Pommier et al., 2023), with increasingly reducing conditions favoring pyroxenes

over olivine. However, so far, the effect of sulfur on phase equilibria has remained qualitative.

In this study we performed a series of high temperature (1500 — 1950 °C) and high pressure (1.5 — 3.0
GPa) piston-cylinder experiments on Mercury-like mantle compositions under reduced conditions in
order to: (1) fully quantify the effect of sulfur in depressing the liquidi of Mercury-like mantle melts (2)
quantify the role of sulfur on changing the size of olivine and pyroxene stability fields in melts with a
range of starting Mg/Si ratios. Our results have significant implications for the crystallization of the
magma ocean and mantle-derived lavas on Mercury as well as for understanding the conditions of

mantle melting on Mercury.

3.2.Materials and Methods

3.2.1. Starting Materials

Our starting materials are inspired by the composition of the silicate fraction of enstatite
chondrites, the likely building blocks of planet Mercury (Fig. 3.1.; Taylor and Scott, 2003; Malavergne
et al., 2010; Cartier and Wood, 2019). An average composition (expressed in wt%) was obtained from
data on EH and EL meteorite samples (Jarosewich, 1990; Berthet et al., 2009). The amount of P,Os was
decreased to 0.1 wt% to account for its markedly siderophile behaviour (Gu et al., 2019; Steenstra et
al., 2020). As more Si can dissolve in metals at low fO, (Kilburn and Wood, 1997), part of Si was

subtracted from the original chondritic composition to simulate Si partitioning in Mercury’s core.

Two compositions with different Mg/Si ratios were then prepared, corresponding to 8 wt% and 15 wt%
Si of the silicate fraction segregated into the metallic core (named Mer8 and Merl15, respectively) (Table
3.1.). This assumes that Mercury’s core is 67 wt% of Mercury’s bulk mass (Hauck et al., 2013) and
contains 2.9 and 5.5 wt% Si, respectively. These values are in the range of the most recent estimates of
the Si weight fraction in the core of Mercury (Goossens et al., 2022). Different reduced conditions were
obtained by using different Si/SiO; ratios in the starting materials: 10 wt%, 20 wt%, and 30 wt%
metallic Si (named Mer(10), Mer(20), Mer(30)). S-free and S-bearing compositions were prepared, with
FeS being added to the starting materials as the sulfur source. 17 wt% FeS was added to Mer8(10) and
to Mer15(10), 20 wt% FeS was added to Mer8(20) and Mer15(20), and 30 wt% FeS was added to
Mer8(30) because more S is expected to partition into the silicate melt in the more reducing conditions
(Mer(20), Mer(30)).
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Figure 3.1. (a) Mg/Si — Al/Si (in wt%) and (b) Mg/Si — Ca/Si plots showing our starting materials Mer8
and Merl5 compared to EC enstatite chondrites (Jarosewich, 1990, Berthet et al., 2009), average
Aubrite (Keil, 2010), Primitive Mantle Mercury (Anzures et al., 2020 and based on CH ALH85085 in
Weisberg et al., 1988), and Bulk Silicate Earth, Bulk Silicate Mars, and Bulk Silicate Moon
(McDonough and Sun, 1995, Taylor, 2013; O’Neill, 1991). Also shown as comparison are the
Intercrater Plains Highly Cratered Terrain (IcP HCT) and the Northern Volcanic Plains (NVP)

compositions (Namur et al., 2016a).

In total, seven different starting materials were produced, including two S-free compositions with 10
wt% Si added (Mer8(10), Mer15(10)), two S-saturated compositions with 10 wt% Si added (Mer8(10)
+ S, Merl15(10) + S), two S-saturated compositions with 20 wt% Si added (Mer8(20) + S, Mer15(20) +
S), and one S-saturated composition with 30 wt% Si added (Mer8(30) + S). The starting materials were
synthesized from high-purity oxide powders: SiO,, TiO,, Al,O3, Cr,03, MnO, MgO, CaSiOs, Na,SiOs,
K>S1409, and AIPO4. CaSiO3;, Na,Si0s, and K»>Si4O9 were produced by decarbonation of mixtures with
carbonates + SiO,. Our powders were mixed in an agate mortar with methanol and then stored in oven

at 120 °C.

Table 3.1. Compositions of starting materials Mer8 and Merl5 (expressed in wt%). Also shown are the
“ Mercury’s pre-melting mantle compositions of the Northern Smooth Plains and Intercrater Plains-
Heavily Cratered Terrain, respectively (Nittler et al., 2018), * Primitive Mantle Mercury (Anzures et
al., 2020), © Bulk Silicate Earth (McDonough and Sun, 1995), ¢ Bulk Silicate Moon (O’ Neill, 1991), ©
Bulk Silicate Mars (Taylor, 2013), and’ renormalized average Ivuna meteorite (King et al., 2020). *

FeOt = FeO + Fe;0s. n.d. — not determined.
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SiO;
TiO;
Al20;
Cr20;
FeOt*
MnO
MgO
CaoO
Na;O
K20
P20s
NiO
Total
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Pre- Pre- Primitive
Mer8 Mer15 T1ealrt1ltrl‘3 T1ealrt1ltrl‘3 MMantIe .
(NSP)?  (IcPHCT)? ereury
54.82 47.91 53.67 51.98 51.32
0.14 0.16 0.24 0.21 0.21
3.70 4.26 4.57 4.24 3.78
0.52 0.60 n.d. n.d. 0.41
n.d. n.d. 0.02 0.03 0.54
0.28 0.33 n.d. n.d. 0.09
37.32 43.04 36.89 37.64 40.72
1.62 1.87 2.26 3.84 2.73
1.37 1.58 1.97 1.29 0.08
0.13 0.15 0.05 0.04 0.02
0.10 0.10 n.d. n.d. n.d.
n.d. n.d. n.d. n.d. 0.1
100.00 100.00 99.67 99.27 100.01
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Silicate
Earth®

45.00
0.20
4.45
0.38
8.05
0.14

37.80
3.55
0.36
0.03
0.02
0.25

99.99

Bulk

Silicate

Moon¢

44.60
0.17
3.90
0.47
12.40
0.17
35.10
3.30
0.05
n.d.
n.d.
n.d.
100.16

Bulk

Silicate
Mars®

43.70
0.14
3.04
0.73
18.10
0.44
30.50
243
0.53
0.04
0.15
n.d.
99.80

Average
Ivunaf

32.21
0.10
2.33
0.51

36.78
0.44

22.30
1.88
1.03
0.09
0.28
2.04

100.00
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3.2.2.  Experimental Methods

Experiments were conducted with a Voggenreiter Mavo LPC 250-300/50 12.7 mm end-loaded
piston-cylinder apparatus at the University of Li¢ge (Belgium). Graphite capsules with MgO spacers
were placed in a graphite furnace, and BaCOjs cells were used as the pressure medium (see Fig. S3.1. in
Appendix A). Temperature was monitored with a W7sR2s/Wo7Re; thermocouple. The temperature
gradient between the tip of the thermocouple and the center of the capsule is ~ 25 °C. Assemblies were
first pressurized at room temperature up to 0.7 GPa. Then temperature was increased to 865 °C at 100
°C/min while keeping the pressure steady. Then temperature was held for 6 min in order to pressurize
to the target pressure. A second temperature increase was followed up to the target temperature at 50
°C/min. A friction correction of 9.3% was applied (Condamine et al., 2022). Experiments were
quenched by switching off the electric power. Experimental samples were cut in half with a diamond

wafer saw, mounted in epoxy, and polished up to 1 pm.

3.2.3.  Analytical Methods

Imaging and phase identification were performed with the FEI QEMSCAN 650F scanning
electron microscope (SEM) at the Faculty of Georesources and Materials Engineering at RWTH Aachen
(Germany). Quantitative analyses of our experimental products were conducted with the CAMECA SX
Five Tactis electron probe micro-analyzer (EPMA) at Laboratoire Magmas et Volcans, Université
Clermont Auvergne (Clermont-Ferrand, France). Silicate crystals, sulfide, and metallic phases were
measured with a 15 kV accelerating voltage and 15 nA beam current. Silicate glasses were measured
with a 15 kV accelerating voltage and a 4 to 15 nA beam current (depending on the melt fraction).
Crystals were measured with a focused beam, whereas a defocused beam was used for glasses (2 — 20
um depending on the size of the glass pool and quench textures). Although quenching is fast, some of
the MgO-rich melt produced quench crystals, so that more points and a larger beam size were needed
for better statistics. Nonetheless, calculated standard deviations are usually higher in quench-textured
melts. Sulfides were measured with a focused beam and metals with a focused or defocused beam (5 —
10 um), depending on the size of the metallic phases and on the presence of heterogeneities and
quenched textures. Peak counting times of 10 — 30 s were used for each element and half on the
background. The calibration standards for the silicate crystals are natural albite for Na, natural
orthoclase for K and Al, natural wollastonite for Ca, San Carlos olivine for Si, synthetic forsterite for

Mg, synthetic TiMnOs for Ti and Mn, synthetic Cr,O3 for Cr, synthetic fayalite for Fe. The same
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standards were employed for the glass calibration except that wollastonite was used for both Si and Ca,
with the addition of natural BaSO4 for S. As for S measurements, a peak search was done on our
experimental samples. Next, the peak position value was changed in the microprobe setup from BaSO4
to the peak position value measured on our glasses, so as to obtain a more reliable S measurement at
the peak sample position. The calibration standards used for sulfide phases are albite for Na, synthetic
Si metal for Si, wollastonite for Ca, forsterite for Mg, TiMnOs for Ti, synthetic Cr metal for Cr, natural
chalcopyrite for Fe and S, Mn metal for Mn, synthetic Fe,P for P. The same set of standards were used

for the metals, except that synthetic Fe metal was used for Fe.

3.2.4. Oxygen Fugacity Calculations

Under reduced conditions, the fO, of experimental products can be calculated considering the
equilibrium between Fe-bearing metals and FeO-bearing silicate melts (Corgne et al., 2008), as shown

below:
1
Femetal + 502 = FeOyelr (Eq.3.1)

However, the typical Mercurian melts have extremely low FeO contents in the silicate melts (< 1 wt%)
and are typically close or below the detection limit. The activity coefficient of FeO at low Fe?**
concentration is poorly constrained (Cartier et al., 2014; Wykes et al., 2015; Namur et al., 2016a;
Anzures et al., 2020; Pirotte et al., 2023) which makes fO, estimates using Eq. (3.1) unreliable. In
contrast, fO, can be calculated using the equilibrium between Si-rich metal and SiO; in the silicate melt

(Cartier et al., 2014):
S0z Melt = Simetal + 02 (Eq. 3.2)

where SiO2 meit is the SiO; concentration in the melt and Siyeta is the Si concentration in the metal. The

activity of Si in the metal is given by:

asi = Xs;iVsi (Eq. 3.3)

With Xg; being the molar Si content in the metal and yg; the activity coefficient of Si. Here we use the
Si activity coefficients as determined following the thermodynamic formalism of Ma (2001). Because
many of our samples feature both olivine and orthopyroxene, we calculated the activity of SiO; in the

silicate melt from the following reaction:
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More details are in Appendix A (Section S3.2.). The range of fO, attained in this work (IW -2.9 to IW -
6.2) is consistent with the fO, range of Mercurian lavas (IW ~ -3 — 7, Cartier and Wood, 2019) and the
average mantle fO, (IW -5.4) (Namur et al. 2016a).

3.3.Results

3.3.1.  Textures and Phase Equilibria

Representative backscattered images of our experimental products are shown in Fig. 3.2. S-
bearing experiments show a multi-phase assemblage composed of silicate melt = olivine and/or
orthopyroxene, metals, and sulfides (Figs. 3.2.a, c, d, f). S-free experiments show quenched silicate
melt, crystals (olivine, orthopyroxene, + clinopyroxene), and small metallic Cr-, P-, Si-bearing globules
(Fig. 3.2.b, e). Olivine and orthopyroxene are euhedral with well-developed faces ranging in size from
5-300 pm. Clinopyroxene is only found in low-melt fraction, low-temperature S-free runs and appears
as bright thin rims on orthopyroxene crystals (Fig. 3.2.e). As for the silicate melt, only a few experiments
at high temperature show quench textures (Fig. 3.2.d). The evolution of the melt fraction F in our
experiments is shown in Fig. S3.2. Olivine and orthopyroxene are usually located in the bottom part of
the capsule in high melt fraction (F > 50 %) samples, whereas they are more evenly distributed in low
melt fraction (F <40 %) runs. Metals and sulfides are featured as spherical/sub-spherical metal+sulfide
globules of differing size (5 — 250 um depending on temperature), usually consisting of a Si-bearing
metallic Fe core surrounded by an FeS rim, whose shape suggests that they were coexisting as two
metallic and sulfide liquids right before quenching (Figs. 3.2.a, c, f). In some cases, smaller metallic
globules are more irregularly interspersed in FeS. FeS is mostly homogeneous, appearing in some runs
pervaded by bright veinlets (alternating tiny bright and dark round, elliptical features), presumably due
to incomplete separation between Fe metal and FeS (Fig. 3.2.d). Troilite (FeS) produced by quenching
of a FeS-bearing sulfide melt, is the main sulfide phase. Some experiments contain (Mg,Fe)S, which is
preferentially found in the most reduced samples at T < 1700 °C. (Fe,Mg,Cr,Mn)S represents the third
type of sulfide and is found in most of the S-bearing samples as thin veneers surrounding FeS or as
small, isolated droplets (slightly darker than FeS, Figs. 3.2.c, f). The metal-sulfide textures described
here have been reported in the literature (McCoy et al., 1999; Corgne et al., 2008; Cartier et al., 2014;
Namur et al., 2016a, b; Cartier et al., 2020; Pitsch et al., 2025). All experimental conditions, and relative

phase assemblages are reported in Table 3.2.
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Figure 3.2. Backscattered images of representative experimental products. (a) A328 (T = 1600 °C; P
= 1.5 GPa) — Orthopyroxene crystals surrounding a metal-sulfide globule are shown on the lefi.
Quenched silicate glass is shown on the right; (b) A304 (T = 1700 °C; P = 3.0 GPa) — Low melt fraction
run exhibiting crystals of olivine (darker) and orthopyroxene (brighter); (c) A361 (T = 1550 °C; P =

1.5 GPa) — close-up on a metal-sulfide globule. The core is Si-bearing Fe metal, and the thick rim is
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FeS. A thin (Fe, Cr, Mn, Mg) S rim surrounds FeS,; (d) A344 (T = 1750 °C; P = 1.5 GPa) — Olivine
crystals (left and upper centre), quenched silicate glass (lower centre and right). Note the metal-sulfide
globule texture described in 3.1. (e) A302 (T = 1700 °C; P = 3 GPa) Clinopyroxene rims (bright)
surrounding orthopyroxene crystals (dark). (f) A329 (T = 1600 °C; P = 1.5 GPa) Sulfide-metal globule
in the silicate melt. A metallic core is surrounded by a thick FeS rim and a thin (Fe, Cr, Mn, Mg) S rim.
Abbreviations: gl — quenched silicate glass, ol — olivine, opx — orthopyroxene, mm — Si-bearing Fe

metal, sIm — FeS, s2m — (Fe, Cr, Mn, Mg) S.

The inferred phase diagrams are shown in Fig. 3.3. We modelled our liquidus curves with Theriak-
Domino (de Capitani and Brown, 1987; de Capitani and Petrakakis, 2010; details are in Appendix A,
Section S3.3.), as it approximates more accurately the liquidus position of our S-free experiments as

compared to other thermodynamic models (Fig. S3.3.).
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starting compositions as modelled by Theriak-Domino (de Capitani and Brown, 1987, de Capitani and
Petrakakis, 2010). Details on the phase diagram modelling are shown Appendix A. Abbreviations. gl —

silicate glass, ol — olivine, opx — orthopyroxene, cpx — clinopyroxene.

In composition S-free Mer8, olivine is the liquidus phase at 1.5 GPa, while olivine, orthopyroxene, and
clinopyroxene first appear together at 7= 1850 °C at 3 GPa (Fig. 3.3.a). The olivine-orthopyroxene
cotectic is expected to be approximately at P ~ 2.3 GPa. In S-saturated conditions (Fig. 3.3.c), the
cotectic shifts towards lower temperatures (> 100 °C) and pressures (> 0.5 GPa) for the most reduced
S-bearing composition (Figs. 3.3.c, e€), where orthopyroxene becomes the liquidus phase at the
investigated pressure range. Interestingly, the orthopyroxene liquidus only appears to slightly decrease
(< 50 °C) in the presence of sulfur (Figs, 3.3a, c, €). On the other hand, olivine is always the liquidus
mineral for S-free and S-bearing Mer15 compositions, both at 1.5 GPa and 3 GPa (Figs. 3.3.b, d, f). The
stability field of olivine at a given pressure nevertheless significantly contracts (~ 150 — 200 °C) as the

melt becomes enriched in sulfur.

Table 3.2. Experimental run conditions, phase assemblages, and results of mass balance calculations
of silicate phases expressed in wt% (Li et al., 2020). All fO; values are relative to the IW (iron-wiistite)
buffer. Some fO, values are missing because of incomplete separation between metals and FeS.
Abbreviations. gl — silicate glass, ol — olivine, opx — orthopyroxene, cpx — clinopyroxene, pm — P-, Si-,
Cr-bearing metal, mm — Si- and S-bearing metal, sIm — FeS, s2m — (Fe, Cr, Mg, Mn) S, s3m — (Mg, Fe)
S. *Clinopyroxene couldn’t be measured due to its small size. ** Revised after Cartier et al. (2014).
*4% Calculated liquidus temperature (in °C) on a S-free basis with Eq. (3.8). **** Calculated liquidus

temperature depression (AT, °C) from Eq. (3.7).
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R T(O) (b, Citbn  Sieate  Memesd g o o o awe e A
Mer8(10)

A307 1900 3.0 01:00 gl pm 100

A381 1850 3.0 01:10 gl, ol, opx, cpx pm 60 10 30

A305 1800 3.0 01:20 gl, ol, opx, cpx pm 50 10 41

A302 1700 3.0 01:50 gl, ol, opx, cpx pm <15

A262 1800 1.5 00:30 gl pm 100

A290 1750 1.5 01:00 gl, ol pm 93 7

A263 1700 1.5 01:00 gl, ol, opx pm 79 13 8

A311 1650 1.5 02:00 gl, ol, opx, cpx pm 15 16 69

A296 1600 1.5 03:00 gl, ol, opx, cpx pm <15

Mer8(10) S

A380 1860 3.0 00:20 gl, opx mm, s1m, s2m 90 10 -3.5 1901 41
A378 1810 3.0 01:10 gl, opx mm, s1m, s2m 53 47 -3.6 1938 128
A359 1750 3.0 01:35 gl, ol, opx mm, s1m, s2m <20

A297 1700 3.0 01:50 gl, ol, opx mm, s1m, s2m <20

A247 1700 1.5 00:30 gl mm, s1m, s2m 100 -3.8

A268 1650 1.5 02:30 gl, ol, opx mm, s1m, s2m 78 10 12 -3.6 1736 86
A309 1625 1.5 02:45 gl, ol, opx mm, s1m, s2m 53 8 39 -3.9 1748 123
Mer8(20) S

A322 1900 3.0 00:40 gl mm, s1m, s2m 100 -4.7

A379 1830 3.0 00:45 gl, opx mm, s1m, s2m 69 31 -5.0 1929 99
A377 1780 3.0 01:00 gl, opx mm, s1m, s2m 64 36 -5.0 1916 136
A334 1700 1.5 01:10 o] mm, s1m, s2m 100 -4.9

A328 1600 1.5 03:00 gl, opx mm, s1m, s2m 74 26 -5.5 1781 181
A361 1550 1.5 03:30 gl, ol, opx mm, s1m, s2m, s3m 45 7 47 -5.9 1756 206

A375 1500 1.5 04:00 gl, ol, opx mm, s1m, s2m, s3m 30 15 55 -6.2 1673 173
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Run T(°C)
Mer8(30) S
A456 1700
A466 1600
A468 1550
Mer15(10)

A351 1950
A308 1900
A303 1800
A304 1700
A343 1950
A273 1900
A257 1800
A265 1700
A294 1600
Mer15(10) S
A349 1950
A373 1880
A282 1800
A306 1700
A249 1800

A344 1750
A259 1700
A279 1600
A331 1550

P
(GPa)

1.5
1.5
1.5

3.0
3.0
3.0
3.0
1.5
1.5
1.5
1.5
1.5

3.0
3.0
3.0
3.0
1.5
1.5
1.5
1.5
1.5
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Duration
(hrs)

00:30
00:50
00:55

00:35
01:00
01:20
01:50
00:20
00:30
00:30
01:00
06:00

00:35
01:00
01:20
01:55
00:30
00:45
01:00
03:00
03:30

Silicate
phases

o]
gl, opx
gl, ol, opx

gl, ol
gl, ol
gl, ol
gl, ol, opx, cpx
al
gl, ol
gl, ol
gl, ol, opx
gl, ol, opx, cpx

gl
gl, ol
gl, ol
gl, ol, opx
o]
gl, ol
gl, ol
gl, ol
gl, ol, opx

65

Metals and
sulfides

mm, s1m, s2m

mm, s1m, s2m, s3m
mm, s1m, s2m, s3m

pm
pm
pm
pm
pm
pm
pm
pm
pm

mm, s1m, s2m
mm, s1m, s2m
mm, s1m, s2m
mm, s1m, s2m
mm, s1m
mm, s1m, s2m
mm, s1m, s2m
mm, s1m, s2m
mm, s1m, s2m

o]

100
99
77

72
39
35
20
100
58
45
34
24

100
70
48
35
100
62
57
39
28

ol

16

28
61
65
51

42
55
61
61

30
52
54

38
43
61
56

opx

29

12

17

cpx’

Alw**

-5.4
-5.8
-6.1

-3.1
-3.6
-3.9

Calc Tiiq
(°C)

1759
1711

1950
1828
1785

1785
1751
1589
1617

ATqu
(°C)

159
161

70
28
85

35
51
-11
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Rin (O (g Dptien  Shome  Memend g o o o awe  Chele A
Mer15(20) S

A323 1900 3.0 00:40 gl mm, s1m 100 -3.9

A364 1800 3.0 01:00 gl, ol mm, s1m, s2m 63 37 -4.5 1922 122
A367 1700 3.0 01:30 gl, ol, opx mm, s1m, s2m, s3m 50 37 13 -5.1 1927 227
A372 1760 1.5 00:40 gl mm, s1m, s2m 100 -3.8

A339 1700 1.5 01:10 gl, ol mm, s1m, s2m 78 22 -4.4 1845 145
A329 1600 1.5 03:00 gl, ol mm, s1m, s2m 64 36 -5.3 1800 200
A362 1550 1.5 03:30 gl, ol, opx mm, s1m, s2m, s3m 57 39 4 -5.8 1767 217
A376 1500 1.5 04:00 gl, ol, opx mm, s1m, s2m, s3m 42 46 11 -5.9 1733 233
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3.3.2.  Composition of Phases

Major element compositions of silicate glasses are presented in Table 3.3. The glass Si content
in S-free runs varies from 23 to 29 wt%, Mg from 8 to 25 wt% (Fig. 3.4.), Al from 2 to 11 wt%. In S-
saturated experiments, Si is in the range 21 — 27 wt%, Mg 11 — 27 wt%, Al 1.2 — 7.8 wt%. The sulfur
content in S-saturated experiments for Mer8(10) and Mer15(10) compositions is in the range of 1.7 to
4.8 wt% (Fig. 3.5.); Mer8(20) and Mer15(20) compositions have S contents in the range of 5.1 to 8
wt%, whereas in Mer8(30) S is in the range 6.8 — 9.1 wt% (Table 3.3.), showing that more reduced

experiments have a higher sulfur concentration (Fig.3.6.).

Table 3.3. Average composition of silicate glasses expressed in wt%. No — number of analyses. * Melt

pockets were too small to be accurately measured. ** Oxygen was calculated by stoichiometry.
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Composition of silicate glasses (wt%)
Run T(C) P(GPa) No

Si Ti Al Fe Mn Mg Ca Na K S Cr o** Total
Mer8(10)
A307 1900 3.0 7 26.6 0.12 2.27 0.20 22.8 1.35 0.38 0.08 <dl 48.2 102.0
A381 1850 3.0 5 26.9 0.16 2.99 0.15 21.1 1.56 0.17 0.07 <dl 48.1 101.3
A305 1800 3.0 8 26.0 0.14 3.16 0.21 20.6 1.99 0.57 0.14 0.10 474 100.4
A302 1700 3.0
A262 1800 1.5 10 26.0 0.11 2.16 0.21 225 1.31 0.57 0.11 <dl 47.3 100.3
A290 1750 1.5 7 26.6 0.12 2.19 0.20 22.3 1.31 0.33 0.10 0.20 47.9 101.2
A263 1700 1.5 11 27.0 0.14 2.45 0.22 20.9 1.57 0.39 0.12 0.19 47.8 100.7
A311 1650 1.5 7 24.3 <dl 10.5 0.09 8.16 8.79 1.32 0.87 <dl 46.8 100.9
A296 1600 1.5
Mer8(10) S
A380 1860 3.0 7 25.3 0.08 2.09 0.58 0.16 21.7 1.32 0.74 0.10 2.62 0.10 46.2 100.9
A378 1810 3.0 7 23.3 0.14 3.03 0.44 0.24 21.0 2.31 1.40 0.21 4.76 <dl 45.0 101.9
A359 1750 3.0
A297" 1700 3.0
A247 1700 1.5 12 26.2 0.09 2.01 0.29 0.18 21.8 1.20 0.81 0.10 3.14 <dl 47.0 102.8
A268 1650 1.5 8 26.2 0.12 2.51 0.56 0.18 20.9 1.40 0.85 0.13 2.66 <dl 47.2 102.7
A309 1625 1.5 9 25.0 0.09 3.18 0.42 0.15 20.1 1.96 1.12 0.18 3.79 <dl 46.1 102.0
Mer8(20) S
A322 1900 3.0 13 255 0.12 1.95 0.39 0.19 22.0 1.17 0.58 0.08 5.12 <dl 46.2 103.3
A379 1830 3.0 7 23.7 0.12 2.46 0.46 0.21 21.4 1.77 0.99 0.14 7.28 <dl 44.8 103.4
A377 1780 3.0 6 24.0 0.09 2.78 0.40 0.21 21.0 1.76 1.08 0.14 7.18 <dl 452 103.8
A334 1700 1.5 11 25.0 0.09 1.92 0.37 0.17 21.8 1.22 0.65 0.09 5.71 <dl 45.5 102.5
A328 1600 1.5 10 24.4 <dl 2.53 0.47 0.21 21.8 1.50 0.64 0.12 6.92 <dl 45.6 104.2

A361 1550 1.5 11 23.8 <dl 3.81 0.43 0.08 19.0 2.56 0.97 0.22 8.00 <dl 44.7 103.6
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Composition of silicate glasses (wt%)
Run T(C) P(GPa) No

Si Ti Al Fe Mn Mg Ca Na K S Cr o** Total
A375 1500 1.5 9 24.4 <dl 5.30 0.31 <dl 14.5 4.10 2.45 0.36 7.50 <dl 45.1 104.1
Mer8(30) S
A456 1700 1.5 10 241 <dl 1.89 0.64 0.17 215 1.09 0.61 0.10 9.01 <dl 44.3 103.5
A466 1600 1.5 10 24.7 <dl 1.90 0.54 0.14 211 1.12 0.62 0.10 8.61 <dl 44.7 103.5
A468 1550 1.5 13 26.0 <dl 2.51 0.53 <dl 19.3 1.24 1.07 0.15 6.86 <dl 45.8 103.4
Mer15(10)
A351 1950 3.0 5 23.8 0.10 3.72 0.21 235 2.06 0.32 0.13 <dl 471 101.0
A308 1900 3.0 5 27.7 0.22 5.89 0.29 14.9 3.57 0.52 0.17 <dl 48.6 101.9
A303 1800 3.0 6 28.2 0.22 6.79 0.34 121 4.25 0.87 0.30 0.14 48.7 101.9
A304 1700 3.0 5 24.2 0.21 8.19 0.30 13.3 6.42 0.88 0.31 0.10 47.0 100.9
A343 1950 1.5 10 241 0.12 3.31 0.19 24.8 1.86 0.06 0.10 <dl 47.6 102.1
A273 1900 1.5 5 252 0.15 4.27 0.28 215 2.39 0.09 0.14 0.11 47.9 102.1
A257 1800 1.5 8 27.0 0.20 5.08 0.34 17.4 3.07 0.14 0.13 0.11 48.3 101.8
A265 1700 1.5 7 27.1 0.23 6.33 0.37 12.8 4.18 1.06 0.20 <dl 47.5 99.8
A294 1600 1.5 5 27.1 0.17 8.37 0.30 11.6 5.95 0.13 0.37 <dl 48.6 102.6
Mer15(10) S
A349 1950 3.0 6 215 0.09 1.20 0.58 0.12 26.6 1.27 0.30 0.04 1.73 <dl 44.0 974
A373 1880 3.0 6 23.8 0.10 3.15 0.53 0.15 22.7 1.84 0.74 0.10 2.24 0.10 46.3 101.8
A282 1800 3.0 9 25.5 0.17 4.42 0.66 0.18 17.4 2.66 1.22 0.16 2.28 <dl 46.5 101.1
A306 1700 3.0 5 25.7 <dl 6.04 0.36 <dl 15.0 4.03 1.58 0.19 2.10 <dl 47 1 102.2
A249 1800 1.5 8 26.1 0.10 2.02 0.43 0.18 21.7 1.25 0.78 0.10 2.81 <dl 46.9 102.4
A344 1750 1.5 7 24.5 0.12 3.70 0.52 0.18 215 2.13 0.99 0.18 3.05 <dl 47.0 103.9
A259 1700 1.5 5 24.9 0.14 3.94 0.37 0.18 20.0 2.28 1.16 0.14 2.93 <dl 46.9 103.0
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Composition of silicate glasses (wt%)
Run T(C) P(GPa) No

Si Ti Al Fe Mn Mg Ca Na K S Cr o** Total
A279 1600 1.5 5 26.9 0.14 5.70 0.32 0.13 13.1 3.86 1.84 0.23 3.84 <dl 47.0 103.0
A331 1550 1.5 6 25.6 <dl 7.71 0.39 0.15 11.8 4.41 1.81 0.36 4.28 <dl 46.8 103.4
Mer15(20) S
A323 1900 3.0 6 22.6 0.10 2.47 0.48 0.22 247 1.35 0.54 0.11 5.50 <dl 453 103.4
A364 1800 3.0 7 23.7 0.11 3.44 0.29 0.24 20.8 2.00 0.83 0.13 6.34 <dl 45.2 103.1
A367 1700 3.0 9 224 0.09 417 0.43 0.18 19.6 2.78 1.02 0.17 7.27 <dl 441 102.2
A372 1760 1.5 11 22.3 0.09 2.52 0.62 0.21 24 4 1.54 0.58 0.11 6.35 <dl 45.0 103.7
A339 1700 1.5 6 23.1 0.09 2.88 0.46 0.25 23.1 1.69 0.60 0.14 6.12 0.10 454 103.9
A329 1600 1.5 12 23.6 0.08 3.40 0.47 0.20 21.3 1.93 0.59 0.17 6.42 <dl 453 103.4
A362 1550 1.5 7 22.6 0.09 4.33 0.51 0.09 18.0 2.72 1.77 0.22 7.59 <dl 43.7 101.7
A376 1500 1.5 10 23.2 <dl 5.00 0.45 <dl 17.0 3.17 1.99 0.27 7.72 <dl 44.5 103.3
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In all our experimental runs, olivine, and orthopyroxene feature Mg end-member compositions
(forsterite and enstatite, respectively). In S-free experiments, CaO (ranging from 0.2 to 1.2 wt%) and
ALO; (0.5 — 3.2 wt%) increase in orthopyroxene as temperature decreases. S-saturated experiments
show orthopyroxene crystals with generally lower CaO (0.1 — 0.5 wt%) and Al,Os3 (0.4 — 2.0 wt%)
contents. Only a few analyses on clinopyroxene in S-free experiments could be performed due to the

small size of the crystals.

Figure 3.4. Mg content in the silicate glass as a function of temperature (in °C). 1o standard deviation
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Figure 3.5. Sulfur content in the silicate glass (in wt%) at sulfide saturation as a function of temperature
(in °C). lo standard deviation is represented by vertical bars (small 1o values are hidden by the

symbols).

The average clinopyroxene composition is En73 Wo7 in the MgO-FeO-CaO -system. The compositions
of metallic and sulfide phases in S-bearing experiments are reported in Appendix B. The small P-, Si-,
Cr-bearing globules in S-free experiments could not be measured due to their small size (Fig. 3.2.e).
Metallic alloys in S-saturated compositions (Mer8(10), Mer15(10)) display Fe ranging from 90 to 96
wt%, and Si ranging from 0.3 to 2.5 wt% (Figs. 3.7.; S3.4.). In more reduced experiments (Mer8(20),
Mer15(20)), Fe is in the range 85.7 — 91.4 wt%, and Si in the range 2 — 11 wt%. Sulfide phases are FeS,
(Mg,Fe)S (found at IW < -5, Appendix B), and (Fe,Cr,Mn)S. The latter could not be measured due to
its small size. Compositions with 10% Si display FeS with a Fe content in the range 55.6 — 63.9 wt%,
and S in the range 31.9 — 37.4 wt%. S-bearing Mer(20) melts show Fe ranging from 52 to 58 wt%, S
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from 35.9 to 37.6 wt%. (Mg,Fe)S is only found in Mer8(20), Mer15(20), and Mer8(30) at IW < -5 at
low temperature and display S in the range 45 — 49 wt%, Mg in the range 22 — 25 wt%, 15 — 20 wt%
Fe.
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Figure 3.6. Sulfur content in the silicate glass (wt%) as a function of the oxygen fugacity (AIW) from

this study. fO> was calculated following the procedures of Cartier et al. (2014).
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Figure 3.7. (a) Fe — Si— S ternary diagram showing the composition (expressed in wt%) of Si-bearing
Fe metal and FeS in our S-saturated experiments. (b) Si content in the metal as a function of the

calculated oxygen fugacity (expressed in log units below the iron-wiistite buffer, IW).

3.3.3.  Attainment of Equilibrium and Time Series

Time series experiments were performed to test quantitatively the attainment of equilibrium and to

check for potential escape of volatile species (mainly S and Na) during the runs. Five experiments were
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run with starting composition Mer15(20), at 1700 °C and 1.5 GPa, and different durations (15 min, 30
min, 70 min, 3 hr, 6 hr; Fig S3.5.). Under these conditions, the silicate melt is saturated with olivine
only. In all experiments, olivine displays a euhedral shape and homogeneous composition. Crystal size
increases from short duration runs (less than 100 um) to long duration runs (more than ~ 150 pm). The
silicate glass does not display any remarkable differences in major element composition (e.g., Fig.
S3.6.). Sulfur is readily incorporated in the silicate melt in the 15 min experiment, as shown by the little
variation in S concentration at longer duration (Fig. S3.6.b). Only long duration experimental runs (> 1
hr) showed a significant Na loss (> ~ 40 %, Fig. S3.6.c). Based on these observations, we conclude that
our experiments reached chemical equilibrium after less than 30 minutes, and that noticeable Na loss
occurs after 1 hr. Additional information on the compositions and textures of our experiments (including

the time series) can be found in Appendices A, B.

3.4.Discussion

3.4.1. The Effect of S on the Liquidus Temperature

Our experimental dataset clearly shows how the liquidus depresses in sulfur-saturated
experiments as compared to sulfur-free systems (Fig. 3.3.). In such reducing conditions, sulfur bonds
with crystal-forming cations, such as Mg and Ca (see section 3.4.2 for details). This process decreases

the activities of the crystal forming elements bonded to oxygen (amg0, acao) by the following reactions:
1 1
ESZ‘g + MOMelt = MSMelt + E 02,g (Eq 35)

with M being a metal (e.g., Ca, Mg). This reaction also illustrates the strong effect of fO, on S solubility
in the silicate melt (Fincham and Richardson, 1954; O’Neill and Mavrogenes, 2002).

The equilibrium constant of the above reaction can be written as:

(aoz’g))l/zaMs

(as, )"/2amo

(Eq. 3.6)
and illustrates that S incorporation in the silicate melt decreases the melt degree of saturation of key
silicate phases (olivine, orthopyroxene) at a given temperature (section 3.4.2).

The effect of sulfur on the liquidus temperature of a silicate phase is given by the temperature difference
between the saturation temperatures of the phase in the S-free compositions and the corresponding S-
bearing compositions, as shown below. Here, we parameterize our data for the liquidus depression by

considering the liquidus temperatures of olivine and orthopyroxene together:

ATLiq(ol,opx) = TLiq,S—free(ol,opx) - TLiq,S—bearing (ol,opx) (Eq- 3-7)
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Because we performed experiments over a range of temperatures, we produced a range of melt
compositions. For each of these melt compositions, we can define a liquidus temperature. In the case
of our S-bearing runs, this temperature corresponds to 7T1iq, s-bearing in Eq. (3.7). Defining Tiiq, s-frec from
Eq. (3.7) for S-bearing experiments is more complicated as Tiiq, s-ree Would correspond to the liquidus
temperature of our experimental melts if they were S-free. Importantly, our S-free experiments cannot
be considered as direct analogue S-free melts of our S-bearing melts because early crystallizing phases
in these S-free melts with high liquidus temperatures lead to significant changes in melt composition as
compared to S-bearing melts at a given temperature. Compositional differences also result from the
incorporation of Si in the iron alloy and from the formation of (Fe,Mg,Cr,Mn)S phases which also

change the composition of the equilibrium silicate melts.

The S-free experiments are valuable to build a predictive liquid thermometer for S-free compositions
which could be used for rather large compositional and temperature ranges. Here, we obtain Tiig, s-free
by combining our S-free experimental melts, and published S-free experiments on Mercury-like melts
(Charlier et al., 2013; Namur and Charlier, 2017; Namur et al., 2016a, b). In order to parameterize a
liquid thermometer for Mercury-like compositions, we first expressed magma compositions in terms of
mole percent of silicate components in the liquid. This approach is inspired by Lee et al. (2009), where
silicate components are calculated based on the mole percent of oxides and normalized to an 8-oxygen
basis (details provided in Appendix A of Lee et al., 2009). Using an F-test model (Zhang et al., 2023)
and a compiled dataset from previous studies (N=89), we empirically derived the following expression

to predict the temperature for S-free Mercury-like experiments:
T (°C) = 899.6(64.2) +9.9(3.0)Al160g + 10.6(1.0)M g,Si, 05 + 5.1(1.7)Na,Al,Si,0g +
3
63.4(14.8)K,Al,Si,0g + 0.0096(0.001)P (Eq. 3.8)

where the silicate components in Eq. (3.8) are given in mole percent (normalized to 100%), P is pressure
in GPa, and numbers in parentheses represent the one standard error of the coefficients. All parameters

have p-values less than 0.05, indicating they are statistically significant at the 95% confidence level.
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Figure 3.8. Prediction of our experimental temperatures with liquid thermometry. The R is 0.96 and

the SEE is 41 °C. Grey areas represent the SEE of the fit.

The fit achieves an R? value of 0.96, with a Standard Error of Estimate (SEE) of 41°C (Fig. 3.8.). To

calculate the liquid temperature for our S-bearing experiments, we first renormalized the melt

composition by excluding S. The normalized, S-free compositions were then used to calculate the

silicate components as described above. This approach allows the calculation of the liquidus

temperature on a S-free basis. Using the liquid thermometer, we then calculate the liquidus temperature

of the silicate melt in our S-bearing experiments on a S-free basis (Table 3.2.), i.e. we determine what

would be the temperature of a melt with the same elemental ratios for major elements if it was S-free.

Finally, using Eq. (3.7) we calculate the temperature depression AT1iql, opx) through a polynomial fit for

the AT1iq as a function of the S concentration in the melt (Fig. 3.9.).

77



Chapter 3: The Role of Sulfur on the Liquidus Temperature and Olivine-Orthopyroxene Equilibria in

Highly Reduced Magmas
& Mer8(10) S
250 | ¢ Merg(20)S
& Mers(30) s a)
#  Mer15(10)S 15
& Mer15(20) S
200 r # NVP Namur2016
< IcP HCT Namur2016
o
|_':
<
MSWD = 3.24
SEE=35°C
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
S in the glass (mol. fraction)
4  Mer8(10) S
250 | O Mer8(20)S b)
& Mer8(30) S
9 Mer15(10) S
200 | ¢ Mer1520)S
4 NVP Namur2016
< IcP HCT Namur2016
—~ 150 t g
%) .
< >
~ 100
<
50
MSWD =1.07
SEE=34°C
0
-50

4 5 6 7
S in the glass (wt%)

Figure 3.9. Liquidus temperature depression (AT, °C) as a function of the sulfur content in the glass

(expressed in (a) molar fraction and (b) in wt%). The fitted experimental data are from this study and

from Namur et al. (2016a). Vertical bars represent the uncertainty of the thermometric model (more

details are in section 3.4.1). Horizontal bars refer to the 1o standard deviation of measurements. Grey

areas represent the SEE of the polynomial fit.
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Multiple linear regression was performed to investigate the potential effect of pressure and major melt
components (mainly Mg, Si, Ca, Al, Na) on the liquidus temperature, but returned p-values were too
high to comprise them in our regression. Only sulfur was seen to be statistically relevant. In any case,
we only include the S-bearing NVP and High-Mg IcP HCT glasses of Namur et al. (2016a) in our
parameterization, as this enables us to use their compositional dataset in a manner similar to that used
in this study. The S-free NVP and High-Mg IcP HCT experiments have been employed to build our
liquid thermometer, while the S-bearing experiments have been used to parameterize the liquidus
temperature depression as a function of the sulfur content in the melt. We used a polynomial similar to

that described by Medard and Grove (2008) for H»O:
ATq(°C) = — 65208.22 [S]3erc + 16595.32 [S1}jere + 532.31 [S]ment (Eq. 3.9)
ATyiq(°C) = — 0.39 [ST3tere + 489 [S13terc + 8:65 [Slmerr  (Eq. 3.10)

where ATy ;q is the liquidus depression expressed in °C, and [S]uer is the concentration of sulfur in the
silicate melt (in molar fraction in Eq. (3.9), and in wt% in Eq. (3.10)). The Mean Squared Weighted
Deviation (MSWD) is 3.24 for Eq. (3.9) and 1.07 for Eq. (3.10), and the SEE is 35°C for Eq. (3.9) and
34 °C for Eq. (3.10).

Our experiments and modelling show that sulfur is as important as other volatiles in influencing the
melt liquidus temperature (Fig. 3.10.). However, we note that for volatile concentrations below ca. 5 —
6 wt%, the degree of liquidus depression is less in S-bearing systems compared to systems with other
volatiles such as H,O and F (Médard and Grove, 2008; Almeev et al., 2007; Filiberto et al., 2012). For
example, 4 wt% of H,O in basaltic melts would depress the liquidus of about 110 — 120 °C (based on
experiments performed at 7= 1100 — 1350 °C, P = 0.0001 — 1 GPa; Medard and Grove, 2008; Almeev
et al., 2007). Sulfur in the same concentration would decrease the liquidus by 100 °C. Chlorine in
synthetic tholeiitic basalts however only causes a smaller degree of liquidus depression of about 40 °C
for 4 wt% of Cl added (7~ 1300 — 1500 °C, P =0.7 — 1.5 GPa; Filiberto et al., 2014). At higher volatile
concentrations (> 7 wt%), however, sulfur exerts a stronger effect. For instance, 9 wt% of S would
depress the liquidus by ~ 193 °C whereas 9 wt% of dissolved H>O would cause a liquidus drop of ca.
180 °C. Summarizing and considering the uncertainties related to each parameterization, we can see
how the effect of sulfur on the liquidus temperature is as strong as the effect of H,O and F, while it

results to be more effective in lowering the liquidus temperature than ClI (Fig. 3.10.).
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Figure 3.10. Liquidus temperature depression (expressed in °C) as a function of the volatile content in
the glass (in wt%). The effect of different volatiles (CI, F, H20) on the liquidus depression are shown
as comparison (Almeev et al., 2007, Medard and Grove, 2008; Filiberto et al., 2012, Filiberto et al.,
2014).

3.4.2.  The Role of Sulfur on the Olivine and Orthopyroxene Stability

The bulk silicate composition (Mg/Si) and the presence of sulfur have profound implications
for silicate phase equilibria. By comparing S-free and S-saturated experimental runs, we show that
olivine is the liquidus phase for Mer8 (at P = 1.5 GPa) and for Merl5 in S-free melts. S-saturated
compositions, on the other hand, saturate orthopyroxene as the liquidus phase for Mer8, both at 1.5 GPa
and 3 GPa. S-saturated Mer15 melts still saturate olivine as the liquidus mineral, although the stability

field of olivine-only narrows significantly as more S is dissolved in the melt (Figs. 3.3.b, d, f).

We plot the compositions of our S-free and S-bearing silicate glasses on the olivine-Ca-tschermakite-
quartz pseudoternary diagram (Fig. 3.11.). At low fO,, the concentration of O* decreases, so that S*
becomes an important anion in the melt (Anzures et al., 2020; Pommier et al., 2023). This is interpreted
as S* replacing O* in [SiO4]* tetrahedra (Namur et al., 2016b). Sulfur can therefore bond with mineral-
forming cations (e.g., Si, Mg, Ca, Mn, Na) forming S complexes (Eq. (3.5)). Indeed, MgS and CaS
complexes have been thought to become stable below the IW buffer (Fogel, 2005). Raman spectra of
MgS and CaS complexes in quenched silicate glasses at low fO, have been reported in the literature

(Namur et al., 2016a). XANES spectra suggesting the presence of MgS, CaS in 1 atm silicate melts
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have been also reported (Métrich et al., 2009). K-edge XANES spectra reporting MgS and CaS
complexes in quenched glasses are shown in Anzures et al. (2020, 2025). Sulfur might therefore act as
a network modifier, although it is also seen to bond with Si (Pommier et al., 2023), suggesting that
sulfur might also display a structural role in the silicate melt. Viscosity of silicate melts indeed decreases
in the presence of sulfur (Mouser et al., 2021). The nature of the cation with which S dominantly bonds
is controlled by oxygen fugacity (Anzures et al., 2020, 2025). MgS is the dominant sulfide species at
IW < -4.5 (plus minor CaS), while CaS is the main sulfide species at IW > -4.5 (Anzures et al., 2020,
2025). We therefore recalculated our S-bearing melts by considering the influence of the different
sulfide species on the oxide fractions (e.g., Xca0, Xme0) 0f the melt as a function of fO,. We show that
the more reduced melts (that is, Mer + 20 wt% Si) move away from the olivine apex, whereas the
relatively more oxidized melts (Mer + 10 wt% Si) move away from the Ca-Ts apex. In general, we
observe that the plotted experimental melts in the presence of sulfur complexes cross the olivine-

orthopyroxene phase boundary and move towards the orthopyroxene stability field.
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Figure 3.11. Molecular normative projection from diopside of the major element compositions of our
experimental glasses on the plane olivine-Ca-tschermak-quartz (Médard, 2004; Sorbadere et al., 2013).
Cross symbols are S-free melts. Grey circles are S-bearing melts. Red circles are recalculated melt
compositions by considering the formation of CaS, Na.S, and MnS complexes. Blue circles represent
recalculated melt compositions by considering the formation of MgS, CaS complexes (see also Fig. S8
Namur et al., 2016a; Anzures et al., 2020, 2025). Solid and dashed lines represent respectively I and 3
GPa phase boundaries in the CMAS system (Chen and Presnall, 1975; Milholland and Presnall, 1998,
Sen & Presnall, 1984). Details on the calculation of the CMAS components are given in Appendix A
(Section S3.6.).
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The bonding of S with silicate forming elements (e.g., Mg, Ca, Mn, Na) decreases the activity of the
oxides of these elements in the silicate melt, affecting the saturation of the silicate crystals (Eq. (3.5)).
Under less reducing conditions (IW > -4.5), S bonds with Ca forming CaS, which causes a decrease of
the activity of CaO in the silicate melt. This affects the saturation of clinopyroxene, as compared to
more reducing conditions (IW < -4.5). The lessened CaO activity (Ca®* bonding with S*) would indeed
delay the crystallization of clinopyroxene and plagioclase (Anzures et al., 2020). Our experiments also
feature clinopyroxene only in S-free runs (Fig. 3.3.). The absence of clinopyroxene in our S-saturated
runs could be caused by the decreased CaO activity, whereas the presence of clinopyroxene can be
simply caused by the lower melt fraction in S-free experiments, which makes the residual melt richer
in Ca0. A combination of the two effects is also plausible. In more reducing systems, sulfur complexing
with Mg would decrease the activity of MgO (and comparatively increase the activity of SiO,) in the
silicate melt, favoring orthopyroxene at the expense of olivine (Anzures et al., 2020, Eq. (3.4)). The
expansion of the orthopyroxene stability field at the expense of olivine is also favored at increasing
pressure (Chen and Presnall, 1975; Milholland and Presnall, 1998; Sen & Presnall, 1984). It needs to
be pointed out, though, that the replacement of S* on the anion sublattice would also decrease the

activity of SiO, (O’Neill, 2021), even if the effect on MgO is larger than that on SiO».

Our results are in accordance with Namur et al. (2016b) who showed the contraction of the olivine
stability field in favour of orthopyroxene in the presence of sulfur. Using the same starting compositions
as in this study, Xu et al. (2024) show that forsterite is still the liquidus phase for Mer15(20) + S at
higher pressure (7 GPa), while olivinet+orthopyroxene represents the first phases appearing for
Mer8(20) + S, indicating that the effect of asio» and amgo on phase stability observed in this study is

valid over a large pressure range.

3.4.3.  Implications for the Orthopyroxene-Olivine-Melt Cotectic

Sulfur has a major influence in lowering the pressure-temperature conditions of the
orthopyroxene-olivine-melt cotectic. Our study confirms the lowering of the cotectic in the presence of
sulfur for Mer8 (Figs. 3.3.a, ¢, e). As shown in Fig. 3.3.a, the cotectic is located at T~ 1840 °C, P ~2.3
GPa in S-free Mer8. In Fig. 3.3.c, the cotectic of S-saturated Mer8(10) is located at T ~ 1680 °C, P =
1.4 GPa. This means that for S-saturated Mer8(10), the temperature difference (AT) is ~ 160 °C, and
the difference in pressure (AP) is ~ 0.9 GPa. The cotectic in S-saturated Mer§8(20) is found even lower
in the 7-P diagram (Fig. 3.3.e), and is located at 7'~ 1520 °C, P ~ 0.9 GPa. This would yield AT ~ 320
°C, AP ~ 1.4 GPa for S-saturated Mer8(20). It’s clear from this comparison that the cotectic shift is
larger for S-bearing Mer8(20) than for S-bearing Mer8(10), as more sulfur is dissolved in the silicate

melt. The amount of dissolved S is caused by more reducing conditions in Mer8(20) than in Mer8(10).
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We estimate a cotectic depression of AT ~ 50 °C, AP ~ 0.3 GPa for every 1 wt% S added in the silicate
melt. Namur et al. (2016b) first showed how the olivine-orthopyroxene cotectic (or multi-saturation
point, MSP) is shifted towards lower temperatures and pressures in the presence of sulfur. They found
a AT = 85 °C, AP = 0.95 GPa for the more Mg-rich Intercrater Plains, Heavily cratered Terrains
composition (IcP HCT). As for the North Volcanic Plains composition (NVP), AT = 65 °C and AP =
0.55 GPa. The difference in the cotectic pressure shift was found to be dependent on the nepheline and
anorthite components, which are more impacted when CaS, and Na,S complexes form (Namur et al.
2016b). The inferred pressure shifts of the cotectic obtained in this study are larger than those in Namur
et al. (2016b) due to the lower anorthite and nepheline components in Mer8 and Merl5 mantle
compositions than in IcP-HCT, and NVP crustal compositions (Fig. 3.11., this study; Fig.S3.8. in Namur
et al. 2016b).

3.4.4. Implications for the Magma Ocean Differentiation

Although the exact bulk silicate composition of Mercury (BSMe) is under debate (Brown and
Elkins-Tanton, 2009), our results are still indicative for the magma ocean differentiation of Mercury.
Enstatite chondrites (EC) have been historically considered as the precursor material for building
Mercury, although recent studies argued against a pure EC origin for the planet (Cartier and Wood,
2019; Anzures et al., 2020). Anzures et al. (2020) proposed as Mercury’s precursory material the bulk
silicate composition of a metal-rich carbonaceous chondrite (CH). In an attempt to explore what the
BSMe can be, our SiO,-depleted EC-like starting materials can be considered as end member
compositions with respect to the CH-based primitive mantle (PMM) of Anzures et al. (2020) (see Fig.
3.1.). Magma ocean crystallization models generally assume a basal dunite layer (Mouser et al., 2021;
Mouser and Dygert, 2023). Only Anzures et al. (2020) posit an orthopyroxene layer at the base of the
primordial mantle. Magma oceans with a higher Mg/Si ratio (like PMM in Anzures et al. 2020, Mer15
of this study) would first crystallize olivine, while BSMes with a low Mg/Si (<~ 0.9, Mer8) would be

saturated in orthopyroxene first.

Our experimental results combined with studies in the literature allow us to better place constraints on
the early differentiation of Mercury’s magma ocean. If the mantle of Mercury is similar to Mer8 and is
S-saturated, our experiments show that orthopyroxene is the liquidus mineral, which is also the case at
high pressure (P = 7 GPa; Xu et al., 2024). This indicates that orthopyroxene is the liquidus phase at
the core mantle boundary conditions of Mercury (P ~ 5.8 GPa; Goossens et al., 2022; Xu et al., 2024)
and likely forms a basal layer. Also, once it reaches the saturation condition of olivine, orthopyroxene
will still be the dominant crystallizing mineral. This would have major implications for the interior

dynamics and thermal evolution history of the silicate mantle of Mercury. Pyroxenes display different

84



Chapter 3: The Role of Sulfur on the Liquidus Temperature and Olivine-Orthopyroxene Equilibria in
Highly Reduced Magmas

rheological properties as compared to olivine. Clinopyroxene and orthopyroxene are less viscous than
olivine, which would make mantle convection on Mercury more vigorous and more lasting (Cioria et
al., 2024). Thermal properties of orthopyroxene are also different from olivine. Because thermal
conductivity in orthopyroxene is greater than in olivine, orthopyroxene-rich mantle geotherms would
be colder than olivine-rich mantle geotherms (Guo et al., 2024; Zhang et al., 2019). On the contrary, if
BSMe is more similar to Mer15, olivine would be the first silicate mineral to crystallize from the MMO.
A dunite layer would be present at the base of the mantle of Mercury, and its thickness will depend on

the bulk S content of the MMO.

3.5.Conclusions

We performed 56 experiments on compositions representative of Mercury’s average silicate
composition over a wide range of physical and chemical conditions with the aim of investigating the
silicate phase equilibria and the influence of sulfur on the liquidus temperature. Sulfur is responsible
for lowering the olivine and orthopyroxene liquidus temperature of Mercurian melts. We propose a
model linking the liquidus depression with the sulfur concentration in the melt. We found that 1 wt% S
in the silicate melt would decrease the liquidus of around 20 °C. Sulfur is also responsible for lowering
the olivine-orthopyroxene cotectic. Finally, sulfur is also crucial for stabilizing orthopyroxene at the
expense of olivine. This has profound implications for Mercury’s primordial mantle and its
mineralogical layering, as the Hermean planet would likely host an orthopyroxenite layer at the base of
the mantle. Pyroxene-dominated mantles might display a sensibly different dynamics and evolution
compared to olivine-dominated mantles. However, our approach was unable to discern additional
variables, such as pressure and melt composition, which may influence the role of sulfur in lowering
the liquidus temperature. Future studies are also needed to further investigate the thermodynamic

behaviour of reduced S-rich melts in greater detail.
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Abstract

Early in its history, Mercury underwent a magma ocean stage; its crystallization produced a
primordial mantle and a flotation crust, setting the stage for early volcanism, crustal production, and
thermochemical evolution. Here, we performed crystallization experiments on reduced, sulfur-rich
silicate melt compositions relevant to Mercury’s magma ocean and its solidification during cooling. Our
approach aims to reconstruct the primordial mantle stratigraphy by combining a fractional
crystallization model with phase equilibria experiments on a suite of residual melts at 1525-1125 °C
and 1.5-0.5 GPa under low oxygen fugacity (—3.7 to —8.4 log units below iron-wiistite equilibrium) to
investigate the crystallization sequence for two potential Bulk Silicate Mercury compositions: a low-
Mg/Si melt in the enstatite stability field and a high-Mg/Si melt in the forsterite stability field. Residual
melts become co-saturated in enstatite and forsterite, followed by the crystallization of clinopyroxene
at melt fractions "= 0.40-0.35, quartz at F' = 0.28—-0.24, and plagioclase at F' = 0.19—-0.14. We define
the evolution of the mantle cumulate pile and the thickness of the refractory and fertile reservoirs based
on the appearance of clinopyroxene. We propose that Mercury’s volcanic crust resulted from partial
melting of the fertile mantle. Density calculations indicate that sulfur reduced the density of the silicate
magma ocean, causing sulfides to become denser than the magma ocean, ultimately being stored in the
mantle. We illustrate the influence of the magma ocean bulk composition + sulfides on the storage and

spatial distribution of heat-producing elements in Mercury’s interior.

94



Chapter 4: The Crystallization of Mercury’s Magma Ocean and the Formation of its Primordial
Mantle Structure

4.1. Introduction

Accretionary impacts, metal—silicate segregation, and the decay of short-lived radioisotopes
would have produced enough thermal energy to completely melt Mercury during its very early
evolution, forming a global silicate magma ocean (Schubert et al., 1988; Schaefer and Elkins-Tanton,
2018; Charlier and Namur, 2019). Subsequent crystallization of the magma ocean ultimately produced
the primordial Mercurian mantle, whose vertical structure was determined by the crystallization regime
and the initial composition of the bulk silicate Mercury (BSMe), although the latter remains debated
(Brown and Elkins-Tanton, 2009; Nittler et al., 2018; Anzures et al., 2020; Xu et al., 2024; Fischer and
Parman, 2025). Experimental studies of surface lavas indicate significant compositional diversity within
Mercury’s mantle (Charlier et al., 2013; Namur et al., 2016a; Wang et al., 2022). Partial melting of
certain chondritic precursors could also generate a wide variety of lava compositions, but this process
alone cannot account for the full range of surface compositions observed on Mercury (Boujibar et al.,
2025). Investigating the crystallization products of the Mercurian magma ocean (MMO) is thus crucial
because its initial structure would have impacted convection and the thermal evolution of the mantle,
setting the stage for mantle melt generation and effusive volcanism, which built the secondary crust
until ca. 3.5 Ga (Brown and Elkins-Tanton, 2009; Byrne et al., 2016; McCoy et al., 2018; Mouser et al.,
2021; Mouser and Dygert, 2023; Boukar¢ et al., 2019).

The MMO was unique among terrestrial planets: the MESSENGER spacecraft revealed the unusually
high sulfur content and near FeO-free nature of Mercury’s volcanic surface, which indicate highly
reduced conditions (Nittler et al., 2011; McCubbin et al., 2012; Zolotov et al., 2013; Namur et al.,
2016a). The high inferred bulk mantle S content (Namur et al., 2016a; Lark et al., 2022) has led authors
to suggest that sulfide phases should have formed in the MMO, subsequently being stored in the mantle
and/or primordial crust and potentially storing heat producing elements (HPEs; Boukaré et al., 2019;
Boujibar et al., 2019; Pirotte et al., 2023). This process may have induced mantle overturn post-magma
ocean crystallization (Mouser and Dygert, 2023). Vander Kaaden and McCubbin (2015) suggested that
graphite would have been the only buoyant phase in such a FeO—depleted MMO, the flotation of which
likely contributed to the formation of a graphite primordial crust. Investigating melt density and the
specific effect of sulfur in the cooling and evolving magma ocean is thus crucial to quantitatively
evaluate if other light phases such as sulfides, quartz, and plagioclase could have become buoyant
during solidification. Moreover, if containing significant amounts of HPEs, the distribution of sulfide
phases could have substantially impacted Mercury’s thermal evolution (Boukaré et al., 2019; Boujibar

et al., 2019; Pirotte et al., 2023).

In this study, we present crystallization experiments aimed at reconstructing the vertical structure of
Mercury’s primordial mantle as a direct consequence of the fractional crystallization of the putative

MMO. By combining these and previous experiments, we develop a phase equilibria-based
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crystallization model of the mineralogical and chemical evolution of the MMO from a range of BSMe
compositions with different starting Mg/Si ratios. We further investigate the effect of sulfur content on
the differentiation and density of the residual liquids, as well as the likelihood of crystalline phase
flotation and its impact on the distribution of heat-producing elements. Our results refine our
understanding of Mercury’s early differentiation in terms of mantle mineralogy under reduced

conditions.

4.2. Bulk Silicate Mercury (BSMe)

Enstatite chondrites (ECs) have commonly been considered as analogs of Mercury’s building
blocks due to their similar geochemical features, including FeO—free silicate phases and high
abundances of sulfur and alkali metals (Na, K) (McCoy et al., 1999; Malavergne et al., 2010; Nittler et
al., 2018; Fischer and Parman, 2025). The composition of the BSMe has been investigated by combining
data from surface lavas with experiments simulating mantle melting (Namur et al., 2016a; Nittler et al.,
2018) and by defining magmatic fractionation lines of surface and mantle compositions (Anzures et al.,
2020; Fischer and Parman, 2025). Nittler et al. (2018) calculated the mantle source compositions of the
high-Mg region and the North Volcanic Plains by considering the phase proportions and compositions
of enstatite and forsterite reported by Namur et al. (2016a). Their results were similar to the silicate
portion of enstatite chondrites and bencubbinites, adjusted to account for SiO; reduction to Si stored in
the core under reduced conditions (e.g., Malavergne et al., 2010; Chabot et al., 2014). Recently, Fischer
and Parman (2025) calculated a revised BSMe composition based on a new Mercury Fractionation Line
(MFL) obtained by recalculating the Mg/Si and Al/Si ratios of X-Ray Spectrometer (XRS) data in
McCoy et al. (2018). Because ECs are enriched in SiO» (Fig. 4.1.), they calculated the amount of Si
being reduced and removed to the core for each published EC composition until the Si-depleted
compositions fell along the MFL. Anzures et al. (2020) proposed a modified CH3 chondrite composition
(ALH 85085) as the best approximation of the BSMe, due to its similar Mg/Si, Al/Si, Fe/Si, and Ni/Si

ratios.
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Figure 4.1. Elemental ratios of major elements (Wt%) of our starting compositions for (a) Al/Si versus
Mg/Si and (b) Ca/Si versus Mg/Si. Also shown for comparison are the Bulk Silicate Mercury (BSMe)
from Fischer and Parman (2025), the Primitive Mantle of Mercury (PMMe) from Anzures et al. (2020),
and the Northern Volcanic Plains (NVP) and the High-Mg Intercrater Plains (HMG) from Namur et al.
(2016b). Small grey circles are XRS measurements from Weider et al. (2015). The black solid line in (a)
is the Mercury Fractionation Line (MFL), with relative upper and lower bounds (dashed lines) as

calculated in Fischer and Parman (2025).

The BSMe compositions considered in this study are inspired by the composition of the silicate fraction
of enstatite chondrites (Fig. 4.1., Table 4.1.; Xu et al., 2024; Saracino et al., 2025). An average
composition was obtained from chemical analyses of both high-iron (EH) and low-iron (EL) enstatite
chondrites (Jarosewich, 1990; Berthet et al., 2009). We also decreased the P,Os content to account for
the markedly siderophile behaviour of P (Gu et al., 2019; Steenstra et al., 2020; Pirotte et al., 2023).
Some Si was also removed from the original chondritic composition: two compositions with different
Mg/Si ratios were selected, corresponding to the segregation of 8 wt% and 15 wt% Si from the silicate
fraction into the core (named Mer8 and Merl5, respectively; Xu et al., 2024; Saracino et al., 2025).
Assuming that the core of Mercury represents 67% of the planet’s bulk mass (Hauck et al., 2013), these
values reflect core Si contents of 2.9 wt% (Mer8) and 5.5 wt% Si (Mer15), spanning the lower range of
estimated Si contents in the core of Mercury (Nittler et al., 2018). Our two compositions thus cover the
BSMe compositional fields of Anzures et al. (2020) and Fischer and Parman (2025). Testing starting
compositions with a range of different Mg/Si ratios is important because Mg/Si is known to promote

the stability of enstatite or forsterite (Namur et al., 2016a; Anzures et al., 2020; Saracino et al., 2025).
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Table 4.1. Compositions of starting materials (expressed in wt%). Also shown are (a) pre-melting
mantle compositions of the Northern Smooth Plains and Intercrater Highly cratered Terrains (Nittler
etal., 2018); (b) PMM, the Primitive Mercurian Mantle (Anzures et al., 2020), (c) Bulk Silicate Mercury
(Fischer and Parman, 2025), and (d) Bulk Silicate Earth (McDonough, 2025). Abbreviations. n.d., not

determined.

Primitive compositions  pre-melting Pre-melting Primitive Bulk Bulk

mantle mantle Mantle Silicate  Silicate

Mer8 Mer15 (NSP)2 (IcP HCT)> Mercury® Mercury® Earth?

SiO2 54.82 47.91 53.67 51.98 51.32 52.06 44.92
TiO2 0.14 0.16 0.24 0.21 0.21 0.13 0.20
Al203 3.70 4.26 4.57 4.24 3.78 3.38 4.19
Cr203 0.52 0.60 n.d. n.d. 0.41 0.54 0.33
FeOtot n.d. n.d. 0.02 0.03 0.54 0.20 8.05
MnO 0.28 0.33 n.d. n.d. 0.09 0.31 0.14
MgO 37.32 43.04 36.89 37.64 40.72 39.84 37.81
CaO 1.62 1.87 2.26 3.84 2.73 1.75 3.27
Na20 1.37 1.58 1.97 1.29 0.08 1.62 0.36
K20 0.13 0.15 0.05 0.04 0.02 0.17 0.03
P20s 0.10 0.10 n.d. n.d. n.d. n.d 0.02
NiO n.d. n.d. n.d. n.d. 0.1 n.d 0.22
Total 100.00 100.00 99.67 99.27 100.01 100.00 99.54
Mg/Si 0.88 1.16 0.89 0.93 1.02 0.99 1.09
Ca/Al 1.18 1.18 1.34 2.45 1.95 1.40 2.1

4.3. Magma Ocean Modelling

4.3.1. Fractional Crystallization Modelling

We follow the modelling strategy of Elkins-Tanton et al. (2003) and Charlier et al. (2018), who

developed a numerical code to simulate the crystallization of the Martian and lunar magma oceans,
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respectively. Our code is rooted in experimentally determined phase equilibria and traces the
solidification steps of the MMO through a stepwise approach in which we calculate the mineralogy,
composition, and density of cumulates while tracking the compositional evolution of the residual
silicate liquids. The initial compositions of the silicate liquid are the primitive compositions Mer8 and
Merl5. Major elements and heat-producing elements (U, Th, K) were considered. FeO was excluded
from the input compositions because MESSENGER data have demonstrated the paucity of FeO on the
surface (Nittler et al., 2020). Fractional crystallization is described as (Namur et al., 2012; Charlier et
al., 2018; Zhang et al., 2024a):

clLiq = (1= 2)cl1iq + 2[Cjo1n XIc]) x5t + CBLinE?ESh] (Eq. 4.1)

where z is the crystallization increment (fixed at 1% of the residual liquid; i.e. z becomes increasingly

small as crystallization proceeds), cl-llLiqis the concentration of element 7, bonded to oxygen, in the liquid
at each step of fractionation, cBLiq is that during the previous step of fractionation, cij is the

concentration of element 7 in solid phase j, X/ is the proportion of phase j in the cumulate assemblage,

and X)MSM and X E’{};Sh are the bulk proportions of the solid phases and trapped liquid in the solidifying

crystal mush.

To determine the density of the silicate liquid produced during MMO crystallization, we first calculated
the density at zero pressure as:

XiM;
XiVi

PLiq = X (Eq. 4.2)

where X; is the molar fraction of component 7 in the melt, M; is its molar mass, and V; is its partial molar
volume. Density is then adjusted to account for the effect of pressure and temperature with a third order

Birch-Murnaghan equation of state:

p=tr (2 - @]{1- @) ce- k| -1} (Eq.43)

where P is pressure, k+ is Young’s modulus, Vj is the initial molar volume, V; is the molar volume at
pressure P, and k7 is the pressure derivative of kr. kr and k; were determined via multiple linear
regression of literature data as a function of major element melt compositions (Guillot and Sator, 2007;
Ohtani and Maeda, 2001). The temperature dependence of the liquid density is calculated using the
compositional expression of thermal expansion from Lange and Carmichael (1987). The parameters
used to calculate the melt density are reported in the Appendix C (Section S4.1.). Other equations of

state used for the calculation of the liquid density are shown for comparison in Fig. S4.1. The effect of
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S on the density of the silicate liquid is poorly constrained in the literature, and a specific discussion of

this aspect is presented in Section 6.4.

Magma oceans are considered to crystallize from the bottom up and to strongly convect, such that no
chemical gradient is assumed (Walker et al., 1975; Brown and Elkins-Tanton, 2009). Starting from the
density of the cumulus phases, the thickness of the different layers can be calculated as crystallization

proceeds at each increment z. In our model, we allow crystallizing phases to float atop the magma ocean.

4.3.2. Depth of the Magma Ocean

The initial depth of the MMO was calculated using gravity models for Mercury. A smaller polar
moment of inertia (MOI) (0.333 £ 0.005; Genova et al., 2019) yields a deeper core-mantle boundary
(CMB), and therefore a deeper interface between the magma ocean and the metallic core (~485 + 20
km depth in Goossens et al., 2022; ~463 km in Steinbriigge et al., 2021). Conversely, models with a
higher MOI (0.346 + 0.014; Margot et al., 2012) return a shallower CMB interface at ~430 km depth
(Bertone et al., 2021). In this work, we simulate the crystallization of the MMO from an initial depth of
480 km, corresponding to the maximum possible CMB depth. Accordingly, we account for a higher
volume of the silicate magma ocean, which is considered to have been ca. 17% greater than the present-

day solid silicate shell.

4.3.3. Early Crystallization Stages

Literature data on near-liquidus experiments representative of the BSMe provide precious
insights into the phase equilibria of early forming minerals (Anzures et al. 2020; Xu et al., 2024;
Saracino et al., 2025). Xu et al. (2024) and Saracino et al. (2025) showed that enstatite is the liquidus
phase in sulfide-saturated Mer8 (Mg/Si = 0.88) whereas forsterite is the liquidus phase in sulfide-
saturated Mer15 (Mg/Si = 1.16) between 1 and 7 GPa. Interestingly, Saracino et al. (2025) showed that
the residual melt compositions of sulfide-saturated Mer8 and Merl5 converge, eventually reaching a
single cotectic curve after sufficient differentiation. The initial fractionation of the MMO can therefore
be simulated by fractionating only enstatite for Mer8 and only forsterite for Merl5 until the residual
MMO liquids reach the forsterite-enstatite cotectic (Fig. 4.2.). After reaching this cotectic curve, all
Mercurian melts, including low- and high-Mg/Si melts, evolve towards the same eutectic where
crystallization ends (Namur and Charlier, 2017). Accordingly, during the first stage of crystallization,
the Mg/Si ratios of the Mer8 and Merl5 residual liquids converge until they cross at ~2.6 GPa (Fig.
4.3.). To further evolve the MMO, we consider an average of the two residual liquid compositions (Fig.

43.).
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Figure 4.2. The early crystallization sequence for S-bearing Mer§ and Merl5 compositions.

The second stage of the forward model is the co-crystallization of forsterite and enstatite. The
instantaneous relative proportions of forsterite and enstatite in the cumulate assemblage can be obtained
from the tangent to the cotectic curve. We thus plotted experimental melts saturated with both forsterite
and enstatite relevant to Mercury’s mantle compositions (Saracino et al., 2025; Xu et al., 2024) in the
diopside-SiO,-forsterite ternary system (Fig. S4.2. in Section S.2). The plotted melts were produced
from the same starting materials (Mer8 and Merl5) over a wide pressure range (1.5-7.0 GPa).
Calculated mineral proportions from these experimental melts returned a range of relative proportions,
from around FosEnss to FoioEngg, with higher pressures producing a higher Fo/En ratio due to the
expansion of the enstatite stability field relative to that of forsterite with increasing pressure (Bowen,
1914; Kushiro, 1969; Chen and Presnall, 1975; Weng and Presnall, 2001; Falloon and Green, 1988; Fig.
S4.2.). As an approximation, we therefore considered a rough average of the relative proportions:

FoasEnys.
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Figure 4.3. Mg/Si ratio as a function of pressure (GPa) in the early crystallization sequence for both

Mer8 and Merl5 compositions.

4.4. Experimental and Analytical Methods

4.4.1. Experimental Strategy

Our experimental study aims to simulate the evolution of the silicate liquid in the MMO during
cooling and with decreasing pressure as the cumulate pile thickens with the melt fraction (F) decreases.
We used a stepwise approach to simulate the fractional crystallization of the BSMe. Starting
composition Mer_1 corresponds to the cotectic composition at which forsterite and enstatite coexist,
following the crystallization of forsterite from Merl5 and enstatite from Mer8 using the forward
crystallization model described above (Fig. 4.3.). Experiments were performed with the Mer 1
composition until clinopyroxene joined the mineral assemblage with forsterite and enstatite. We then
used the new residual melt composition in equilibrium with clinopyroxene, Mer 2, in further
experiments until the appearance of quartz, which also corresponded to the destabilization of forsterite
due to the high activity of SiO; (asioz2). Lastly, a final composition produced from the Mer 2 residual
melts, Mer 3, was used to reach the most evolved stages of magma ocean solidification. These three
starting compositions are reported in Table 4.2. Each new series of experiments pertaining to new
starting materials were performed at progressively lower pressure-temperature conditions to simulate
the incipient cooling and thinning of the residual MMO. The P-T-F profile and the complete
crystallization sequence were obtained by combining the experimental results and the forward
crystallization model. In total, our experiments span temperatures of 1525-1125 °C and pressures of

1.5-0.5 GPa (Fig. 4.4.).
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Figure 4.4. Pressure and temperature conditions of our experimental runs representing the evolution
of the residual MMO liquid. Experiments are from this study (diamonds with various shades of grey),
Saracino et al. (2025, white downward inverted triangles), and Xu et al. (2024, white circles). The
pressure estimate at the core-mantle boundary and relative upper and lower bounds are from Xu et al.

(2024).

Table 4.2. Residual liquid compositions compared to the starting chondritic compositions Mer8 and

Merl5. n.d., not determined.

Mer8  Mer15 Mer 1 lee’§1 'I‘:":g—; MeSU Mer 2 le;§2 Mer_3
S0 5482 4791 5653 4522 4522 4805 6291 5222 6648
TiO2 014 016 038 030 030 032 017 014  0.16
ALOs 370 426 946 757 757 804 1385 1149  16.62
CrOs 052 060 056 045 045 048 011 009 002
MnO 028 033 037 030 030 031 031 026 004
MgO 3732 4304 2401 1921 1921 2041 1195 992 439
Ca0 162 187 433 346 346 368 512 425 568
Na>O 137 158 375 300 300 319 510 423  6.00
K20 013 015 036 028 028 030 049 041 0.60
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Mer8  Mer15 Mer 1 le;§1 'I‘:":g—; MeSU Mer 2 le(:gz Mer 3
P20s 010 010 026 020 020 022  nd. n.d. n.d.
FeS 2000  10.00 17.00
s 1000  15.00
Total  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  100.00

4.4.2. Starting Materials

The starting materials (Table 4.2.) were produced from high-purity oxide powders: SiO», TiOa,
AlLO3, Cr03, MnO, MgO, CaSiOs, Na,Si0s, K»Si4O9, and AIPO4. CaSiOs, Na,SiOs, and K,Si409 were
produced by decarbonating mixtures of carbonates and SiO». Sulfur was added as FeS, FeS + S, or only
as elemental S powder. Powders were mixed in an agate mortar with methanol and then stored in an
oven at 120 °C. Different oxygen fugacity (fO,) conditions were achieved by using different metallic
Si/Si0O, molar ratios in the starting materials: 0, 0.10, 0.20 (referred to as Mer(0), Mer(10), Mer(20)).
Although fO, may not affect the stability of silicate phases in the Fe-free system, it affects S solubility
in the melt and therefore the timing and nature of sulfide saturation (Namur et al., 2016b). With this
approach, we were able to track the range of sulfides that can be produced using different Fe/S ratios.
Neither S nor Si were added to Mer 3(0) because the solubility of S was observed to be low (<0.5 wt%
S) in Mer_2 at temperatures below 1250 °C, in accordance with the decreasing solubility of S with

decreasing T and increasing SiO» content (Namur et al., 2016b).

4.4.3. Experimental Methods

Experiments were conducted with a Voggenreiter Mavo LPC 250-300/50 end-loaded piston-
cylinder apparatus at the University of Liege (Belgium). Half inch (1/2") assemblies were used in the
pressure range 1.0—1.5 GPa, and 3/4" assemblies for runs at 0.5 GPa. For the 1/2" assembly, a graphite
capsule with a MgO spacer was placed in a graphite furnace, and a BaCOj cell was used as the pressure
medium. In the 3/4" assembly, a talctpyrex cylinder was used as the pressure medium. Details on the
cell assemblies employed in this study are reported in Appendix C (Fig. S4.3.). Temperature was
monitored with a W75sR»s/Wo7R3 D-type thermocouple for both assemblies. A correction was applied for
the temperature gradient between the tip of the thermocouple and the center of the capsule, which we
estimate to be ~25 °C. The assemblies were first pressurized at room temperature to 0.7 GPa in the 1/2"
setup and 0.4 GPa in the 3/4" setup. Then, temperature was increased to 865 °C at 100 °C/min while

keeping the pressure constant. Temperature was then held for 6 min to pressurize to the target pressure.
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Finally, temperature was increased again at 50 °C/min until the target temperature was attained. Friction
correction coefficients of 9.3% for the 1/2" assembly and 20% for the 3/4" assembly were applied,
respectively (Condamine et al., 2022). Experiments were quenched by switching off the power.
Experimental samples were cut in half with a diamond wafer saw, mounted in epoxy, and polished to 1

pm.

4.4.4. Attainment of Equilibrium

We performed time-series experiments to test the attainment of equilibrium and the potential
escape of volatiles (Na, S). Four experiments at 1300 °C and 1 GPa were run at different durations (30
min, 1 h, 3 h, 6 h) using Mer_2(20) as the starting material. In all these samples, enstatite, clinopyroxene,
and quartz coexisted with the silicate melt, and these three crystalline phases produced small euhedral
crystals regardless of the duration investigated. As commonly observed in experiments with Si/Si0, =
0.20, a slight excess of Si metal (~1 wt%) was observed in all four experiments. The compositions of
the silicate glasses (Figs. S4.4. in Appendix C, see also Appendix D) show that sulfur was readily
incorporated into the melt after 30 min and slightly decreased after one hour (from 3.4 to 2.7 wt%; Fig.
S4.4.d). No substantial loss of Na was observed at durations up to 6 h (Fig. S4.4.c). We also observed
that the concentration of Si in the silicate glass slightly increased at durations longer than 1 h (Fig.
S4.4.a), explained by the likely oxidation of residual Si metal in longer duration runs. The progressive
oxidation of the system is corroborated by the slight depletion of Si in the metallic phase (Fig. S4.5.)
over durations longer than 1 h and the lower solubility of S in the silicate melt in longer experiments.

Based on these results, we conclude that we reached thermodynamic equilibrium within ~1 h.

4.4.5. Analytical Methods

Imaging and phase identification were performed with the TESCAN MIRA 4™ Generation
Scanning Electron Microscope (SEM) at the Department of Geology, KU Leuven (Belgium).
Quantitative analyses of our experimental products were conducted with the JEOL JXA-8530F electron
probe micro-analyzer (EPMA) at the Department of Materials Engineering, KU Leuven. Silicate
crystals and sulfide and metallic phases were measured with a 15 kV accelerating voltage and 10 nA
beam current. Silicate melts (glass) were measured with a 15 kV accelerating voltage and a 15 nA beam
current. Crystals were analyzed with a focused beam and glasses with a beam defocused to 5-20 um
depending on the size of the glass pool. Sulfides were measured with a focused beam and metals with
either a focused or a defocused beam (5—10 um) depending on the size of the metallic phase and the
presence of heterogeneities and quench textures. Peak counting times were 10—30 s and background

counting times on each side of the peak were 5—15 s for each element. We employed both natural and
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synthetic standards. For silicate crystals we used albite for Na, orthoclase for K and Al, diopside for Ca,
olivine for Si and Mg, rutile for Ti, MnO for Mn, Cr,O; for Cr, and fayalite for Fe. For silicate glass we
used albite for Na, obsidian for K and Al, olivine for Mg, diopside for Ca, rutile for Ti, rhodonite for
Mn, Cr,0s for Cr, hematite for Fe, and BaSOj4 for S. For sulfide and metallic phases we used albite for
Na, Si metal for Si, diopside for Ca, olivine for Mg, obsidian for Al, rutile for Ti, Cr metal for Cr, Fe
metal for Fe, Mn metal for Mn, and pyrite for S. Replicate measurements of international standards
indicate analytical errors of less than 5% for major elements and 10-15 % for minor elements. For
sulfur measurements in the silicate glass, reliability was attained through accurate calibration and
reproducibility on BaSO4, which suggest errors below 10-15%. Raw data were corrected for matrix

effects with the CATZAF software.

4.4.6. Determination of Oxygen Fugacity
Under reduced conditions, the oxygen fugacity of the experimental charges can be calculated
considering the equilibrium between Fe metal and FeO-bearing silicate melts as (Corgne et al., 2008):
1
Feyetal + 502 = FeOwert (Eq. 4.4)

The activity of Fe in the metal ag, is given by:

ape = XreYFe (Eq. 4.5)

where Xp, is the molar content of Fe in the Fe metal and yr, is the activity coefficient of Fe.

Analogously, the activity of FeO in the silicate melt ar.q is given by:

are0 = XFe0VFe0 (Eq. 4.6)

where Xr,o is the molar content of FeO in the silicate melt and Yz, is the activity coefficient of FeO.
However, typical Mercurian melt compositions have extremely low FeO contents (<1 wt%) and are
close to or below the detection limit of analytical instruments. The activity coefficient of FeO at low
Fe?" concentrations is therefore poorly constrained (Cartier et al., 2014; Wykes et al., 2015; Namur et
al., 2016a; Anzures et al., 2020; Pirotte et al., 2023), rendering fO, estimates using Eq. (4.4) unreliable.
Nonetheless, under FeO-poor conditions, fO, can be determined using the equilibrium between Si-rich

metal and SiO; in the silicate melt as (Cartier et al., 2014):
SiOZ,Melt = Simetal + 02 (Eq- 4.7)

where SiOz meit is the SiO; concentration in the melt and Sineta is the Si concentration in the metal. The

activity of Si in the metal is given by:
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as; = XsiVsi (Eq. 4.8)

with Xg; being the molar Si content in the metal and yg; the activity coefficient of Si. Here we use the
Si activity coefficients calculated following Ma (2001). Similarly, the activity of SiO; in the silicate

melt is calculated as:
Asio, = Xsio,Vsio, (Eq. 4.9)

where Xg;0, is the molar SiO; content in the melt and ys;0, is the activity coefficient of SiO». Because
SiO; is the main component of the melt, which saturates quartz in most of our samples, ag;o, can be
approximated as ~1 (Cartier et al., 2014). Only for runs in which no Si-bearing Fe metal was available
(A461, A462, A469) did we calculate oxygen fugacity following the method of Namur et al. (2016b),
where the oxygen fugacity can be calculated based on the sulfur content at sulfide saturation (SCSS)
as:

Xi
Xsio,

In[S]scss = a + % + % + dlog(f0,) + Ye; (Eq. 4.10)

where [S]scss is the SCSS (in wt%), T is temperature (in K), P is pressure (in bar), fO, is the oxygen
fugacity, X; are the molar fractions of oxides in the silicate melt (renormalized to 100% on a S-free

basis), and a, b, ¢, d, €TiO,, eMgO, and eNa,O are derived coefficients.

The fO: in experiments containing Si-bearing Fe metal spans the range from IW—5.6 to IW—8.4. The
coexistence of excess Si metal and quartz suggests that some experiments are buffered at Si—SiO,
equilibrium. For experiments that did not contain Si-bearing metal, we calculated the oxygen fugacity

to be between IW—3.9 and IW-3.7.

4.5. Results

4.5.1. Experimental Textures and Phase Equilibria

Representative backscattered images of the experimental products are shown in Fig. 4.5. All
experimental runs, P-7-fO, conditions, and phase assemblages are reported in Table 4.3. Mer 1
contained enstatite as the liquidus mineral at 7= 1500 °C, so slightly offsets from the predicted enstatite-
forsterite cotectic. Forsterite and clinopyroxene then appeared at 7= 1450 °C. Enstatite and forsterite
occurred as relatively large (5—-50 um) euhedral crystals (Fig. 4.5.a), and clinopyroxene as small (<10
um), bright crystals often associated with enstatite. For Mer 1, we also ran experiments using a mix of
different sulfur sources. Mer 1 + FeS,S still contained enstatite as the liquidus mineral at 7= 1500 °C,
and the melt later saturated with enstatite + forsterite + clinopyroxene at 7= 1450 °C. Lastly, rounded

quartz occurred at 7= 1400 °C (Fig. 4.5.b). In contrast, Mer 1 + S contained silicate melt saturated with
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enstatite + forsterite + clinopyroxene + quartz at 7= 1500 °C. In Mer_2(20), enstatite + forsterite +
clinopyroxene + quartz co-crystallized at 7= 1350 °C. Forsterite later disappeared at 7 = 1325 °C.
Forsterite was small, rare, and usually surrounded by small (2-20 pum), euhedral crystals of enstatite
(Fig. 4.5.d). Clinopyroxene was small and often displayed elongated, needle—like textures (Fig. 4.5.e).
Quartz appeared as relatively large crystals (5-50 pum), always with rounded edges. In Mer 2(10),
enstatite + forsterite + clinopyroxene + quartz was the cotectic assemblage at 7= 1300 °C. Forsterite
was destabilized at 7= 1250 °C. Lastly, Mer_3 runs contained an assemblage of quartz, plagioclase, and
clinopyroxene starting at 7 = 1250 °C (Table 4.3.). Quartz crystals were large (5—70 um), whereas
clinopyroxene crystals were small (<10 um) (Fig. 4.5.¢). Plagioclase crystals were small (<10 um),
tabular, and always found as clusters (Fig. 4.5.f). Our experimental samples also contained metal and
sulfide phases. Mer 1 contained Si-bearing Fe metal (Fig. 4.5.a) surrounded first by a thick liquid FeS
layer, then by a small (Mg,Fe,Ca)S veneer. Among experiments with different sulfur sources, Mer 1 +
FeS,S mostly contained sulfide globules of unmixed FeS and (Mg,Fe,Ca) S. At 1400 °C, we also
observed pure Si metal. Conversely, Mer 1 + S only contained excess Si metal globules. We also
identified some small euhedral Cr sulfide crystals at 1450 °C (Fig. 4.5.b). We are not aware of any other
experimental work reporting this phase, although Cr-bearing sulfides have been reported in chondritic
meteorites (Ma et al., 2011). Mer_2(20) mostly exhibited liquid FeS and (Mg,Fe,Ca)S droplets. Si-
bearing Fe metal (Fig, 4.5d) and Si metal globules appeared at 7= 1400 °C. Mer_2(10) contained mostly
Si metal and liquid FeS. Fe metal was very rare in our experiments, with only one small Si-free globule

observed in only one sample (A462).
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Figure 4.5. Representative backscattered electron images of experimental runs. (a) A396.
Orthopyroxene crystals and small needle—like clinopyroxene crystals surrounded by silicate glass. The
bright rounded features are Fe metal globules. (b) A402. Orthopyroxene crystals (dark) and small bright
CrS crystals surrounded by silicate glass. (c) A431. Small orthopyroxene crystals in silicate glass. The
bright rounded features are FeS + (Mg, Fe)S globules. (d) A469. Small, elongated crystals of
clinopyroxene surround darker orthopyroxene. The bright rounded features are FeS globules. (e) A477.
Small tabular plagioclase crystals and small grains of clinopyroxene. Abbreviations: Fo, forsterite; En,

enstatite; Cpx, clinopyroxene, Qtz, quartz; Pl, plagioclase; Fe, Fe metal; Mgsul, (Mg,Fe,Ca)S.
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Table 4.3. Experimental run conditions and relative phase assemblages of the experiments. Oxygen
fugacity was calculated after Cartier et al. (2014) and is expressed relative to the iron—wiistite (AIW)
solid buffer. *For runs where no Si-bearing Fe metal is present, oxygen fugacity was calculated
following the sulfur solubility model of Namur et al. (2016b). Abbreviations: Fo, forsterite; En,
enstatite; Cpx, clinopyroxene; Qtz, quartz, Pl, plagioclase; Fe, Si—bearing Fe metal; Si, Si metal; Fesul,

FeS; Mgsul, (Mg, Fe,Ca)S; Crsul, CrS.

P Duration Metals and

Run T(°C) (GPa) (hrs) Silicate phases sulfides Alw?
Mer_1(20) + 20FeS

A399 1525 1.5 02:00 Glass Fe, Fesul, Mgsul -5.6
A397 1500 1.5 02:30 Glass, En Fe, Fesul, Mgsul -5.7
A396 1450 1.5 03:00 Glass, En, Fo, Cpx Fe, Fesul, Mgsul -6.2
A404 1400 1.5 03:30 Glass, En, Fo, Cpx Fe, Fesul, Mgsul -6.6
Mer_1(20) + 10FeS,10S

A401 1500 1.5 01:30 Glass, En Fesul, Mgsul

A400 1450 1.5 02:00 Glass, En, Fo, Cpx Fesul, Mgsul

A405 1400 1.5 02:30 Glass, En, Cpx, Qtz Si, Fesul, Mgsul
Mer_1(20) +

158

A403 1500 15 01:30 S e Si

A402 1450 15 02:00 Glass, Fo. =n. Cpx si, Crsul

Mer_2(20) + 20FeS

A431 1350 1.0 00:30 Glass, ES;ZFQ CPX. Fe, Si, Fesul, Mgsul 7.2
Ad44 1325 1.0 00:45 Glass, En, Cpx, Qtz  Fe, Si, Fesul, Mgsul -7.9
Ad41 1300 1.0 01:00 Glass, En, Cpx, Qtz  Fe, Si, Fesul, Mgsul -8.1
A445 1275 1.0 01:15 Glass, En, Cpx, Qtz  Fe, Si, Fesul, Mgsul -8.4
A432 1250 1.0 01:30 Glass, En, Cpx, Qtz Fe, Si, Fesul, Mgsul -8.4
Mer_2(10) + 17FeS

A462 1300 1.0 01:00 Glass, EaizFo’ Cpx, Fe, Si, Fesul -3.7*
A4 1275 1.0 01:15 S ST Si, Fesul 3.9°
A469 1250 1.0 01:30 Glass, En, Cpx, Qtz Si, Fesul -3.7*
Mer_3(0)

A4TT7 1250 0.5 00:50 Glass, Cpx, Qtz, PI

A473 1200 0.5 01:00 Glass, Cpx, Qtz, PI

A475 1175 0.5 01:10 Glass, Cpx, Qtz, PI
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. P Duration - Metals and
Run T(°C) (GPa) (hrs) Silicate phases sulfides AIW?
A486 1150 0.5 03:50 Glass, Cpx, Qtz, PI
A487 1125 0.5 04:00 Glass, Cpx, Qtz, PI

4.5.2. Chemical Composition of Silicate, Metal, and Sulfide phases

Quantitative analyses performed on the silicate glasses are shown in Table 4.4. with 1c standard
deviations reported in Appendix D. Experimental liquid lines of descent (LLDs) are shown in Figs. 4.6.
and S4.6. The Si content constantly increased (2637 wt%, Fig. 4.6.a) from 1550 to 1100 °C, whereas
the Mg content steadily dropped (15-0 wt%). Na was also progressively enriched in the glass (1-6 wt%,
Fig. 4.6.d) with decreasing temperature. S content decreased from 1550 to 1250 °C (no S was added to
experiments run at <1250 °C, Fig. S4.6.f). The difference in temperature between the appearance of
quartz when different S sources are added in Mer 1 (Table 4.3.) might be a cause of the differing Si
content in the melt (Table 4.4.), which is affected by sulfur speciation. The glass in the more reduced
experiment Mer 2(20) contained 2.0-4.5 wt% S, whereas that in the more oxidized experiment
Mer_2(10) contained 0—1 wt% S. Both Al and Ca were enriched in the glass from 1550 to 1250 °C but
were then depleted at lower temperatures (Figs. 4.6.b, c) due to the saturation of plagioclase and
clinopyroxene. More Ca was present in Mer_2 when 10 wt% Si was added than when 20 wt% Si added
(Fig. 4.6.c). This was likely the result of more Ca partitioning into the sulfide phases at the more reduced
conditions in Mer_2(20). In all experiments, olivine and orthopyroxene matched their Mg endmember
compositions (forsterite and enstatite, respectively). We only observed variations in CaO and Al,O;
contents in the enstatite composition over the range of starting materials investigated: both CaO (0.2—
2.7 wt%) and ALOs; contents (1.2-6.6 wt%) increased in enstatite with decreasing temperature
(Appendix D). In Mer 1 and Mer 2, most clinopyroxene crystals were too small for compositional
analysis, with the exception of a few crystals at 1250 °C (A469). In Mer 3, clinopyroxene crystals were
larger and contained 3—10 wt% Al,Os, 11-19 wt% MgO, 20-22 wt% CaO, and 0.7-1.8 wt% Na,O. The
average clinopyroxene composition was WosgEns, (Fig. S4.7.). Plagioclase was only observed in
Mer_3(0) and became more sodic with decreasing temperature (Angs to Anss, where An = molar Ca/[Ca
+ Na]). The compositions of metals and sulfides are reported in Appendix D. Fe metallic alloys in Mer_1
+ FeS contained 83-87 wt% Fe, 6-10 wt% Si, and 0.2-0.8 wt% S. Metal alloy in Mer 2(20) + FeS
contained 82—-87 wt% Fe, 13-20 wt% Si, and 0.1-0.3 wt% S. In Mer_2(10) + FeS we observed a single
small Fe metal globule containing ~93 wt% Fe, 0 wt% Si, and ~1.7 wt% S in a single run at 1300 °C.
FeS in Mer 1 contained 51-57 wt% Fe, 36-42 wt% S, 2—6 wt% Cr, and 0.7-4.7 wt% Ti. Troilite in
Mer 2 had a higher Fe content (60—-64 wt%) and lower S (34-38 wt%), Cr (0.2-0.9 wt%), and Ti

contents (<1.7 wt%).
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Table 4.4. Electron microprobe measurements of experimental glasses. Abbreviations: No, number of
measurements, <dl, below detection limit. *Oxygen was calculated by stoichiometry. **4n excess of

O is calculated as not all Mg®* or Ca’* being bonded with O°~, but also with S° requiring correction

of the total. *** Total corrected after removal of excess oxygen.
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Composition of silicate glasses (wt%)

Run T(°C) P (GPa)

No Si Ti Al Fe Mn Mg Ca Na K S o* $=0**  Total***
Mer_1(20) + 20FeS
A399 1525 1.5 11 2620 <dl 485 023 021 1399 3.09 234 025 523 4570 2.61 99.48
A397 1500 1.5 10 2636 <dl 551 030 016 1267 351 257 030 565 4586 2.82 100.08
A396 1450 1.5 10 26.86 <dl 659 032 <d 9.78 417 336 038 574 4598 2.86 100.31
A404 1400 1.5 10 2838 <dl 728 026 <d 6.62 447 380 046 508 4648 2.54 100.28
Mer_1(20) + 10FeS,10S
A401 1500 1.5 11 2722 <dl 481 026 <d 13.06 255 202 021 6.85 4583 3.42 99.39
A400 1450 1.5 12 2812 <dl 564 029 <d 1110 295 235 024 6.81 46.57 3.40 100.67
A405 1400 1.5 10 2923 <dl 680 024 <d 7.26 336 3.02 031 577 46.74 2.88 99.85
Mer_1(20) + 15S
A403 1500 1.5 10 2834 016 494 0.02 <d 1273 263 133 014 539 46.74 2.69 99.72
A402 1450 1.5 7 2749 022 6.37 0.01 <dl 9.83 369 147 014 531 4564 2.65 97.51
Mer_2(20) + 20FeS
A431 1350 1.0 17 2855 <dl 7.86 032 <d 7.17 347 353 033 419 47.04 2.09 100.36
Ad44 1325 1.0 10 29.30 <dl 862 0.15 <dl 6.20 363 255 034 3.82 47.61 1.90 100.32
Ad41 1300 1.0 18 29.14 <dl 8.61 0.38 <dl 4.86 367 392 039 344 47.66 1.72 100.23
A445 1275 1.0 12 3015 <dl 883 046 <d 3.30 354 450 047 286 48.23 1.78 100.56
A432 1250 1.0 10 3085 <dl 878 036 <d 2.79 360 482 055 239 4883 1.19 101.78
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Composition of silicate glasses (wt%)

Run T(°C) P (GPa)

No Si Ti Al Fe Mn Mg Ca Na K S o~ S$=0**  Total***
Mer_2(10) + 17FeS
A462 1300 1.0 10 30.17 <dl 882 038 <d 3.55 498 371 040 054 48.11 0.27 100.39
A461 1275 1.0 9 31.01 <dl 869 043 <d 2.64 435 391 046 054 48.19 0.27 99.95
A469 1250 1.0 10 30.14 020 9.13 045 <d 2.83 489 370 041 039 4794 0.19 99.89
Mer_3(0)
A477 1250 0.5 6 3441 0.07 743 0.06 1.35 244 466 0.59 49.51 100.54
A473 1200 0.5 9 3479 0.06 7.54 0.08 0.64 265 5.02 0.68 49.79 101.24
A475 1175 0.5 12 36.07 0.09 6.75 0.08 0.58 212 5.04 0.73 50.34 101.80
A486 1150 0.5 9 3598 0.05 6.92 0.06 0.42 227 521 0.75 50.36 102.02
A487 1125 0.5 10 3647 012 6.56 0.07 0.40 190 517 0.83 50.50 102.02
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Figure 4.6. Evolution of Si, Al, Ca, and Na concentrations (wt%) in the silicate glass as a function of
the Mg content in the glass. Vertical and horizontal bars refer to 1o standard deviations (the smallest

lo values are smaller than the symbol size).

4.5.3. Magma Ocean Modeling Parameterization

The experimentally determined phase relations (Table 4.3.) were used to mimic the fractional
crystallization of the MMO. We calculated the cotectic proportions of mineral phases in order to model
melt differentiation consistent with the experimental LLDs (Table 4.4.). The cotectic proportions of
phases used in our modelling are listed in Appendix C (Table S4.2.). We used temperature as the main
criterion to define the saturation or the destabilization of solid phases in the growing cumulate pile. We
developed a S-free liquid thermometer based on experimental studies of Mercury-like mantle
compositions (Charlier et al., 2013; Namur and Charlier, 2017; Namur et al., 2016a; Saracino et al.,

2025) (Figs. S4.8., S4.9.) and applied a correction for the depression of the liquidus temperature in the
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presence of sulfur (Saracino et al., 2025; Section S4.8). The phase assemblages considered in our
magma ocean modelling as a function of temperature are reported in Section S4.9. (Fig. S4.10., Table
S4.3.). The densities of crystals in the cumulate pile were determined at the solidus temperature derived
by fitting the solidi of the evolving MMO liquid as determined using MAGEMin (Riel et al., 2022).
The effects of temperature and pressure on mineral densities were calculated with a third-order Birch-
Murnaghan equation of state. The parameters used in the calculation of mineral densities are reported
in Appendix C (Section S4.1.). This procedure allows for the estimation of the thickness of the cumulate

pile, and therefore the depth of the remaining MMO as a function of the fraction of residual melt.

4.6. Discussion

4.6.1. MMO Evolution and the Lithology of the Cumulate Pile

The evolution of the modelled MMO liquids for both Mer8 and Mer15 and a comparison with
the experimental melts are reported in Fig. 4.7. As a first approximation, we assumed that no trapped
liquid is present in the growing cumulate assemblage so that X f’{};s’l = 0 in Eq. 4.1. The influence of
Mg- and Ca-rich sulfides on the evolution of the MMO liquid is also shown (discussed further in Section
4.6.3.). The crystallization sequence of Mer8 and Merl5 as MMO bulk compositions is shown in Fig.
4.8. as a function of depth. In Mer8, the MMO solidification starts with the formation of a ~90-km-
thick basal orthopyroxenitic layer (Fig. 4.8.a), whereas Merl5 forms a ~300-km-thick dunitic basal
layer (Fig. 4.8.b). The residual melt of Mer8 becomes co-saturated in forsterite and enstatite at F'= 0.81,
whereas Mer15 reaches the forsterite-enstatite cotectic at /= 0.38. As also shown in Fig. 4.3. for Mer15,
a thick dunite layer is produced before the MMO residual liquid saturates enstatite too. Here, the
compositions of the residual melts from S-saturated Mer8 and Merl15 become similar (Fig. 4.7.). Over
this range of F' (1.00-0.81 for Mer8 and 1.00—0.38 for Merl5), Si, Al, and Ca contents increase in the
melt, and the Mg content decreases due to the formation of enstatite and/or forsterite (Fig. 4.7.a, b).
Clinopyroxene is the next phase to appear at F = 0.40 in Mer8 and F' = 0.35 in Merl5. Forsterite-
enstatite-clinopyroxene assemblages are then followed by the appearance of quartz at /= 0.24 in Mer8
and at F' = 0.28 in Mer15. Forsterite is stable until = 0.15 in Mer8 and until /= 0.21 in Merl5, after
which it disappears. Plagioclase finally crystallizes at /= 0.14 in Mer8 and F = 0.19 in Merl5, when
enstatite becomes unstable. The formation of plagioclase is accompanied by a depletion of both Ca and

Al in the residual liquids of both Mer8 and Mer15 (Fig. 4.7.c, d).
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Figure 4.7. Variations of major element contents (a) Si, (b) Mg, (c) Al, and (d) Ca (expressed in wt%)
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lines) and Merl5 (orange lines). Also shown for comparison are the experimentally determined silicate

melt compositions (and relative errors, white diamonds) as listed in Table 4.4.
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Figure 4.8. Crystallization sequence of S-bearing (a) Mer§ and (b) Merl5 starting materials as a
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densities of the cumulates (black) and the residual melt (grey), the sulfur content at sulfide saturation
(SCSS), and the relative calculated amount of (Mg,Ca)S as a function of depth. Abbreviations : Fo,

forsterite ; En, enstatite ; Cpx, clinopyroxene ; Qtz, quartz ; Pl, plagioclase.
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Here, we compare our models with the crystallization sequences modelled by Mouser and Dygert
(2023) and Brown and Elkins-Tanton (2009). We rescaled their crystallization sequences to our updated
MMO depths to directly compare the models (Fig. 4.9.; the unscaled figure is Fig. S4.11. in Appendix
O).

The model of Mouser and Dygert (2023) shows a basal dunite layer, as we obtained for our Merl5
composition (Fig. 4.9.b, ¢). This is caused by the similar starting Mg/Si ratio of Mer15 and the modified
silicate composition of the CH chondrite (Fig. 4.1.). The forsterite cumulate in Mer15 is nonetheless
more than double the thickness of their basal layer. We also observe that the most evolved products
differ substantially (Fig. 4.9.a—c). The lithologies that we obtained based on our experiments include
quartz at depths shallower than ~140—120 km, whereas their model includes quartz-free assemblages at
those depths. Our modeled sequence shows that a magma ocean composition with a high starting Mg/Si
ratio (>0.8) can produce a large variety of residual liquid compositions (45-75 wt% SiO, and 40—0 wt%

MgO) through fractional crystallization (Fig. 4.7.).

Although the models of Brown and Elkins-Tanton (2009) were based on an older estimate of the size
of Mercury’s core, a few considerations can be drawn from our comparison. First, none of their models
produce a basal orthopyroxenite layer as produced from our Mer8 composition (Fig. 4.9.d—g), although
the Mg/Si ratios of their starting compositions (0.9—1.1 with one exception) are comparable to ours
(0.8-1.2). The only major difference is therefore the absence of S in their models, which allows olivine
to appear in all their basal layers because sulfur tends to favor orthopyroxene over olivine (Namur et
al., 2016a; Saracino et al., 2025). Second, clinopyroxene saturation occurs at around F = 0.50-0.40 in
their models, similar to our clinopyroxene occurring at ' = 0.40—0.35 in our models. Sulfur speciation
has been shown to decrease the activity of CaO in silicate melts, delaying the formation of
clinopyroxene (Anzures et al., 2020). Compared to S-free models from the literature, our S-bearing

models indicate that this effect might not be as strong as previously suggested.

The different scenarios in the models of Brown and Elkins-Tanton (2009) also suggest that garnet and
dense opaque phases (chromite, ilmenite) may have been stable in the MMO. Experiments at 7 GPa on
the same compositions used herein (Xu et al., 2024) feature pyrope garnet at low melting fractions of F'
= 0.20-0.30. Garnet is thus a near-solidus phase and is not expected to fractionate from an evolving
MMO near its liquidus. The production of high density, opaque minerals (ilmenite, chromite) at lower
liquid fractions (Brown and Elkins-Tanton, 2009) is also not supported by our experiments. The paucity
of Cr and Ti at the surface of Mercury (Nittler et al., 2011, 2018, 2023; Cartier et al., 2020; Peplowski
et al., 2011), coupled with the more chalcophile behaviour displayed by both Cr and Ti in reduced
conditions (Cartier et al., 2020), preclude those elements as being important to mineral formation in the

MMO within the P-7-fO, range investigated herein.
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Figure 4.9. Comparison of MMO crystallization sequence models. The depths have been scaled for
comparison. (a) Mer§ and (b) Merl5 from this study. (c) Pre-mantle overturn crystallization sequence
of Mouser and Dygert (2023). (d) Starting CB chondrite composition (Weisberg et al., 2000; Lauretta
et al., 2007) with non-chondritic Si/Mg calculated by Brown and Elkins-Tanton (2009). (e) Starting CB
chondrite (Weisberg et al., 2000, 2001, Lauretta et al., 2007) with chondritic Si/Mg calculated by Brown
and Elkins-Tanton (2009). (f) Starting Earth mantle composition based on measurements of fertile
lherzolites (Hart and Zindler, 1986) calculated by Brown and Elkins-Tanton (2009). (g) Model
composition of Earth calculated from a nebular condensation model (Morgan and Anders, 1980)
calculated by Brown and Elkins-Tanton (2009). The thicker mantles in the models of Brown and Elkins-
Tanton (2009) were originally calculated for a ~1800-km core radius (Riner et al., 2008) but are scaled
to the updated MMO stratigraphy determined herein for comparison. Abbreviations: Ol, olivine; Opx,
orthopyroxene; Cpx, clinopyroxene, Silica, SiO; phases; Pl, plagioclase; Op, opaques; Grt, garnet.

4.6.2. Refractory and Fertile Mantles: Implications for Crustal Production

The lithological evolution of Mercury’s primordial mantle impacts mantle melting conditions
and the production of partial melts, eventually influencing the compositions of surface lavas. Indeed,
widespread volcanism on Mercury generated its diverse geochemical regions (Head et al., 2011; Weider
et al., 2015). These regions have been shown to be the product of different degrees of partial melting of
a heterogeneous mantle (Charlier et al., 2013; Namur et al., 2016b; Wang et al., 2022). Charlier et al.
(2013) originally proposed different melting sources for two chemically distinct surface regions
approximately in the southern hemisphere (termed the ‘intercrater plains-highly cratered terrains’ or
IcP-HCT) based on the first XRS data from the MESSENGER spacecraft. They suggested that the two
geochemically distinct units G1 (low Al,O3 and high CaO, MgO) and G2 (high AlO3 and low CaO,
MgO) were the product of low-pressure (<10 kbar) partial melting of lherzolitic and harzburgitic mantle

sources, respectively. As new geochemical data became available (Weider et al., 2015), Namur et al.
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(2016a) proposed that the geochemical terrains had equilibrated at low pressure (<15 kbar) following
adiabatic decompression of lherzolitic mantles differing by their clinopyroxene fraction. In particular,
they found that MgO-rich lavas were generated by a high degree of partial melting (£ = 0.35 + 0.03)
starting deeper in the mantle (~360 km depth, corresponding to ~4.5 GPa) and at higher temperatures
(~1720 °C) compared to Northern Volcanic Plain lavas (F' = 0.27 = 0.04) that formed at shallower depths
(~160 km) and lower temperatures (~1435 °C). Similarly, Wang et al. (2022) showed that the
geochemical region characterized by high Mg/Si (the ‘high Mg region’ or HMR) may have originated
from multiple mantle sources characterized by jagged, irregular boundaries, whose melting was likely
favored by local thermal anomalies early in the planet’s history (>4.1 Ga). Melting experiments on a
synthetic EH4 composition at 0.5-5.0 GPa (relevant to the petrogenesis of Mercury’s surface lavas)
showed that melting of a single enstatite-rich chondritic composition can produce a variety of silicate
melt compositions, from high-Mg melts at high pressure (2—5 GPa) to silica-rich silicate melts at low
pressure (0.5-1.0 GPa) (Boujibar et al., 2025). They also argued that Mercury’s mantle is mainly

pyroxenitic in composition due to the large stability field of orthopyroxene in sulfur-bearing systems.

Studying the primordial mantle of Mercury as produced from a fractionating magma ocean is paramount
to understanding the melting sources responsible for the formation of the surface lavas. Importantly,
previous melting studies overlooked that certain portions of the primordial mantle would have been
more refractory to melting. Our results show that a refractory mantle is produced in the lower cumulate
pile, which could be uniquely forsterite, uniquely enstatite, or include both phases. In the upper-MMO
sequence, a fertile mantle forms when clinopyroxene becomes part of the cumulus assemblage. The
formation of clinopyroxene-bearing mantle lithologies starts at around 160—-190 km depth (Fig. 4.10.).
Experimental studies have shown that a refractory mantle made of an olivine + orthopyroxene
assemblage would melt congruently between 1680 °C at 1.2 GPa and 1780 °C at 2.5 GPa (Chen and
Presnall, 1975). Conversely, a mantle containing olivine + orthopyroxene + clinopyroxene would start

melting between 1310-1320 °C at 1.2 GPa and 1520 °C at 2.5 GPa (Walter and Presnall, 1994).

Because of the contrasting fusibility of the refractory and fertile mantles, it is expected that the fertile
mantle was the dominant contributor to crustal production via partial melting. Here, we evaluate if the
fertile mantle produced by MMO crystallization can actually produce the relatively thick volcanic
surface of Mercury by partial melting alone. We consider the thickness of the fertile mantle to be ~ 140

km. We then calculate the volume of the silicate shell corresponding to the fertile reservoir as:

_4 3 3
Vfertile mantle = En(RMercury - Rcore+refract0ry mantle) (Eq. 4.12)

where Vierile mante 1S the volume of the fertile mantle, Ruvercury 1S the radius of Mercury (2439 km), and
Reore + refractory mantle 1 the radius of the core plus the refractory reservoir of Mercury (2300 km). From this,

we can calculate the volume of melt produced at a fixed melt fraction F, and the relative thickness it
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would produce as lavas after extraction and cooling at the surface. We first consider a minimum degree
of partial melting (/' = 0.30) among estimated values in the literature (Namur et al., 2016a; Beuthe et
al., 2020; Wang et al., 2022; Boujibar et al., 2025). Then we can calculate the volume of partial melt
produced, and therefore the thickness of the layer that such a melt would produce at the surface (or
within the crust, i.e., intrusive magmatism). We find the thickness of the volcanic crust to be 40 km, in
good agreement with the estimated crustal thickness of 35 + 17 km of Padovan et al. (2015). Higher
degrees of partial melting (up to 0.70 for the HMR region; Boujibar et al., 2025) have also been
suggested. Higher values of F (0.50-0.60) in our models would indeed yield a crustal thickness in the
range 60—-80 km. The range of crustal thicknesses produced by low degrees of partial melting are well
within the various estimates of the extent of the Mercurian crust (Padovan et al., 2015; Beuthe et al.,
2020). Our results therefore suggest that Mercury’s volcanic crust may have originated from the partial
melting of the fertile mantle portion alone. It is important to note, however, that the mantle of Mercury,
as formed post-MMO crystallization, might have undergone one or multiple episodes of density-driven
mantle overturn (Brown and Elkins-Tanton, 2009; Mouser and Dygert, 2023), which may have
refertilized deeper mantle sources capable of producing partial melts by adiabatic decompression

melting (Namur et al., 2016a).
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Figure 4.10. Refractory (green) and fertile (light blue) mantle reservoirs for Mer8 and Merl5,

respectively.
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4.6.3. Sulfides in the Mantle of Mercury

SCSS can be calculated at each incremental step of our crystallization model to track the
formation of Mg- and Ca-rich sulfides. Studies investigating the MgS-CasS system show that a (Mg,Ca)S
solid solution is stable over the MMO’s temperature range (Pitsch et al., 2025). Under reduced
conditions, SCSS sensibly decreases with temperature and is affected by the composition of the silicate
melt (Namur et al., 2016b). Two end-member scenarios are usually considered when investigating the
fate of sulfur in early differentiation processes on Mercury (e.g., Boukaré et al., 2019; Pirotte et al.,
2023). In the first, the magma ocean was initially saturated with sulfides, allowing for sulfide phases to
form at the CMB, perhaps together with an FeS layer atop the core. In the second, the MMO reached
sulfide saturation later (at lower temperature) during crystallization, preventing sulfides from forming

during the early stages.

To explore the potential sulfur content of the cumulate pile, we calculated SCSS using the model of
Namur et al. (2016b), assuming an average mantle oxygen fugacity of log(fO,) = IW—5.4 (Namur et al.,
2016b) for both Mer8 and Mer15 (Fig. 4.8.). At CMB conditions, Mer15 (SCSS = 8.8 wt% at 2040 °C)
has a higher SCSS than Mer8 (SCSS = 7.8 wt% at 1960 °C) due to the higher temperatures and MgO
concentrations of Merl5 melts. We use a range of BSMe S concentrations (1-8 wt% S) and track the
onset (fraction of residual liquid) of sulfide crystallization. We treat sulfur as a fully incompatible
element in the silicate melt (Ds*¥*@/™et= (). The concentration of sulfur in the melt can therefore be

determined as:
CS,Liq = CS'OF_l (Eq 413)

where Cs iq s the concentration of sulfur in the residual liquid and Cs is the starting concentration of
sulfur in BSMe. When the path of increasing sulfur content with decreasing depth (or the fraction of
residual liquid) reaches the modelled SCSS, the magma ocean becomes saturated with sulfide. We
observe that for 1 wt% S in the starting BSMe, sulfide saturation is attained at a /' = 0.33 (~160 km
depth) for Mer8 and F' = 0.45 (~210 km depth) for Mer15. At 5 wt% S in the BSMe, sulfide saturation
occurs closer to the CMB (~350 km depth for Mer8 and ~360 km depth for Merl5). At 8 wt% S, the
Mer8 MMO would be saturated with S at the onset of crystallization, whereas the Mer15 MMO would
only reach sulfide saturation at ~450—460 km depth (Fig. 4.8.b). At >8.8 wt% S, the Mer15 MMO would
be saturated with S at the CMB.

In Fig. 4.8.a,b, we show the potential sulfide content in the cumulate pile. As an approximation,
(Mgo.9Caqg.1)S is considered as the stable sulfide phase that would form in this fO, range (AIW < —4.5;
Anzures et al., 2020, 2025). Different starting BSMe S contents would affect the amount of (Mg,Ca)S
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in Mercury’s primordial mantle. For example, in Mer§, 1 wt% S in the starting silicate magma ocean
would produce ~5.5 wt% (Mg,Ca)S at 160 km depth, whereas 5 wt% S in the magma ocean would
crystallize ~12.0 wt% sulfides at 350 km depth. Lark et al. (2022) calculated the abundance of Mg- and
Ca-rich sulfides in Mercury’s mantle based on the inferred mantle S content of Namur et al. (2016b).

They found that 13-20 wt% (Mg,Ca)S would crystallize from the MMO.

We also evaluate the role that 10 wt% (Mg,Ca)S could play on the evolution of the residual MMO liquid
in Fig. 4.7. Sulfide-free residual liquids (blue lines in Fig. 4.7.), after an initial slight increase in Si (up
to 25-28 wt%), become depleted in silica with progressive crystallization in both the Mer8 and Mer15
cases (with Si down to 20-15 wt%). In contrast, due to decreased proportions of crystallizing silicate
minerals, sulfide-bearing liquids (red lines) show enrichments of up to ~32-33 wt% Si under the
investigated conditions (Fig. 4.7.a). This is supported by the composition of the experimentally
determined S-bearing silicate melts (Fig. 4.7.a). Importantly, the fate of Al and Ca changes dramatically
depending on the presence or absence of sulfides (Fig. 4.7.c, d). In accordance with our experiments,
Aland Ca concentrations in sulfide-bearing liquids will first increase (up to 7—10 wt% Al and 2—4 wt%
Ca) because they are hardly consumed by early forming phases (enstatite, forsterite). Then, once
plagioclase crystallizes, their concentrations decrease (down to 5-9 wt% Al and 0-3 wt% Ca).
Conversely, in sulfide-free liquids, we observe an enhanced enrichment of Al and Ca before plagioclase
formation (>10 wt% Al and >5 wt% Ca). In addition, we also observe that Mg behaves similarly in the

sulfide-free MMO as in its sulfide-bearing counterparts (Fig. 4.7.b).

4.6.4. MMO Density and Potential Mineral Flotation

Determining the density of silicate melts containing sulfur requires knowledge of the nature of
bonding between S and typical silicate melt cations, for which the uncertainties remain large. Silicate
melts are considered to dissolve ionic S (e.g., O’Neill, 2021), although several studies have
demonstrated the bonding of S with cations like Mg, Ca, Si, and Na in silicate glasses using a variety
of analytical approaches (Namur et al., 2016b; Anzures et al., 2020, 2025; Pommier et al., 2023). Some
of these analyses, however, were performed on quenched products, which may show differences in
speciation and elemental distributions compared to silicate melts (Mysen, 1983). Under reduced
conditions, anionic oxygen is partly replaced by sulfur (Fincham and Richardson, 1954); therefore, in
terms of molar mass, the density of a silicate liquid containing dissolved S is slightly higher than that
of a S-free silicate liquid because sulfur has roughly twice the mass of oxygen (32 vs. 16 g mol™).
However, the ionic radius of S2~ (1.84 A) is larger than that of 0%~ (1.41 A), implying a greater molar
volume and thus a lower specific density of sulfur-bearing melt components. Indeed, S has a lower

specific density than other typical melt components. At room temperature, the partial specific density
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(M; / Vi, with M;being the molar mass and V; the molar volume of melt component i) of S (~2060 kg
m?) is within the range of the specific densities of other melt components like SiO» or K20 (2000-2200
kg m™?), and higher than those of common volatiles (H,O, CO, at 900-1400 kg m ) (Lesher and Spera,
2015). In contrast, if we assume MgS and CaS as melt species in sulfur-bearing silicate melts, the
bonding of S with Mg and Ca would decrease the activities, and therefore the molar fractions, of MgO
and CaO species in the silicate melt, which have higher specific densities (3300-3600 kg m*) compared
to S and other sulfides. Furthermore, the occurrence of MgS and CaS melt species will increase, which
have specific densities of ~2500-2700 kg m™* in their solid form (Lark et al., 2022). The densities of
these species are higher than dominant melt components like SiO, (2200 kg m~) but lower than the

specific densities of MgO and CaO.

Therefore, the densities of silicate liquids containing dissolved S should, in principle, slightly decrease.
We therefore calculated the effect of sulfur on the density of the MMO liquid (details on the procedure
are reported in Appendix C, Section S4.12.). The resulting densities of the MMO calculated for Mer8
and Merl5 are shown in Fig. 4.11.

To our knowledge, this study is the first attempt to explore the impact of S on the density of reduced,
Mg-rich silicate melts, although we stress that further studies specifically dedicated to understanding
the volumetric properties of S and other sulfides at high temperatures and pressures are needed.
Nonetheless, we importantly find that sulfur plays a major role in decreasing the density of silicate
liquids. For example, around 10 wt% S dissolved in a silicate liquid would decrease the density by ca.
210 kg m. This effect may have serious consequences on the ability of newly formed solid phases to

float in a vast magma ocean.

To investigate the possibility that minerals formed in the MMO could become buoyant, we compare the
densities of the S-bearing residual liquids for both the Mer8 and Mer15 BSMe compositions with the
density of solid phases as a function of depth (Fig. 4.11.). Mineral phase densities are calculated with
third-order Birch-Murnaghan equations of state in terms of density (Birch, 1947; Vander Kaaden and
McCubbin, 2015) using parameters for graphite, quartz, and sulfides from Colonna et al. (2011),
Kosinski et al. (1992), Frondel (1962), Lark et al. (2022), Peiris et al. (1994), and Baldwin and Tompson
(1964). We confirm that graphite has a lower density than any residual MMO melt and may have thus
continuously contributed to the formation of the primordial graphite crust. We also observe that quartz,
appearing at F' = 0.24-0.28, is denser than the residual melts. We also plot potential sulfide minerals
(niningerite, MgS; oldhamite, CaS) that could have segregated from the MMO (Boukar¢ et al., 2019;
Mouser and Dygert, 2023). For Mers8, since the beginning of MMO crystallization, the density of the
MMO liquid is lower than the densities of the sulfides. If the MMO was initially sulfide saturated, we

would then expect the sulfides to sink into the cumulate pile with the early formed silicates like enstatite
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and/or forsterite (last panel in Fig. 4.8.a). Even in the case that sulfide saturation was attained later
during MMO crystallization, the newly formed sulfides would still have been denser than the residual
liquid (Fig. 4.8.a). As for Merl5, we observe that at CMB conditions, sulfides are slightly positively
buoyant with respect to the MMO liquid (Apsifidess MMO = 313 ko m™3; last panel of Fig. 4.8.b).
Nonetheless, gravitational phase segregation depends on crystal size (Solomatov, 2015), and sulfide
flotation may have been hindered by turbulent convection in the magma ocean (Schmidt and Kraettli,
2022). In the case of Mer15, the density contrast between the sulfides and the magma ocean is too small
to effectively segregate sulfides; in this case, sulfides would be trapped amongst the co-crystallizing

forsterite minerals.

Considering a MMO of Merl5 composition saturated with sulfides at the onset of crystallization, the
sulfides, whether formed before or after the sulfide density crossover, would be stored in the lower and
intermediate sections of the mantle. In the alternative case where the MMO Merl5 composition is not
saturated with sulfides from the onset of crystallization, sulfides would likely start forming at

intermediate depths in the mantle.
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Figure 4.11. The densities of evolving residual MMO liquids as compared to quartz, graphite, and

sulfides.
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4.6.5. Implications for the Storage of Heat-Producing Elements

The primordial structure of the Mercurian mantle affected the distribution of HPEs like U, Th,
and K. The partitioning of these elements between the silicate, metallic, and sulfide phases may have
also been influenced by the reduced conditions during Mercury’s differentiation (Boujibar et al., 2019;
Pirotte et al., 2023). Elements tend to become more chalcophile and siderophile at increasingly reduced
conditions (McCubbin et al., 2012; Boujibar et al., 2019; Pirotte et al., 2023). A FeS layer atop the
metallic core may also affect the HPE distribution and heat production (Boujibar et al., 2019; Boukaré
et al., 2019), although the existence of such a layer remains debated (Smith et al., 2012; Cartier et al.,
2020; Pirotte et al., 2023). Oxygen fugacity and the initial S content of the MMO have been shown to
affect the storage of U in the Mercurian mantle (Boukaré et al., 2019). At low initial S contents (~1
wt%) and relatively oxidizing conditions (IW—4 to IW—2), sulfides remain in sufficiently abundances
that HPEs could be preferentially hosted in a sort of KREEPy (K, REE, and P-rich) layer in the upper
mantle or, if present, in the FeS layer at the CMB. Under more reducing conditions (IW—6), sulfides
are segregated in the shallow mantle of Mercury (<96 km depth), making this region richer in HPEs. At
higher initial S contents (~5 wt% S) and oxidizing conditions (>IW—4), SCSS is low, and an FeS layer
would form at the CMB, storing important amounts of HPEs (Boukaré et al., 2019). At high S contents
and reduced conditions, HPEs would mostly be concentrated in the intermediate and upper mantle

(<220 km depth; see Fig. 2. in Boukar¢ et al., 2019).

Importantly, large uncertainties surround the HPE distribution between Mg- and Ca-rich sulfides and
the silicate melt (e.g., Boukaré et al. 2019). Only Pirotte et al. (2023) recently determined the partition
coefficients of HPEs between MgS and the silicate melt under reduced conditions (IW—8.5). Using their
estimates, we here quantify HPE partitioning in the MMO for both Mer8 and Mer15 compositions. The
partitioning of element i between a solid phase and the silicate melt is expressed by the partition

coefficient D;, as:
Dicrystal/melt — Cicrysta] / C[melt (Eq 414)

where C¥l ig the concentration of element i in a given crystal phase, and C/! is the concentration of
element i in the melt. The concentrations of trace elements, like HPEs, in the MMO are calculated
following Rayleigh’s equation for fractional crystallization (Eq. 4.1). We calculate the distribution of
HPEs based on the estimated (Mg,Ca)S content as shown in Fig. 4.8.a, b. Partition coefficients for the
silicate minerals are from White (2013). The starting U, Th, and K concentrations in the BSMe are from
Pirotte et al. (2023). The concentrations of U, Th, and K in the MMO as a function of depth are reported
in panel a) of Fig. 4.12. Furthermore, after calculating the concentration of HPEs in the evolving MMO
liquid, we could also determine the HPE abundances in the cumulate assemblages. The results are

reported in Fig. 12.b. For clarity, we only show Mer8 (Fig. 4.12.). Plots for Merl5 are shown in
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Appendix C (Fig. S4.13.). U, Th, and K are all incompatible, and their concentrations increase in the
silicate liquid as the cumulate grows in thickness (red lines in Fig. 4.12.a). We also show sulfide-free
magma ocean models for comparison (black lines in Fig. 4.12.). The residual sulfide-bearing liquids are
slightly more depleted than the corresponding sulfide-free liquids, given the more compatible behaviour
displayed by U and Th (Fig. S4.14.). Silicate liquids trapped in the growing cumulate might affect the
trace element budget of the residual magma ocean liquid (Snyder et al., 1992; Elkins-Tanton et al.,
2011). We therefore modelled the HPE budget considering 5% trapped liquid in the cumulate
assemblages (green lines in Fig. 4.12.). HPEs are still enriched in the residual MMO liquid as
crystallization proceeds. We only observe slightly lower HPE abundances compared to sulfide-bearing
liquids with no trapped melt. In general, considering both S-free and S-bearing scenarios, we observe
that the residual liquid of the MMO would likely contribute to forming a shallow layer that is rich in
incompatible elements. A KREEP layer in the upper mantle of Mercury is therefore hypothesized,
similar to the Moon (Warren and Wasson, 1979; Warren, 1988; Zhang et al., 2024a). On Mercury, such
a layer would be found between the late cumulates and the primary graphite crust. As regards the
cumulates-, we notice that the presence of sulfides combined with that of trapped melt has an effect on
HPE distribution in the cumulates (Fig. 4.12.b). Although we observe that sulfides alone will only cause
a small U, Th enrichment in early cumulates (roughly a 2-5 ppb difference), the presence of trapped
liquid will cause a steeper U, Th enrichment, especially in the late cumulate sequence (< 200 km depth).
K is almost absent in early formed cumulates (only trapped liquid has a minor effect), and it will only

be stored when plagioclase saturates.
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Figure 4.12. (a) Uranium, thorium (both ppb), and potassium (ppm) distributions in the MMO as a
function of depth (km) in MerS8. Black lines refer to sulfide-free MerS8, red lines refer to sulfide-bearing

Mer8, and green lines refer to sulfide-bearing Mer8 with 5% trapped melt in the cumulate pile. (b)
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Uranium, thorium (both ppb), and potassium (ppm) distributions in the growing cumulates as a function
of depth (km) in Mer8. Solid lines refer to uranium (U), dashed lines refer to thorium (Th), and dotted
lines refer to potassium (K). Black lines refer to sulfide-free Mer8, red lines refer to sulfide-bearing

Mer8, and green lines refer to sulfide-bearing Mer8 with 5% trapped liquid in the cumulate pile.

4.7. Conclusions

We investigated early differentiation processes occurring during the first evolutionary stages of
planet Mercury. In detail, we studied the crystallization products of a S-rich Mercurian Magma Ocean
(MMO) under reduced conditions. Our major findings and their implications are summarized as

follows:

- The lithology of the primordial mantle of Mercury relies heavily on the Bulk Silicate Mercury
(BSMe) composition and the presence of sulfur. A BSMe with a low Mg/Si ratio and a high S
content will favor the formation of an orthopyroxenite layer at the base of the primordial mantle,

whereas an S-saturated BSMe with a high Mg/Si ratio will crystallize a thick forsterite basal layer.

- Sulfur strongly impacts silicate phase equilibria. S in the MMO decreases the activity of MgO and
CaO in the residual liquid, delaying the formation of clinopyroxene and plagioclase. In contrast, S

increases the activity of SiO,, allowing quartz to form early in the crystallization sequence.

- Due to the delayed formation of clinopyroxene and plagioclase, we showed that only a small portion

of the primordial Mercurian mantle would have contributed to forming a fertile mantle reservoir.

- Sulfur plays a critical role in the chemical evolution of the MMO liquid. We showed that S-bearing
silicate liquids have LLDs that are dramatically different from their S-free counterparts.
Particularly, we showed that even primitive compositions with high Mg/Si will produce silica-rich,

MgO-poor residual liquids.

- Sulfur also affects the density of the MMO. S-bearing silicate liquids are less dense than S-free
liquids. However, further detailed studies are necessary to investigate the volumetric properties of

sulfur and sulfides at high temperatures and pressures in magmatic systems.

- Graphite is likely the main mineral to float in the MMO and contribute to the formation of the
primordial crust. Mg- and Ca-rich sulfides are generally denser than the MMO and are likely stored

in the Mercurian mantle. Their distribution also depends on the bulk sulfur content of the BSMe.

- Heat-producing elements behaved incompatibly in the MMO and likely accumulated in the upper
primordial mantle of Mercury. We highlight the effect of trapped liquid coupled with the presence

of sulfides on the storage of HPE in the growing cumulate sequence. We suggest that a sulfide-
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bearing KREEP layer, similar to that on the Moon, formed on Mercury. The presence of sulfides

and trapped silicate liquid in the cumulate causes a small depletion of HPEs in the uppermost layers.

The upcoming ESA and JAXA BepiColombo mission (Benkhoff et al., 2021), and particularly the
compositional and mineralogical data returned by the MERTIS, MGNS, MIXS, and SYMBYO-SIS
instruments (Bunce et al., 2020; Cremonese et al., 2020; Hiesinger et al., 2020; Mitrofanov et al., 2021;
Rothery et al., 2020), will be able to test our scenarios, therefore providing a revised model of Mercury’s
internal differentiation and crustal formation. We believe that our study represents a starting point for
investigating the early differentiation processes of Mercury, and it may be also extended to exploring
the early evolution of reduced, S-rich exoplanets with high core-to-mantle ratios (e.g., Santerne et al.,

2018; Barros et al., 2022; Cioria et al., 2024; Zhang et al., 2024b).
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Chapter 5: Perspectives for BepiColombo

5.1. BepiColombo

As briefly discussed in Chapter 1 (Section 1.1.2.), BepiColombo represents the new joint effort
of ESA and JAXA to place a spacecraft in orbit around Mercury with the goal of exploring
comprehensively the innermost planet (Benkhoff et al., 2021). BepiColombo is equipped with two
orbiters, the Mercury Magnetosphere Orbiter (Mio, previously MMO), and the Mercury Planet Orbiter
(MPO). The Mio and MPO are carried on top of the Mercury Transfer Module (MTM), which is the
element providing power, attitude, and orbit control (Benkhoff et al., 2021). The Mio is led by JAXA
and will study Mercury’s environment, including its exosphere and magnetic field. The MPO is led by
ESA and will provide a global characterization of Mercury, by investigating the surface, interior,
exosphere, and magnetosphere (Benkhoff et al., 2021). Starting from the characterization of the surface
of the planet, three spectrometers onboard MPO will provide never-before-seen insight into the surface
geochemistry and mineralogy. The Mercury Thermal Infrared Spectrometer (MERTIS) instrument
(Hiesinger et al., 2020) will globally map the spectral emittance at high spectral resolution to investigate
the surface composition, identify major rock forming minerals (mainly plagioclase endmembers,
pyroxenes, elemental sulfur, plus other unusual phases), map the surface mineralogy, and study the
thermal properties of surface materials. The Mercury Gamma Ray and Neutron Spectrometer (MGNS)
instrument (Mitrofanov et al., 2021) will measure the elemental composition (Si, O, C, Al, Na, Fe, Ca,
S, Cl, K, Th, U) of the surface and sub-surface of Mercury with a surface resolution of 400 km,
characterize the distribution of volatile-rich polar deposits, by globally mapping the surface hydrogen
distribution. The Mercury Imaging X-Ray Spectrometer (MIXS) instrument (Bunce et al. 2020) will
measure fluorescent X-ray emissions from the surface of the planet at high spectral and spatial
resolutions. The X-rays emitted by the planet are characteristic of the elemental species present on the
surface. They will therefore provide a global coverage of the regolith composition in both hemispheres
of key elements (Na, Mg, Al, Si, P, S, K, Ca, Ti, Cr, Mn, Fe, Ni). Also, surface imaging and chemical
investigation will be performed by the Spectrometers and Imagers for BepiColombo-Integrated
Observatory SYStem (SIMBIO-SYS) instrument (Cremonese et al., 2020). SIMBIO-SYS will
investigate topographic, geomorphologic, volcanic, and tectonic features on Mercury’s surface. It will
also study surface age (crater population), composition, and geophysics. As for the interior of the planet,
MESSENGER radar observations have been used to place constraints on the properties of the core (fcore
~ 2000 km; peore ~ 7000 kg m™), mantle (Amante ~ 420 km; pmante ~ 3200 kg m™), and crust (Aerse = 35 —
53 km; perust= 2700 — 3100 kg m™) (Margot et al., 2018). Uncertainties, especially regarding the inner

core size, are nonetheless still large (Benkhoff et al., 2021). The instruments onboard BepiColombo will
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help refine these measurements and will provide a new model of its interior structure. In detail, the
Mercury Orbiter Radio Science Experiment (MORE) (Iess et al., 2021) will help refine the
determination of the gravity field of Mercury (with implications for mass distribution), allowing to

better place constraints on the core state and properties.

5.2. Testing our results with BepiColombo

It would be legitimate to ask how this research, which is centered on the investigation of
reducing, sulfur-rich magmatic systems and the early differentiation of Mercury, could contribute to the
interpretation of the observations that will be provided by the BepiColombo mission. Further related
questions may emerge, for which exhaustive answers may prove tricky to find. These issues can be

grouped in three main paragraphs, which are summarized here below:

Mercury’s interior configuration: The surface of Mercury was shaped by both impacts and
extensive volcanism (Charlier and Namur, 2019). The northern hemisphere of Mercury is
geochemically heterogeneous (Weider et al., 2015). This variety has been explained by partial melting-
driven extrusion of magmas from a heterogeneous mantle (Charlier et al., 2013; Namur et al., 2016a).
As the surface composition of Mercury serves as a proxy for its interior (Hiesinger et al., 2020),
investigating the surface volcanic products proves crucial to get a glimpse on mantle sources and
processes (e.g., Namur et al., 2016a; Boujibar et al., 2025). Importantly, due to MESSENGER’s highly
eccentric orbit, the southern hemisphere was not as resolved as the northern hemisphere (McCoy et al.,
2018). BepiColombo is now set to provide the most up-to-date view of Mercury’s surface configuration,
by also covering the southern hemisphere. This will likely be characterized by the same geochemical
variability that can be seen in the northern hemisphere (see Section 1.1.3.), and potentially new
geochemical units might be discovered, which might add complexity to the picture. In addition to the
insights derived from the analysis of the southern hemisphere, impact craters may also provide crucial
information on planetary interiors. Impact structures on the surface of Mercury indeed represent surface
‘windows’ to its interior makeup (e.g. McCoy et al., 2018). Upon impacts, excavation of material from
the surface may have indeed exposed portions of layers which would be otherwise hidden. In the case
of Mercury, parts of the lower secondary crust, or remnants of the graphite-dominated primary crust, or
even the upper mantle may be exposed to the surface. Studying such units represents a unique
opportunity to investigate Mercury’s mantle. Importantly, the composition and inferred mineralogy of
such units be directly compared to our modelled mineral assemblages of the upper crystallization
sequence (Chapter 4) to test whether they are the direct product of Mercury’s magma ocean
crystallization, or whether they have been modified afterwards as a consequence of mantle processes,

like density-driven overturn, mantle re-melting. In addition, as hypothesised in Chapter 4, Mercury
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might host a Moon-like KREEPy layer in the upper mantle. Analysing the surface of these geologic

windows might also help us verify the presence of KREEPy surface material.

Sulfur speciation: as discussed in Chapters 3 and 4, large uncertainties surround the speciation
of sulfur in reduced melts relevant to the petrogenesis of Mercury’s volcanic crust. In reducing
conditions, sulfur is considered to be dissolved as ionic (S%) in silicate melts, as S* replaces onto the
anionic sublattice (O’Neill, 2021). On the other hand, multiple studies suggest that S bonds with cations
like Si, Ca, Mg, Na, Ti using a variety of analytical techniques such as Raman, and XANES (Fogel,
2005; Métrich et al., 2009; Namur et al., 2016a; Anzures et al., 2020, 2025; Pommier et al., 2023). In
the case of Mg and Ca, S* is considered to replace O* in [SiO4]* tetrahedra and bonding with Mg?" and
Ca*" (Namur et al., 2016a). Detailed thermodynamic considerations coupled with in situ measurements
of reduced melts are needed to shed more light on the subject, as this was not the scope of this doctoral
thesis. In Chapter 1, a brief paragraph on the geochemical diversity displayed by Mercury’s surface has
been presented. Positive correlations between the abundance of S and elements like Mg, Ca have been
found (Weider et al., 2015; Nittler et al., 2018, 2020). Sulfides are therefore likely present on the surface
of the planet in non-negligible amounts (Vander Kaaden et al., 2017). The instruments onboard
BepiColombo will measure the abundance of S and other elements that may bond with S under reducing
conditions (e.g. Bunce et al., 2020). The positive correlation between these elements and sulfur might
allow us to get a glimpse on the sulfur species that could form in S-bearing magmatic systems under
low fO,. BepiColombo’s compositional data will therefore test the possibility for the formation of Mg-,
Ca-bearing sulfides such as those assumed in this doctoral thesis, or whether other forms of sulfur-

bearing phases might be present on the surface.

Mercury’s redox state: Mercury, as we have seen, is considered an endmember planet in terms
of redox conditions of formation (e.g. Cartier and Wood, 2019). The innermost planet differentiated
under reducing conditions (Zolotov et al., 2013; Namur et al., 2016a; Nittler et al., 2023). The
experiments featured in this work were performed in an oxygen fugacity range (from IW-3 to IW-9)
which is within that hypothesised for Mercury’s mantle (e.g. Namur et al., 2016a; Cartier and Wood,
2019; Nittler et al., 2023; Fischer and Parman, 2025). We modelled the crystallization of the magma
ocean of Mercury considering the magma ocean’s oxygen fugacity of IW-5.4 based on the estimates of
Namur et al. (2016a). Relatively more oxidized oxygen fugacities have also been proposed (from IW-2
to IW-4.5, Anzures et al., 2020; Fischer and Parman, 2025). Importantly, highly reducing conditions (<
IW-5.5) would preclude the formation of sulfides in Mercury’s interior, whether under the form of a
FeS layer at the CMB or as Ca-, Mg-sulfides in the mantle (Nittler et al., 2023). As explained in Chapter
3 and in the point above, sulfide speciation is sensitive to the redox conditions of magmas (Namur et
al., 2016b; Anzures et al., 2020; 2025). For example, Mg sulfides are dominant under lower fO (< IW-
4), while Ca sulfides are dominant under relatively higher fO, (> IW-4) (Anzures et al., 2020, 2025).

Therefore, the abundance correlations between sulfur and potential sulfide-forming elements provided
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by the instruments onboard BepiColombo will enable us to place tighter constraints on the redox

conditions of the magmas in Mercury’s interior.

5.3. Concluding remarks

We investigated the early evolutionary processes of planet Mercury, in particular the
crystallization of a putative, global scale S-rich, reduced magma ocean, in order to reconstruct the
structure of the primordial mantle of the planet. In parallel, we investigated the role of sulfur, such an
important element in Mercury’s interior, on phase equilibria, the liquidus temperature, liquid density,
HPE distribution in a vast range of compositions, oxygen fugacity, and physical conditions. Although
we think that this contribution will be the basis for understanding the early stage of evolution of reduced,
high core-to-mantle ratio planets like Mercury, future research efforts will need to tackle several issues

that we could not address in higher detail.

First, given the large uncertainties regarding the effect of sulfur in silicate melts as discussed in Chapter
3, new contributions will need to tackle the thermodynamic behaviour of sulfur, with a focus on its
speciation and the nature of bonding of sulfur with melt components. The potential dual nature of sulfur,
as both network modifier and network former (e.g. Anzures et al., 2020; Pommier et al., 2023) makes
it indeed complex to assess its effect on melt properties. Additionally, volumetric properties of sulfur
and sulfide phases (liquids and solids) will need to be studied more in depth, as this might help us get a
better, sharper picture on the effect of sulfur on the density of silicate liquids, which in turn might
sensibly affect the possibility for crystals to float in the MMO (Chapter 4). Furthermore, we
demonstrated that sulfur is as important as other volatiles in affecting the liquidus temperature of silicate
melts. While we focused on the liquidus, new studies will need to explore its effect on the solidus
temperature. This would have serious implications for the genesis of partial melts, and thus the
formation of the secondary crust on the planet. As concerns the structure of the primordial mantle as
obtained in our contribution (Chapter 4), more in-depth studies will need to focus on the uppermost part
of the primordial mantle, and the primary crust. As the residual MMO liquid is strongly enriched in
Si0,, the crust-mantle interface would be likely rich in quartz. As for the primary crust, although our
study confirms graphite as the main contributor to the crust, new efforts should turn their interest into
the possibility of sulfides to be able to reach positive buoyancy conditions. In conclusion, we
highlighted the importance of oxygen fugacity in the early differentiation of Mercury, particularly in
affecting element partitioning and sulfide speciation. Future experimental work should focus on
isolating the effect of oxygen fugacity on the melting behavior of silicate compositions, which remains

a matter of debate (e.g., Lin et al., 2021; Walker et al., 2022).
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S3.1. Experimental methods

Pyrophyllite
ke Steel Plug
BaCO3 : MgO Rod
Pressure Medium
—— MgO Wafer
Alumina [—— Graphite
Capsule
Graphite I MgO Pedestal
Sleeve
4 mm Basal Graphite
—

Disc

Figure §3.1. Schematic of the cell assembly design employed in our experiments. The sample is placed

in the graphite capsule (centre).

S3.2. Oxygen fugacity calculations

At equilibrium, the Gibbs energy of the reaction can be written as
AG =0 = AG° 4+ RTInK,,
with K., being equilibrium constant as

asifO
Keq — Slf 2
asio,

AG® = AH®—TA,S°+ [  AVAP = —RT In%%

asio,
yielding

sil
£0, = —AG° dsio,
2 RT aMet

Where agl%zis the activity of SiO; in the silicate melt. a¥°tis the activity of Si in the Fe metal, AG is

the free energy change at standard conditions, A, H? is the enthalpy change of the reaction, A,.S° is the

entropy change of the reaction, AV is the volume change, R is the gas constant, T is the temperature
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(K), P is the pressure (in bar). A.H®, A,.S°, AV were calculated using the compiled data from Robie and
Hemingway (1995). f0, can be calculated relative to the IW buffer, as follows:

log fO, (sample) =log fO, qwy + AIW

where

27215 P (bar)-1
T + O.OSS—T 7

log fO, qwy = 6.57 — (Cartier et al., 2014)

Due to coexisting olivine and orthopyroxene in several of our samples, the activity of SiO» in the silicate

melt was calculated from the following reaction:

M925104(F0) + SlOZ = Mg25l206(En)

Where
a
Ke q — En
AFoasio,
And

Keq — e—AG,‘?/RT

where AGY is the Gibbs free energy of reaction. K.q was calculated using the compiled data of Holland

and Powell (1998).
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S3.3. Textures and phase equilibria
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Figure §3.2. Melt proportion (%) as a function of temperature (in °C) for all our S-free and S-saturated

experiments.
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Liquidus curves and major phase transitions were calculated using Theriak/Domino (de Capitani and
Brown, 1987; de Capitani and Petrakakis, 2010). Starting compositions were converted from wt% oxide
to mole % and stored in the THERIN file. Next, three main commands were run: domino (selection of
thermodynamic database, definition of axes limits, type of calculation); guzzler (style of curve labels,
creation of graphic file); explot (conversion from graphic file to postscript file). We used the
thermodynamic database of Jennings and Holland (2015), which is suitable for mafic and ultramafic
liquids. Selected solid and liquid phases, and solid solutions were removed to make the plot clearer to
visualize (Phases: Kalsilite, Leucite, Rutile, Geikielite, Spinel, Leucite lig, Rutile liq; solution models:

spinel). Liquidus curves for the two sulfur-free compositions are shown in Fig. S3.3.

. Mer8(10) S-free . Mer15(10) S-free
a) ; b) .
31 ) 3
£
£
'
4
2 21
©
Ly b S . 11— . N A -
1500 1650 1800 1950 1500 1650 1800 1950

Figure 83.3. Inferred liquidus curves, and major phase boundaries of S-free Mer8 and Merl5
experiments from this study (solid red and black lines, respectively). Also shown as comparison are the
liquidi, and major phase boundaries as modelled by Theriak-Domino (dashed red and black,
respectively; de Capitani and Brown, 1987; de Capitani and Petrakakis, 2010), and the liquidi as
modelled with pMELTS (green dashed lines; Ghiorso et al., 2002). White circles are super-liquidus
experiments; dark green circles are olivine-only experiments; bright green circles are
olivinet+orthopyroxene experiments; grey circles are olivinetorthopyroxene+clinopyroxene

experiments.
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S3.4. Composition of phases

o © P=15GPa
104 0 ¢ O P=30GPa
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Figure S3.4. Si content in the metal (wt%) as a function of temperature (expressed in °C)
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S3.5. Attainment of equilibrium and time series

15.0kV COMPO NOR 15.0kV COMPO NOR

BED-C  15.0kV .
FOV:1.51x1.13mm 12/13/2022 X 15.0KV COMPO NOR

>
2/9/2023  dwell HV mag WD = HFW . 500 um
11:21:19 AM 10 pus 15.00 kV._ 52 x 10.0 mm 2.46 mm IML

Figure 83.5. Backscattered images of time series experiments. All experimental runs were run at the
same temperature, pressure conditions (T = 1700 °C, P = 1.5 GPa) using the same starting
compositions (Mer15(20) S). (a) A354 — Duration 00:15 hours, (b) A352 — Duration — 00.:30 hours, (c)
A339 — Duration — 01:10 hours, (d) A356 — Duration 03:00 hours, (e) A368 — Duration 06:00 hours.
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Figure S3.6. Mg, S, and Na content in the glass (in wt%) as a function of the experimental duration

(expressed in hours) of our five time series experiments. Vertical bars represent 1o standard deviation.
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S3.6. The role of sulfur on the olivine and orthopyroxene stability

Data reduction was done according to O’Hara (1976). Only TiO, and Cr,O; were ignored (Sorbadere et
al., 2013):

_ €a0+2 Na,0 +2 K,0

c .100
Sum

M = MgO+FeO +MnO 100
Sum

A= Al,03+ Na,0 + K,0 100
Sum

S = Si0,—2 Na,0-2 K,0 100

Sum

where Sum = CaO + Na,O + K,O + MgO + FeO + MnO + Al,Os + SiO, and where all concentrations
are expressed in mol%. The projection on the Ol-CaTs-Qz plane was performed using the following

matrix (Médard, 2004):

Ol CaTs Qz Di

C -15 0 -1.5 4
M 15 0 -0.5 0
A 15 3 0.5 -4
S 0 0 1 0

of which only the Ol, CaTs and Qz components have been considered and summed to 100%. This matrix
is obtained by inverting the matrix showing the composition of olivine, Ca-Tschermak molecule, quartz
and diopside in terms of CaO, MgO, Al,O3 and SiO, components and multiplying each column by the

number of these components in each phase.

C M A S

0)] 0 2 0 1
CaTs 1 0 1 1
Qz 0 0 0 1
Di 1 1 0 2
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Figure S3.7. Molecular normative projection from olivine of the major element compositions of our

experimental glasses on the plane diopside-anorthite-quartz (Médard, 2004, Sorbadere et al., 2013).

Grey circles are S-bearing melts without considering the effect of sulfide speciation on the silicate melt.

Red circles are recalculated glass compositions by considering the formation of CasS, Na.S, and MnS

complexes. Blue circles represent recalculated melt compositions by considering the formation of MgS,

CaS complexes (see also Fig. S8 Namur et al., 2016a; Anzures et al., 2020, 2025).
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Composition of silicate glass (gl in Chapter 3) (and relative 1o standard deviation in italic). Abbreviations: No — Number of analyses. * Calculated by

stoichiometry

Run No Si Ti Al Fe Mn Mg Ca Na K S Cr o* Total

A247 12 26.2 0.09 2.01 0.29 0.18 21.8 1.20 0.81 0.10 3.14 <dl 47.0 102.8
0.2 0.02 0.11 0.04 0.03 0.5 0.07 0.08 0.01 0.20

A249 8 26.1 0.10 2.02 0.43 0.18 21.7 1.25 0.78 0.10 2.81 <dl 46.9 102.4
0.2 0.02 0.09 0.06 0.02 0.5 0.09 0.04 0.01 0.16

A257 8 27.0 0.20 5.08 0.34 17.4 3.07 0.14 0.13 0.11 48.3 101.8
0.3 0.04 0.44 0.03 1.0 0.31 0.06 0.04 0.08

A259 5 24.9 0.14 3.94 0.37 0.18 20.0 2.28 1.16 0.14 2.93 <dl 46.9 103.0
0.4 0.05 0.28 0.19 0.05 1.2 0.11 0.42 0.05 0.10

A262 10 26.0 0.11 2.16 0.21 225 1.31 0.57 0.11 <dl 47.3 100.3
0.0 0.02 0.05 0.02 0.2 0.02 0.02 0.01

A263 11 27.0 0.14 2.45 0.22 20.9 1.57 0.39 0.12 0.19 47.8 100.7
0.2 0.04 0.35 0.05 0.5 0.27 0.08 0.03 0.18

A265 7 27.1 0.23 6.33 0.37 12.8 4.18 1.06 0.20 <dl 47.5 99.8
0.5 0.03 0.26 0.03 1.0 0.60 0.12 0.03

A268 8 26.2 0.12 2.51 0.56 0.18 20.9 1.40 0.85 0.13 2.66 <dl 47.2 102.7
0.3 0.02 0.35 0.25 0.05 0.5 0.23 0.19 0.03 0.39

A273 5 252 0.15 4.27 0.28 215 2.39 0.09 0.14 0.11 47.9 102.1
0.4 0.04 0.20 0.05 0.6 0.12 0.00 0.01 0.11

A279 5 26.9 0.14 5.70 0.32 0.13 13.1 3.86 1.84 0.23 3.84 <dl 47.0 103.0
0.1 0.01 0.2 0.04 0.05 0.7 0.16 0.22 0.03 0.23

A282 9 25.5 0.17 4.42 0.66 0.18 17.4 2.66 1.22 0.16 2.28 <dl 46.5 101.1
0.2 0.02 0.22 0.31 0.03 1.0 0.20 0.19 0.02 0.36
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Run
A290

A294

A303

A304

A305

A306

A307

A308

A309

A311

A322

A323

No

13

Si
26.6
0.2
27.1
0.7
28.2
0.6
242
0.5
26.0
0.3
257
0.9
26.6
0.3
217
0.3
25.0
0.5
243
0.3
255
0.1
22.6
0.2

Ti
0.12
0.02
0.17
0.04
0.22
0.06
0.21
0.10
0.14
0.04
<dl

0.12
0.01
0.22
0.03
0.09
0.03
<dl

0.12
0.02
0.10
0.03

Al
2.19
0.08
8.37
0.52
6.79
0.32
8.19
0.58
3.16
0.27
6.04

0.4
2.27
0.12
5.89
0.23
3.18
0.45
10.5

0.3
1.95
0.09
247
0.17

Appendix B

Fe

0.36
0.20

0.42
0.12

0.39
0.06
0.48
0.08

0.20
0.03
0.30
0.04
0.34
0.06
0.30
0.04
0.21
0.02
<dl

0.20
0.03
0.29
0.02
0.15
0.06
0.09
0.07
0.19
0.03
0.22
0.03

Mg
22.3
0.4
11.6
0.7
12.1
0.9
13.3
1.2
20.6
0.3
15.0
0.8
22.8
0.5
14.9
0.9
20.1
0.8
8.16
0.5
22.0
0.3
24.7
0.6

162

Ca
1.31
0.05
5.95
0.29
4.25
0.16
6.42
1.56
1.99
0.21
4.03
0.82
1.35
0.06
3.57
0.15
1.96
0.47
8.79
0.24
1.17
0.06
1.35
0.10

Na
0.33
0.03
0.13
0.03
0.87
0.07
0.88
0.32
0.57
0.11
1.58
0.29
0.38
0.02
0.52
0.04
1.12
0.32
1.32
0.05
0.58
0.07
0.54
0.06

0.10
0.01
0.37
0.05
0.30
0.05
0.31
0.40
0.14
0.04
0.19
0.07
0.08
0.01
0.17
0.01
0.18
0.05
0.87
0.03
0.08
0.01
0.11
0.02

2.10
0.63

3.79
0.77

5.12
0.09
5.50
0.43

Cr
0.20
0.17
<dl

0.14

0.08

0.10

0.08

0.10

0.05

<dl

<dl

<dl

<dl

<dl

<dl

<dl

0*
47.9

48.6

48.7

47.0

47.4

47 1

48.2

48.6

46.1

46.8

46.2

45.3

Total
101.2

102.6

101.9

100.9

100.4

102.2

102.0

101.9

102.0

100.9

103.3

103.4



Run
A328

A329

A331

A334

A339

A343

A344

A349

A351

A352

A354

A356

No
10

12

11

10

Si
244
0.1
23.6
0.1
25.6
0.3
25.0
0.1
23.1
0.2
24 1
0.3
245
0.5
215
0.4
23.8
0.6
226
0.4
22.8
0.4
22.9
0.3

Ti
<dl

0.08
0.02
<dl

0.09
0.03
0.09
0.03
0.12
0.05
0.12
0.01
0.09
0.03
0.10
0.03
0.10
0.02
0.10
0.03
<dl

Al
2.53
0.17
3.40
0.09
7.71

0.3
1.92
0.01
2.88
0.20
3.31
0.27
3.70
0.26
1.20
0.16
3.72
0.30
2.80
0.24
2.79
0.29
2.86
0.19

Appendix B

Fe
0.47
0.07
0.47
0.11
0.39
0.17
0.37
0.08
0.46
0.06

0.52
0.11
0.58
0.17

0.45
0.06
0.52
0.14
0.46
0.14

0.21
0.05
0.20
0.03
0.15
0.10
0.17
0.02
0.25
0.05
0.19
0.04
0.18
0.03
0.12
0.04
0.21
0.04
0.27
0.04
0.22
0.04
0.19
0.04

Mg
21.8
0.4
21.3
0.3
11.8
0.9
21.8
0.2
23.1
0.5
24.8
0.8
215
0.9
26.6
1.0
23.5
1.0
23.4
0.8
23.4
1.1
23.0
0.7
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Ca
1.50
0.20
1.93
0.11
4.41
0.63
1.22
0.03
1.69
0.12
1.86
0.14
2.13
0.18
1.27
0.21
2.06
0.19
1.62
0.13
1.66
0.20
1.75
0.11

Na
0.64
0.11
0.59
0.10
1.81
0.25
0.65
0.04
0.60
0.03
0.06
0.01
0.99
0.07
0.30
0.04
0.32
0.02
0.98
0.34
0.86
0.24
0.21
0.08

K
0.12
0.02
0.17
0.02
0.36
0.04
0.09
0.01
0.14
0.01
0.10
0.01
0.18
0.02
0.04
0.01
0.13
0.01
0.12
0.04
0.12
0.03
0.12
0.02

S
6.92
0.12
6.42
0.19
4.28
0.19
5.71
0.22
6.12
0.11

3.05
0.20
1.73
0.17

6.90
0.42
6.54
0.85
6.23
0.16

Cr
<dl

<dl

<dl

<dl

0.10

0.03

<dl

<dl

<dl

<dl

0.10

0.05

0.10

0.03
<dl

0*
45.6

45.3

46.8

45.5

45.4

47.6

47.0

44.0

471

45.2

45.3

44.8

Total
104.2

103.4

103.4

102.5

103.9

102.1

103.9

97.4

101.0

104.6

104.4

102.6



Run
A361

A362

A364

A367

A368

A372

A373

A375

A376

A377

A378

A379

No
11

13

11

10

Si
238
0.1
226
0.6
23.7
0.3
224
0.4
23.1
0.3
223
0.2
23.8
0.4
244
0.2
232
0.2
24.0
0.3
233
0.6
23.7
0.4

Ti
<dl

0.09
0.02
0.11
0.04
0.09
0.03
0.10
0.02
0.09
0.02
0.10
0.03
<dl

<dl

0.09
0.01
0.14
0.02
0.12
0.02

Al
3.81
0.14
4.33
0.15
3.44
0.10
4.17
0.14
2.89
0.19
2.52
0.17
3.15
0.20
5.30
0.08
5.00
0.10
2.78
0.35
3.03
0.42
2.46
0.36
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Fe
0.43
0.05
0.51
0.10
0.29
0.05
0.43
0.19
0.56
0.16
0.62
0.13
0.53
0.29
0.31
0.04
0.45
0.04
0.40
0.09
0.44
0.07
0.46
0.06

0.08
0.03
0.09
0.02
0.24
0.02
0.18
0.04
0.21
0.03
0.21
0.03
0.15
0.03
<dl

<dl

0.21
0.06
0.24
0.06
0.21
0.07

Mg
19.0
0.6
18.0
0.3
20.8
0.6
19.6
0.4
23.1
0.6
24.4
0.6
22.7
1.3
14.5
0.4
17.0
0.4
21.0
0.6
21.0
0.5
21.4
0.8
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Ca
2.56
0.35
2.72
0.13
2.00
0.10
2.78
0.24
1.72
0.12
1.54
0.11
1.84
0.14
4.10
0.31
3.17
0.21
1.76
0.17
2.31
0.33
1.77
0.23

Na
0.97
0.09
1.77
0.22
0.83
0.22
1.02
0.19
0.32
0.04
0.58
0.04
0.74
0.20
245
0.19
1.99
0.19
1.08
0.21
1.40
0.51
0.99
0.22

K
0.22
0.02
0.22
0.02
0.13
0.04
0.17
0.04
0.11
0.02
0.11
0.01
0.10
0.03
0.36
0.02
0.27
0.03
0.14
0.02
0.21
0.08
0.14
0.03

S
8.00
0.13
7.59
0.13
6.34
0.35
7.27
0.33
5.98
0.18
6.35
0.39
2.24
0.52
7.50
0.10
7.72
0.14
7.18
0.96
4.76
0.70
7.28
0.78

Cr
<dl

<dl

<dl

<dl

<dl

<dl

0.10

0.06

<dl

<dl

<dl

<dl

<dl

0*
447

43.7

45.2

441

45.3

45.0

46.3

45.1

44.5

45.2

45.0

44.8

Total
103.6

101.7

103.1

102.2

103.5

103.7

101.8

104.1

103.3

103.8

101.9

103.4



Run
A380

A381

A456

A466

A468

No

10

10

13

Si
253
0.2
26.9
0.8
241
0.3
247
0.2
26.0
0.4

Ti
0.08
0.02
0.16
0.05
<dl

<dl

<dl

Al
2.09
0.21
2.99
1.01
1.89
0.04
1.90
0.04
2.51
0.14

Appendix B

Fe
0.58
0.31

0.64
0.37
0.54
0.06
0.53
0.09

0.16
0.05
0.15
0.09
0.17
0.05
0.14
0.03
<dl

Mg
21.7
0.3
21.1
1.2
215
0.2
21.1
0.1
19.3
0.5
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Ca
1.32
0.12
1.56
0.82
1.09
0.08
1.12
0.07
1.24
0.15

Na
0.74
0.23
0.17
0.11
0.61
0.04
0.62
0.06
1.07
0.15

K
0.10
0.03
0.07
0.08
0.10
0.01
0.10
0.01
0.15
0.02

S
2.62
0.23

9.01
0.30
8.61
0.13
6.86
0.48

Cr

0.10

0.02

<dl

<dl

<dl

<dl

O*
46.2

48.1

443

44.7

45.8

Total
100.9

101.3

103.5

103.5

103.4



Composition of silicate crystals. Abbreviations: No — Number of analyses, ol — olivine, opx — orthopyroxene, cpx — clinopyroxene.

Appendix B

Run

A257
A259
A263

A265

A268

A273

A279

A282

A290
A294

A296

A297

A302

Crystals
ol
ol
ol
opx
ol
opx
ol
opx
ol
ol
ol
ol
ol
opx
cpX
ol
opx
cpXx
ol
opx
ol
opx

cpx

No

g 0 O O O

A W oo A O O N

N 00 -~ O

SiO;
42.4
42.6
42.6
59.3
42.7

TiO:

Not measured

Not measured

59.5
43.2
42.3
42.5
43.1
42.9
58.9

Not measured

42.8
59.8

Not measured

Not measured

59.1
41.9
58.6
51.4

0.70

Al03
0.14
0.07
0.11
0.52
0.08

0.35
0.15
0.07
0.12
0.10
0.10
1.80

0.10
0.87

1.59
0.11
2.53
12.9
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FeO
<dl
0.34
<dl
<dl
<dl

0.30
<dl
0.33
0.39
<dl
<dl
<dl

<dl
<dl

0.22
<dl
<dl

MnO
0.12
<dl
0.16
0.14
0.21

<dl
0.14
<dl
<dl
0.14
0.23
0.21

0.24
0.08

<dl
0.22
0.20

MgO
56.9
57.2
56.2
40.7
57.2

39.8
56.9
57.0
56.4
56.2
55.1
38.7

55.3
39.2

38.8
55.9
37.6

CaO
0.04
0.06
0.10
0.24
0.10

0.16
0.13
0.07
0.09
0.07
0.13
0.67

0.12
0.58

0.39
0.08
1.15

Na;O

Total
99.6
100.3
99.2
100.9
100.3

100.1
100.5
99.8
99.5
99.8
98.5
100.3

98.6
100.5

100.1
98.2
100.1



Run
A303
A304

A305

A306

A308
A309

A311

A328
A329
A331

A339
A344
A351
A352
A354

Crystals
ol

ol

opx

cpX

ol

opx

cpX

ol

opx

ol
opX
ol
opXx
cpx
opX
ol
ol
opX
ol
ol
ol
ol

ol

No

»> o A A OO

N O -~ O OO O

—_
o

oa oo A A 0 O OV D

Appendix B

SiO2 TiO2
42.4
42.6
57.6
50.2 0.37
41.7
58.5
Not measured
42.6
58.9
42.5
431
59.8
42.9
59.4
Not measured
59.6
42.9
42.7
58.8
42.8
42.8
42.2
42.6
42.8

Al03
0.15
0.25
297
15.6
0.12
3.20

0.14
1.92
0.15
<dl
0.47
0.09
0.65

0.39
0.05
0.19
1.39
0.06
0.06
0.14
0.06
0.06
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FeO
<dl
<dl
<dl
<dl
<dl
<dl

0.41
0.36
<dl
0.20
0.19
<dl
<dl

0.15
0.22
0.43
0.27
0.15
0.36
<dl
0.20
0.21

MnO
0.17
0.25
0.21

0.34
0.17
0.20

<dl
0.04
0.13
<dl
<dl
0.12
<dl

<dl
<dl
<dl
<dl
<dl
<dl
0.14
<dl
<dl

MgO
56.8
56.5
37.1

22.4
55.6
38.0

56.9
38.7
56.2
56.9
39.3
55.8
39.3

39.9
55.9
57.2
39.1
57.4
57.2
56.7
57.2
57.3

CaO
0.11
0.20
1.12
11.4
0.09
0.98

0.09
0.49
0.10
0.04
0.20
0.08
0.32

0.15
0.05
0.12
0.42
0.04
0.06
0.11
0.04
0.05

Na.O

0.83

Total
99.6
99.8
99.0

101.2
97.7

100.9

100.1
100.4
99.2
100.2
100.0
99.0
99.7

100.2
99.1
100.6
100.0
100.5
100.5
99.3
100.1
100.4



Appendix B

Run Crystals No SiO2 TiO: Al>03 FeO MnO MgO CaO Na;O Total
A356 ol 5 424 0.06 0.18 <dl 57.0 0.05 99.7
A359 ol Not measured

opx 4 58.8 1.32 0.20 <dl 38.7 0.36 99.4
A361 ol Not measured

opx 59.6 0.76 0.23 <dl 39.3 0.18 100.1
A362 ol 3 42.3 0.08 0.14 <dl 56.3 0.05 98.9

opx 3 59.0 1.16 0.22 <dl 39.0 0.26 99.6
A364 ol 6 42.7 0.10 0.12 <dl 56.6 0.05 99.6
A367 ol 5 42.7 0.13 0.20 <dl 57.2 0.07 100.3

opXx Not measured
A368 ol 7 425 0.05 0.11 <dl 56.9 0.04 99.6
A373 ol 4 42.5 0.12 0.29 <dl 56.7 0.07 99.7
A375 ol Not measured

opx 5 59.5 0.92 0.21 <dl 39.3 0.32 100.3
A376 ol 5 42.7 0.07 0.27 <dl 56.9 0.06 100.0

opX Not measured
A377 opx 6 59.1 0.82 0.19 <dl 39.3 0.19 99.6
A378 opx 5 59.0 0.95 0.23 <dl 39.2 0.25 99.6
A379 opx 4 59.7 0.66 0.25 <dl 39.9 0.18 100.7
A380 opx 5 58.9 0.90 0.30 <dl 39.0 0.33 99.4
A381 ol 5 42.5 0.17 <dl 0.15 56.7 0.09 99.6

opx 6 58.5 1.63 <dl 0.15 38.9 0.45 99.6

cpx Not measured

A466 opx 7 60.4 0.43 0.47 <dl 40.7 0.11 102.2
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Appendix B

Run Crystals No SiO2 TiO: Al>03 FeO MnO MgO CaO Na;O Total
A468 ol Not measured
opx 5 59.3 0.32 0.19 <dl 39.9 0.12 99.9
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Appendix B

Composition of Si-bearing Fe metal (mm in Chapter 3). Abbreviations: No — Number of analyses. Mm * C calculated with Eq. 20 in Xu et al. (2024) **

Corrected total considering calculated C

Run
A247

A249

A259

A268

A279

A297

A309

A322

A323

A328

A329

No
7

Si
1.54
0.40
0.57
0.10
0.36
0.08
0.69
0.37
0.30
0.10
1.50
0.25
1.11
0.29
10.5
0.2
4.38
0.15
7.67
0.33
6.55
0.18

Cr
0.12
0.02
0.14
0.06
0.18
0.08
0.11
0.05
0.08
0.03
0.12
0.03
0.13
0.07
0.63
0.08
0.50
0.11
0.17
0.10
0.33
0.15

Fe
95.2
1.5
91.9
2.1
93.5
1.3
92.6
2.1
91.1
1.3
92.8
0.9
94.3
1.0
85.9
0.4
89.8
0.7
88.2
0.4
88.7
0.7

P
0.70
0.23
1.85
1.06
2.33
1.42
1.34
0.54
1.50
0.44
0.76
0.15
1.02
0.79
0.37
0.02
0.47
0.06
0.48
0.05
0.43
0.03

170

S
1.21
0.96
1.62
1.20
1.27
1.43
0.64
0.41
4.25
0.96
2.52
0.80
0.83
0.78
0.31
0.08
0.62
0.17
0.30
0.03
0.26
0.10

Total
98.8

96.1

97.6

95.4

97.2

97.7

97.4

97.7

95.8

96.8

96.3

C calc*

4.81

5.23

5.32

5.17

5.35

4.83

4.99

1.75

3.68

2.56

2.92

Ctotal**
103.6

101.3

103.0

100.6

102.6

102.5

102.4

99.5

99.5

99.4

99.2



Run
A331

A334

A339

A352

A354

A356

A359

A361

A362

A364

A367

A368

No

10

10

10

10

10

Si
0.32
0.14
6.80
0.17
3.88
0.46
4.21
0.98
3.43
0.06
4.24
0.94
2.48
0.68
9.00
0.63
8.57
0.61
5.68
0.10
7.59
0.89
2.89
0.56

Appendix B

Cr
<dl

0.61
0.09
0.35
0.06
0.34
0.17
0.48
0.04
0.32
0.08
0.11
0.02
<dl

0.27
0.22
0.32
0.11
0.12
0.04
0.15
0.04

Fe
91.0
0.8
88.0
0.4
90.8
0.5
89.9
1.0
90.7
0.3
90.1
1.1
92.5
0.9
88.1
0.4
88.2
0.8
88.8
0.5
88.2
0.9
91.1
0.7
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P
1.35
0.47
0.36
0.08
0.54
0.18
0.50
0.17
0.32
0.02
0.43
0.18
1.14
0.41
0.34
0.05
0.42
0.09
0.54
0.03
0.63
0.06
0.91
0.24

S
4.57
1.24
0.22
0.04
0.64
0.38
0.22
0.06
0.66
0.04
0.48
0.22
1.36
0.92
0.33
0.12
0.29
0.11
1.10
0.15
0.40
0.13
1.24
0.52

Total
97.2

96.0

96.2

95.2

95.6

95.6

97.6

97.8

97.8

96.4

96.9

96.3

C calc*

5.34

2.84

3.87

3.75

4.04

3.73

4.42

2.16

2.28

3.21

2.58

4.25

Ctotal**
102.6

98.8

100.1

98.9

99.6

99.3

102.0

99.9

100.0

99.7

99.5

100.5



Run
A372

A375

A376

A377

A378

A379

A380

A456

A466

A468

No
11

10

11

14

10

Si
2.09
0.11
9.49
0.46
7.44
0.83
8.92
0.29
1.57
0.19
10.5

0.2
1.81
0.16
10.3

0.1
10.6

0.2
11.0

0.3

Appendix B

Cr
0.42
0.10
<dl

0.21
0.16
0.19
0.04
0.16
0.04
0.18
0.13
0.13
0.06
0.13
0.02
0.21
0.04
0.07
0.02

Fe
91.3
0.5
87.8
0.3
88.7
0.8
87.0
0.2
90.8
1.1
85.8
0.6
90.8
0.7
87.4
0.3
86.9
0.3
87.0
0.3

P
0.44
0.09
0.32
0.11
0.50
0.42
0.39
0.10
1.43
0.43
0.36
0.05
1.09
0.22
0.17
0.02
0.18
0.03
0.20
0.02

S
0.87
0.12
0.27
0.05
0.25
0.11
0.56
0.05
3.16
0.98
0.47
0.47
2.71
0.65
0.43
0.06
0.33
0.16
0.36
0.11

Total
95.1

97.9

971

971

971

97.3

96.5

98.4

98.3

98.7

C calc*

4.58

2.02

2.63

2.18

4.80

1.75

4.69

1.80

1.72

1.61

Ctotal**
99.7

99.9

99.7

99.2

101.9

99.1

101.2

100.2

100.0

100.3



Appendix B

Composition of sulfides phases. Abbreviations: No — Number of analyses, slm — Troilite (FeS), s3m — (Mg,Fe)S

Run

A247
A249
A259
A268
A279
A282
A297
A306
A309
A322
A323
A328
A329
A331
A334
A339
A344
A349
A352
A354
A356
A359
A361

s1m
s1m
s1m
sTm
s1m
s1m
s1m
s1m
s1m
sTm
s1m
s1m
s1m
s1m
s1m
s1m
s1m
sTm
s1m
s1m
s1m
s1m

s1im

No

7

w o1 b 00O O 00 >

~

D O o1 O W O 0O W

Si Ti

<dl 0.27
Not measured

<dl 0.63
<dl 0.41
0.07 0.56
<dl 0.12
<dl 1.08
0.05 0.85
<dl 0.86

Not measured

Not measured

Not measured

0.06 0.64
<dl 0.56
Not measured
<dl 0.94
<dl 0.08
0.06 0.09
0.05 0.44
<dl 0.55
0.05 0.49
<dl 1.09
<dl 2.04

Cr
3.98

5.46
3.04
3.59
2.18
3.54
3.87
3.79

4.14
2.81

7.07
2.11
3.66
8.31
8.53
5.21
4.25
3.81

Fe
58.0

55.9
60.3
57.2
62.5
57.5
571
57.8

55.4
59.5

52.1
63.9
58.7
51.5
52.3
55.9
56.1
56.6

173

Mn
0.74

1.02
0.75
0.99
0.76
0.62
0.91
0.59

1.24
1.26

0.93
0.66
0.75
0.74
0.78
0.75
0.69
0.23

Mg
0.09

0.09
0.09
0.14
0.06
0.10
0.08
0.11

0.61
0.39

0.19
0.07
<dl
0.28
0.25
0.13
0.11
0.20

Ca

Na

36.2

37.4
34.4
36.9
32.7
371
371
36.9

35.9
33.8

36.8
32.0
36.5
37.5
37.5
37.3
36.9
37.3

Total
99.3

100.5
99.0
99.5
98.3
99.9

100.0

100.1

98.0
98.3

98.0
98.8
99.8
98.8
99.9
99.8
99.1
100.2
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A362
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s1m
sTm
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sTm
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sTm
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s1m
sTm
s3m
s1m
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Z
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Si
<dl
<dl
0.06
<dl
0.05
0.45
0.11
0.06
0.05
0.05
0.05
<dl
<dl
0.23
<dl
0.06
<dl
<dl
<dl
<dl
<dl
<dl
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Ti
0.53
1.32
0.65
0.73
1.53
0.58
0.81
0.27
0.17
1.81
0.51
2.11
0.54
0.94
0.78
0.81
0.66
1.14
1.52
0.43
1.82
0.38

Cr
2.28
4.86
3.73
5.55
5.71
2.69
5.14
5.23
4.20
2.99
2.17
4.92
2.79
5.56
4.49
6.84
547
4.15
4.13
3.90
3.41
1.77

Fe
18.6
55.5
17.2
55.1
54.4
15.3
54.2
56.1
57.6
57.5
19.9
55.1
18.1
54.9
56.2
52.8
55.6
56.7
56.4
33.1
56.8
19.6
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3.29
0.67
4.34
0.90
0.57
7.64
1.02
0.76
0.94
0.12
2.48
0.26
3.74
0.75
0.78
0.44
0.79
0.44
0.23
2.41
0.19
2.55

Mg
24.4
0.32
23.0
0.13
0.16
22.3
0.29
0.16
0.05
0.20
23.3
0.16
23.0
0.17
0.06
0.12
0.07
0.27
0.22
15.1
0.29
25.3

Ca
1.34

1.66

1.78

2.33

2.00

0.33

0.70

Na
0.17

0.37

0.42

0.29

<dl

0.12

0.14

S
48.1
371
47.3
37.1
37.0
45.9
36.8
36.7
36.4
36.9
47.6
37.4
47.9
36.5
37.2
37.4
37.0
37.9
37.4
43.9
37.4
48.7

Total
98.7
99.8
98.3
99.5
99.4
97.1
98.4
99.3
99.4
99.6
98.6

100.0
98.1
99.1
99.5
98.5
99.6

100.6
99.9
99.3
99.9
99.1
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Appendix C

S4.1. Parameters for the calculation of density of S-free liquids and minerals

Here below is a list with all the partial molar volumes, thermal expansion, Young modulus, and pressure
derivative of the Young modulus of the MMO liquid. V; values are from Lange and Carmichael (1987),
Bottinga et al. (1983), Warren (1995). dVi/dT data are from Lange and Carmichael (1987), Warren
(1995).

[SiO3, TiOs, Al,O3, Cr203, FeO, MnO, MgO, Ca0O, Na,O, K,0]

Vi =126.90, 24.60, 37.63, 31.40, 14.23, 14.13, 11.98, 17.15, 30.26, 48.22 [m*mol]
dvi/dT =10.00, 7.24, 2.62, 4.40, 2.92,2.62, 2.62, 2.92, 7.41, 11.91] [x10° m*mol K]
K =1[5.1485, 29.518, 0.28658, 1.0456, -0.20818, -1.3441, -4.4982] [GPa]

dK/dP = [3.387, -4.3588, -0.049056, -0.28022, 0.13524, 0.47933, 1.3291]

Table S4.1. List of physical and volumetric parameters for the solid phases as modelled in our MMO
crystallization code. (a)Bertka and Fei (1998) (b) Holland and Powell (1998) (c¢) Lange and
Carmichael (1987) (d) Toplis et al. (1994) (e) Fei et al. (1990) (f) Niu and Batiza (1991) (g) Kosinski
(1992) (h) Frondel (1962) (i) Peiris et al. (1994) (j) Baldwin and Tompson (1964).

P Qo o (x10°%) a2 (x1079) Ref.
(1atm, 298K) (/K) (/K) (/K)
Forsterite 3223 3.034 7.422 -0.5381 a,b,c,d
Enstatite 3204 2.947 2.694 -0.5588 c,d,e
Diopside 3272 3.330 2.694 -0.5588 a,c,d
Plagioclase 2762 4.560 - - b,c,d,f
Quartz 2671 1.310 0.002 -0.0606  b,g;h
MgS 2661 6.00E-05 - - ij
Kr
@i s B W
Forsterite 127 1 5.39 -0.0239 43.60 a,b,c,d
Enstatite 107.0 5.00 -0.0270 62.67 c,d,e
Diopside 113.0 4.50 -0.0200 66.04 a,cd
Plagioclase 94.3 4.00 -0.0200 100.43 b,c,d.f
Quartz 96.0 8.40 -0.0200 20.64 b,g,h
MgS 78.9 3.71 -0.0200 21.18 ij
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wes Mer8_this study
-mmmmm Mer8_Bottinga\Weill1970
mmm \Mer8_Ghiorso2004
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== Mer15_BottingaWeill1970
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Density o (kg m~3)

Figure S4.1. Density of the residual liquid of the MMO for both Mer8 (solid lines) and Merl5 (dashed
lines) using different equations of state (EoS) from this study (orange), Bottinga and Weill (1970) (blue)

and Ghiorso (2004) (green). All density calculations here displayed do not consider the effect of sulfur
on the liquid density.
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S4.2. The forsterite-enstatite cotectic

CaTs projection (wt%)
Di

Mer8_7_Xu2024
Mer15_7_Xu2024
Mer15s

Mer8s

eepJ

/!
/

| Diopside
[N )

Figure S4.2. Diopside-SiOs-olivine system showing the experimental melts of Mercury’s mantle
compositions from Saracino et al. (2025) (circles) and Xu et al. (2024) (triangles). The silicate melts
were renormalized considering the effect of S on the distribution of MgO, and CaO between silicate and
sulfide melts (more details are in Saracino et al., 2025). Also shown are the olivine-orthopyroxene

boundaries at 5.1 GPa (Weng and Presnall, 2001), and 2 GPa (Kushiro, 1969).
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S4.3. Cell assemblies

Pyrophyllite
Sleeve Steel Plug
BaCO3 . MgO Rod
Pressure Medium
. MgO Wafer
Alumina —— Graphite
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Graphite
Sleeve —— MgO Pedestal
4 mm Basal Graphite
| |
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Pyrex

MgO Ring

Steel Plug

- MgO Rod

Graphite

MgQ Wafer

Graphite
Capsule

Sleeve

10 mm

1111 FIHAATATIAAIIIW N
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MgO Pedestal

Basal Graphite
Discs

Figure §4.3. Two-dimensional sketch of the %> *“ and the % experimental assemblies employed in this

study.
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S4.4. Composition of silicate melt and metals in time series experiments
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Figure $4.5. Variation of Fe, S, and Si in Fe metal (expressed in wt%) in time series experiments as a

function of the experimental duration (in hours).

S4.5. Composition of experimentally determined silicate melts
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Figure S4.6. Evolution of element concentrations (wt%) in the silicate glass as a function of

temperature (in °C). Vertical bars refer to the 1o standard deviation of analyses (small 1o values are

hidden by symbols).
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S4.6. Composition of experimental pyroxenes

Series
cpx Saracino+ 2025
opx Saracino+ 2025
opx Mer_1(0.2Si)
opx Mer_2(0.2Si)
opx Mer_2(0.1Si)
cpx Mer_3(0Si)

XVH d
\

0.4

Q0000

Augite

Pigeonite

04" 06 08

S

Figure §4.7. Pyroxene ternary system (in wt%) showing the composition of orthopyroxene and
clinopyroxene crystals in our suite of experiments. Also shown as comparison are the orthopyroxene
and clinopyroxene crystals measured in 1.5 GPa and 3.0 GPa experiments on MerS and Merl5

compositions in Saracino et al. (2025). Abbreviations: opx — orthopyroxene, cpx — clinopyroxene.
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S4.7. Equations for the calculation of the liquidus, solidus temperatures

The thermometer used to calculate the temperature of the MMO at each incremental step of
crystallization is based on S-free experimental runs featured in Charlier et al. (2013), Namur and
Charlier (2017), Namur et al. (2016a), and Saracino et al. (2025) (N=89). The resulting equation is the
following (Fig. S4.2.):

Tiiquidus,S—free = 858.78 + 105.43 P (GPa) + 18.42 [MgO] + 13.23 [Al,03] + 3.71[Na,0
+ K,0]

Where T is the temperature expressed in °C, P is the pressure in GPa, and the oxide concentrations are
expressed as wt%. The fit achieves an R? of 0.95 (adjusted R? = 0.95) and the SEE is 45 °C. After
calculating the S-free liquidus temperature at each increment, we applied a correction to account for the
influence of S as in Eq. 10 of Saracino et al. (2025):

ATLiquidus (°C) = 8.65 [S]mert + 4.89 [ST31e1c — 039 [STiert

Where AT (°C) is the liquidus temperature depression, and [S],,,¢1¢ 18 the concentration of sulfur in the
melt (in wt%). The corrected liquidus temperature can now be calculated as such:

TLiquidus,S—bearing(OC) = TLiquidus,S—free (OC) - ATLiquidus (OC)

A comparison between the uncorrected (S-free) and the corrected (S-bearing) temperatures is shown in
Fig. S4.3. The solidus temperature was derived by fitting the solidus temperatures of our S-free evolving
MMO liquid as determined with MAGEMin (Riel et al., 2022) using the ‘igneous’ database of Holland
et al. (2018). The temperature is calculated as follows:

Tsotidus(°C) = 864.30 + 222.41 P(GPa) — 7.77 P (GPa)?

Where P is the pressure (in GPa). The fit achieves an R? of 0.99 and the SEE is 34 °C. To retrieve the
actual solidus temperature, the effect of S on the solidus temperature is needed. To our knowledge, no
study focused on quantitatively determining the solidus depression as a function of the sulfur content
in reduced silicate melts relevant to Bulk Silicate Mercury (BSMe). As a first approximation, we can
therefore apply the same AT for the liquidus temperature following the approach of Katz et al. (2003)
for H,O (Fig. S4.3.).
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Figure $4.8. Calculated versus measured temperatures of Mercury-like mantle compositions. The
dataset is from Saracino et al. (2025), Charlier et al. (2013), Namur and Charlier (2017), Namur et al.
(2016a). The fit achieves an R’ of 0.95 and a Standard Error of Estimate (SEE) of 45 °C (N=89). The

oxide concentrations are expressed in wt%.
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Figure §4.9. Comparison between uncorrected, S-free liquidus temperature (blue line) calculated with
Mercurys mantle thermometer, and the corrected, S-bearing liquidus temperature (ved line). Also
shown as comparison is the S-free and S-bearing solidus temperature. The colored areas alongside the
curves represent the Standard Errors of Estimate (SEE) of each expression as estimated in this study

(Tiquidus, s-fiee) and in Saracino et al. (2025) (A Tiiquidus)-
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S4.8. Cotectic proportions

Table $4.2. Cotectic proportions used for the MMO crystallization modelling with sulfide-bearing (a)

Mer8 and (b) Merl5 starting compositions, respectively.

(a) Mer8 + (Mg,Ca)S

Cumulus assemblage
Fo En Cpx Qtz PI (Mg,Ca)S

(wt%)
En 90 10
En, Fo 22 68 10
En, Fo, Cpx 12 68 10 10
En, Fo, Cpx, Qtz 10 50 25 5 10
En, Cpx, Qtz 35 40 15 10
Cpx, Qtz, P1 27 18 45 10

(b) Mer15 + (Mg,Ca)S
Cumulus assemblage

Fo En Cpx Qtz PI (Mg,Ca)S

(wt%)
Fo 90 10
En, Fo 22 68 10
En, Fo, Cpx 12 68 10 10
En, Fo, Cpx, Qtz 10 50 25 5 10
En, Cpx, Qtz 35 40 15 10
Cpx, Qtz, P1 27 18 45 10
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S4.9. Crystallization sequence as a function of temperature

Table $4.3. Input range of temperature (in °C) used to compute the MMO evolution for Mer8 and
Merl5, respectively. Abbreviations : Fo — forsterite, En— enstatite, Cpx — clinopyroxene, Qtz — quartz,

Pl — plagioclase.

Cumulus assemblage Mer8 Merl15
En/Fo > 1850 (En) > 1540 (Fo)
En, Fo 1850 <T <1575 1540 < T <1500
En, Fo, Cpx 1575 <T <1425 1500 <T <1375
En, Fo, Cpx, Qtz 1425 <T <1275 1375 <T <1275
En, Cpx, Qtz 1275 <T <1250 1275 <T <1250
Cpx, Qtz, P1 T <1250 T <1250

1100

1200 Cpx, Qtz, PI
En, Cpx, Qtz_—]
1300+
En, Fo, Cpx, Qtz
1400
O 1500 En, Fo, Cpx
°
=)
& 1600
@
Q
IS
2 1700 En, Fo
1800
1900 En
2000 -
2100t
Mer8 Mer15

Figure §4.10. Crystallization sequence as a function of temperature (°C) for our two sulfide-bearing
Mer8 and Merl5. Abbreviations : Fo — forsterite, En— enstatite, Cpx — clinopyroxene, Qtz — quartz, Pl

— plagioclase.
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S4.10. Equations for the calculation of mineral compositions

Olivine
e Fo=1
o ALO;4=-0.198 +0.00009*T + 0.02398*P + 0.01221*Al,05 1iq (R*= 0.81; SEE = 0.019)
e (CaO, =-0.09 +0.00006*T+ 0.00181*P + 0.01183*CaOyq ( R?= 0.83; SEE = 0.006)
[} MnOo1 =0.05
Orthopyroxene
e En=1
[ ] Na20, Kzo, P205 =0
e CaOgp = 1.871 +0.29504*CaOyiq - 0.00128* T+ 0.20994*P (R?= 0.80; SEE = 0.06)
® TiOsp =0.05
o  ALOspx = 17.482 - 0.00404*A1,05 1iq + 1.87433*P — 0.01236*T (R*= 0.90; SEE = 0.35)
e MnOg =0.07

Clinopyroxene

Quartz

FeO, Na20, Kzo, PzOs =0
MgO = 15.46 wt%

Si0, = 50.00 wt%

CaOcpx = 4.00 Wt%

TiO2 epx = 0.09 Wt%

Al,Os opx = 7.12 wt%
MnOepx = 0.33 Wt%

Si0; = 100 wt%

Plagioclase

Si02 =50.03 wt%
AlLO3 = 33.49 wt%
CaO =10.49 wt%
Na,O = 5.00 wt%
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S4.11. Lithology of the cumulate pile
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Figure §4.11. Comparison of MMO crystallization sequence models (depths are not scaled). (a) Mer8

and (b) Merl5 are from this study; (c) pre-mantle overturn crystallization sequence of Mouser and
Dygert (2023) (d) Starting CB chondrite composition (Weisberg et al., 2000, Lauretta et al., 2007) with
non-chondritic Si/Mg from Brown and Elkins-Tanton (2009) (e) Starting CB chondrite (Weisberg et al.,
2000, 2021; Lauretta et al., 2007) with chondritic Si/Mg from Brown and Elkins-Tanton (2009) (f)

Starting Earth’s mantle composition based on measurements of fertile lherzolites (Hart and Zindler,
1986) from Brown and Elkins-Tanton (2009) (g) Model composition of Earth calculated from nebular
condensation model (Morgan and Anderson, 1980) from Brown and Elkins-Tanton (2009). The thicker

mantle in the models of Brown and Elkins-Tanton (2009) is based on an old configuration of the interior

where a ~ 1800 km-core radius is considered (Riner et al., 2008). Abbreviations: ol — olivine, opx —

orthopyroxene, cpx — clinopyroxene, Sil — silica phases, pl — plagioclase, op — opaques, gr — garnet.
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S4.12. Calculation of S-bearing liquid densities

To investigate the effect of sulfur on the density of silicate liquids, first we calculated the density of the
MMO both in S-free and S-bearing conditions following the method of Bottinga and Weill (1970).
Volumetric properties of both elemental S and sulfide phases are not well constrained in the literature,
SO some approximations were necessary. At room temperature, solid S has a molar volume of ~ 15.5
cm® mol! (Singman, 1984; Robie and Hemingway, 1995). Sulfides like troilite (FeS), alabandite (MnS),
niningerite (MgS), and oldhamite (CaS) have molar volumes in the range 18 - 28 cm® mol! (Robie and
Hemingway, 1995; Lark et al., 2022).

As concerns the S-bearing liquid density calculation, sulfur was considered with M; = 32.065 g mol’!
and with V; = 20 cm® mol!, although we do not exclude larger volumes. MMO liquid densities were
computed considering different S contents (0, 1, 3, 5, 10 wt%) at an interval of 0.10 in the melt fraction
F. Next, we determine the difference in density between the S-free and S-bearing MMO silicate liquids
calculated as follows:

ApmMos = PMMO,S—free — PMMO,S-bearing

Where pmmo,s-free 18 the density of the MMO liquid in S-free conditions and pmmo,s-bearing 1S the density
of the MMO liquid in S-bearing conditions (all expressed in kg m™). The Apmmos values that we obtained
are then plotted as a function of the S content in the MMO liquid (Fig. S4.12.), where a linear relation
was found:
Apwimos = 21.38 [S]uert (R? = 0.99)

Where Apmmos is the density difference expressed in kg m, and /S/mer is the concentration of sulfur in
the melt expressed in wt%. As a first approximation, we assumed 4pmmvos = 0 when no S is dissolved in
the melt. We apply this correction to the S-free liquid density calculated with the EoS described in
Section 3.1.

7 7 ; ; ; ;
R=0.99
SEE = 5.33

200f C———= - - - - - - - - >

150F - - - - - - - - = = S
&
S
o
Z100F - - -t - - - 8- - - - = - o
Q
<
50 - - - S - - - - - - - - - - o]
0 777777777777777777

S in the MMO (wt%)

Figure S$4.12. Density difference between calculated S-free and S-bearing MMO liquids ( Apmmos) as
a function of the S content in the melt (expressed as wt%,). The R’ is 0.99 and the standard error of

estimate (SEE) is 5.33 kg m™.
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S4.13. HPE partitioning in the MMO
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Figure $4.13. (a) Uranium, thorium (ppb) and potassium (ppm) distribution in sulfide-bearing (red
lines), sulfide-bearing with 5% trapped melt (green), and sulfide-free (black lines) Merl5 MMO as a
function of depth (km). (b) Uranium, thorium (both ppb), and potassium (ppm) distributions in the
growing cumulates as a function of depth (km) in Merl5. Solid lines refer to uranium (U), dashed lines
refer to thorium (h), and dotted lines refer to potassium (K). Black lines refer to sulfide-free Merl5, red
lines refer to sulfide-bearing Merl5, and green lines refer to sulfide-bearing Merl5 with 5% trapped

melt in the cumulate pile.
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Figure $4.14. Bulk partitioning coefficients Dpur of U, Th, and K as a function of depth (km) for sulfide-
free (black lines) and sulfide-bearing (red lines) for both (a) Mer8 and (b) Merl5.
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Appendix D

Composition of silicate glass (and relative 1o standard deviation in italic). Abbreviations: No — Number of analyses. * Calculated by stoichiometry

Run
A396

A397

A399

A400

A401

A402

A403

A404

A405

A431

A432

A441

A444

A445

No
10

10

11

12

11

10

10

10

17

10

18

10

12

Si
26.86
0.31
26.36
0.27
26.20
0.21
28.12
0.23
27.22
0.27
27.49
0.40
28.34
0.22
28.38
0.23
29.23
0.22
28.55
0.32
30.85
0.69
29.14
0.42
29.30
0.44
30.15

Ti
<dl

<dl

<dl

<dl

<dl

0.22

0.03

0.16

0.05

<dl

<dl

<dl

<dl

<dl

<dl

<dl

Al

6.59
0.09
5.51
0.07
4.85
0.05
5.64
0.05
4.81
0.05
6.37
0.09
4.94
0.03
7.28
0.10
6.80
0.10
7.86
0.26
8.78
0.19
8.61
0.27
8.62
0.26
8.83

Fe

0.32
0.04
0.30
0.06
0.23
0.04
0.29
0.06
0.26
0.03
0.01
0.02
0.02
0.02
0.26
0.03
0.24
0.05
0.32
0.09
0.36
0.07
0.38
0.20
0.15
0.10
0.46

Mn
<dl

0.16

0.05

0.21

0.05

<dl

<dl

<dl

<dl

<dl

<dl

<dl

<dl

<dl

<dl

<dl

Mg
9.78
0.17
12.67
0.20
13.99
0.31
11.10
0.12
13.06
0.10
9.83
0.53
12.73
0.18
6.62
0.10
7.26
0.26
7.17
0.29
2.79
0.28
4.86
0.29
6.20
0.20
3.30

Ca

417
0.07
3.51
0.24
3.09
0.23
2.95
0.14
2.55
0.06
3.69
0.18
2.63
0.06
4.47
0.08
3.36
0.11
3.47
0.17
3.60
0.47
3.67
0.16
3.63
0.19
3.54

Na

3.36
0.07
2.57
0.09
2.34
0.11
2.35
0.09
2.02
0.07
1.47
0.05
1.33
0.06
3.80
0.05
3.02
0.12
3.53
0.11
4.82
0.20
3.92
0.13
2.55
0.07
4.50

K

0.38
0.02
0.30
0.02
0.25
0.03
0.24
0.01
0.21
0.03
0.14
0.02
0.14
0.02
0.46
0.03
0.31
0.02
0.33
0.02
0.55
0.04
0.39
0.03
0.34
0.01
0.47

S

5.74
0.13
5.65
0.22
5.23
0.10
6.81
0.13
6.85
0.13
5.31
0.22
5.39
0.14
5.08
0.11
5.77
0.23
4.19
0.09
2.39
0.22
3.44
0.13
3.82
0.07
2.86

o
46.46

46.22

46.03

46.90

46.11

45.84

46.92

47.02

47.16

47.54

48.83

47.66

47.97

48.23

Tot
103.66

103.25

102.42

104.40

103.09

100.37

102.60

103.37

103.15

102.96

102.97

102.07

102.58

102.34



Run

A451

A452

A453

A461

A462

A469

A473

A475

A4TT

A486

A487

No

10

12

10

10

12

10

Si
0.75
30.20
0.60
29.50
0.51
31.77
0.30
31.01
0.51
30.17
0.44
30.14
0.38
34.79
0.35
36.07
0.45
34.41
0.45
35.98
0.49
36.47
0.45

Ti

<dl

<dl

<dl

<dl

<dl

0.20
0.05
0.06
0.09
0.09
0.09
0.07
0.05
0.05
0.03
0.12
0.10

Al

0.54
8.43
0.45
9.21
0.29
8.33
0.18
8.69
0.20
8.82
0.21
9.13
0.21
7.54
0.37
6.75
0.31
7.43
0.24
6.92
0.26
6.56
0.33

Appendix D

Fe

0.15
0.35
0.07
0.26
0.07
0.34
0.11
0.43
0.15
0.38
0.04
0.45
0.09

<dl

<dl

<dl

<dl

<dl

<dl

0.08
0.02
0.08
0.01
0.06
0.01
0.06
0.02
0.07
0.02

196

Mg
0.25
4.07
0.47
4.16
0.28
3.25
0.13
2.64
0.18
3.55
0.14
2.83
0.08
0.64
0.02
0.58
0.05
1.35
0.03
0.42
0.02
0.40
0.02

Ca

0.41
3.45
0.37
3.87
0.22
3.14
0.16
4.35
0.28
4.98
0.19
4.89
0.18
2.65
0.17
2.12
0.33
2.44
0.08
2.27
0.22
1.90
0.18

Na

0.12
417
0.20
3.98
0.09
3.95
0.11
3.91
0.12
3.71
0.22
3.70
0.09
5.02
0.60
5.04
0.25
4.66
0.12
5.21
0.20
5.17
0.18

K

0.03
0.45
0.02
0.39
0.03
0.44
0.02
0.46
0.04
0.40
0.03
0.41
0.04
0.68
0.02
0.73
0.03
0.59
0.02
0.75
0.01
0.83
0.02

S

0.16
3.33
0.17
2.90
0.08
2.70
0.10
0.54
0.10
0.54
0.06
0.39
0.08

48.23

48.22

49.15

48.19

48.11

47.94

50.49

51.04

50.17

51.09

51.22

Tot

102.68

102.49

103.07

100.22

100.66

100.08

101.95

102.50

101.18

102.75

102.74



Composition of silicate crystals. Abbreviations: No — Number of analyses. Fo — Forsterite, En — Enstatite, Cpx — Clinopyroxene, Pl — Plagioclase.

Appendix D

Run
A396

A397
A400

A401
A402

A403

A404

A405

A431

A432

A441

A444

Cpx
En
Fo
En
Cpx
En
Fo
En
Cpx
Fo
En
Cpx
Fo
En
Cpx
En
Cpx
Fo
En
Cpx
En
Cpx
En
Cpx
En

SiO; TiO2
42.30 <dl
57.96 0.08
Not measured
58.56 <dl
Not measured
59.52 0.10
Not measured
59.45 <dl
Not measured
58.59 0.07

Not measured
Not measured
59.58 <dl
Not measured
Not measured

58.09 <dl
Not measured
58.51 <dl

Not measured
Not measured

57.10 <dl
Not measured
59.41 <dl
Not measured
58.46 <dl
Not measured
57.76 <dl

Al03
0.15
2.87
1.20
2.43

1.82

2.55

1.53

2.10

3.03

6.64

3.10

4.53

5.43

FeO

0.35

0.37

0.24

0.19

0.14

<dl

<dl

0.47

0.18

0.42

0.70

0.93

0.63

197

MnO

<dl

<dl

<dl

<dl

<dl

<dl

<dl

<dl

<dl

<dl

<dl

<dl

<dl

MgO
56.40
38.80
38.89
39.38

39.38

38.46

39.30

37.78

37.99

36.25

35.06

35.96

37.01

Ca0o

0.12

0.52

0.41

0.37

0.36

0.39

0.27

1.23

0.44

0.80

272

1.56

0.98

Na;O

0.08

0.05

0.05

0.04

<dl

0.04

0.15

0.10

0.47

0.67

0.47

0.33

K20

Cr.03

Tot

99.32

100.68

99.35

102.04

101.19

100.06

100.72

99.82

100.25

101.73

101.82

102.04

102.20



Run

A445

A451

A452

A453

A461

A462

A469

A473

A475

A4TT

A486

A487

Cpx
En
Cpx
En
Cpx
En
Cpx
En
Cpx
En
Cpx
Fo
En
Cpx
Fo
En
Cpx
Cpx
PI
Cpx
PI
Cpx
PI
Cpx
PI
Cpx
PI

No

—_

W N OO DNDNOaOBRDNDDN

SiO; TiO2
Not measured
59.56 <dl
Not measured
57.67 <dl
Not measured
58.54 <dl
Not measured
55.42 <dl
Not measured
55.89 0.22
Not measured
42.32 <dl
54.29 0.11

Not measured
Not measured

58.09 0.06
62.75 0.10
56.47 0.08
51.35 0.15
52.75 0.09
51.72 0.22
53.80 0.10
48.50 0.06
54.69 0.08
53.00 <dl

Not measured
50.12 <dl

Appendix D

Al03

3.41

5.78

297

8.90

3.74

0.23
3.29

1.76
10.66
3.22
31.65
9.17
31.38
3.96
34.21
8.59
31.61

36.44

FeO

0.75

0.67

0.44

0.58

0.92

1.07

0.37

1.23
0.47

198

MnO

<dl

<dl

<dl

<dl

0.13

0.10

0.18

0.19
0.08
0.45
0.43
0.37

0.34

MgO

36.53

35.06

36.64

35.56

36.19

55.94
39.50

36.33
19.02
15.58
0.32
12.64
0.40
18.35
0.44
11.73
0.30

0.94

CaOo

1.72

1.83

1.77

0.98

2.11

0.19
1.05

2.57
4.29
21.90
12.28
21.95
11.87
20.27
13.95
20.47
8.97

7.19

Na.O

0.53

0.54

0.34

0.30

0.25

0.07

0.16
2.76
0.84
4.37
1.73
4.57
0.75
3.00
1.62
6.19

6.23

K20

0.35
0.12
0.07
0.08
0.07
0.04
0.06
0.16
0.12

0.17

Tot

102.60

101.68

100.84

101.81

99.45

98.86

100.47
100.48
98.66
100.19
98.76
100.23
97.55
100.22
97.68
100.19

101.09



Composition of Fe metal (and relative 1o standard deviation in ifalic). Abbreviations: No — Number of analyses.

Appendix D

Run
A396

A397

A399

A404

A431

A432

Ad441

Ad444

A445

A451

A452

A453

A462

No
9

12

10

Si
8.61
0.25
7.33
0.57
6.85
0.16
9.57
0.32

13.25
1.14
18.17
0.12
17.20
1.07
17.22
0.31
18.30
1.30
7.00
0.59
17.11
1.09
8.29
0.30

Cr
0.17
0.04
0.16
0.07
0.17
0.02
0.10
0.03

Not measured

199

Fe
86.48
0.64
88.02
0.90
83.35
0.69
86.43
0.46
86.98
1.62
81.84
0.67
83.22
1.25
82.80
1.55
82.25
1.49
91.03
1.43
83.95
1.16
93.08
1.47

P
0.78
0.08
0.91
0.09
1.17
0.02
0.63
0.09

S
0.28
0.10
0.31
0.09
0.75
0.16
0.23
0.03
0.26
0.07
0.16
0.04
0.12
0.04
0.12
0.03
0.13
0.03
0.30
0.05
0.13
0.02
0.27
0.05

Tot
96.32

96.73

92.29

96.96

100.49

100.17

100.54

100.14

100.68

98.33

101.19

101.64



Composition of troilite (FeS) (and relative 1o standard deviation in italic). Abbreviations: No — Number of analyses.
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Run
A396

A397

A399

A400

A401

A404

A405

A431

A432

Ad441

Ad444

A445

A451

A452

No
4

Si
0.07
0.04
0.06
0.02
<dl

0.09
0.09
0.04
0.02
0.04
0.02
0.05
0.02
0.13
0.04
0.13
0.03
0.18
0.11
0.12
0.02
0.11
0.01
0.12
0.01
0.10

Ti
4.06
0.77
3.29
0.82
0.73
0.41
1.71
0.20
1.20
0.02
4.66
1.03
1.99
0.06
1.69
0.93
<dl

<dl

0.34

0.21

<dl

<dl

<dl

Cr
3.43
0.30
5.07
0.32
4.16
0.59
2.88
0.23
3.22
0.07
3.35
0.30
2.15
0.10
0.86
0.25
0.33
0.21
0.63
0.15
0.66
0.12
0.52
0.21
0.52
0.07
0.57

Fe
52.75
0.76
51.82
0.90
56.12
0.85
51.34
0.56
52.84
0.25
52.67
0.42
52.33
1.05
60.57
1.17
63.31
0.97
62.58
0.66
62.23
0.64
62.36
1.29
63.45
0.20
62.79

200

Mn
0.37
0.02
0.89
0.32
1.15
0.26
0.26
0.06
0.37
0.04
0.20
0.08
0.16
0.01
0.48
0.10
0.26
0.05
0.23
0.04
0.32
0.06
0.33
0.08
0.46
0.07
0.35

Mg
0.17
0.04
0.42
0.63
0.23
0.03
0.21
0.34
0.13
0.13
0.14
0.01
0.05
0.01
0.14
0.04
0.09
0.03
0.07
0.04
0.08
0.02
0.10
0.02
0.10
0.02
0.11

Ca
0.06
0.00
0.08
0.13
<dl

0.10
0.07
0.05
0.02
0.06
0.03
0.05
0.00
0.08
0.12
0.05
0.03
0.06
0.02
0.05
0.03
0.05
0.02
0.07
0.05
0.05

37.44
0.01
37.75
0.15
36.65
0.05
41.17
0.91
41.17
0.27
37.81
0.18
41.82
0.29
35.92
0.92
35.80
0.33
34.89
0.48
35.50
0.33
35.43
0.64
36.33
0.24
36.10

Total
98.35

99.38

99.04

97.76

99.02

98.93

98.60

99.87

99.97

98.64

99.30

98.90

101.05

100.07



Run

A453

A461

A462

A469

No

Si
0.03
0.10
0.01
<dl

<dl

<dl

Appendix D

Ti

0.15
0.08
0.25
0.14
0.20
0.07
0.45
0.51

Cr
0.09
0.53
0.05
0.23
0.06
0.39
0.15
0.36
0.14

Fe
1.15
63.95
0.32
61.95
0.44
60.54
0.98
60.79
1.04

201

Mn
0.08
0.25
0.02
0.79
0.12
1.20
0.16
1.11
0.09

Mg
0.03
0.12
0.02

Ca
0.03
0.05
0.01
0.05
0.01
0.06
0.02
0.19
0.37

0.58
35.51
0.47
36.73
0.20
36.47
1.28
37.12
0.70

Total

100.66

100.00

98.86

100.02



Appendix E

Here listed in chronological order are the backscattered (BSE) images of all the experimental charges,
together with temperature, pressure conditions, phase assemblages, and glass compositions featured in
my doctoral project and scientific papers. All the samples were the result of piston-cylinder experiments
conducted at the Laboratoire de Pétrologie, Géochimie et Pétrophysique (Department of Geology,
University of Liege). The BSE images show large scale charges (where available) portraying glass and
crystal textures, metallic and sulfide blob features. Numbers in parentheses shown in the starting
composition refer to the percentage of metallic Si with respect to Si. The experimental duration
(expressed in hours) is considered after the target temperature has been reached. All the experiments
here were performed with graphite capsules. The BSE images here shown were captured with the FEI
QEMSCAN 650 F electron microscope at the University of Aachen (Institute of Advanced Mining
Technology, RWTH Aachen), and with the TESCAN MIRA 4" Generation at the Department of
Geology in KU Leuven (Belgium). The chemical compositions (expressed in element wt%) were
obtained with the CAMECA Sx Five Tactis electron probe micro analyzer at Laboratoire Magmas et
Volcans, Universite Clermont Auvergne (Clermont-Ferrand, France), and with the JEOL JXA-8530F at
the Department of Material Engineering at KU Leuven. Oxygen was calculated by stoichiometry.
Abbreviations: Gl — Silicate glass, Ol — Olivine, Opx — Orthopyroxene, Cpx — Clinopyroxene, Qtz —

Quartz, P1 — Plagioclase. *Oxygen was calculated by stoichiometry, < dl — below detection limits.
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Appendix E

A247
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Appendix E

T (°C) 1700

P (GPa) 1.5

Starting composition Mer8(10) + 16.7% FeS
Duration (hrs) 00:30

Silicate Phases (wt%) Gl (100)

2/9/2023 dwell HY mag ¢ WD HFW

8:58:21 AM 10 ps 15.00 kV 842 x 10.0 mm 151 ym

204

Run
Si
Ti
Al
Fe
Mn
Mg
Ca

Na

Cr
o*

Tot

A247

26.15

0.09

2.01

0.29

0.18

21.82

1.20

0.81

0.10

3.14

<dl

47.04

102.83



Appendix E

A249

500 pm
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Appendix E

T (°C) 1800

P (GPa) 15

Starting composition Mer15(10) + 16.7% FeS

Duration (hrs) 00:30

Silicate Phases (wt%) Gl (100)

2/9/2023 dwell HV mag = WD HFW v 50 pm

9:37:11 AM 10 ps[16.00kV 757 x 10.0 mm 168 ym

206

IML

Run
Si
Ti
Al
Fe
Mn
Mg
Ca

Na

Cr
o*

Tot

A249

26.08

0.10

2.02

0.43

0.18

21.69

1.25

0.78

0.10

2.81

<dl

46.94

102.39



Appendix E

A257

500 pm

207



Appendix E

T (°C) 1800 Run A257
P (GPa) 1.5 Si 27.01
Starting composition Mer15(10) Ti 0.20
Duration (hrs) 00:30 Al 5.08
Silicate Phases (wt%) Gl (45) OI (55) Fe
Mn 0.34
Mg 17.36
Ca 3.07
Na 0.14
K 0.13
S
Cr 0.11
o* 48.32
102620%22M7.:?Svils‘1530kv T 10 mmid03 ™ ."‘?E’AL'“ — Tot 101.76
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Appendix E

A259

500 pm

209



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

6/7/2023 dwell
9:09:27 AM 10 ps

1700

15

Mer15(10) + 16.7% FeS
01:00

Gl (57) Ol (43)

" HV mag = WD  HFW 100 pm ——
15.00kV 268 x 10.0 mm 475 pm ML

210

Run
Si
Ti

Tot

A259
24.92
0.14
3.94
0.37
0.18
20.04
2.28
1.16
0.14
2.93
<dl
46.86
102.98



Appendix E

A262

500 pm

211



Appendix E

T (°C) 1800 Run A262
P (GPa) 1.5 Si 26.02
Starting composition Mer8(10) Ti 0.11
Duration (hrs) 00:30 Al 2.16
Silicate Phases (wt%) Gl (100) Fe
Mn 0.21
Mg 22.49
Ca 1.31
Na 0.57
K 0.11
S
Cr <dl
o* 47.34
e B o B —— Tot  100.32
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Appendix E

A263

500 pm

213



Appendix E

T (°C) 1700 Run A263
P (GPa) 1.5 Si 27.00
Starting composition Mer8(10) Ti 0.14
Duration (hrs) 01:00 Al 2.45

Silicate Phases (wt%) Gl (79) Ol (13) Opx (8)  Fe

Mn 0.22
Mg 20.90
Ca 1.57
Na 0.39

K 0.12

S

Cr 0.19
o* 47.80

e R B ki ‘ Tot  100.70
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Appendix E

A265

500 pm

215



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1700
15

Mer15(10)

01:00

Gl (34) Ol (61) Opx (5)

WD HFW v 100 pm
1:18:55 PM 10 ps[15.00 kV 387 x 10.0 mm 328 ym IML

216

Run
Si
Ti
Al
Fe
Mn
Mg
Ca
Na

Cr
o*
Tot

A265
27.14
0.23
6.33

0.37
12.83
4.18
1.06
0.20

<dl
47.49
99.81



Appendix E
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Appendix E

T (°C) 1650

P (GPa) 1.5

Starting composition Mer8(10) + 16.7% FeS

Duration (hrs) 02

Silicate Phases (wt%) Gl (78) Ol (10) Opx (12)

{7 . f 7
12023 HV mags WD HFW
9:44:18 AM 10 ps[15.00 kV 268 x 10.4 mm 473 ym

:30

k 100 pm d
IML

218

Run
Si
Ti

Tot

A268
26.20
0.12
2.51
0.56
0.18
20.94
1.40
0.85
0.13
2.66
<dl
47.17
102.73



Appendix E

A273

500 um

219



Appendix E

T (°C) 1900 Run A273
P (GPa) 1.5 Si 25.18
Starting composition Mer15(10) Ti 0.15
Duration (hrs) 00:30 Al 4.27
Silicate Phases (wt%) Gl (58) Ol (42) Fe
Mn 0.28
Mg 21.51
Ca 2.39
Na 0.09
K 0.14
S
Cr 0.11
o* 47.92
Tot 102.05
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Appendix E

A279

221



Appendix E

T (°C) 1600
P (GPa) 15

Starting composition Mer15(10) + 16.7% FeS

Duration (hrs) 03:00

Silicate Phases (wt%) Gl (39) OI (61)

= 4
e
6/7/2023 |dwelll HV mag = WD HFW - 200 pm .

10:16:53 AM |10 ps 15.00 kV 247 x 10.5 mm 514 pm

222

IML

Run

Tot

A279
26.87
0.14
5.70
0.32
0.13
13.06
3.86
1.84
0.23
3.84
<dl
47.01
103.02



Appendix E

A282

500 pm

223



Appendix E

T(°C) 1800
P (GPa) 3.0
Starting composition

Duration (hrs) 01:20

Silicate Phases (wt%) Gl (48) Ol (52)

o B
2/9/2023 dwell] HV mag = WD HFW 200 ym .

1:32:39 PM 10 us|15.00 kV 206 x 10.1 mm 618 ym

224

Mer15(10) + 16.7% FeS

IML

Run
Si
Ti

Tot

A282
25.45
0.17
4.42
0.66
0.18
17.43
2.66
1.22
0.16
2.28
<dl
46.45
101.07



Appendix E

A290

225



Appendix E

T (°C) 1750 Run A290
P (GPa) 1.5 Si 26.60
Starting composition Mer8(10) Ti 0.12
Duration (hrs) 01:00 Al 219
Silicate Phases (wt%) Gl (93) OI (7) Fe
Mn 0.20
Mg 22.30
Ca 1.31
Na 0.33
K 0.10
Cr 0.20
o* 47.90
St o el ot T e A — Tot 101.20
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Appendix E

A294

500 pm

227



Appendix E

T (°C) 1600 Run A294
P (GPa) 1.5 Si 27.06
Starting composition Mer15(10) Ti 0.17
Duration (hrs) 06:00 Al 8.37
Silicate Phases (wt%) Gl (24) O (61) Opx (19) Fe
Cpx (x)
Mn 0.30
Mg 11.57
Ca 5.95
Na 0.13
K 0.37
S
Cr <dl
':_w Ty . 0 4862
102330 A 10 s 1500 kv 551 102 mm 215 - ‘ Tot 102.55
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Appendix E

A296

500 um

229



Appendix E

T (°C) 1600 Run A296
P (GPa) 1.5 Si
Starting composition Mer8(10) Ti
Duration (hrs) 03:00 Al
Silicate Phases (wt%) sl (<15 OL() Opx () Cpx Fe
Mn
Mg
Ca
Na
K
S
Cr
Y o
11507 A 10 1500 3 B 10} " ——— Tot

230



Appendix E

400 um

231



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1700
3.0

Mer8(10) + 16.7% FeS
01:50

Gl (<20) OI () Opx ()

232

Run A297
Si
Ti

Tot



Appendix E

A302

500 um

233



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

HY mag =

1700

3.0

Mer8(10)

01:50

Gl () O1 () Opx () Cpx ()

WD HFW
10:01:45 AM |10 ps 15.00 kV 587 x 9.9 mm 217 ym

234

Run

Tot

A302



Appendix E

A303

500 um

235



Appendix E

T (°C) 1800 Run A303
P (GPa) 3.0 Si 28.22
Starting composition Mer15(10) Ti 0.22
Duration (hrs) 01:20 Al 6.79
Silicate Phases (wt%) Gl (35) OI (65) Fe
Mn 0.34
Mg 12.11
Ca 4.25
Na 0.87
K 0.30
S
Cr 0.14
P =/ | f o* 48.66
o ' Tot 101.88

236



Appendix E

A304

500 um

237



Appendix E

T (°C) 1700
P (GPa) 3.0

Starting composition Mer15(10)

Duration (hrs) 01:50

Gl (20) Ol (51) Opx (29)

Silicate Phases (wt%)
Cpx (x)

S TN NG Sl e
2/8/2023 dwell HV |mag » | WD HFW
10:15:57 AM 10 ps 15.00 kV| 513 x [10.0 mm 247 ym

238

Run
Si
Ti
Al

Fe

Tot

A304
24.23
0.21
8.19

0.30
13.27
6.42
0.88
0.31

0.10
46.96
100.86



Appendix E

A305

100 pm

239



Appendix E

T (°C)
P (GPa)
Starting composition

Duration (hrs)

Silicate Phases (wt%)

1800
3.0

Mer8(10)

01:20

Gl (50) Ol (10) Opx (41)

Cpx (x)

240

Run
Si
Ti
Al

Fe

Mn
Mg
Ca
Na

Cr
O*
Tot

A305
26.05
0.14
3.16

0.21
20.63
1.99
0.57
0.14

0.10
47.37
100.37



Appendix E

A306

241



Appendix E

T (°C) 1700

P (GPa) 3.0

Starting composition
Duration (hrs) 01

Silicate Phases (wt%)

S
2082023 dwell| HV |mag = | WD | HFW
1:57:29 PM 10 ps|15.00 kv| 584 x [9.9 mm|217 um

:55

242

IML

Mer15(10) + 16.7% FeS

Gl (35) Ol (54) Opx (12)

M
7 )

Run
Si
Ti

Tot

A306
25.66
<dl
6.04
0.36
<dl
15.05
4.03
1.58
0.19
2.10
<dl
47.11
102.21



Appendix E

A307

500 um

243



Appendix E

T(°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1900

3.0
Mer8(10)
01:00

Gl (100)

912023 dwell|  HV ; I
10:32:50 AM 10 ps|15.00 k| 422 x [10.0 mm 301 pm

244

Run

Tot

A307
26.58
0.12
2.27

0.20
22.79
1.35
0.38
0.08

<dl
48.20
101.98



Appendix E

500 um

245



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

6/7/2023 dwell] HV |mag = WD HFW " 50 pm o
11:21:00 AM 10 ps|{15.00 kV| 500 x |10.2 mm 254 pm IML

1900
3.0

Mer15(10)
01:00

Gl (39) Ol (61)

246

Run

Tot

A308
27.70
0.22
5.89

0.29
14.93
3.57
0.52
0.17

<dl
48.58
101.87



Appendix E

A309
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1625
15

Mer8(10) + 16.7% FeS
02:45

Gl (53) Ol (8) Opx (39)

248

Run

Tot

A309
24.95
0.09
3.18
0.42
0.15
20.05
1.96
1.12
0.18
3.79
<dl
46.06
101.96



Appendix E

A311

500 pum
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Appendix E

T (°C)
P (GPa)
Starting composition

Duration (hrs)

Silicate Phases (wt%)

1650
15
Mer8(10)

02:00
Gl (15) Ol (16) Opx (69)
Cpx (x)

250

Run
Si
Ti
Al

e

Tot

A311
24.27
<dl
10.53

0.09
8.16
8.79
1.32
0.87

<dl
46.80
100.89



Appendix E

A322

500 pm
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Appendix E

T (°C) 1900

P (GPa) 3.0

Starting composition Mer8(20) + 20% FeS
Duration (hrs) 00:40

Silicate Phases (wt%) Gl (100)

dwell HV |mag = -
8:25:30 AM 10 ps|15.00 kV| 490 x |10.0 mm|259 pm

252

Run
Si
Ti
Al
0.39
Mn
Mg
Ca
Na

Cr
o*
Tot

A322
25.46
0.12
1.95
0.39
0.19
21.99
1.17
0.58
0.08
5.12
<dl
46.25
103.31



Appendix E

A323

500 um

253



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1900
3.0

Mer15(20) + 20% FeS
00:40

Gl (100)

2/9/2023 dwell] HV |mag = WD HF b 200 ym
8:18:29 AM 10 ps|15.00 kV| 230 x {10.0 mm|552 pm IML

254

Run
Si
Ti
Al
Fe
Mn
Mg
Ca
Na

Cr
o*
Tot

A323
22.60
0.10
2.47
0.48
0.22
24.68
1.35
0.54
0.11
5.50
<dl
45.30
103.37



Appendix E

A328

500 um

255



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1600
15

Mer8(20) + 20% FeS
03:00

Gl (74) Opx (26)

% =2 \
2/8/2023 dwelll HV |mag 2 | WD | HFW s 200 pm
2:19:20 PM 10 ps|15.00 kV| 182 x (9.9 mm|699 pm! IML

256

Run
Si
Ti

Tot

A328
24.41
<dl
2.53
0.47
0.21
21.75
1.50
0.64
0.12
6.92
<dl
45.57
104.19



Appendix E

A329

257



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1600
15

Mer15(20) + 20% FeS
03:00

Gl (64) OI (36)

2/8/2023 dwell] HV |mag = WD ‘ HFW | 100 pm ]
2:13:13 PM 10 ps|15.00 kV| 451 x |10.0 mm|282 pm| IML

258

Run

Tot

A329
23.55
0.08
3.40
0.47
0.20
21.33
1.93
0.59
0.17
6.42
<dl
45.25
103.39



Appendix E

A331

500 um

259



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1550
15

Mer15(10) + 16.7% FeS
03:30

Gl (28) OI (56) Opx (17)

260

Run
Si
Ti

Tot

A331
25.64
<dl
7.71
0.39
0.15
11.82
4.41
1.81
0.36
4.28
<dl
46.78
103.42



Appendix E

A334

261



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

. .‘ 7
N2 i
"¢ A
2/9/2023  dwell HV |mag = WD | HFW - 50 pm .
8:32:58 AM 10 ps|15.00 kV| 548 x |10.0 mm|232 pm IML

1700

15

Mer8(20) +20% FeS
01:10

Gl (100)

262

Run
Si
Ti

Tot

A334
24.96
0.09
1.92
0.37
0.17
21.79
1.22
0.65
0.09
5.71
<dl
45.53
102.50



Appendix E

A339

500 um

263



Appendix E

T(°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1700

1.5
Mer15(20) + 20% FeS
01:10

Gl (78) Ol (22)

264

Run

Si
Ti

Tot

A339

23.11
0.09
2.88
0.46
0.25
23.10
1.69
0.60
0.14
6.12
0.10
45.41
103.95



Appendix E

A343

400 um

265



Appendix E

T (°C) 1950 Run A343
P (GPa) 1.5 Si 24.10
Starting composition Mer15(10) Ti 0.12
Duration (hrs) 00:20 Al 3.31
Silicate Phases (wt%) Gl (100) Fe
Mn 0.19
Mg 24.76
Ca 1.86
Na 0.06
K 0.10
AV Cr <dl
/. ‘.{f HEE LR ‘ 0 4762
RN 1ot 10211

266



Appendix E

A344

200 pm

267



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1750

15

Mer15(10) + 16.7% FeS
00:45

Gl (62) OI (38)

- ©. - 4 - 4
21812023 dwell HVY |mag = | WD I HFW - 200 ym
2:22:22 PM 10 ps|15.00 kV| 195 x |9.9 mm|653 pm IML

268

Run
Si
Ti

Tot

A344
24.51
0.12
3.70
0.52
0.18
21.46
213
0.99
0.18
3.05
<dl
47.02
103.87



Appendix E

A349

269



Appendix E

T(°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1950

3.0

Mer15(10) + 16.7% S
00:35

Gl (100)

270

Run
Si
Ti

Tot

A349
21.47
0.09
1.20
0.58
0.12
26.60
1.27
0.30
0.04
1.73
<dl
43.98
97.38



Appendix E

A351

500 um

271



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

T 2 : e |/ 7B 2\
6/7/2023 ] mag VD | HFW [ 100 pm :
1:09:28 PM 10 ps|15.00 kV| 422 x [10.1 mm|301 pm [

1950
3.0

Mer15(10)
00:35

Gl (72) OI (28)

272

Run

Tot

A351
23.83
0.10
3.72

0.21
23.51
2.06
0.32
0.13

<dl
47.08
100.97



Appendix E

A352

273



Appendix E

T (°C) 1700

P (GPa) 1.5

Starting composition Mer15(20) + 20% FeS
Duration (hrs) 00:30

Silicate Phases (wt%) Gl (79) Ol (21)

2/8/2023 dwell| HV |ma D W[ — 200 pm
2:40:19 PM 10 ps|15.00 kV/| 231 x 9.9 mm|550 ym IML

274

Run
Si
Ti

Tot

A352
22.62
0.10
2.80
0.45
0.27
23.43
1.62
0.98
0.12
6.90
0.10
45.17
104.56



Appendix E

A354

500 pm

275



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1700
15

Mer15(20) + 20% FeS
00:15

Gl (82) OI (18)

2/8/2023 dwell i—CV mag » | WD | HFW v 100 pm
2:31:12 PM 10 ps|15.00 kV| 423 x (9.9 mm|(300 pm! IML

276

Run

Tot

A354
22.77
0.10
2.79
0.52
0.22
23.43
1.66
0.86
0.12
6.54
0.10
45.29
104.41



Appendix E

A356
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1700
15

Mer15(20) + 20% FeS
03:00

Gl (76) Ol (24)

P ‘ -
2/8/2023 dwell| HV J‘T\ag q | -
12:25:03 PM 10 ps|15.00 kV| 212 x |10.0 mm 598 ym

278

Run

Tot

A356
22.93
<dl
2.86
0.46
0.19
23.01
1.75
0.21
0.12
6.23
<dl
44.84
102.60



Appendix E

A359

500 um
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1750
3.0

Mer8(10) + 16.7% FeS
01:35

Gl (<20) OI () Opx ()

280

Run A359
Si
Ti

Tot



Appendix E

A361
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1550
15

Mer8(20) + 20% FeS
03:30

Gl (45) Ol (7) Opx (47)

S .
2/8/2023 dwell| HV |mag = wD HFW | E 50 pm g
3:15:13 PM 10 ps|15.00 kV| 530 x |10.1 mm|240 pm IML

282

Run
Si
Ti

Tot

A361
23.78
<dl
3.81
0.43
0.08
18.95
2.56
0.97
0.22
8.00
<dl
44.70
103.57
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283



Appendix E

T (°C) 1550
P (GPa) 15

Starting composition Mer15(20) + 20% FeS

Duration (hrs) 03:30

Silicate Phases (wt%) Gl (57) OI (39) Opx (4)

& SN
b . A A A
2/8/2023 dwell] HV |mag = WD ‘ HFW | » 100 pm 4
3:13:30 PM 10 ps|15.00 kV| 486 x (10.1 mm|261 pm IML

284

Run

Tot

A362
22.62
0.09
4.33
0.51
0.09
18.05
2.72
1.77
0.22
7.59
<dl
43.74
101.74



Appendix E

A364

500 um
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1800
3.0

Mer15(20) + 20% FeS
01:00

Gl (63) OI (37)

WD HFW

S
] vell| mag ® | }
10:47:40 AM 10 ps|15.00 kV| 286 x |10.0 mm 444 pm

286

Run
Si
Ti
Al
Fe
Mn
Mg
Ca
Na

Cr
o*
Tot

A364
23.69
0.11
3.44
0.29
0.24
20.81
2.00
0.83
0.13
6.34
<d|
45.21
103.08
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A367
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Appendix E

T (°C) 1700 Run A367

P (GPa) 3.0 Si 22.42
Starting composition Mer15(20) + 20% S Ti 0.09
Duration (hrs) 01:30 Al 4.17
Silicate Phases (wt%) Gl (50) OI (37) Opx (13)  Fe 0.43
Mn 0.18

Mg 19.61
Ca 2.78
Na 1.02
K 0.17
S 7.27
Cr <dl

“ / _ : o* 44.05

i i B g — Tot  102.19

288
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

4

L p >4

&5

£ & -
2/9/2023 dwell] HV |mag = | WD

1700

15

Mer15(20) + 20% FeS
06:00

Gl (76) Ol (24)

11:24:19 AM 10 ps{15.00 kV| 159 x [10.0 mm 798 pm

290

Run
Si
Ti

Tot

A368
23.14
0.10
2.89
0.56
0.21
23.15
1.72
0.32
0.11
5.98
<dl
45.34
103.53



Appendix E

A372

500 um
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1760

15

Mer15(20) + 20% FeS
00:40

Gl (100)

WD HFW

6/6/2023 dwell] HV |mag = ‘
12:20:46 PM 10 ps|{15.00 kV| 415 x |10.0 mm 306 pm

292

Run
Si
Ti

Tot

A372
22.32
0.09
2.52
0.62
0.21
24.39
1.54
0.58
0.11
6.35
<dl
44.96
103.69



Appendix E

A373
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1880
3.0

Mer15(10) + 16.7% S
01:00

Gl (70) OI (30)

WD HFW

6/6/2023 dwell] HV |mag 7
12:26:43 PM 10 ps|15.00 k| 193 x |10.0 mm 657 ym

294

Run
Si
Ti

Tot

A373
23.84
0.10
3.15
0.53
0.15
22.69
1.84
0.74
0.10
2.24
0.10
46.34
101.84
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1500
15

Mer8(20) + 20% FeS
04:00

Gl (30) OI (15) Opx (55)

. - . - ;
.. ) . i ; ’s . P
% A & G A . ;. 2 v ()
: ) 90N & 4 .t
6/6/2023 dwell] HV |mag = WD | HFW 100 pm g
1:38:36 PM 10 ps|15.00 kV| 424 x [10.2 mm 299 pm IML

296

Run
Si
Ti

Tot

A375
24.41
<dl
5.30
0.31
<dl
14.47
4.10
2.45
0.36
7.50
<dl
45.10
104.06



Appendix E

A376

500 um

297



Appendix E

T (°C) 1500
P (GPa) 15

Starting composition Mer15(20) + 20% FeS

Duration (hrs) 04:00

Silicate Phases (wt%) Gl (42) Ol (46) Opx (11)

V!

{ 5
UL N
6/6/2023 dwell HV mag 2 WD
2:28:03 PM 10 ps|/15.00 kV/| 188 x [10.2 mm|677 pm|

298

Run
Si
Ti

Tot

A376
23.19
<dl
5.00
0.45
<dl
17.03
3.17
1.99
0.27
7.72
<dl
44.51
103.33
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A377
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1780
3.0

Mer8(20) + 20% FeS
01:00

Gl (64) Opx (36)

WD HFW

6/6/2023 dwell| HV |mag :
12:13:28 PM 10 is|15.00 V| 450 x |10.4 mm 282 ym

300

Run
Si
Ti

Tot

A377
24.05
0.09
2.78
0.40
0.21
20.96
1.76
1.08
0.14
7.18
<dl
45.17
103.80
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1810
3.0

Mer8(20) + 20% FeS
01:10

Gl (53) Opx (47)

6/6/2023 dwell| HV rﬁag El WD | HFW v 100 pm o
2:35:21 PM 10 ps|15.00 kV| 375 x {10.0 mm|338 ym IML

302

Run
Si
Ti

Tot

A378
23.33
0.14
3.03
0.44
0.24
20.97
2.31
1.40
0.21
4.76
<dl
45.03
101.87



Appendix E

A379
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1830
3.0

Mer8(20) + 20% FeS
00:45

Gl (69) Opx (31)

67672023 dwell] HV |mag = | WD | HFW | - —100 ym ]
3:18:09 PM 10 pis|15.00 kV| 451 x [10.0 mm 282 pm ML

304

Run
Si
Ti

Tot

A379
23.73
0.12
2.46
0.46
0.21
21.43
1.77
0.99
0.14
7.28
<dl
44.83
103.41



Appendix E

A380
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

¥ 2 2
- A
6/6/2023 dwell HV mag = WD | HFW | - 100 ym Y
2:53:07 PM 10 ps|15.00 kV| 268 x [10.0 mm|475 pm IML

1860
3.0

Mer8(20) + 20% FeS
00:20

Gl (90) Opx (10)

7/

306

Run
Si
Ti

Tot

A380
25.31
0.08
2.09
0.58
0.16
21.66
1.32
0.74
0.10
2.62
0.10
46.19
100.94



Appendix E

A381
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Appendix E

T (°C) 1850 Run A381
P (GPa) 3.0 Si 26.92
Starting composition Mer8(10) Ti 0.16
Duration (hrs) 01:10 Al 2.99
Silicate Phases (wt%) Gl (80) O1 (10) Opx (30) Fe
Cpx (x)
Mn 0.15
Mg 21.15
Ca 1.56
Na 0.17
K 0.07
S
Cr <dl
ey e o b % o* 48.13
Tot  101.30

308
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500 pm
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Appendix E

T (°C) 1450
P (GPa) 15

Starting composition Mer_1(20) + 20% FeS

Duration (hrs) 03:00

Silicate Phases (wt%) Gl () Ol () Opx () Cpx ()

. ) ®
; o
3
| & 3 ¢
12/7/2023 dwell] HV |mag » | WD  HFW _ -
11:48:07 AM 10 pis[15.00 kV/| 830 x [10.0 mm 153 pym

310

Run
Si
Ti

Tot

A396
26.86
<dl
6.59
0.32
<dl
9.78
417
3.36
0.38
5.74

46.46
103.65



Appendix E

A397

500 pum
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1500
15

Mer_1(20) + 20% FeS
02:30

Gl () Opx ()

WD HFW

Y A
1/22/2024 dwell| HV |mag =
10:27:34 AM 10 ps|{15.00 kV| 587 x |13.0 mm 216 pm

312

Run
Si
Ti

Tot

A397
26.36
<dl
5.51
0.30
0.16
12.67
3.51
2.57
0.30
5.65

46.22
103.27
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1525
15

Mer_1(20) + 20% FeS
02:00

Gl (100)

314

Run
Si
Ti

Tot

A399
26.20
<dl
4.85
0.23
0.21
13.99
3.09
2.34
0.25
5.23

46.03
102.42
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500 pm
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Appendix E

T(°C) 1450 Run A400
P (GPa) 15 Si 28.12
Starting composition Mer_1(20) + 10% FeS. Ti <dl
10% S
Duration (hrs) 02:00 Al 5.64
Silicate Phases (wt%) Gl () Ol () Opx () Cpx () Fe 0.29
Mn <dl
Mg 11.10
Ca 2.95
Na 2.35
K 0.24
S 6.81
Cr
N | sl e 35 o* 46.90
R R B Tot 10439

316
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A401

500 um
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Appendix E

T (°C)
P (GPa)

1500

1.5
Mer_1(20) + 10% FeS.

Starting composition

Duration (hrs)

10% S
01:30

Silicate Phases (wt%) GI () Opx ()

) 7
12/7/2023 dwell] HV |mag
1:36:26 PM 10 ps|15.00 kV/| 461 x

HFW |- 100 pm )
9.7 mm|275 pm IML

318

Run

Si

Ti

Tot

A401
27.22

<dl

4.81
0.26
<dl
13.06
2.55
2.02
0.21
6.85

46.11
103.09



Appendix E

A402
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Appendix E

T (°C)
P (GPa)
Starting composition

Duration (hrs)

Silicate Phases (wt%)

S L
[l ; P
1 23 dwell| HV Bl
2:46:52 PM 10 ps|15.00 kV| 428 x

1450
1.5

Mer_1(20) + 15% S

02:00

Gl () Ol () Opx () Cpx ()

Qtz ()

HFW

9.7 mm|297 pm

320

Run
Si
Ti
Al

Fe

Tot

A402
27.49
0.22
6.37

<dl

9.83
3.69
1.47
0.14
5.31

45.84
100.36
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A403
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Appendix E

T (°C)
P (GPa)
Starting composition

Duration (hrs)

Silicate Phases (wt%)

1500
1.5

Mer_1(20) + 15% S

01:30
Gl () OI () Opx () Cpx ()
Qtz ()

322

Run
Si
Ti
Al

Fe

Tot

A403
28.34
0.16
4.94

<dl
12.73
2.63
1.33
0.14
5.39

46.92
102.60



Appendix E

A404
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Appendix E

T (°C) 1400
P (GPa) 15

Starting composition Mer_1(20) + 20% FeS

Duration (hrs) 03:30

Silicate Phases (wt%) Gl () Ol () Opx () Cpx ()

1/22/2024  dwell HV |mag = WD
11:18:14 AM 10 ps|15.00 kV| 465 x [13.0 mm 273 pm

324

Run
Si
Ti

Tot

A404
28.38
<dl
7.28
0.26
<dl
6.62
4.47
3.80
0.46
5.08

47.02
103.36
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Appendix E

T (°C) 1400 Run A405
P (GPa) 1.5 Si 29.23
Starting composition Mer_1(20) + 10% FeS. Ti <dl
10% S
Duration (hrs) 02:30 Al 6.80
Silicate Phases (wt%) Gl ()OI () Cpx () Qtz () Fe 0.24
Mn <dl
Mg 7.26
Ca 3.36
Na 3.02
K 0.31
S 5.77
Cr
: : o* 47.16
A : : Tot 103.15

326
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Appendix E

T (°C)
P (GPa)
Starting composition

Duration (hrs)

Silicate Phases (wt%)

n 15.05 mm nA

4Q-BSE COMPO 20 keV

1350
1.0

Mer_2(20) + 20% FeS

00:30

Gl () OF () Opx () Cpx()

Qtz ()

20 pm

2024-04-24

328

Run
Si
Ti
Al

Fe

Tot

A431
28.55
<dl
7.86

0.32

<dl

7.7
3.47
3.53
0.33
4.19

47.54

102.95



Appendix E

A432
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Appendix E

T (°C)
P (GPa)

Starting composition

Duration (hrs)

Silicate Phases (wt%)

15.05 mm

4Q-BSE COMPO

1nA

20 keV

1250
1.0

Mer_2(20) + 20% FeS

01:30

Gl () Opx (

2024-04-24

330

) Cpx() Qtz ()

Run
Si
Ti

Tot

A432
30.85
<dl
8.78
0.36
<dl
2.79
3.60
4.82
0.55
2.39

48.83

102.97
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A441
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

'
n 15.19 mm

4Q-BSE COMPO

1300
1.0

Mer_2(20) + 20% FeS

01:00

GI () Opx () Cpx() Qtz ()

20 pm

2024-04-24

332

Run
Si
Ti

Tot

A441
29.14
<dl
8.61
0.38
<dl
4.86
3.67
3.92
0.39
3.44

47.66

102.07
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A444
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Appendix E

T (°C)
P (GPa)

Starting composition

Duration (hrs)

Silicate Phases (wt%)

14.80 mm

4Q-BSE COMPO

1nA

20 keV

1325
1.0

Mer_2(20) + 20% FeS

00:45

GI () Opx () Cpx() Qtz ()

20 pym

2024-04-24

334

Run
Si
Ti

Cr
o*

Tot

Ad444
29.30
<dl
8.62
0.15
<dl
6.20
3.63
2.55
0.34
3.82

47.97

102.59



Appendix E

A445

335



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

n 15.14 mm 1nA

4Q-BSE COMPO 20 keV

1275
1.0

Mer_2(20) + 20% FeS

01:15

GI () Opx () Cpx() Qtz ()

50 pm

2024-04-24

336

Run
Si
Ti

Tot

A445
30.15
<dl
8.83
0.46
<dl
3.30
3.54
4.50
0.47
2.86

48.23

102.34



Appendix E

A451
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

.23 kx 173 pm

4Q-BSE COMPO

1300
1.0

Mer_2(20) + 20% FeS

00:30

GI () Opx () Cpx() Qtz ()

15.00 mm

20 keV

20 pm

2024-06-26

338

Run
Si
Ti

Tot

A451
30.20
<dl
8.43
0.35
<dl
4.07
3.45
417
0.45
3.33

48.23

102.68
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1.56 kx 358 pm

4Q-BSE COMPO

1300
1.0

Mer_2(20) + 20% FeS

03:00

Gl ()

15.12 mm

20 keV

Opx () Cpx(

.
50 pm

2024-06-26

340

) Qtz ()

Run

Tot

A452
29.50
<dl
9.21
0.26
<dl
4.16
3.87
3.98
0.39
2.90

48.22

102.50



Appendix E

A453
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

2.95 kx 189 ym

4Q-BSE COMPO

1300
1.0

Mer_2(20) + 20% FeS

06:00

Gl () Opx () Cpx(

15.02 mm

20 keV

20 pm

2024-06-26

342

) Qtz ()

Run

Tot

A453
31.77
<dl
8.33
0.34
<dl
3.25
3.14
3.95
0.44
2.70

49.15

103.09
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A456
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Appendix E

T (°C) 1700 Run A456
P (GPa) 1.5 Si 24.13
Starting composition Mer8(30) + 30% FeS Ti <dl
Duration (hrs) 00:30 Al 1.89
Silicate Phases (wt%) Gl (100) Fe 0.64
Mn 0.17
Mg 21.47
Ca 1.09
Na 0.61
: : K 0.10
i x S 9.01
| ,,‘ Cr <dl
> o* 44.35
L e Tot 103.53

Det Energy Date
1nA 4Q-BSE COMPO 20 keV 2024-06-27

344
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Appendix E

T (°C)
P (GPa)
Starting composition

Duration (hrs)

Silicate Phases (wt%)

4.97 kx 112 ym

4Q-BSE COMPO

1275
1.0

Mer_2(10) + 16.7 % FeS

01:15

Gl () Opx () Ol () Cpx()

Qtz ()

1512 mm

20 keV

20 pm

2024-07-16

346

Run
Si
Ti
Al

e

Tot

A461
31.01
<dl
8.69

0.43

<dl

2.64
4.35
3.91
0.46
0.54

48.19

100.22



Appendix E

A462

200 um
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Appendix E

T (°C)
P (GPa)

Starting composition

Duration (hrs)

Silicate Phases (wt%)

via FoV :
2.69 kx 208 ym

Det
4Q-BSE COMPO

1300
1.0

Mer_2(10) + 16.7% FeS

01:00

Gl () Opx () OI () Cpx()
Qtz ()

WD
15.12 mm
Energy

15 keV.

20 pm

Date
2024-07-16

348

Run
Si
Ti
Al

e

Tot

A462
30.17
<dl
8.82

0.38

<dl

3.55
4.98
3.71
0.40
0.54

48.11

100.66
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A466
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Appendix E

T(°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

234 kx 238

4Q-BSE COMPO

pm

1600
1.5

Mer8(30) + 30% FeS

00:50

Gl (99) Opx (1)

15.08 mm

15 keV

20 pm

2024-07-16

350

Run
Si
Ti

Tot

A466
24.66
<dl
1.90
0.54
0.14
21.07
1.12
0.62
0.10
8.61
<dl
44.66

103.45



Appendix E

A468
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Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

1.58 kx 353 um

4Q-BSE COMPO

1550
1.5

Mer8(30) + 30% FeS

00:55

Gl (77) Ol (16) Opx (6)

15.00 mm

15 keV

50 pm

2024-07-16

352

Run
Si
Ti

Tot

A468
25.97
<dl
2.51
0.53
<dl
19.27
1.24
1.07
0.15
6.86
<dl
45.76

103.43
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A469

200 pm

353



Appendix E

T (°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

IF, ..
P ‘(““,‘4‘. gt

15.00 mm

3.33 kx 168 pm

4Q-BSE COMPO 20 keV

1250

1.0

Mer_2(10) + 16.7% FeS
01:30
Gl () Opx () Cpx() Qtz ()

LIP3

ks

354

Run
Si
Ti

Tot

A469
30.14
0.20
9.13
0.45
<dl
2.83
4.89
3.70
0.41
0.39

47.94

100.08
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Appendix E

T(°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

2.28 kx 245 ym

4Q-BSE COMPO

1200

0.5
Mer_3(0)
01:00

Gl () Cpx () Qtz () PI()

1517 mm

15 keV

356

Run
Si
Ti
Al
Fe
Mn
Mg
Ca

Na

Cr
o*

Tot

A473

34.79

0.06

7.54

0.08

0.64

2.65

5.02

0.68

50.49

101.95



Appendix E

A475

200 pm
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Appendix E

T(°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

3.30 kx 169 ym

4Q-BSE COMPO

1175

0.5
Mer_3(0)
01:10

Gl () Cpx () Qtz () PI()

7N,
A AT

1517 mm

15 keV

358

Run
Si
Ti
Al
Fe
Mn
Mg
Ca

Na

Cr
o*

Tot

A475

36.07

0.09

6.75

0.08

0.58

212

5.04

0.73

51.04

102.51
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A477
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Appendix E

T (°C) 1250 Run A477
P (GPa) 0.5 Si 34.41
Starting composition Mer_3(0) Ti 0.07
Duration (hrs) 00:50 Al 7.43

Silicate Phases (wt%) Gl () Cpx () Qtz () PI () Fe

Mn 0.06

Mg 1.35

Ca 2.44

Na 4.66

K 0.59

S

Cr

o* 50.17
— e ——— Tot 101.19

4Q-BSE COMPO 15 keV

360
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A486

200 um
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Appendix E

T(°C)

P (GPa)

Starting composition
Duration (hrs)

Silicate Phases (wt%)

3.85 kx 145 ym

4Q-BSE COMPO 20 keV

1150

0.5
Mer_3(0)
03:50

Gl () Cpx() Qtz () PI ()

15.06 mm

362

Run
Si
Ti
Al
Fe
Mn
Mg
Ca

Na

Cr
o*

Tot

A486

35.98

0.05

6.92

0.06

0.42

2.27

5.21

0.75

51.09

102.75
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Appendix E

T (°C) 1125

P (GPa) 0.5
Starting composition Mer_3(0)
Duration (hrs) 04:00

Silicate Phases (wt%) Gl () Cpx() Qtz () PI ()

4.49 kx 124 ym 15.15mm

4Q-BSE COMPO 20 keV

364

Run
Si
Ti
Al
Fe
Mn
Mg
Ca

Na

Cr
o*

Tot

A487

36.47

0.12

6.56

0.07

0.40

1.90

5.17

0.83

51.22

102.75
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