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ABSTRACT

Hydrogen is the main constituent of stars, and thus dominates the protoplan-
etary disc from which planets are born. Many planets may at some point in their
growth have a high-pressure interface between refractory planetary materials and a
hydrogen-dominated atmosphere. However, little experimental data for these mate-
rials at the relevant pressure-temperature conditions exists. I have experimentally
explored the interactions between planetary materials and hydrogen at high P-T con-
ditions utilizing the pulsed laser-heated diamond-anvil cell.

First, I found that ferric/ferrous iron (as Fe;O3 hematite and (Mg,Fe)O ferroper-
iclase) are reduced to metal by hydrogen: Fe;O3 + 4Hy — 2FeO + H,O + 3Hy —
2FeH + 3H,0 and (Mg,_,Fe,) O+ 2zH, — zFeH + (1 — z) MgO + 2H,O respec-
tively. This reduction of iron by hydrogen is important because it produces iron metal
and water from iron oxide. This can partition H into the core (as FeH) or mantle (as
H,O/OH™) of a growing planet.

Next, I expanded my starting materials to silicates. I conducted experiments on
San Carlos Olivine at pressures of 5-42 GPa. In the presence hydrogen, I observed
the breakdown of molten magnesium silicate and the reduction of both iron and
silicon to metal, forming alloys of both Fe-H and Fe-Si: Mg,SiO4 + 2H; 4 3Fe —
2MgO + FeSi + 2FeH + 2H,0.

Similar experiments using natural fayalite (Fe;SiO4) as a starting material at
pressures of 5-21 GPa yielded similar results. Hydrogen reduced iron to metal as
it did in experiments with iron oxides. Unlike with San Carlos olivine, above 10
GPa silicon remained oxidized, implying the following reaction: Fe,SiO4 + 3Hy —
2FeH+2H,0 +SiO,. However, below 7 GPa, silicon reduces and alloys with iron. The
formation of Fe-Si alloys from silicates facilitated by hydrogen could have important

effects for core composition in growing planets. I also observed at low pressures (<10



GPa), quenched iron melt can trap more hydrogen than previously thought (H/Fe
nearly 2 instead of 1). This may have important effects for the chemical sequestration
of a hydrogen atmosphere at shallow depths in an early magma ocean.

All of the experimental work presented herein show that the composition, chem-
ical partitioning, and phase stability of the condensed portion of growing planets can

be modified via interaction with overlaying or ingassed volatile species.
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Chapter 1

INTRODUCTION

Since the earliest recorded human history, humans have gazed at the sky above won-
dering what exists beyond the Earth. By tracking the movements of “stars” ancient
astronomers discovered some bodies did not move with the rest of the sky. In 1543,
Copernicus proposed the heliocentric model of the solar system (Copernicus, 1543)
paving the road for the Scientific Revolution (Valdez, 2014) and more specifically,
planetary science. Over the coming centuries many discoveries were made revealing
that that far off planets in our solar system may not be so different from our home
world. Over the coming centuries extraterrestrial moons (Galilei, 1610), ice caps
(Miraldi, 1719), and water channels (Schiaparelli, 1878; Lowell, 1895) sparked the
imagination of generations as to what makes Earth habitable and where else in our
solar system and beyond life may exist.

To answer the question of what makes a planet habitable, scientists looked to
the one planet we know with absolute certainty is: Earth. While it is superficial
properties such as atmospheric composition and availability of liquid water that al-
low life to thrive, these properties are intrinsically linked to both the interior and
formation history (Lammer et al., 2009). The obvious challenge when studying the
structure, composition, dynamics, and material properties of the deep interior of
Earth or other planets is that we cannot go there. Therefore, scientists must use
other methods such as indirect measurement via seismic waves which travel through
the interior (Gilbert and Dziewonski, 1975; Dziewonski and Anderson, 1981), compu-
tational methods/simulations (McKenzie et al., 1974), or recreating the conditions of

planetary interiors in the lab where direct measurements are possible (Jamieson et al.,
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1959; Van Valkenburg, 1962; Jayaraman, 1983). Seismology can tell you the speed of
waves through the material and density of different structures within the planet. The
composition the interior can be inferred from a number of lines of evidence. Firstly,
volcanic eruptions (or other dynamic processes) bring to the surface mantle material
which we can directly study. Secondly, meteorites represent the primitive building
blocks of planets so one can infer the bulk composition of planets to be a combina-
tion of different types of meteorite (e.g. Ringwood, 1977). Lastly, mineral physics
experiments in a laboratory can explore the material properties of different planetary
materials and align those properties to the observed properties of the planet. This
last method is the tool I use to explore the interiors of planets.

Seismological observations have shown that the Earth has a layered structure
consisting of a metallic core, silicate mantle, and crust (as is also likely the case
for most rocky planets) (Oldham, 1906; Lehmann, 1936; Dziewonski and Anderson,
1981). Earth’s core is composed predominately of metallic iron alloyed with about 6%
nickel based on meteoritic abundances (Birch, 1952; Ringwood, 1977). However, the
density of Earth’s outer core exhibits a deficit (~10%) compared to pure iron (Birch,
1964; Jeanloz, 1979; Mao et al., 1990) which suggests additional light elements. Many
candidates have been explored over the years such as sulphur, oxygen, silicon, carbon,
and hydrogen (Brett, 1976; Poirier, 1994; Hirose et al., 2021). Hydrogen is the most
abundant element in the universe, the main constituent of gas giant planets, and
omnipresent in protoplanetary disks. However, after Kronig et al. (1946) suggested
hydrogen as a light element candidate for the Earth’s core, it was not favored as a
probable candidate for many years (Ringwood, 1966). The argument was that by
the time terrestrial planetary embryos had grown to significant size — tens of Myrs
(Lissauer, 1987) — the gas disk had dissipated (Lissauer, 1993; Haisch Jr et al.,

2001) preventing molecular H from being a major player in terrstrial planetary cores.



However, since high-pressure studies have demonstrated large hydrogen solubility
in iron at the elevated pressures more relevant to core formation (Badding et al.,
1991; Yagi and Hishinuma, 1995; Pépin et al., 2014; Umemoto and Hirose, 2015) and
studies have shown the highly siderophilic nature of hydrogen (Okuchi, 1997; Li et al.,
2020b; Tagawa et al., 2021), hydrogen has gained traction as a strong candidate to at
least partially explain the density deficit in Earth’s outer core (Hirose et al., 2021).
Additionally, in the new paradigm of “pebble accretion” (Lambrechts and Johansen,
2012), planets can grow much faster (and thus hotter) allowing for significant ingassing
of nebular H into magma oceans (Olson and Sharp, 2018).

Isotopic measurements of deep hydrogen reservoirs have shown a distinctly lighter
D/H signature than the roughly chondritic proportions of Earth’s surfacial oceans,
implying they were sequestered from the proto-solar nebula or a hydrogen-rich pri-
mary atmosphere (Genda and ITkoma, 2008; Hallis et al., 2015; Wu et al., 2018). Other
studies have found evidence for the capture of nebular gas in noble gas isotopes (e.g.
Williams and Mukhopadhyay, 2019). Experimental studies at lower pressures have
found high solubility of hydrogen in silicate melts as Hy and HoO (Hirschmann et al.,
2012). Theoretical studies have also found that magma oceans on young terrestrial
planets could ingas large amounts of hydrogen via dissolution (Olson and Sharp,
2018). In the event where large amounts of hydrogen are ingassed into a rapidly con-
vecting magma ocean of a young planet undergoing differentiation, it is important to
understand the impact that hydrogen could have on the evolution of the young planet.
Of particular importance is the relationship between Hy and HyO and stability of the
relevant minerals in the presence of said volatiles.

These relations are not only important on Earth, but also on other planets. Since
the development of (mostly) reliable rockets, humans have sent scientific missions to

all 8 planets in our solar system (as well as Pluto, comets, and asteroids!). The



terrestrial planets in our solar system are thought to have formed simultaneously via
the same process (Morbidelli et al., 2012), and thus relations explored in this work
may apply to their formation, evolution, and structure in a similar manner to the
ways discussed above for Earth. Beyond the terrestrial planets in the outer solar
system lay the ice and gas giants.

With the discovery of the first exoplanet (planet orbiting a star other than our
Sun) in 1992 (Wolszczan and Frail, 1992), a new era of planetary science began.
Whereas for planets in our solar system, we can directly measure properties such
as density structure (via gravitational moments and seismology), composition (via
remote spectroscopy and sample collection), and other measurements made possi-
ble by being able to physically go to (or near) the planet, no such measurements
are possible for exoplanets many light-years away. The only properties we can mea-
sure are mass (via the radial-velocity/Doppler spectroscopy method), radius (via the
transit method), and sometimes rough atmospheric composition and/or elemental
abundances of the host star. In the three decades since the discovery of the first
exoplanet, we have found over 5,000 more (NASA Exoplanet Archive, 2019). This

has allowed planetary scientists to answer new questions such as the following:
1. How typical or special is our planetary system?
2. How common is it for stars to have planets at all?
3. How common are “Earth-like” Planets?
4. What other types of planets exist in our galactic neighborhood?

The last point is of particular importance because we have discovered a huge variety
in the types of planets, many of which have no direct analogues in our solar system.

Planets are typically made of some combination of a metal core, overlain by a rocky



mantle, overlain by solid/liquid volatiles, overlain by a gaseous atmosphere. In our
solar system, we have terrestrial planets (like Earth), gas giants (like Saturn and
Jupiter), and ice giants (like Uranus and Neptune). Each type of planet has different
relative amounts of each layer. Terrestrial planets are dominated by rock and metal
and range in size from~0.055-1 +Mgy. Gas giants are dominated by H and ice giants
by other H-bearing volatile species (i.e. HyO, CH4, NHjs...etc). Beyond our solar
system, the distribution of planets defies such simple classification.

We cannot simply measure the composition of exoplanets because we cannot go
there. However, we can use density as a proxy for composition. Different minerals
have different densities, and thus we can make models about the composition of a
planet from its bulk density. Figure1l.1 shows the density (or mass and radius, the
ratio of which is density) of exoplanets compared to what their density would be
if they were made entirely of metal (Fe), rock (MgSiOs), or water (HyO). As you
may notice, many large planets are much less dense than any of the plotted density
curves; these are gas giants like Jupiter or Saturn. More importantly, one should
note the large number of planets for which there are no analogues. The two most
common types of exoplanets we have observed are super-Earths—planets with a radius
of ~1.5-2 time that of Earth, thought to be compositionally and structurally similar
to Earth—and sub-Neptunes—planets with a radius of 2.7-3 times that of the Earth
thought to have rock/metal cores overlain by a thick H-dominated atmosphere. To
understand the formation and structure of these planets, planetary scientists must
turn to computer models. In order to accurately model the formation and evolution of
planets, models need experimental data on the chemical partitioning, phase relations,
and equations of state of various planet forming materials.

Given the fact that all planets are born in a H-rich disk, and many retain a H-rich

atmosphere/envelope, it is clear the interactions between H and other planetary ma-
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Figure 1.1: Mass - radius distribution of confirmed exoplanets compared to the
density of various planet-forming materials.

terials is important for the modeling of planetary processes. Despite its importance,
the role of hydrogen (as opposed to H,O or OH™) in planetary formation processes
is largely understudied in experiments due to difficulties working with hydrogen at
high-pressure (Section 2.3; Deemyad et al., 2005). In this work, I aim to address this
problem.

The following are key questions I hope to address through this work:

e How does H affect the stability of major rocky mineral phases at the high P-T

conditions of the deep interior?

e How does H affect the elemental partitioning/phase relations in a planet under-

going differentiation?



e What reactions drive the exchange of H and O at the high pressure interface
between a H envelope and rocky magma ocean in sub-Neptunes or other growing

planets with a magma ocean overlain by a H-dominated atmosphere?

e In what high-pressure phases can H be sequestered and stabilized in the interiors

of planets?



Chapter 2

METHODOLOGY

2.1 Phase Identification

2.1.1 Synchrotron X-RAY DIFFRACTION

Figure 2.1: Schematic diagram showing the Bragg condition for constructive inter-
ference in a crystal lattice with plane spacing d (Hydrargyrum, 2011).

X-ray diffraction (XRD) is the primary technique I use to identify crystalline
phases at high-pressure. This is achieved, because as the synchrotron X-ray beams
pass through the sample they are scattered by the atoms in the sample. This scat-
tering is spherical in nature and on its own would not carry information about the

structure in which the atom that scattered it resides. However, due to the repeating
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nature of crystalline structures, the sum of the scattered spherical waves of light cause
constructive and destructive interference. The scattering angles at which construc-
tive interference is achieved can be related to the spacing between planes of atoms in
the crystal by a simple mathematical relation called Bragg’s Law (Bragg and Bragg,
1913):

2dsinf = nA (2.1)

where d is the spacing between crystalligraphic planes, 6 is the diffraction angle
relative to the lattice plane, n is an integer (1, 2, 3...), and \ is the wavelength of the
incident X-ray. In my experiments, A is known and 6 is measured, meaning I can use
this technique to determine the d-spacing. If one knows the spacing between enough
planes in a crystal, then one can know the crystal symmetry and unit cell volume.
This can be compared to the volumes and symmetry of known materials for phase

identification.
2.1.2  Spectroscopic Techniques

While XRD is a powerful tool for the determination and refinement of crystal
structures, it is not the only tool in the materials characterization tool belt. The
electromagnetic radiation in XRD is monochromatic and scattered elastically, a tech-
nique that only gives you information about the positions of atoms (and the volume
of said atoms). It does not give information about what element those atoms are or
how they are bonded. It also does not detect amorphous or trace elements. These
shortcomings can be addressed with complementary spectroscopic techniques.

One technique which I have used extensively throughout this work is Raman
Spectroscopy. With Raman spectroscopy, an incident light source (in my case a green
532 nm laser) illuminates the sample. This monochromatic light (photons) interacts

with bonded molecular vibrations (phonons), causing them to be scattered inelasti-
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Figure 2.2: Visualization of the phonon energy transitions in Raman Spectroscopy
(Moxfyre, 2009). The incident electromagnetic radiation that drives these transitions
gain or lose energy equal to the difference in the energy states of the phonons resulting
in a wavelength shift.

cally (with a different energy than they started with, as shown in figure 2.2). These
energy shifts can be measured with a spectrometer and are diagnostic of different types
of bonding vibrational modes. In this work I primarily used Raman spectroscopy to
detect vibrational modes of Hy and OH. These are important volatile species and
can be present both as their own phase in the sample medium and bound in the
crystalline structure of other phases but may not be seen in XRD due to small X-
ray cross-sections, low concentrations, or peak overlap with more strongly scattering

materials like Fe metal.

Another spectroscopy technique that complements the abilities of both Raman
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Figure 2.3: Schematic showing the operating principle of EDS (Muso, 2007). Ex-
ternal stimulation (an electron beam) kicks out an electron, and as higher-energy
electrons fall to lower energies to replace it, they emit photons of a charictaristic
wavelength (Ka, K3, La...).

spectroscopy and XRD is X-ray spectroscopy (EDS - energy dispersive spectroscopy).
I have used EDS on recovered samples to map the distribution of elements in the sam-
ple. This is useful because unlike the previously mentioned methods that measure
structural properties (crystal structure, bonding vibrations...), EDS measures actual
chemical composition directly. It does this by bombarding the sample with electrons
which knocks core electrons in the atoms out. As electrons transition from higher-
energy orbits to lower-energy ones, they release photons (Fig. 2.3). These photons are

diagnostic of various elements and allow chemical mapping of the distribution of ele-

ments in the recovered sample (e.g., Fig. 2.8). One drawback of this technique is that
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it cannot be performed in-situ. Whilst Raman and XRD both rely on illumination of
the sample with electromagnetic radiation (which the diamonds are transparent to,
thus allowing characterization while under pressure in the diamond-anvil cell), EDS

requires bombardment with an electron beam (which cannot penetrate the diamonds).
2.2 LASER-HEATED DIAMOND-ANVIL CELL (LHDAC)

The laser-heated diamond-anvil cell (or LHDAC/DAC) is the main tool I use
to generate the high pressure-temperature (P-7) conditions relevant to planetary
interiors. Pressure is defined as force per unit area. In order to achieve higher
pressures you either need higher force or smaller area. The basic principle behind the
DAC is to make as small an area as possible and then maximize the force across that
area. This is done using diamonds because they are the strongest material humans
have access to. It is a fairly simple device with two halves: a piston and a cylinder,
each with a centered diamond (Fig. 2.4. These two halves are brought together so the
tips of the diamonds come together with a sample between. These are then squeezed
together using screws and can generate pressure beyond that at the core of the Earth.

Because diamonds are optically transparent, X-rays (for XRD) and near-IR lasers
(for laser heating) can be co-axially aligned and shone onto the sample material
through the diamonds, enabling XRD measurements of materials at simultaneous
high pressure and high temperature. This is important because it allows the study of

materials at the same P-T conditions they experience deep in planetary interiors.
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Figure 2.4: Annotated image of a DAC showing its components and assembly
Source: Lavina and Burnley, UNLV
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Figure 2.5: Diagram showing the basic setup of a synchrotron XRD experiment in
the LHDAC. Image Credit: Sang-Heon Dan Shim, ASU.

2.3 Challenges and Techniques Working with Hydrogen in the LHDAC
2.3.1 Loading Pure Hydrogen in the Diamond Anvil Cell

Throughout this section, one recurring theme will appear: Hydrogen is difficult
to work with because it is extremely reactive and extremely mobile. When loading
hydrogen in a diamond-anvil cell these core problems crop up in a number of ways.
First and foremost, hydrogen is difficult to contain and capture. In order to capture
enough hydrogen to hydrostatically balance the inward pressure from the compressed
rhenium gasket at high-pressure, hydrogen must be loaded into the cell at a pressure
exceeding 1000 bar. To safely contain hydrogen at such pressures during loading (be-
yond the experimental challenges associated with H, it can also be explosive when
mixed with atmospheric oxygen), I utilized a Sanchez GLS 1500 (Fig. 2.6). This

device works by filling an enclosed chamber (the “bomb”) with pressurized hydrogen
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(~110-150 bar), and then decreasing the volume of the enclosed chamber until the
pressure reaches the loading pressure of 1000-1500 bar. Once at the loading pressure,
an external motor is engaged mechanically, closing the cell via its standard screw
tightening (Fig. 2.4). The fact that not only the sample, but the whole DAC is
exposed to up to 1500 bar of H also poses additional challenges. The clay typically
used to mount the gasket on the anvils reacts with H and can contaminate the sam-
ple loading. To combat this, I use a different kind of clay (wall mounting putty).
Additionally, the stainless steel the DAC itself is made of can interact with the H
gas. At ambient pressure, H can penetrate the structure of steel altering its material
properties (Marchi and Somerday, 2007). In our case, the tight precise fit between the
piston and cylinder of the diamond-anvil cell can be disrupted by the H infiltration,
preventing the cell from closing under H pressure in the gas loading system. To com-
bat this, I used only very loosely fitting cells, however the looseness of the fit also has
the trade-off of lower mechanical stability under stress when conducting experiments,

which can sometimes lead to alignment issues.
2.3.2 Laser-Heating Experiments

Once the sample has been loaded, the challenges of working with hydrogen do
not end. Its extreme mobility and reactivity are exacerbated at the high temperatures
associated with laser heating in the diamond-anvil cell. When heated, the H-medium
melts (at the P-T conditions explored in my experiments, see Figs. 3.1, 4.1, and
5.1). This hot dense fluid hydrogen readily diffuses into the diamond anvils, causing
embrittlement and eventually failure (Fig. 2.7).

To mitigate this issue, instead of traditional continuous wave (CW) heating, I
utilized the pulsed laser-heating system at beamline 13-IDD (Deemyad et al., 2005;

Goncharov et al., 2010). While with pulsed heating the medium still melts and H
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Figure 2.6: Sanchez GLS 1500 system I utilized for loading pure Hy gas in diamond
anvil cells. Tmage from corelab/sanchez technologies.
still diffuses into the anvils, which can sometimes still lead to anvil failure, the short
timescale of each heating pulse mitigates the effect allowing me to successfully perform
experiments exploring the interactions between planetary materials and pure H at
high P-T conditions. Although limiting the total heating time may present kinetic
issues in some chemical systems whereby not enough time is spent at high-temperature
for a chemical reaction to reach equilibrium, H is so reactive that this is not a major
issue in my research. In some cases chemical reactions fully complete in as little as
one heating event (such “fast” reactions will be presented in later chapters).

In addition to diffusion into the diamond anvils, H also has a propensity to diffuse
into the rhenium gaskets, again leading to embrittlement and failure. To mitigate this,
I coat my gaskets in ~800 nm of gold prior to sample loading (Pépin et al., 2014). The

gold layer is (relatively) inert in the presence of hydrogen (although gold hydride is
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Figure 2.7: Two examples of failing anvils from experiments in chapter 3. On the
left a planar fracture parallel to the optical axis can be seen splitting the anvil in
half. On the right another planar fracture can be seen at an angle to the optical
axis creating a dark shaded region were light internally reflects from the sample away
from the camera along the fracture plane. In both cases high P-T data collection was
successful but the diamonds failed and the sample was lost prior to decompression
and sample recovery.

still possible (Wang and Andrews, 2003)) and thus inhibits the diffusion of H into the
gasket allowing the rhenium to maintain its structural integrity under high-pressure.

Beyond the problems of mechanical failure cause by H infiltration into the anvils
and gasket, H can cause additional issues with laser heating. San Carlos Olivine
contains ~10 mol % Fe in its octahedral site. This should be adequate to couple
efficiently with the near-IR laser for high-T heating. However, in a sample of San
Carlos Olivine loaded with hydrogen this was not the case. When heating was at-
tempted, no stable heating could be achieved. There was no thermal response from
the sample until very high laser power under which the sample suddenly coupled
very intensely, resulting in a very high heating temperature and the sample in the
heating spot melting and convecting away, leaving only a silica-rich amorphous solid

(Fig. 2.8 E) in the heating center and an MgO rich rim (Fig. 2.8 D) after temper-
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ature quenching. This behavior seems to imply that even at 300 K, H infiltrates the
structure of olivine and changes its optical properties. This hypothesis is supported
by the fact that I loaded another DAC with powder from the same olivine sample,
after subjecting it to the same laser conditions, found that it coupled very stably and
exhibited normal heating behavior with temperature proportionally increasing with
increasing laser power (as was not the case when loaded with a H-medium). It is also
supported by the fact that throughout this study, pre-heating diffraction patterns
of the samples loaded with hydrogen exhibit broad weak diffraction peaks, implying

structural modification/weakening by hydrogen.
2.3.3 Sample Recovery

It is extremely useful to be able to recover samples from the DAC after decom-
pression to 1bar for further analysis, such as imaging in electron microscopy or EDS
chemical mapping. However, two factors make this difficult when working with H.
The first and most obvious is failure of the diamonds or gasket material. The dia-
monds and gasket contain the sample and when they fail, the sample is lost. The
second factor is that samples that have undergone heating in the presence of hydrogen
tend to have a very crumbly texture (Fig. 2.8 F and 2.9), possibly due to hydrogen
infiltration at high pressure and subsequent loss upon decompression.

I have managed to overcome these problems in some cases with a combination of
luck and technique. In cases where the sample crumbles, I have managed to capture
the sample material in pressed indium. I achieve this by placing a small amount of
indium over the sample, then closing the DAC and gently pressing. The indium is
malleable and flows around the sample capturing it and allowing it to be lifted out on
the pressed indium foil. Indium is used for its combination of malleability and Raman-

inactivity. In some samples with higher structural integrity, I have also managed to
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Figure 2.8: EPMA (SEM) image of San Carlos Olivine after attempted 1aser heatlng
as described at the end of section 2.3.2 along with EDS maps of the elements present
in the starting material. Note that Mg and Si are anti-correlated with silica exist-
ing in the amorphous (as detected by XRD) center region which underwent higher
temperature heating. Also note the texture of the recovered sample which will be
discussed in section 2.3.3.

recover the sample from the cell by opening the cell to release the pressure medium,
then closing and re-compressing. The compression with no medium to hydrostatically
oppose the rhenium gasket causes the gasket to collapse around the sample, trapping

it so it can be lifted out.
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Figure 2.9: SEM sample of a recovered fayalite sample (chapter 5). Note the crumbly
nature of the sample, especially around the three heated spots (at 1:00, 4:00, and
10:00). This sample crumbling after reaction with hydrogen has proved detrimental
to sample recovery efforts.
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Chapter 3

REACTION BETWEEN HYDROGEN AND FERROUS/FERRIC OXIDES AT
HIGH PRESSURES AND HIGH TEMPERATURES — IMPLICATIONS FOR
SUB-NEPTUNES AND SUPER-EARTHS

3.1 Abstract

Sub-Neptune exoplanets may have thick hydrogen envelopes and therefore de-
velop high-pressure interfaces between hydrogen and the underlying silicates/metals.
Some sub-Neptunes may convert to super-Earths via massive gas loss. If hydro-
gen chemically reacts with oxides and metals at high pressures and temperatures
(P-T'), it could have impact for the structure and composition of the cores and at-
mospheres of sub-Neptunes and super-Earths. While Hy gas is a strong reducing
agent at low pressures, the behavior of hydrogen is unknown at the P-T expected
for the sub-Neptunes’ interiors where hydrogen is a dense supercritical fluid. Here I
report experimental results of reactions between ferrous/ferric oxides and hydrogen
at 20-40 GPa and 1000-4000 K utilizing the pulsed laser-heated diamond-anvil cell
combined with synchrotron X-ray diffraction. Under these conditions, hydrogen spon-
taneously strips iron off the oxides, forming Fe-H alloys and releasing oxygen to the
hydrogen medium. In a planetary context where this reaction may occur, the Fe-H
alloy may sink to the metallic part of the core, while released oxygen may stabilize
as water in the silicate layer, providing a mechanism to ingas hydrogen to the deep
interiors of sub-Neptunes. Water produced from the redox reaction can also parti-
tion to the atmosphere of sub-Neptunes. Therefore, water could be common among

sub-Neptunes with thick hydrogen atmosphere over a rocky/metallic core, which has
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important implications for understanding the composition of their atmospheres. In
addition, super-Earths converted from sub-Neptunes may contain a large amount of
hydrogen and water in their interiors, distinct from smaller rocky planets which were

formed dry.
3.2 Introduction

A large number of exoplanets have been discovered at sizes between Earth and
Neptune (3.8 Earth radii, Rg) from the Kepler mission (Bean et al., 2021). De-
mographics of these close-in orbiting exoplanets show some important features. For
example, much smaller number of planets have been found at 1.5-2.0Rg, which is
called “radius gap” (Fulton et al., 2017; Fulton and Petigura, 2018). The gap appears
to divide the exoplanets into low-density, larger-sized planets with thick atmospheres,
called sub-Neptunes, and higher-density, smaller-sized planets with thin atmospheres,
called super-Earths. The dataset also reveals that the planets of 2.7-3Rg size are 4-
10x more abundant than planets just 20% larger, a phenomenon known colloquially
as the “radius cliff” (Fulton and Petigura, 2018; Kite et al., 2019).

These features in demographics are likely linked to the formation and evolution
of these planets (Bean et al., 2021). In particular, sub-Neptune type planets, with
rocky /metallic cores and H-rich atmospheres, do not exist in our solar system and
therefore explaining their formation and evolution is an important challenge in plan-
etary science (note that “core” in this paper refers to a dense heavy element layer
with silicates/oxides and metals following the sub-Neptune literature rather than the
metallic core at the center of rocky planets generally discussed in the rocky planet
literature). As planets grow appreciably larger than Earth, their increased mass al-
lows them to more efficiently accrete and retain nebular gas (Pollack et al., 1996).

However, the noticeably smaller population of planets greater than 3 Rgy (radius cliff)
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requires some other processes to explain the observation. Studies have shown that
sub-Neptunes at 2<Rg<3 have likely interiors with the silicate/metal core overlain
by thick hydrogen-dominated envelope (e.g. Rogers et al., 2011). Based on extrapo-
lation of low-pressure experimental data (Hirschmann et al., 2012), Kite et al. (2019)
suggests that the radius cliff is due to the increasing solubility of Hy from the H
envelope into the magma ocean (molten core) at pressures greater than a few GPa’s
of pressure which is achieved at the atmosphere-core interface of sub-Neptunes that
reach 3Rgy while undergoing runaway accretion of nebular gas. Such ingassing could
prevent further growth of H atmosphere and therefore increase in radius of the planets,
possibly explaining the lower abundance of planets with > 3Rgy.

It is important to consider that hydrogen is a strong reducing agent. At 1 bar
and 1000 K, FeO can be reduced to Fe metal by gaseous hydrogen and the reaction
produces HoO (Sabat et al., 2014):

FeO (oxide) 4+ Hy (gas) — Fe (metal) + HyO (vapor). (3.1)

Gibbs free energy for this reaction is 12.328 kJ/mol Oy and therefore the reaction is
endothermic. The kinetic effects for the reaction reduce with an increase in temper-
ature and become very small when FeO is molten at 1 bar (Chipman and Marshall,
1940; Hayashi and Iguchi, 1994).

If reaction 3.1 continues to occur at higher pressures, it may play an important
role for the structure and evolution of sub-Neptunes. For example, the reaction could
enable chemical exchange between the core and the atmosphere of sub-Neptunes. In
addition, water can be produced and partition into atmosphere and core. Despite the
importance, to our knowledge, there is no experimental data examining the possibility
of reaction 3.1 at the P-T conditions estimated for the interface between a hydrogen-

rich atmosphere and magma ocean (or the solid silicate/metal core) of sub-Neptunes
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and the upper part of magma oceans where hydrogen physically is mixed with silicate.
Under those conditions, hydrogen is a dense molecular fluid, not a gas (Trachenko
et al., 2014) and H,O is a dense molecular ionic fluid, not a vapor (Prakapenka et al.,
2021), which can affect the energetics of reaction 3.1. For example, the reaction
becomes strongly exothermic if H is an atomic gas instead of molecular gas at 1 bar
and 1000 K (Sabat et al., 2014). It is also of interest if similar reduction can occur
for Mg?*, main cation of planetary silicates/oxides, by hydrogen. Gibb’s free energy
of MgO + Hy — Mg + H50 reaction decreases dramatically from 284.092 kJ/mol Oy
(endothermic) to —15.632 kJ/mol Oy (exothermic) at 1 bar and 1000 K if atomic
hydrogen (2H vs. Hs) is considered instead of molecular hydrogen (Sabat et al.,
2014). However, there are no experimental results examining such chemical reactions
at high P-T.

The main reason for lack of such data is the difficulties working with hydrogen at
high pressure (Deemyad et al., 2005). Being the smallest atom, hydrogen can diffuse
into diamond anvils and make them extremely brittle, resulting in anvil damage
or break. The problem becomes even more severe with laser heating. Technical
advancements such as pulsed laser heating (Deemyad et al., 2005; Goncharov et al.,
2010) and inert gasket coatings (Pépin et al., 2014) enable us to perform experiments
at elevated P-T conditions. In this work, I experimentally explore the possibility of
iron-bearing oxides interacting with hydrogen at the P-T" conditions expected for the
hydrogen-oxide /metal interface in sub-Neptunes. I also discuss implications of this

interaction on sub-Neptunes.
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Table 3.1: Experimental runs performed in this study. H.E.: # of heating events (10°
laser pulses at 10 kHz; for more information see section 3.3.2). S.M.: starting material.
Temperature, T, is given as the average T recorded from 20 measurements (10 each
up and down stream) over 1 H.E. and the uncertainty is the standard deviation of
those 20 measured temperatures. I estimate 10% uncertainty for the pressure values
presented here (see related discussions in the method section). fcc: face-centered
cubic. dhcp: double hexagonal close packed.

1

below detection threshold of the spectroradiometry

Run # S.M. P (GPa) T (K) H.E. Result

Hem-1 Fes O3 26 34004200 2 FeO + fcc FeH,

Hem-2 Fe, O3 26 16004300 6 fcc FeH,

Hem-3 Fey,O5 38 200041000 3 FeO + fcc FeH,

Hem-4 Fe, O3 38 1850250 5 fcc FeH,

Mg50-1  (MggsFeos)O 23 3200+£400 4 (fcc+dhep) FeH, + Mg(OH),; + MgO
Mg50-2  (MggsFeqs)O 23 24504250 4 (fecc+dhep) FeH, + Mg(OH)s + MgO
Mg50-3 (MgosFeos)O 22 25504500 2 (fec+dhep) FeH, + MgO

Mg50-4  (MggsFeqs)O 23 26004200 2 dhep FeH, + MgO

Mg90-1 (MggoFep1)O 30 3000350 2 fcc FeH, + MgO + Mg(OH),

Mg9d0-2 (MgogFeo)O 30 30004800 2 (MgyoFep)O

Mg90-3  (MgogFeq.1)O 31 <1000 1 Mg(OH), + fcc FeH, + MgO

MgO-1 MgO + Fe 27 2900150 2 MgO + (fcetdhep) FeH,

MgO-2  MgO + Fe 40 2700100 2 MgO + (fec+dhep) FeH,

MgO-3  MgO + Fe 40 2800£100 1 MgO + (fcctdhep) FeH,

MgO-4  MgO + Fe 40 2500+£100 1 MgO + (fcctdhep) FeH,

MgO-5  MgO + Fe 40 2950+100 1 MgO + (fec+dhep) FeH,

MgO-6  MgO + Fe 40 31004100 1 MgO + (fec+dhep) FeH,

3.3 Materials and Methods
3.3.1 DMaterials

Fe;O3 and MgO were 99.9% and 99.95% pure, respectively, synthetic powders

from Alfa Aesar. Fe metal was a 99.9% pure powder from Aldrich. (MggsFeqs5)O
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was synthesized at ambient pressure by wet chemistry producing a mixed (Mg,Fe)
oxalate, then decomposed at 1100 K under an fo, = 1077 atmosphere for 10 hours.
(MggoFeg1)O was prepared by reaction of FeoO3 with MgO and Fe in an Fe crucible at
1300 K for 10 hours in an evacuated silica tube. The powder was cold-pressed into foils
with approximately 10 um of thickness. All the samples were loaded without mixing
with metallic Fe except for the MgO runs because MgO does not directly couple with
near IR lasers. The foils were loaded into a 125 um hole drilled in a rhenium gasket
which had been indented by diamond anvils with 200 ym diameter culets, then coated
with ~800 A of gold to hinder hydrogen diffusion into the gasket material. Small
grains of ruby and gold were loaded at the edge of the sample chamber away from the
sample foil for pressure calibration during gas loading and synchrotron experiments,
respectively. The cells were then placed in a Sanchez GLS 1500 gas loading system
and loaded with pure Hy gas at a pressure of 1000-1500bar. The samples were
compressed to pressures between 20 and 40 GPa at 300 K before synchrotron laser-

heating experiments.
3.3.2 Synchrotron Experiments

Synchrotron X-ray diffraction (XRD) images were collected at high P-T' in
double-sided laser-heated diamond-anvil cell (LHDAC) at the 13-IDD beamline of
the GeoSoilEnviroConsortium for Advanced Radiation Sources (GSECARS) sector
at the Advanced Photon Source (APS). Monochromatic X-ray beams of wavelength
0.4133 A or 0.3344 A were focused on the sample in LHDAC. Near-infrared laser
beams were coaxially aligned and focused with the X-ray beams for in-situ laser
heating. To reduce the amount of hydrogen diffusion into the anvils and the gasket
material, I utilized the pulsed laser heating system at the GSECARS 13ID-D beam-

line at the APS (Deemyad et al., 2005; Goncharov et al., 2010). “Heating events”
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consisted of 10° pulses at 10kHz. This gives a time of 10s for each heating event,
but the pulse width of 1 us gives an integrated laser exposure time of 0.1s. The laser
heating spot size is approximately a 25 pm-diameter circle and the X-ray spot size is
3x4 pm. The heating events were synchronized with gated synchrotron X-ray beams
such that diffraction measurements can take place only when the sample reaches the
highest temperature during heating. Multiple heating events were conducted to accu-
mulate enough diffraction peak intensities from the sample during high temperature
heating. The X-ray beam was co-axially aligned with the laser beams in order to
obtain diffraction patterns at the center of the hot spot. The sufficiently smaller X-
ray beam-size also reduces the impact from radial thermal gradients in the hot spot.
Previous studies have shown that the laser heating system provides a flat top laser
beam intensity profile which is useful to further reduce thermal gradients in the hot
spot (Prakapenka et al., 2008).

Temperatures were estimated by fitting thermal spectra from both sides to the
gray-body equation (Prakapenka et al., 2008). 2-D diffraction images, collected from
a Dectris Pilatus 1M CdTe detector, were integrated into 1-D diffraction patterns
using DIOPTAS (Prescher and Prakapenka, 2015). Using the CeO, and LaBg stan-
dards, I determined the sample to detector distance and corrected for tilt of the
detector. Pseudo-Voigt profile functions were fitted to the diffraction peaks to de-
termine the unit-cell parameters in PeakPo (Shim, 2019). The unit-cell parameter
fitting was conducted based on the statistical approaches presented in Holland and
Redfern (1997) in PeakPo. During synchrotron experiments, pressure was calculated
by combining the measured unit-cell volume of gold with its equation of state (Ye
et al., 2017) using Pytheos (Shim, 2018). Pressure calibrants were placed at the edge
of the sample chamber to avoid reactions/alloying with the sample material at high

temperature, and thus pressure could not be measured during heating. Laser heating

27



MgO Melting —— H Melting
5000 - Fp72 ligiudus * Hem-(1-4)
Fp72 solidus ® Mg50-(1-4)
FeO Melting m  Mg90-(1-3)
—— FeH Melting A MgO-(1-6)
Q 4000 A -
L *
2 . R
@ 3000 A n A
o | == A
o e @77
c %o A
)]
2000 - —//:;’_’_
1000 A | typical error

20 25 30 3I5 40 45
Pressure (GPa)

Figure 3.1: Pressure-temperature (P-T") conditions of the LHDAC experiments in
this study (data points) shown with the melting curves of relevant materials: MgO:
Kimura et al. (2017); (Mgo.72Fep28)O: Fu et al. (2018); FeO: Boehler (1992); FeH,:
Sakamaki et al. (2009a); H: Gregoryanz et al. (2003). No experiment in this study
exceeded the melting temperature of MgO, while most were near or above the melting
temperature of FeO and FeH,. All experiments were conducted above the melting
temperature of hydrogen.

in a diamond-anvil cell can result in a pressure increase during heating (i.e., thermal
pressure). Previous calculations have shown that thermal pressure of a liquid medium
(Ar) at temperatures of 1000-4000 K is approximately 0.5-2.5 GPa (Dewaele et al.,
1998). However, the pressure change is difficult to predict because it is sensitive to the
properties of medium used (Goncharov et al., 2007). The experiments presented here

were conducted in a hydrogen medium which is more compressible than Ar. Further-

more, the hydrogen medium around the heating spot should be fluid during heating
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as the temperatures were well above the expected melting of hydrogen (Fig. 3.1).
Therefore, thermal pressure may not have been severe in our case. However, I assign
a conservative estimate of 10% for the pressure uncertainty to reflect the fact that I

did not measure pressure during laser heating.
3.4 Results
3.4.1 Feg 03

At 38 GPa, after a single heating event at 1500 K, all Fe;O3 peaks disappeared
and Fe,Oj transformed into FeH, and FeO through reaction with H (Fig. 3.2a,b).
FeH, was in the face-centered cubic structure (fcc) as expected for these P-T condi-
tions (Pépin et al., 2014), which can be distinguished from fcc Fe by its significantly
expanded unit-cell volume of 47.00 A3 at high-pressure and 300 K after heating, in
line with the expected unit-cell volume for stoichiometric (x=1) fcc FeH, (Narygina
et al., 2011b), compared to the expected unit-cell volume of pure (hydrogen free)
fce Fe, 40.59 A® (Fig. 3.3) (Boehler et al., 1990). Upon further heating (4 more heat-
ing events) between 1600 and 2000 K, it transformed completely to fcc FeH,, making
it the sole phase remaining. All heating events occurred above the melting tempera-
ture of Hy (Gregoryanz et al., 2003), below the melting temperature of FeO (Boehler,
1992), and near the liquidus of FeH, (Sakamaki et al., 2009b) (Fig. 3.1).

At 26 GPa, after a single heating event at 1300 K, Fe,O3 transformed into FeH,
and FeO through reaction with H, consistent with the experiment at 38 GPa. As in
the higher pressure experiments, the unit cell expansion of the iron metal phase is
consistent with stoichiometric fcc FeH (Narygina et al., 2011b). Upon further heat-
ing (5 more heating events) between 1300 and 1600 K, it transformed completely to

fcc FeH,, making it the sole phase remaining. This observation is also consistent
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Figure 3.2: X-ray diffraction patterns from run Hem-4 (Table 3.1) taken at 38 GPa
before heating (a), during heating (~1850 K) (b), and after heating (c). The upper
high-T" pattern in (b) is during the first heating event, and the lower is during the
final heating event. The vertical tick marks below each integrated diffraction pat-
tern represent the diffraction peak positions of the various observed mineral phases.
Initially both FeO and FeH, were formed but after 4 heating events only FeH, was
observed in diffraction patterns.

with the higher pressure results. All heating events in this run (Hem-2) were con-

ducted above the melting temperature of H but below the melting temperature of
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Figure 3.3: Comparison of the unit-cell volumes per Fe atom (V/Z) of Fe and Fe-H
phases observed in our experiments and the volume previously reported. Both the fcc
and dhcp FeH,, phases observed in this study (red and green circles respectively) show
V/Z consistent with 1:1 stoichiometric FeH. Equations of state for hep Fe, fec FeH,
dhep FeH, and FeH, are from Dewaele et al. (2006), Narygina et al. (2011b), Pépin
et al. (2014), and Pépin et al. (2014), respectively.

FeO (Fig. 3.1). While FeO persisted, it maintained its cubic structure at high tem-
peratures, but converted to the distorted rhombohedral structure (Yagi et al., 1985;
Fei and Mao, 1994; Ono et al., 2007) upon temperature quench to 300 K. However,
experiment Hem-1 was conducted above the melting temperature of all materials in-
volved and yielded the same results (although complete transformation of FeO to FeH
was not achieved because heating was stopped after 2 events due to instability during
heating in order to preserve the integrity of the sample and diamond anvils).

The XRD observations can be explained by the following chemical reaction:
F6203 +4H, — 2FeO + HQO + 3Hy — 2FeH + SHQO (32)

I have direct observation of diffraction peaks from Fe,O3, FeO, and FeH,. The

existence of HyO is inferred from stoichiometry because it is not seen in the X-ray

31



diffraction patterns. This is likely due to the small X-ray scattering cross-section of
water compared to iron-hydrogen alloy. I also found that the main diffraction peak
of HyO ice-VII 011 exists at nearly the same d-spacing as the fcc FeH, 111 reflection,
as well as the FeO 200 reflection at this pressure. The diamond anvils failed during
the experiments and therefore I could not decompress the sample for further X-ray

diffraction measurements.
3.4.2 (Mgl_xFex)O

(Mg0_5Fe0_5)O

At 23 GPa, after laser heating at 2500-3200 K, XRD patterns showed diffraction
peaks from FeH, (Fig. 3.4(b)). The observation suggests that H reduces Fe** in the
(Mg,Fe)O starting material and induces the formation of iron-hydrogen alloy. This
is supported by the fact that the unit-cell volume of the reacted ferropericlase was
smaller than that of the starting (MggsFeq5)O after laser heating at 300 K shrinking
to nearly that as expected for Fe-free MgO. From the observations, I infer that no
more than 10 mol% of Fe remains in the (Mg,Fe)O after laser heating in a H medium.
Both the face-centered cubic (fcc) and double hexagonal-close packed (dhcp) phases
of iron-hydrogen alloy formed. The unit-cell volumes of the fcc and dhep phases of
FeH, again suggest a 1:1 stoichiometry of iron and hydrogen (or z&1), based on
comparison with the previous reports (Fig. 3.3) (Narygina et al., 2011b; Pépin et al.,

2014). These XRD observations indicate:
3
(Mg,_,Fe,)O + §yH2 — yFeH + (1 — y)MgO + yH,O0, (3.3)

where y is the amount of Fe?* reduced from the oxide to FeH, alloy. The reaction
predicts formation of water, which can be supported by our observation of brucite

later discussed in this section.
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Figure 3.4: X-ray diffraction patterns showing starting materials (first row), materi-
als after heating (second row) and materials after decompression to 1 bar (third row).
Patterns shown along columns and their respective heating temperatures are from
experiments Mgb0-2 (2450K), Mg90-1(<1000K), and MgO-2 (2700K) respectively
(Table 3.1). Phases marked “Fp” represent any phase of composition Mg;_,Fe,)O
as in many cases after heating the exact composition is unknown as the sample has
reacted with hydrogen and lost some amount of Fe through reduction. The starred
peaks in pattern (f) are unassigned. These peaks did not exist after heating at high
pressure but appear when the sample was pressure quenched to 1 bar.

The coexistence of the high-temperature phase fcc FeH,, (Narygina et al., 2011b)
and the low-temperature dhcp FeH, phase (Badding et al., 1991) can likely be at-
tributed to either thermal gradients during laser heating (Shen et al., 1998; Fiquet
et al., 1996), or formation of the low temperature phase upon temperature quenching
(particularly from temperatures above the melting temperature of FeH,). Though

either explanation could explain this observation, the latter is supported by the fact

that in experiment Hem-2 where heating was performed below the melting tempera-
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ture of FeH, exclusively fcc FeH, was observed despite the fact the temperature was
lower than the heating performed on all (Mg sFeq5)O samples where both the high-
T fcc and Low-T dhcep phases were observed. This is possible because during rapid
temperature quenching Fcc FeH, forms at high temperature but does not fully crys-
tallize before the temperature falls bellow the fce-dhep phase boundary. Once below
that phase boundary, any remaining FeH, crystallizes in the dhcp structure. Upon
decompression to 1bar, iron converts to the body-centered cubic (bce) phase. The
unit cell parameter of the bee phase matches well with the known value of 2.8667 A
(Rotter and Smith, 1966), suggesting no hydrogen or other elements persist in iron
metal after pressure-quench to ambient pressure.

After heating, there were sometimes a few weak diffraction spots in the diffraction
images at high pressure well indexed with Mg(OH), (brucite), however, its diffraction
intensity was not high enough to appear in the integrated 1D diffraction patterns.
Brucite cannot have formed at high-temperature during heating because it decom-
poses at temperatures of 1000-1400 K in our pressure range (Fei and Mao, 1993).
Therefore, brucite should have formed during the temperature quench after heating
or along the cooler rim of the heating spot at high pressure. However, the brucite
diffraction peaks became much stronger at 1bar (Fig. 3.4c). Such an increase in the
peak intensity of brucite was also observed in (Mg,Fe)O + HyO experiments dur-
ing decompression (Kim et al., 2021). The study showed that Mg is highly soluble
in HyO at 2040 GPa and high temperatures. They also found a reduction in the
solubility of Mg in a HoO medium resulting in the precipitation of brucite during
decompression to 1bar. Therefore, our observation can be interpreted as the result
of precipitation of brucite from Mg dissolved in H,O generated by the redox reaction
(Eq. 3.3). The unit-cell parameters of brucite measured at 1 bar are in agreement

with the known values (Zigan and Rothbauer, 1967) indicating it is likely the pure
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magnesium endmember hydroxide.

(Mgg.9,Feq1)O

After one heating event at 1000 K (Tab. 3.1 Mg90-3), strong diffraction peaks of
brucite are present (Fig. 3.4e). The observation is in contrast with Mg50 runs where
the temperature was too high for brucite formation at high pressure. There are
also a few weak diffraction spots consistent with fcc FeH,. In another run with this
composition (Mg90-2), the temperature exceeded 4000 K. During this run, no brucite
was formed. Instead, all that was observed after heating was ferropericlase with
possibly a small amount of fcc and dhep FeH,.. These results are consistent with those
in the (Mgg sFeq5)O experiments with two important differences both of which can be
attributed to the lower Fe concentration in the starting material. Firstly, less FeH,
is observed due to the simple fact less Fe?T is present in the starting material to be
reduced to Fe metal. Secondly, at high pressure (30 GPa) more brucite was observed
in this starting material than in the Mgb0 experiments despite the fact that less Fe
was present to reduce and release HoO in (Mg oFep1)O than in (Mg sFeqs)O. This
is because the lower Fe content facilitated less efficient laser coupling and therefore
lower temperature heating in run Mg90-3 (however in runs Mg90-1 and Mg90-2 such
high laser power was needed to achieve coupling that the temperature was very high)
within the stability field of brucite (Fei and Mao, 1993). As in the (Mgg5Feq5)O runs,
it is unlikely the remaining MgO underwent melting during heating.

In the diffraction patterns measured at 1 bar after pressure quench, some new
diffraction peaks appeared together with the peaks of (Mg,Fe)O and brucite (Fig. 3.4f).
The main unknown peak is at ds, = 1.703 A with possible minor peaks at 1.602 and
1.940 A (denoted with stars). The peaks could not be indexed with any expected

iron or magnesium metal /hydride/hydroxide phases. I do not rule out a possibility
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of formation of a new Fe or Mg-bearing phase (metal, hydride, or hydroxide) during
decompression in the presence of Hy and HyO. The unit cell of ferropericlase is ex-
panded by about 0.5% with respect to pure MgO, corresponding to ~7.5 mol% Fe,
marginally less than the starting material (10 mol% Fe). For each mole of iron that is
reduced from (Mg,Fe)O, 1 mole of HyO is produced which can then react with MgO
to form brucite.

MgO + HyO — Mg(OH),. (3.4)

Little change in the Fe content of ferropericlase implies that nearly all HyO pro-
duced reacted with MgO to form brucite. At 1 bar, brucite shows ~1.3% smaller unit
cell volume (Zigan and Rothbauer, 1967). At nanometer scale, thermally dehydrated
brucite showed the existence of MgO layers, resulting in lower water content (Kumari
et al., 2009). Although I do not have direct evidence, such partially dehydrated form

of brucite could have smaller unit cell volume.

MgO

MgO was mixed with metallic iron, loaded with pure hydrogen and compressed to
27 GPa. At high pressure before heating, iron metal was in the hydrogenated dhcp
structure (Badding et al., 1991). After heating to 2500-3000 K, no change was ob-
served other than a few diffraction spots of fcc FeH, formed from dhcp FeH,, con-
sistent with the formation of FeH, structures from melt seen in the (Mg,Fe)O ex-
periments. The transformation of iron to dhcp FeH, and then fcc FeH, with high
temperature is the expected behavior of the pure Fe-H binary system (Badding et al.,
1991; Pépin et al., 2014; Umemoto and Hirose, 2015). Upon decompression, FeH,
reverted to bee Fe metal with a unit cell parameter of 2.864-+0.002 A, in agreement
with the parameter for pure iron of 2.866 A (Rotter and Smith, 1966; Kohlhaas

et al., 1967). I did not find any evidence of MgO reacting or interacting in any way
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with iron metal or hydrogen. The MgO unit-cell volume measured at ambient pres-
sure after heating and decompression was 74.56 A, consistent with the known value
(Fiquet et al., 1996). This observation demonstrates that in the experiments with
(Mg;_,Fe,)O the formation of brucite was a secondary reaction between HyO (pro-
duced by the reduction of FeO to FeH,) and MgO (Eq. 3.4), not a direct reaction
between MgO and Hs.

3.5 Discussion

Our experiments have shown that molecular hydrogen fluid at pressures of 20—
40 GPa and temperatures up to 4000 K reduces iron oxides to iron-hydrogen alloys
and releases water. From the phase diagrams, our P-T" conditions likely yielded FeO-
rich partial melt from (Mg,Fe)O. Therefore, Fe metal may be formed from partial
melt. FeH, should form as melt and HO should form as dense ionic fluid at the
P-T conditions of our experiments. At the P-T conditions expected for the interface
between H envelope and oxide/metal core, and for the upper part of the magma ocean
where H is dissolved, the reaction opens up a possibility of large H ingassing to the
metallic part of the sub-Neptunes’ cores and large H,O ingassing to the silicate/oxide
part of the sub-Neptunes’ cores (Fig. 3.5). I found no sign of reduction of Mg?* to
metal by hydrogen fluid. Therefore, after reaction with hydrogen, the rocky portion
of the core will be deficient of FeO (or MgO rich).

Our experiments found brucite from the reaction between MgO and water. While
brucite is unlikely to form during heating (but likely during temperature or pressure
quenching) and therefore would not exist in sub-Neptunes, its appearance indicates
that HoO can be incorporated as OH in the silicate-oxide part of sub-Neptunes’ solid
body. Our experiments show that HyO produced from the reaction does not affect

the siderophile behavior of H and its alloying with Fe metal to produce FeH,.
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Super-Earth Sub-Neptune

Figure 3.5: Cartoon demonstrating possible implications of the chemical reactions
explored in this work. Of particular importance is the link between the atmosphere
and interior showing that in large exoplanets the oxidation of the atmosphere may
stem from the reduction of the interior. It also demonstrates how super-Earths formed
through atmospheric loss from a sub-Neptune may retain significant amounts of its
primordial hydrogen stored in their core as an alloy component or its mantle as HyO.

Water partitioned in the magma ocean would decrease the melting temperature
(Litasov and Ohtani, 2002) and therefore extend the magma ocean stage for the cores
of sub-Neptunes. However, at the same time the removal of FeO from magma from
reaction 3.1 would increase the relative amount of MgO, thus increasing the melting
temperature of magma and hastening its solidification. If FeO-depleted layer forms
quickly at the topmost part of the oxide magma ocean where magma reacts with

dense hydrogen fluid, it can crystallize and form solid crust, which could shutdown

reaction 3.3 and therefore limit the ingassing of H (Fig. 3.5). However, such a process
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can be also affected by convectional vigor of the magma ocean system and the strength
of the FeO-depleted ultra-mafic layer at high P-T', which requires further study.

Studies have suggested that the cores of the sub-Neptunes are not volatile rich
(Rogers and Owen, 2021). For Earth-like to Mars-like compositions, if all mantle FeO
is reduced, it will produce about 2-4 wt% H5O in the mantle if all H,O remains in
the silicate part. For the Earth-sized planets, this would amount to 50-100 ocean
mass of water stored in the silicate/oxide part. Because HyO can partition into the
H atmosphere and metallic part of the core, this estimation should be regarded the
upper bound of HyO content in the silicate part of the core. Reduction of FeO in
silicate can increase the mass of the metallic part of the core. In the upper bound case
I discuss here, for a planet with an Earth-like composition and core-mantle ratio, the
mass of metallic part would increase by 12-24%, offsetting the mass loss of the silicate
part (6-12%). In this case, about 0.2-0.4 wt% of H will be ingassed to the interior as
both HyO and H,. Again from the reasons I discussed above, this amount should be
regarded as the upper bound. Therefore, the amount of ingassed hydrogen I discuss
here is far less than the amount considered for the possibility of a significant “ice”
component in the cores of sub-Neptunes. In fact, the amount of ingassed hydrogen
I discuss here may not be detectable from the analysis of the mass-radius data of
exoplanets in current data sets considering the significant uncertainties involved in
those properties. While the dissolved H would further enhance the reduction of FeO
in the interiors of magma oceans of sub-Neptunes, the redox reaction alone would not
ingas sufficient H to explain the “radius clift”.

On the other hand, if such a large amount of Hy can be indeed ingassed into the
silicate/oxide magma ocean through physical mixing, the amount would be enough to
reduce all FeO for Earth-like and Mars-like compositions. One source of uncertainty

for applying our results to sub-Neptunes, is that the pressure in the deeper part of

39



magma ocean would be much higher than I studied in this paper. Above 100 GPa,
hydrogen fluid undergoes a change from a molecular to a mono-atomic form (Cheng
et al., 2020). HoO would likely be an ionic fluid within the pressure range I studied
here and likely at the P-T" conditions of sub-Neptunes interface (Millot et al., 2019).
However, H,O could be a conducting fluid at pressures over 100 GPa. Such a funda-
mental change in the properties of reactant and product in reaction 3.1 could change
the behavior of the system. If such changes can lead to different redox behavior of the
system in the core, it would have important implications for the storage of volatiles
and the structure of the very deep interiors of larger sub-Neptunes.

To explain the “radius gap”, models have suggested that a large loss of thick
hydrogen envelope of sub-Neptunes, either through photoevaporation (and migration)
or core-powered loss, could result in a conversion to super-Earths (Owen and Wu,
2013; Schlichting, 2014; Bean et al., 2021). Our experiment shows that through
reduction of FeO and alloying of H and Fe, a large amount of hydrogen can be ingassed
to the metallic part of the sub-Neptunes’ core which then will remain in the metallic
core of super-Earths after conversion. Our results also found some HyO produced by
the reduction of FeO can hydrate the silicate/oxide part of the sub-Neptunes’ cores.
Therefore, from these, I can conclude that super-Earths converted from sub-Neptunes
likely have interiors rich in water and/or hydrogen. With cooling of magma ocean,
an MgO-rich crystalline layer could form at the topmost part while the deeper part
may still be molten. If the structure can be preserved during gas loss, super-Earths
converted from sub-Neptunes could have an ultra-mafic crust unlike Earth (Fig. 3.5).

It is also interesting to point out that the cores of sub-Neptunes will experience a
few to a few tens of GPa’s of pressure decrease during gas loss. The magnitude of the
decrease is small compared with very large pressure expected for the deep interiors

of sub-Neptunes (or super-Earths) cores. However, the topmost layer can be affected
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by such a pressure decrease. If the solubility of H,O and Hj in silicate increase
with pressure, the topmost layer could experience a loss of these volatiles during
decompression. The released H,O and Hy could be incorporated into the atmosphere
and ultimately removed during conversion to super-Earths (Fig. 3.5). Yet, whether
they would remain and form secondary atmosphere after the conversion to super-
Earths or not is likely dependent on the rate of massive gas loss versus the rate of
degassing from the interior, particularly if surface tectonics can control (or delay)
the degassing. However, the H stored in the metallic core of former sub-Neptunes
would unlikely be affected by the massive gas loss as the pressure decrease would not
be enough to change the alloying behavior of H at such high pressures, more than
1 Mbar.

If the water formed from FeO reduction by hydrogen could be outgassed to form
H,O rich secondary atmospheres (Kite and Schaefer, 2021), it can provide a pathway
for endogenic high molecular weight atmospheres without relying on delivery of solid-
derived volatiles (Ikoma and Genda, 2006). However, this does not mean to explain
the oceans on Earth. Despite the Earth’s depletion of FeO, and perceived deep
reservoirs of nebular hydrogen (Genda and Tkoma, 2008; Hallis et al., 2015; Wu et al.,
2018), nearly 50 oceans of hydrogen would need to be reacted with FeO to explain the
depletion, far exceeding even the most generous estimations for nebular gas interaction
and hydrogen in the core. Instead, this reaction may play an important role in the
formation of sub-Neptunes which would grow large enough to accrete large primary
H-dominated envelopes.

It is important to point out that the formation of FeH, alloy instead of Fe metal
expected for sub-Neptunes as shown by experiments could make an important contrast
for the composition of the metallic cores of super-Earths which are converted from

sub-Neptunes as opposed to overgrown terrestrial planets. If a significant amount of
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H is ingassed through physical mixing, sinking Fe metal blobs in the magma ocean
can alloy with H, i.e., chemical ingassing. As H solubility in Fe metal increases
with pressure (Pépin et al., 2017; Piet et al., 2021), such direct alloying of H to iron
metal can result in large hydrogen ingassing to the cores of these larger planets. An
interesting consequence would be that the larger rocky planets’ metallic and oxide
parts of the cores generally contain more hydrogen than smaller rocky planets. It is
also likely that larger rocky planets’ silicate mantle is depleted in FeO but rich in
water and hydrogen which could alter the viscosity and therefore impact the vigor of

mantle convection and thermal evolution.
3.6 Conclusion

I found that at high pressure-temperature conditions relevant for the interface
between H and the cores of sub-Neptunes iron-bearing oxides react with hot dense
hydrogen to form iron-hydrogen alloys and water. The chemical sequestration of hy-
drogen as HyO as a result of the reduction of FeO, as well as the subsequent formation
of FeH, provide a chemical pathway to supplement physical mixing and enhance the
solubility of H in a global magma ocean. Although physical mixing of H could still be
important, these chemical reactions support the theory that the super-abundance of
sub-Neptunes can be explained by the sharp increase in H in the condensed planetary
core as pressure at the base of the H envelope exceeds 10 Pa, whereby additional
accreted H is partitioned to the interior rather than the atmosphere. These reactions
also have implications for the chemical partitioning of growing large planets. Due to
the significant amount of H that can alloy with molten Fe, cores on sub-Neptunes (or
super-Earths that formed via atmospheric loss from sub-Neptunes) may be rich in H.
Additionally the formation of HoO from the released oxygen may enrich mantles and

atmospheres with water; even without direct delivery of HyO rich materials. In ad-
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dition to the support for existing models of planet formation, the chemical reactions
explored in this work provide valuable data to build future models and theories. A
forthcoming follow up paper will explore the effect of H on Si-bearing systems (Mg-
Fe-Si-O-H), as well as lower pressures relevant to shallow magma oceans and magma

ocean/envelope interfaces on early rocky planets.
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Chapter 4

INTERACTIONS BETWEEN HYDROGEN AND OLIVINE-IMPLICATIONS
FOR VOLATILE STORAGE AND CHEMICAL PARTITIONING IN GROWING
PLANETS

4.1 Abstract

Hydrogen is the most abundant element in the discs of material from which
solar/planetary systems form. As rock/metal planetary bodies form in the proto-
planetary disk, they may interact with nebular hydrogen in a physical and chemical
way. This is especially important for planets that accrete significant envelopes of
nebular hydrogen gas. The most abundant type of observed planet with significant
envelopes are sub-Neptunes. Sub-neptunes are planets with radii 1.75-3.5Rgy. This
class of planets have a rocky mantle overlain by a thick hydrogen-dominated atmo-
sphere. Interactions between the hydrogen envelope and silicate layer below may play
an important role in many planetary processes such as core formation, atmospheric
accretion and composition, and mantle mineralogy. However, despite the scientific
importance, due to the experimental challenges associated with working with hydro-
gen there is a paucity of experimental data on the chemical interactions between
hydrogen and rocky planetary materials.

In this work, I explore the chemical interactions between mixtures of San Carlos
Olivine or silica with 20 wt% metallic iron and hydrogen at pressures of 6-42 GPa and
temperatures of 18004350 K. These starting materials and experimental conditions
are broadly applicable to planetary science but were specifically chosen as representa-

tive chemical and pressure-temperature conditions at the surface of a magma ocean
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at the base of a thick H-envelope.

I find that when melted, silicate phases break down. Fe and Si are reduced to
metallic alloys while the O to which they were bound is released reacting with H to
form H,O. MgO remains stable under these conditions and precipitates out of the melt
as periclase. The water produced by these reactions can partition into the mantle or
atmosphere possibly producing long-lived stable interior volatile reservoirs or water-
rich atmospheres in planets that may have otherwise formed water-poor. The metal
alloys produced (Fe-H alloy and Fe-Si) alloy may sink to the core enriching it in those

light elements.
4.2 Introduction

Hydrogen is the predominant component of the gaseous disk in which all planets
form, and yet is has long been understudied with regards to its chemical impact on
planet formation and differentiation. One reason for this is the dearth of high P-T
data on the interactions between H and planetary materials because the technical
challenges of working with H made the experiments infeasible. Another reason was in
classical planet formation models (e.g. Weidenschilling, 1977) rocky planetary cores
form too slowly to accrete significant H-dominated primary atmospheres. However,
in order to form gas giants via runaway gas accretion, an approximately 10-Earth-
mass core must form within the lifetime of the gaseous disk: 10°-107 year (Haisch Jr
et al., 2001; Jayawardhana et al., 2006). Core formation by classical planetesimal
accretion is believed to take more than 107 year beyond 5 AU in our solar system
(Goldreich et al., 2004). To explain the existence of gas giants, a number of models
have been proposed (e.g. Lambrechts and Johansen, 2012) which form solid planetary
cores more rapidly. Not only does this help explain the existence of gas giants, it also

results in the more rapid (and thus hot) formation of all kinds of planetary bodies.
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The timing, chemistry, and other processes associated with planet formation
are of the utmost importance for planetary science (Mordasini et al., 2015) with
core-mantle differentiation being one of the most important aspects (Rubie et al.,
2011). It is the process during accretion by which denser metal accumulates at the
center of an accreting planet either by grain scale percolation or large scale (km-scale)
sinking diapirs of liquid metal through crystalline silicates, or by separation of molten
metal and silicate in a large scale magma ocean (Rubie et al., 2007). The process
by which the metal core forms is intimately linked to its formation timescale. If
planets form more quickly, they will also form hotter thus favoring the existence of a
global magma ocean. Older studies of both core formation (Lee and Halliday, 1995)
and planet formation (Weidenschilling, 1977) favored longer formation timescales and
later core formation (up to 100 Myr). However, updated chronometry data suggests
a much earlier core formation timescale for the Earth (Kleine et al., 2002) and new
planet formation models suggest faster (and thus hotter) accretion (Lambrechts and
Johansen, 2012), favoring core formation precipitation of metal from a silicate magma
ocean. Beyond the original heat from the nebular materials from which planets form,
giant impacts such as the one presumed to have form the moon (Daly, 1946; Hartmann
and Davis, 1975) can also cause extensive heating and magma oceans (Tonks and
Melosh, 1993; Gabriel and Allen-Sutter, 2021).

Core formation from a magma ocean is a critical time from the perspective of
core-mantle chemical partitioning (Siebert et al., 2011). Which elements partition into
the core and mantle as the core forms will have long-lasting effects on the structure
and dynamics of each. For example, the density of Earth’s outer core is (~10%) less
dense than a pure iron-nickel alloy (6% nickel from meteoritic abundances (Birch,
1952; Ringwood, 1977)) which suggests additional light elements must be present
(Birch, 1964; Jeanloz, 1979; Mao et al., 1990). Similarly, the Martian core (the only
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other core for which we have seismic density measurements) exhibits a density deficit
necessitating additional light elements Stéhler et al. (2021). The main question in
both cases is what are the additional light elements and how did they get there?

To answer this question, and understand planetary core formation on a broad
level, experimental data is needed to determine if various elements are siderophilic
or lithophilic (weather they prefer to exist in metal or rock). Various candidates
including S, Si, O, C, and H have been explored over the years (Hirose et al., 2013,
and references therein). In this study, I have focused on the Mg-Fe-Si-O-H system.

Fe is the predominant component of the core and Mg the predominant cation in
mantle silicates. Thus, the partitioning behavior of Si, O, and H between them at
high P-T' conditions is important experimental data for core formation models where
H is present in magma oceans undergoing differentiation at pressures of 6-42 GPa.
While the Earth did not grow large enough to attract a large H envelope to create
a high pressure, magma ocean mixing may ingas hydrogen to the deep interior of
the proto-Earth, with super-Earth’s ingassing may be at least 10x more (Olson and
Sharp, 2018). Because large amounts of Hy are not expected to interface with silicates
in Earth, from here onward the focus will be on the implications for the structure
and evolution of sub-Neptunes and super-Earths. This is not because the reactions
presented in this manuscript cannot occur in the Earth’s deep interior, but rather
that these larger planets may ingas many oceans of H (Olson and Sharp, 2018) and
have a high-P interface between a H-envelope and silicate magma ocean (Kite et al.,
2019; Rogers et al., 2011) and thus undergo major alteration by reaction with Hs.

Super-Earth’s-rocky planets larger than earth (~1-1.75Rg) (Fulton et al., 2017)
lacking large gaseous/fluid envelopes—and sub-Neptunes—planets of radius 1.75-3.5Rgy
(Fulton et al., 2017) with a rock/metal core overlain by a thick H-dominated at-

mosphere (Rogers et al., 2011)—appear to be the most abundant type of planets in
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extrasolar systems. There is a gap in the frequency between these two populations
colloquially known as the “fulton gap” (Fulton et al., 2017). The decrease is frequency
of planets of radius larger than 1.75Rgy likely due to the fact that the planets that
would form within the gap undergoing massive gas loss, thus the alternative name:
the Photoevaporation Valley (Owen and Wu, 2013; Fulton et al., 2017). The explana-
tion may explain the double-peaked distribution but it is not a complete explanation
of the histogram. Planets of radius 2.7-3Rgy are 4-10x more abundant than planets
just 20% larger (a phenomenon known colloquially as the “radius cliff”) (Fulton and
Petigura, 2018; Hsu et al., 2019). A leading hypothesis to explain the radius cliff
is that due to the increasing solubility of Hy from the atmosphere in in the magma
ocean at pressures greater than 10° Pa-pressures achieved at the atmosphere-mantle
interface of planets that reach 3Mgy while undergoing runaway accretion of nebular
gas (Pollack et al., 1996)-additional H accreted is partitioned into the interior rather
than the atmosphere thus disrupting the radial growth of the planet (Kite et al.,
2019).

This model (and others) are extrapolated from lower pressure data (Hirschmann
et al., 2012). Kite and Ford (2018) explicitly state the need for higher pressure and
temperature experiments on H-solubility and reactions at the conditions present in
sub-Neptunes, which I present here.

The interactions between primordial H rocky planetary materials and their im-
pact on the redox conditions and volatile budget of the growing planet have been
explored experimentally (in Chapter 3 and by Hirschmann et al. (2012)) and theo-
retically (Ikoma and Genda, 2006; Kite et al., 2019; Kite and Schaefer, 2021; Kite
et al., 2020; Lichtenberg, 2021). However, these studies center around the reduction

of oxidized Fe by hydrogen:
FeO + H2 — Fe + HQO (41)

48



when in reality, planets should also contain not just iron oxides, but also Si in the
form of silica/silicates.

A previous study on the possibility of reactions between forsterite and H found
no chemical reaction or breakdown of Mg,SiO4 when heated to 1000 K at pressures
of 10-15 GPa (Shinozaki et al., 2012). While this seems to imply that Mg?* and Sit*
to not interact with hydrogen in the same way Fe?*3* does, it is possible for both
to be reduced to metal if the temperature is sufficiently high for planetary interiors,
over 2000 K. As shown in Chapeter 3, MgO (Mg*") is not reduced to metal (Mg")
by H at high P-T conditions. Silicon can take the form of Si*™ or Si’, and can be
converted between the two at pressures of 2-3 GPa and temperature of 1500-1700 K

via the following redox reaction (Shinozaki et al., 2014; Futera et al., 2017):

This exciting possibility shows that iron oxides may not be the only planetary ma-
terial that can be altered by H to release water. However, in sub-Neptunes or other
growing planets with high- P silicate magma-H envelope interfaces, as well as the deep
interior where differentiation and core formation occur, the pressures and tempera-
tures are appreciably higher than in the aforementioned previous studies. In this
study, I present experiments on the chemical reactions and phase stability of San
Carlos olivine or silica mixed with Fe under a H atmosphere at pressures of 6-42 GPa

and temperatures of 1900-4500 K
4.3 Materials and Methods
4.3.1 Sample Materials and Preparation

Natural San Carlos olivine was used for the silicate sample. Synthetic powders

of Fe metal (Aldrich 99.9%+ purity) and SiO, (Alfa Aesar 99.995% purity) were also
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Table 4.1: Experimental runs performed in this study. H.E.: # of heating events (10°
laser pulses at 10 kHz; for more information see section 4.3.2). S.M.: starting material.
Temperature, T, is given as the average T recorded from 20 measurements (10 each
up and down stream) over 1 H.E. and the uncertainty is £100K for heating events
where stable heating was achieved. When T changed over the course of the heating
event the temperature is reported as a the range of values measured. [ estimate
<10% uncertainty for the pressure values presented here (see related discussions in
the method section). FeH, when present takes on both the face centered cubic (fcc)

and double hexagonal close packed (dhcp) structures.

Run ID S.M. P T H.E. Method Result
SCO-1  Olv+Fe 7 2900 1 XRD+EPMA MgO + B2 FeSi
SCO-2 Olv+Fe 6 2700 1 XRD+EPMA MgO + FeH,+ SiO,
SCO-3 Olv+Fe 8 2900 1 XRD+EPMA MgO + FeH,+ B2 FeSi
SCO-4 Olv+Fe 7 2900 1 XRD+EPMA MgO + FeH,+ B2 FeSi
SCO-5 Olv+Fe 7 2750 1 XRD+EPMA MgO + FeH,+ B2 FeSi
Rw + Wd + B2 FeSi +
SCO-6 Olv+Fe 17 2600-3500 1 XRD FesSiz + MgO + FeH,
Rw + FeH, + FesSi;
SCO-7 Olv+Fe 21 2300-2900 1 XRD + Si02 + MgO
FeHz + Fe5Sig +
SCO-8 Olv+Fe 21 2550-3200 2 XRD Si02 + MgO
Rw + FeH_,+B2 FeSi +
SCO-9  Olv+Fe 22 3000-3700 1 XRD FesSi; + Si02 + MgO
MgO + FeH, +
SCO-10 Olv+Fe 30 4200 7 XRD+EPMA B2 FeSi + MgSiO;
SCO-11 Olv+Fe 37 3300-4500 1 XRD MgO + FeH, + B2 FeSi
SCO-12 Olv+Fe 42 2850 2 XRD+EPMA MgO + FeH, + MgSiO3
SCO-13 Olv+Fe 42 2600-4350 6 XRD+EPMA MgO + FeH, + B2 FeSi
SIL-1 SiOs+Fe 14 1900 1 XRD+Raman SiO, + B2 FeSi+ FeH,
SIL-2 SiOs+Fe 14  2500-3300 1 XRD+Raman SiO,+ B2 FeSi
SIL-3 SiOs+Fe 14 2000-3000 1 XRD+Raman SiO,+FeH,
SIL-4 SiOs+Fe 39 2250 1 XRD SiOy + B2 FeSi
SIL-5 SiOs+Fe 39 1800-3800 6 XRD SiO9 + B2 FeSi
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used, depending on the desired composition. Powders were ground and mixed in an
alumina mortar, then cold-pressed into foils with approximately 10 ym of thickness.
Rhenium gaskets were indented by diamond anvils with 200 pm diameter culets and
then drilled with 125 pm diameter holes. The rhenium gaskets were then coated with
~800 A of gold to inhibit hydrogen diffusion into the gasket material. The gaskets
were placed back onto the diamond culets, followed by the sample foils and gold and
ruby grains for pressure calibration. The cells were then loaded with 1000-1500 bar
of pure Hy gas in a Sanchez GLS 1500 gas loading system and then compressed
to pressures between 10 and 40 GPa—measured using ruby fluorescence (Piermarini

et al., 1975)—at 300 K before synchrotron laser-heating experiments.
4.3.2  Synchrotron Experiments

I collected In-situ X-ray diffraction (XRD) images in the double-sided pulsed
laser-heated diamond-anvil cell (LHDAC) at the 13-IDD beamline of the GeoSoilEn-
viroConsortium for Advanced Radiation Sources (GSECARS) sector at the Advanced
Photon Source (APS) synchrotron facility. Near-infrared laser beams and monochro-
matic X-ray beams of wavelength 0.4133 A or 0.3344 A were coaxially aligned and
focused on the sample in the LHDAC for in-situ laser heating and XRD. Standard
continuous-wave laser heating of H-loaded samples in the DAC results in diamond
embrittlement and failure of the anvils (Deemyad et al., 2005). This problem has
prevented researchers from obtaining important data on hydrogen-silicate reaction at
the pressure-temperature conditions expected for the planetary interiors. To enable
these measurements, I utilized a pulsed laser heating system (Deemyad et al., 2005;
Goncharov et al., 2010) to mitigate the amount of hydrogen diffusion into the anvils
and the gasket material. Each pulsed heating event (H.E.) consisted of 10° pulses

at 10 kHz and 20 streak spectroradiometry measurements. The pulse width was 1 us
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which for 10° pulses gives a total laser exposure time of 0.1s. The X-ray spot size is
3x4 pm and laser-heating spot size is an approximately 25 pm-diameter circle. The
laser pulses were synchronized with synchrotron X-ray beams such that diffraction
measurements can take place only when the sample reaches the highest temperature
during heating. The small X-ray beam size and large laser-heating spot size help
mitigate thermal gradients in the high-temperature diffraction patterns. Addition-
ally, Prakapenka et al. (2008) showed that the laser heating system provides a flat
top laser beam intensity profile which further reduces thermal gradients in the hot
spot. While the heating duration is short, I found hydrogen is extremely reactive
with molten silicates at high temperatures, overcoming this limitation. Additionally,
the use of short pulsed heating to mitigate H-diffusion into the anvils, also reduces
the chemical diffusion issues during laser heating typically observed for CW heating
(Sinmyo and Hirose, 2010). At no point in any experiment did I note diffusion of
MgO with or against thermal gradients as was seen in the H-free system studied by
Sinmyo and Hirose (2010).

Thermal emission spectra from both sides of the LHDAC were fitted to the
grey-body equation to estimate the temperatures of the double-sided laser-heating
(Prakapenka et al., 2008). A Dectris Pilatus 1M CdTe detector was used to col-
lect 2-D diffraction images which I integrated to 1-D diffraction patterns using the
DIOPTAS package (Prescher and Prakapenka, 2015). I used the CeOy and LaBg
standards to correct for tilt of the detector and determine the sample to detector
distance. Unit-cell parameter fitting was conducted by fitting the diffraction peaks
with a pseudo-Voigt profile functions in the PeakPo package (Shim, 2019), proceeding
with the statistical approaches presented in Holland and Redfern (1997). Pressure
was calculated by comparing the unit-cell volume of a gold grain at the edge of the

sample chamber with the equation of state of gold (Ye et al., 2017) before and after
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heating. Gold was placed away from the sample rather than mixed with it to prevent
reactions/alloying with the sample material, and thus pressure could not be measured
at high temperatures. Dewaele et al. (1998) showed that thermal pressure in a liquid
medium at temperatures of 10004000 K is ~ 0.5-2.5 GPa. However, liquid H (all
our experiments exceed the melting temperature of H as shown in Fig. 4.1) is more
compressible than liquid Ar (the medium studied by Dewaele et al. (1998)). There-
fore, thermal pressure is likely smaller than the estimation above in our experiments.
However, I still assign a conservative pressure uncertainty of ~10% during laser heat-
ing due to the fact thermal pressure was not measured. Note that this method does
not introduce a severe error for the purpose of this study, which is to explore redox
reactions between hydrogen and olivine at high pressures. Raman measurements were
conducted for the identification of OH vibrations after heating in runs SIL-1, SIL-2,
and SIL-3 utilizing the Raman spectroscopy system at GSECARS (Holtgrewe et al.,
2019).

4.4 Results
4.4.1 San Carlos Olivine

Olivine Stability Field

At 8 GPa, after 1 heating event at 2900 K (SCO-3), all diffraction peaks of olivine
disappeared (Fig. 4.2). Fe metal is present in both the fcc and dhep structures, im-
plying alloying with H as these structures are not stable at this pressure in the pure
iron system, but can be stabilized by H at this pressure with an expanded unit cell
volume (Badding et al., 1991; Narygina et al., 2011b). Fcc Fe has a unit-cell volume
of 45.91 A3 compared to the expected value from the equation of state of pure Fe

of 42.94 A? at this pressure (Dewaele et al., 2006), an expansion of 6.9%. However,
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Figure 4.1: Pressure-temperature (P-T") conditions of the LHDAC experiments in
this study (data points) shown with the melting curves of relevant materials: MgO:
Kimura et al. (2017); SiO2: Andrault et al. (2020); MgySiO4: Mosenfelder et al.
(2007); and FeH,: Sakamaki et al. (2009a). Most were near or above the melting
temperature of FeO and FeH,. All experiments were conducted above the melting
temperature of hydrogen. Most experiments were near or below the melting temper-
ature of silica. All olivine experiments except one likely underwent at least partial
melting.

the observed volume is substantially lower than the expected unit-cell volume for
fce FeH, with z~1 of 56.42 A3 at this pressure (Narygina et al., 2011b), indicating
substoichiometric alloying (FeH, with 2~0.22). Dhcp FeH, has a unit-cell volume

of 46.32 A3 compared to the expected unit-cell volume of dhep FeH, with z~1 of

~52.5 A3 (Hirao et al., 2004) (but expanded by 9.6% compared to a H-free Fe dhcp
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Figure 4.2: XRD patterns before and after heating a mixture of San Carlos Olivine
and iron metal to 2900 K at 5 GPa in a hydrogen medium. Before heating the
broadness of the olivine peaks may be attributed to the diffusion of H into the crystal
structure similar to that seen by similar sized helium at similar pressures (Cherniak
and Watson, 2012). After heating, olivine breaks down with Mg remaining oxidized
as MgO, Fe and Si present as metals (FeH, and FeSi), and O released to the medium
as HoO (not seen due to weak scattering and peak overlap with fcc FeH.

structure (Jain et al., 2013)), again indicating substoichiometric alloying (z ~ 0.40).

Upon decompression, Fe-H alloys are known to convert to H-free bee Fe (Badding
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et al., 1991) and I observe the same here. The bce iron shows an anomalously small
unit-cell parameter of 2.84340.003 A compared to the expected value of pure iron:
2.867 A (Rotter and Smith, 1966). Because the bee phase should be from the dehy-
dration conversion of the fcc and the dhep FeH, phases observed at higher pressures,
the observed small volume of the bce phase implies that the small volumes of the
fce and dhep FeH, phases were due to a combination of substoichiometric alloying
with hydrogen and some amount of Si incorperated in the structure. I attempted
to confirm this with electron probe micro analyzer (EPMA) but the grain size of
the mixture of Fe metal phases (bcc iron) and FeSi from the rapidly quenched melt
was below the resolution of the system and the sample was lost preventing further
exploration with TEM.

The only known Si bearing phase left in the post heating diffraction pattern is
the B2 phase of Fe-Si alloy. Therefore all Si has been reduced to metal and alloyed
with Fe metal which was mixed with the starting material. No iron-free separate
silicon metal phase was observed. It should be noted that all Fe-Si alloy was in the
B2 structure and the B20 structure was not observed in this pressure range as it was
by Fischer et al. (2014). The unit-cell volume of the B2 phase is 22.30 A3, ~8.5%
larger than the expected volume from the equation of state of B2 FeSi with Si/Fe
= 1 (Fischer et al., 2014). This could be either due to hydrogen incorporation or a
lower concentration of silicon coupled with Fe larger atomic radius compared to Si
(Slater, 1964). This expansion persists through decompression to 1 bar suggesting
that the expansion is unlikely due to hydrogenation as Fe metal, as it is known to
dehydrogenate below 3.5 GPa (Badding et al., 1991). This is in agreement with the
findings of Fu et al. (2022b) who found that B2 FeSi in a pure H medium does not
take on a significant amount of H like pure Fe does. The volume at 8 GPa and 1 bar

are both in close agreement with the V/Z (volume per atom in the unit cell) of the
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Fey 7351927 DO3 phase (Fischer et al., 2014), implying this phase may have a similar
composition. At 1 bar after decompression, I still observed B2 Fe-Si alloy alongside
the aforementioned dehydrated bcc Fe.

After heating all Mg remains oxidized as MgO periclase. Upon decompression to
1 bar, the unit-cell volume of MgO was 74.66+0.07 A3, in line with the known value
of 74.71 A3 (Utsumi et al., 1998), indicating no iron is present in the structure after
heating consistent with experiments on (Mg,Fe)O in a hydrogen medium (chapter 3.

The full chemical reaction can be written as:

(MggoFep1)25104 (m)+1.8Fe (m)+2.7Hs (f) — FeSi (m)+1.8MgO (s)+FeH (m)+2.2H50 (f),
(4.3)

Where (m), (f), and (s) stand for melt, supercritical fluid, and solid respectively.

Spinel/Modified Spinel Stability Field

At 21 GPa after heating to 2550-3200 K (SCO-9), olivine again breaks down. As
in the experiment at 5 GPa, all magnesium remains oxidized as MgQO, while Si and
Fe are reduced to metal to form an Fe-Si and Fe-H alloy. Like the experiment at
5 GPa FeH, and FeSi form separate phases with the volume per iron atom of FeH,
consistent with x = 1 (Fig. 4.7). However, unlike at 5 GPa, FeSi is present not as the
B2 structure, but rather hexagonal FesSiz phase (Errandonea et al., 2008). FesSis is
known to decompose to FeSi and Fe3Si above 18 GPa and 1300 K in the hydrogen
free system (McGuire et al., 2017). Therefore, it is possible H stabilizes this phase as
found in (Fu et al., 2022c). However, unlike Fu et al. (2022c) where hydrogenation
of the hexagonal Fe;Siz phase in a H medium results in significant volume expansion,
the unit-cell volume of the Fe;Siz phase in our study is very close to that expected
from its equation of state predicted by Errandonea et al. (2008), implying a much

much lower amount of hydrogen incorporation into the hexagonal structure of FesSis
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Figure 4.3: XRD patterns before and after heating a mixture of San Carlos Olivine
and iron metal to 2550-3200K at 21 GPa.

when formed from the decomposition of silicates.

Some silicate remains as ringwoodite after heating (Fig. 4.3(b)), but these diffrac-
tion peaks are much weaker than FesSiz and MgO. This observation is likely due to
the fact that the temperature-quench diffraction patterns were measured away from

the heating center as the diffraction intensity at the center was weak because the sam-
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Figure 4.4: Images showing the sample before and after heating run SCO-9 to
3200K. Note the optical transparency in the center of the heated spot due to the
molten sample being convected away by the melted H medium.

ple was molten and convected away by the hydrogen medium leaving little behind
to measure (Fig. 4.4). The temperature during heating at the spot where diffraction
patterns were measured was lower than the temperature at the heating center, which
was the 2550-3200 K and therefore was not high enough for the melting olivine and
subsequent decomposition of the silicate melt by hydrogen. However, the tempera-
ture at the off-centered spot may have been still high enough for the phase transition
of olivine to ringwoodite.

Similarly, when heated to 2600-3500 K at 17 GPa, weak diffraction peaks of
both ringwoodite and wadsleyite were observed after heating. In this case, the same
products are seen as in the experiment at 21 GPa but with the addition of wadsleyite
and fcc FeH,, the latter likely due to excess mixed iron at the heating location.
These results suggest the likely stable reaction between molten iron/silicate and H at

intermediate pressures is:
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3(Mgo.oFeq1)25i04 (m)+6.4Fe (m)+7.6Hy (f) — FesSiz (m)+5.4MgO (s)+2FeH (m)+6.6H,0 (f),
(4.4)

where m, f, and s stand for melt, fluid, and solid.

Perovskite Stability Field

When heated at 37 GPa (34 GPa after heating) and 2700 K, which is below the
melting temperature of bridgmanite at this pressure, 4000 K (Shen and Lazor, 1995),
the magnesium portion of the olivine transforms to bridgmanite and periclase similar

to what is expected in the H-free system (Fig. 4.5b).

(MgooFep1)2S104 (s)+0.3Hs (f) — MgSiO3 (brd)-+0.8MgO (pc)+0.2FeH (m)+0.2H50 (f),
(4.5)
where brd and pc stand for bridgmanite and periclase (MgO). Bridgmanite
has a unit-cell volume of 146.0+£0.2A% consistent with the expected volume of Mg-
endmember silicate perovskite at this pressure, 146.1 A3 (Yeganeh-Haeri, 1994; Larson
and Von Dreele, 1994), compared to the larger unit cell expected for iron containing
(Mg oFe.1)Si03, 146.6 A3 (Mao et al., 2015). Similarly, periclase has a unit-cell
volume of 63.740.3 A3, consistent with the expected volume of 64.0 A3 for endmem-
ber MgO (Dewaele et al., 2000). Therefore, all Fe is removed from the silicate/oxide
structures and reduced to FeH,. The unit-cell volume of fcc FeH, is 46.48+0.06 A?’,
slightly higher than the expected value of 46.08 A3 for H/Fe = 1 (Narygina et al.,
2011b), indicating near stoichiometric alloying. It should be noted that when compar-
ing unit cell volumes at high-pressure to glean compositional information, the error
in the measured unit cell volume is not the only source of error. Our gold grains

were placed at the edge of the sample chamber, tens of microns away from the heated
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area of the sample. This was done to prevent heating of gold and subsequent al-
loying with H and sample materials. However, pressure gradients may exist across
the sample chamber and the heating history of the medium may also lead to local
pressure changes at the heating spot after heating which will not be measured by the
pressure calibrant at the edge of the sample chamber. These discrepancies can be
on the order of a GPa and introduce an additional error of approximately 0.2-0.5%
when comparing unit cell volumes at a given pressure.

I then heated the synthesized bridgmanite to above melting temperature (4350 K)
at 37 GPa. I found that bridgmanite dissociates upon melting in a hydrogen medium.
At high-temperature, only diffraction peaks of MgO are visible because all other
sample components were molten. While heating, the solid MgO component remains
stable, but all other oxidized elements are reduced by H and decompose. The SiO,
component reacts with iron and hydrogen to form B2 FeSi (Fig. 4.5¢) releasing O into
the H medium where it likely reacts to form HyO. The anvils failed before Raman
measurements could be conducted to confirm the presence of water. In order to isolate
the impact of Si reduction on water formation, I conducted separate experiments
where Raman was successfully conducted (see the next section). Some bridgmanite
peaks were observed after melting, but their intensities are weak (Figs 4.5 (¢) vs. 4.5
(b)). X-ray mapping (Fig. 4.6) shows the anti-correlation between B2 FeSi (reaction
product) and silicate phases, showing that bridgmanite is mostly formed in lower
temperature areas that have not experienced melting. Therefore, the observation

above the melting temperature can be summarized as:

MgSiO3 (m) 4+ Fe (m) + 2H, (f) — MgO (s) + FeSi (m) 4+ 2H,O (f). (4.6)
The volume of B2 FeSi is consistent at high pressure and through decompression
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with the volumes reported for the same phase for Si/Fe = 1 Fischer et al. (2014),
suggesting that it is pure FeSi with little incorporation of H, consistent with the
observations by Fu et al. (2022b) that this phase cannot take in large amounts of H
like other metal phases can. At 1 bar, the unit-cell volume of B2 FeSi is 21.4540.02 A3,
slightly expanded from the value of 21.30 A® reported by Fischer et al. (2014). This
is likely because there is a slight superabundance of Fe (Fe,Si;_, 0.5 < = < 0.67;
see Fig. 4.8). By contrast, bee Fe has a unit-cell parameter of 2.8666+0.0001 A3
in agreement with the known value of pure Fe, 2.867 A (Rotter and Smith, 1966),
suggesting no Si incorporation in FeH, at higher pressures.

The unit cell volumes of the remnant oxidized phases also tell an interesting
story. MgO periclase has a unit cell volume of 74.70+0.02A3, in agreement with the
value of 74.71 for endmember MgO Fei and Mao (1994), demonstrating that the MgO
formed in this experiment did not contain Fe in its crystal structure. By contrast, the
unit cell volume of the remnant perovskite phase is 163.0140.05A3, expanded from
the unit cell volume of endmember MgSiOs perovskite: 162.49A% (Mao et al., 1991).
The volume is marginally larger than the expected volume for (Mg 9,Fe0.1)SiO3 (the
approximate Fe content of San Carlos Olivine, the starting material) of 162.79 A3,
Utilizing a linear interpolation between the unit cell volumes for 10 and 20 mol% Fe
from Mao et al. (1991) gives an approximate composition of (Mgg se,Feg14)Si03. The
partitioning of all ferrous iron into bridgmanite and none into ferropericlase is in stark
contrast to the Hy free system where Fe preferentially partitions into ferropericlase
(Kobayashi et al., 2005; Narygina et al., 2011a; Nakajima et al., 2012) (and also the
melt-free measurements above where both periclase and perovskite appear to be the

Mg endmember).
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4.4.2 SiO,

In all experiments above, Mg has been a bystander forming MgO and never
seeming to chemically interact with H or metals. For this reason, I hypothesized
that the formation of Fe-Si alloys was a 2 step process. First, silicates break down
to form silica and oxides, then the Si in silica is reduced to metal by H to form an
alloy with Fe while the released O reacts with the H medium to form H,O. To test
this I conducted experiments on a mixture of silica and Fe in a H medium at similar
pressures to the olivine experiments. In addition to in-situ XRD measurements, I
also measured Raman spectra to confirm the presence of water after heating.

At 13 GPa after one heating event at 2500-3300 K (SIL-2), SiO, partially breaks
down to alloy with the mixed Fe form B2 FeSi (Fig. 4.9), implying the following
reaction:

SiOs (5) + Fe (m) + 2H, (f) — FeSi (m) + 2H,0 (f) (4.7)

Unreacted silica crystallizes to mainly form stishovite but a small amount of coesite
is also present despite the pressure being slightly above its stability field. The O
released by the reduction of Si** reacts with the Hy medium to form H,O which
I detected via Raman spectroscopy (Fig. 4.10). The amount of unreacted silica is
likely due to the fact that unlike most silicate samples, the temperature was not
sufficiently high for significant melting for this sample. B2 FeSi was still observed,
indicating that this reaction proceeds in the solid state, but the reaction is much
slower than in melting experiments where all silica was consumed in one heating
event. Although with a larger uncertainty because of very weak diffraction intensity
of FeH,, in this case, excess Fe alloys with the H medium as fcc FeH, with a unit-cell
volume of 50.740.2 A3, 2-3% larger than expected for H /Fe = 1. In other experiments

ranging from 14-39 GPa and 1900-3800 K, similar results were seen. Silica was never
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fully eliminated but at higher pressures only stishovite was formed (and no coesite).
The contrast between equations 4.2 and 4.4.2 should be noted. In the experiments
by Shinozaki et al. (2014), no Fe was present and after the breakdown of SiO,, Si
maintained its oxidation state of 4% in SiH,, whereas in this work Si was reduced to

metal and alloyed with Fe to form FeSi.
4.5 Discussion

In all samples, when melting was induced (as measured by the temperature
exceeding that of its respective known melting curve), the silicate phase breaks down
in the presence of hydrogen. In one run, stable heating was achieved below the melting
temperature of bridgmanite. In this case, bridgmanite remained stable (Fig. 4.5).
However, bridgmanite broke down when heated again above its melting temperature.
These results imply that molten iron-magnesium silicates are unstable in the presence
of hot dense hydrogen fluid at pressures of 5-42 GPa, while it remains possible that
solid silicates remain stable under a H atmosphere as observed by Shinozaki et al.
(2012). This could imply that as a magma ocean cools and crystallization becomes
dominant the reactions discussed in this work and their implications (such as Si loss
from the mantle to the core) may halt.

When the silicate phases break down, the observed phases in XRD and Raman
spectroscopy show the unique behavior of every element in the Mg-Fe-Si-O-H system,
as well as the relative phase stability at a variety of P-T" conditions. All Fe present
in the starting material is likely reduced to metal (no remaining oxidized Fe is seen)
while Mg remains oxidized as MgO periclase, consistent with the results of (Mg,Fe)O
experiments conducted under H in Chapter 3. Si** originally present in the silicate
phase also reduces to metal (Si®). This Si metal alloys with Fe to form B2 FeSi with

little to no hydrogen incorporation, consistent with the results of Fu et al. (2022b).
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At pressures of 17-22 GPa an additional Fe-Si alloy was seen—hexagonal Fe;Siz—again
with little to no incorporation of H (in contrast to Fu et al. (2022c¢) who found
~27 mol% H in this crystal structure). The fact that separate phases form for Fe-Si
alloys (hexagonal Fe;Siz and B2 FeSi) and Fe-H alloys (dhcp FeH, and fcc FeH,)
suggests that H and Si mutually inhibit each other in Fe alloys. However, for each
alloy phase observed there is some deviation from the expected unit-cell volumes
of pure stoichiometric phases, suggesting it is possible that there is a spectrum of
compositions and the crystal structure for a given composition is determined by the
relative quantities of Fe, Si, and H. The O that was originally bound to Fe?* and Si**
is released to the H-medium where it reacts with H to form H,O with the reduction
of Si creating twice as much H,O as the reduction of Fe due to it releasing two O
atoms.

For Earth-sized bodies, previous studies have estimated 0.03-0.05 GPa for the
surface pressure of a nebular atmosphere (Stokl et al., 2015; Ikoma and Genda, 2006),
which is approximately two orders of magnitude lower than the pressures I studied
here. The critical point for hydrogen is 0.0013 GPa and 33 K and hydrogen remains
molecular supercritical fluid at least up to 100 GPa at planetary interior related
temperatures (> 1000 K) (Cheng et al., 2020). At the conditions mentioned above
for Earth-size planets, hydrogen would be a supercritical fluid which may remain the
same to the P-T conditions I studied here. Although a Frenkel line-the line divides
the stability field of a supercritical fluid into more and less “rigid” fluids— may exist
between the condition expected for Earth-size body and the conditions covered in
our study (Trachenko et al., 2014), H will be still molecular fluid and thus may still
interact with molten silicates in a similar way. However, an important difference is
that FeH, would unlikely form at such a low pressure for Earth and it is more likely

that Fe metal forms. While this difference may limit the ingassing of H through Fe
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reduction, HyO would be still produced by the reduction of Fe and Si in the silicate
magma and some will partition into the magma ocean. At 0.1 GPa, solubility of
H,O may be approximately 3 times higher than Hy in magma (Moore et al., 1995;
Hirschmann et al., 2012). Therefore, water produced by the reduction of Fe and Si
by primordial hydrogen may play an important role for the ingassing of H in the case
of Earth-size body (Hirschmann et al., 2012). This production and ingassing of HoO
by H-magma interaction could also serve as an important deep reservoir of nebular
hydrogen like is seen in Earth (Genda and Ikoma, 2008; Hallis et al., 2015; Wu et al.,
2018). However, this does not rule out the possibility of Hy at depth in a magma
ocean (possibly through physical mixing) (Olson and Sharp, 2018) experiencing the
the same P-T' conditions as the experiments presented in this work.

The physical mixing and chemical reaction are especially pertinent for super-
Earth’s which may ingas at least 10x more H than their Earth sized counterparts
(Olson and Sharp, 2018). This difference in nebular H ingassing between Earth-sized
planet’s and super-Earth’s may have profound effects on their respective chemical
partitioning. While Earth-sized planets may have an Earth-like interior mineralogy,
structure, and dynamics, super-Earth’s may significantly differ in all aspects. They
have cores with far more light elements such as ingassed H or Si from the reduction
of mantle silicates. The mantle of super Earths mantles with significant quantities
of endogenic nebular-H derived water, and be enriched in MgO due to the loss of
Si to the core. The water produced by the reduction of oxidized phases may also
enhance mantle convection because HyO is known to decrease viscosity (Karato and
Wu, 1993). If the endogenically produced water is outgassed it could form a long-
lived H,O dominated atmosphere (Kite and Schaefer, 2021) (or hydrosphere if the
temperature is sufficiently low).

As planetary bodies grow larger than super-Earth’s (~ 2.7gy), they will start to
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rapidly accrete nebular gas into a thick H-dominated atmosphere. At the base of this
atmosphere, there will exist a high P-T interface between the growing H-dominated
envelope and the silicate magma ocean. At this interface, the reactions presented
within this work could enhance the solubility of H in the magma ocean beyond what
is possible through physical mixing and dissolution. Firstly, when olivine melt breaks
down, the elements that had been bound to O reduce releasing and forming large
amounts of water by chemical reaction with the surrounding O. H,O is more soluble
than Hy in magma at this pressure (Hirschmann et al., 2012) so this conversion will
enhance the solubility of the atmosphere in the magma ocean. Secondly, H can be
directly sequestered as an alloy component with existing and newly formed metallic
iron. These chemical enhancements to the solubility of H in silicate melt support the
hypothesis that the radius cliff is a result of growing planets preferentially partitioning
additional acquired nebular gas into the interior rather than the atmosphere thus
disrupting their radial growth (Kite et al., 2019).

Beyond the enhanced solubility of H in the melt, the chemical reactions pre-
sented in this work could significantly alter the structure, chemical partitioning, and
dynamics of growing sub-Neptunes. Not only does H alloy with existing Fe to form
FeH,., but it also reduces previously oxidized Fe to form additional metal. H reduces
Fe in silicates (equations 4.3, 4.4, 4.6) and oxides (Chapter 3). This reduction of Fe
could serve to raise the Mg/Fe ratio of the mantle and grow the core mass fraction
(CMF). Similarly, the reduction of Si by H will raise the Mg/Si ratio of the mantle.
The reduction of Si is particularly interesting as it shows an important shift in the be-
havior of Si from lithophilic to siderophilic if the conditions are sufficiently reducing.
This lithophilic behavior and alloying with Fe provides an important mechanism for
the reduction of mantle silicon and transport to the core along with the sinking metal

alloys to enrich the cores of sub-Neptunes in Si (as well as in H from the alloying of
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Fe with H (Badding et al., 1991; Narygina et al., 2011b; Pépin et al., 2014)).

After losing Fe and Si, the remaining mantle will be enriched in both H,O and
MgO. MgO has a higher melting temperature than magnesium silicate by about
1000 K so after the loss of silicon, crystallization of MgO out of the magma ocean may
be expedited relative to the magma ocean timescale with the original composition.
However, HyO is also known to lower the melting temperature (Litasov and Ohtani,
2002) and viscosity (Karato and Wu, 1993) thus prolonging the magma ocean phase
and enhancing convection.

The endogenic production of HoO in the mantle could also serve as an important
deep reservoir of nebular hydrogen as is seen in Earth (Genda and Ikoma, 2008;
Hallis et al., 2015; Wu et al., 2018). For each mole of magnesium silicate decomposed
to water, metal, and periclase, 2 moles of Hy are consumed to form HyO (eq. 4.3).
For each mole of Fe?* reduced to metal, another mole of Hy is converted to HsO.
Although H5O and Hy have been reported to be immiscible with each other up to
3 GPa and 1500 K (Bali et al., 2013a), a density functional theory (DFT) study
suggested miscibility between Hy and HyO at 2-70 GPa and 1000-6000 K (Soubiran
and Militzer, 2015a). Therefore, HoO may partition into both H envelope and magma
ocean of a sub-Neptune. The partition coefficient of H,O is important to measure
in the future studies to understand the amount of hydrogen ingassed to the interiors
of sub-Neptunes as HoO. Water can partition between silicate melt and metallic iron
liquid at high P-T and existing studies support strong partitioning of H to metallic
Fe (Tagawa et al., 2021; Li et al., 2020a). Therefore, a significant fraction of H,O can
further ingas and be stored in the metallic part of sub-Neptunes’ cores. The fraction
of HyO that partitions into H atmosphere will be important for on-going effort for
measuring and analyzing the composition of sub-Neptunes’ atmospheres.

It has also been shown that some super-Earths may be sub-Neptunes that lost
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their primordial envelope, rather than overgrown terrestrial planets (Owen and Wu,
2013; Schlichting, 2014; Bean et al., 2021). On these planets, the large amount of HyO
generated by the H-magma interface by the reactions presented in the work during
their sub-Neptune magma ocean phase may outgas to form a detectable water-rich
secondary atmosphere (Kite et al., 2020). These long-lived water-rich atmospheres
could give a detectable signature to distinguish between super-Earth planets that
formed from sub-Neptunes that have undergone massive gas-loss versus ones that

formed without significant nebular envelopes.
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Figure 4.5: X-ray diffraction patterns showing San Carlos Olivine before (a) and
after heating to 2700 K (b, solid) and 4350 K (¢, melt) at 37 GPa in a hydrogen
medium. After heating to 2700 K all bridgmanite remains intact, while after heating
to 4350 K and melting bridgmanite it breaks down and silicon is reduced to form B2
FeSi.
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Figure 4.6: 2-D maps of integrated diffraction peak intensity around the heated spot
after heating sample SCO-11 to 3300-4500 K. The left panel shows the integrated
diffraction intensity of both unreacted San Carlos Olivine and Mg-perovskite. The
right panel shows the integrated intensity of B2 FeSi. The anti-corrilation between
the two at the heating spot center shows that when melted silicates break down and
Si is reduced to form FeSi.
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Figure 4.7: Pressure-volume data for Iron-hydrogen alloys formed in these experi-
ments. At pressures above 10 GPa, the volumes of alloys appear to align well with
stoichiometric fcc and dhep FeH (Badding et al., 1991; Narygina et al., 2011b). How-
ever at lower pressures volumes deviate with some alloys showing lower H content
(FeH, x<1) and some showing volumes near that of FeHy (Pépin et al., 2014)
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Fischer et al. (2014).
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Figure 4.9: top: Pre-heating CRD pattern of Fe that has been hydrogenated in the
DHCP structure and amorphous silica.

bottom: XRD diffraction pattern showing the formation of B2 FeSi (green) after
heating to 2500-3300K (below the melting temperature) at 13 GPa.
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Figure 4.10: A raman spectrum showing OH stretching at high pressure after heat-
ing in sample SIL-2. The spectra were collected after laser heating with the Raman
system at GSECARS (Holtgrewe et al., 2019) utilizing the 532nm excitation laser.
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Super-Earth Sub-Neptune

Figure 4.11: Ilustration of how a high-pressure H-magma ocean interface may alter
the evolution of the core, mantle, and atmosphere of a planet.
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Chapter 5

PHASE STABILITY AND CHEMICAL REACTIONS OF FAYALITE UNDER A
HYDROGEN ATMOSPHERE AT PRESSURES UP TO 21 GPA

5.1 Abstract

Hydrogen is the main constituant of stars, the disks from which planets accrete,
and the atmospheres of large planets (R>1.75Rgy). In the previous chapters I have
shown the interactions between hydrogen and iron/magnesium oxides and silicates
along with metallic iron (chapters 3 and 4). In both of these works, Mg remains
oxidized as MgO after laser-heating in a H medium. In this work I present experi-
ments in the pulsed laser-heated diamond exploring the phase stability and chemical
reactions of molten Fayalite (FeySiOy4) in a medium of hot dense hydrogen. I find that
when melted (2250-4500K) in a hydrogen medium fayalite completely breaks down.
At pressures above 10 GPa, Si remains oxidized as SiO, and Fe reduces to form FeH,
with x~1. Below 10 GPa, Si appears to also be reduced to metal, and alloys with Fe
to form B2 FeSi. This may be attributable to a change in the miscibility behavior in
the Hy-H5O system below 10 GPa. Additionally, below 10 GPa, FeH, appears to take
in more than twice as much hydrogen (%):2.2—2.4) than previously reported. This

observation of superstoichiometric FeH, at low pressures could have implications for

the atmosphere/magma ocean interactions on growing large planets.
5.2 Introduction

Hydrogen is the fundamental building block of the universe. Consisting of simply

a proton and an electron (and occasionally a neutron) it is the main constituent
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of stars around which planetary systems form. Planets are formed from the same
disc of gas and dust that collapse to form stars which is thus also rich in hydrogen
(Richter et al., 2002). All planetary embryos are born in this hydrogen-rich disk,
and some grow large enough to attract hydrogen-rich primary atmospheres (i.e. gas
giants and sub-Neptunes) or ingas large amounts of hydrogen (such as super-Earths)
(Olson and Sharp, 2018). Hydrogen is extremely reducing (Bergh, 1965; Luidold
and Antrekowitsch, 2007) and may significantly alter the structure, composition, and
mineralogy of planets where it interfaces with refractory planetary materials.

As planets grow in the protoplanetary disc, they may interface with nebular
hydrogen gas. Smaller planets (Earth-sized and smaller) may attract some quantity
of nebular gas, but as they grow beyond the scale of super-Earths into subneptunes
(~ 1.75 Rgy—3.5 Re), they will begin to accrete large amounts of nebular gas (if they
form before the dispersal of the gaseous disc at 106-107 years (Haisch Jr et al., 2001;
Jayawardhana et al., 2006)). At the base of these thick H-dominated envelopes there
will be a high-P interface with the rocky material below (Rogers et al., 2011). At
this high pressure-temperature interface interactions between the envelope and hot
(possibly molten) silicate layer below may have a significant impact on the structure
and evolution of the growing planet (Hirschmann et al., 2012; Kite et al., 2019, 2020;
Kite and Schaefer, 2021)

Despite the importance of hydrogen in planetary processes, hydrogen has re-
mained understudied in experimental mineral physics. Most previous studies have
either utilized impure hydrogen sources (such as HyO or paraffin) which contain
other chemically active elements or were unable to be conducted at high temperature
due to the experimental challanges associated with working with hydrogen (chap-
ter 2.3). Some studies have circumvented these challenges by using a double capsule

technique to supply molecular hydrogen while keeping other elements segregated (e.g.
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Hirschmann et al., 2012), while others have utilized recent technical advances to over-
come the experimental challenges of working with pure Hy in the diamond-anvil cell
at high temperature (e.g. Pépin et al., 2014). Experimental studies have found that
at pressures up to 67 GPa Fe alloys with H to form FeH, with  ~ 1 in the dhcp (dou-
ble hexagonal close-packed) structure at low temperatures and the fce (face-centered
cubic) structure at higher temperatures (Badding et al., 1991; Narygina et al., 2011b;
Pépin et al., 2014). At pressures from 67-86 GPa, the solubility of H in Fe increases to
FeH, with x~2 and then increases again at 86 GPa to FeH, with x &~ 3. These alloys
may be important for planetary cores such as Earth’s where H has been proposed as
a possible light element alloy component (Kronig et al., 1946; Stevenson, 1977; Fukai
and Akimoto, 1983; Okuchi, 1997; Narygina et al., 2011b).

Alloying behavior is not the only experimentally observed interaction between
Fe and H. In chapter 3, it was shown that both Fe?* and Fe?*" can be reduced by H
forming FeH,. Iron oxides (e.g. Fe;O3) were completely reduced to metal releasing
water in the process. By contrast MgO was stable and unaffected by hydrogen (al-
though it did react with the water produced by the reduction of Fe to form brucite).
While these reactions show important chemical reactions and phase stability for the
Mg-Fe-O-H system, real planets are dominated by silicates, not oxides.

A previous study found that magnesium silicate is stable when heated below
its melting temperature in hydrogen (Shinozaki et al., 2012). However, as shown in
Chapter 4, when melted, San Carlos olivine breaks down to form MgO while Fe and
Si are reduced to metal releasing water. San Carlos olivine has a composition of
(Mgo.ss,Feq.12)25104, which should be enough Fe to achieve stable coupling with the
near-IR laser utilized in pulsed laser-heating. However, in actuality this was not the
case (see 2.3.2 for a more in depth discussion) so metal Fe was mixed to facilitate

laser heating (as well as to represent free metallic Fe that may be present in a magma
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Run ID S.M. p T H.E. Method Result

FAY-1 Fay+H; 6 2900 1 XRD+Raman FeH, 4+ FeSi + BCC Metal
FAY-2  Fay+Hy, 6 2225 1 XRD+Raman FeH, 4+ FeSi + BCC Metal
FAY-3  Fay+H, 12 3000 1 XRD+Raman FeH, + SiO,

FAY-4  Fay+H, 11 2550-2750 2 XRD+Raman FeH, + SiO,

FAY-5  Fay+H, 21 2500-4500 2 XRD+Raman FeH, + SiO,

Table 5.1: “result” - is after T-quench of final heating cycle for each heating spot.
“S.M.” - sample material. “H.E.” - number of heating events (as defined in methods).
Temperature errors are estimated to be £250 K and when a range is given it represents
the change in measured temperature over time in a single heating event. Pressure
errors are estimated to be +£1 GPa.

ocean). Given that all oxidized Fe in silicates and oxides is stripped off and reduced by
H but Mg seems to be unaffected (chapters 3 and 4), it is possible that Fe endmember
olivine, fayalite, may be able to be completely reduced to metal (releasing water) by
H.

In this work, I conduct experiments on the interactions between molten fayalite
and pure molecular hydrogen utilizing the pulsed laser-heated diamond-anvil cell.
Experiments were conducted in 3 pressure ranges, corresponding to the three phases
in the H-free fayalite phase diagram. 6 GPa experiments fall within the stability
field of fayalite, 11-12 GPa experiments within the spinel structure stability field,
and 21 GPa experiments exceed the pressure where fayalite decomposes to FeO and
SiOs (Ohtani, 1979). Samples were analyzed with in-situ X-ray diffraction, in-situ
Raman spectroscopy, and electron microscopy to determine chemical reactions and
phase stability. The observed phase relations and chemical reactions are discussed in
the context of ongoing efforts in mineral physics and their implications for planetary

science.
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5.3 Materials and Methods
5.3.1 Sample Preparation

Natural fayalite (Smithsonian: R 3517 00: Rockport, Massachutes) was ground
to a powder (grain size < 10 um) using an alumina morter and pestel, then compressed
into foils ~10 pm thick using diamond anvils with a 500 ym diameter culet. Rhenium
was indented by diamond anvils with 200 pm diameter culets and then a central circle
with a diameter of 125 ym was laser-milled out to form a chamber in which to place
the sample foil. To prevent hydrogen diffusion into the gasket material, they were
coated with ~800 A of gold before being placed back into the diamond anvil cells. The
sample foils were placed in the center of the sample chamber, and pressure calibrants
(ruby and gold) placed away from the foil at the edge of the sample chamber. The
cells were then placed in a Sanchez GLS 1500 gas loading system, loaded with 1000—
1500 bar of pure Hs, closed, and compressed to 10-20 GPa at 300 K. During the
initial compression, I monitored the pressure using the ruby fluorescence pressure

scale (Piermarini et al., 1975).
5.3.2  Synchrotron Experiments

I performed X-ray diffraction (XRD) experiments in the double-sided pulsed
laser-heated diamond-anvil cell (LHDAC) at the Advanced Photon Source (APS)
GeoSoilEnviroConsortium for Advanced Radiation Sources (GSECARS) sector beam-
line 13-IDD. Monochromatic X-ray beams of wavelength 0.4133 A or 0.3344 A were
coaxially aligned with near-infrared laser-beams and focused on the sample in the
LHDAC for in-situ laser heating and XRD.

When standard continuous-wave laser heating is used in LHDACs loaded with H,

diffusion of H into the anvils causes them to become brittle and fail (Deemyad et al.,
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2005). This inherent issue to working with pure H in the LHDAC has prevented
experiments exploring reactions between hydrogen and silicates and the pressure-
temperature (P-T') conditions expected for the planetary interiors. To facilitate these
experiments, I utilize a pulsed laser-heating system (Deemyad et al., 2005; Goncharov
et al., 2010) to reduce the amount of time the H is molten and thus mitigate the
amount of hydrogen diffusion into the anvils and the gasket material. Each pulsed
heating event (H.E.) consisted of 10° pulses with a width of 1 us and frequency of
10kHz. While the heating duration is short (0.1s of total exposure time to the
near-IR lasers), I found hydrogen is extremely reactive with molten silicates at high
temperatures allowing chemical reactions to complete. The synchrotron X-ray beams
were time-gated and synchronized with the laser pulses to ensure that diffraction
measurements can take place only when the sample reaches the highest temperature
during heating. Additionally, the laser-heating spot size is an approximately 25 pm-
diameter circle while the X-ray spot size is much smaller at 3x4 pm. This helps
mitigate thermal gradients in the high-temperature diffraction patterns. The laser-
heating system provides a flat top laser beam intensity profile which further reduces
thermal gradients in the hot spot (Prakapenka et al., 2008). During each heating
event, 20 streak spectroradiometry measurements were collected. In our experiments,
temperature varies within the order of hundres of Kelvin during pulsed heating events,
sufficient for the purpose of this work — melting behavior of silicates in a H medium.
The thermal emission spectra were fitted to the grey-body equation to estimate the
temperatures of the double-sided laser-heating (Prakapenka et al., 2008).

2-D diffraction images were collected utilizing a Dectris Pilatus 1M CdTe detec-
tor. These were then integrated to 1-D diffraction patterns using DIOPTAS (Prescher
and Prakapenka, 2015). The CeO, and LaBg standards were used to determine the

sample-to-detector distance and correct for tilt of the detector. I used PeakPo (Shim,
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2019) to fit the diffraction peaks with pseudo-Voigt profile functions, then proceeded
with unit-cell parameter fitting with the statistical approaches presented in Holland
and Redfern (1997). Pressure was calculated by measuring the unit-cell volume of
a gold grain at the edge of the sample chamber before heating and comparing said
volume the with the equation of state of gold (Ye et al., 2017). The gold grains
were not mixed with the sample to prevent reactions/alloying with the sample ma-
terial and were rather placed on the edge of the sample chamber. Thus, pressure
could not be measured in-situ at high temperatures. Thermal pressure in a liquid
Ar medium at temperatures of 1000-4000 K is ~ 0.5-2.5 GPa (Dewaele et al., 1998).
All our experiments exceeded the melting temperature of our pressure medium, H
(Fig. 5.1). However, liquid H is more compressible than liquid Ar, so our thermal
pressure is likely smaller than the estimation from Dewaele et al. (1998) in our ex-
periments. Note that thermal pressure is not of great significance for the purpose of
this study, which is to explore chemical reactions between hydrogen and fayalite at
high pressures.

Raman measurements were conducted utilizing the Raman spectroscopy system
at GSECARS (Holtgrewe et al., 2019) for the identification of OH vibrations after
heating. The sample was illuminated with a monochromatic 532nm beam from a
Coherent VERDI V2 laser. Spectra were collected over a wide range of wavenum-
bers (1400-3600 rel cm™!) utilizing a Princeton Instruments Acton Series 2500 spec-
trograph. Pixel-to-pixel sensitivity differences in the CCD detector were calibrated
using the spectrum of a glass with well-known fluorescence intensities at different

wavenumbers.
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Figure 5.1: Pressure-temperature (P-T") conditions of the LHDAC experiments in
this study (data points) shown with the melting curves of relevant materials: SiOs:
Andrault et al. (2020); FeySiO4: Ohtani (1979); FeO: Boehler et al. (1990); FeH,:
Sakamaki et al. (2009a). All experiments exceeded the melting temperature of H,
FeH, FeO and Fe,SiO4 meaning all iron and hydrogen-bearing phases were molten.

5.4  Results
5.4.1 5-7 GPa: Fayalite Stability Field

Upon heating to 2900 K at 6 GPa, fayalite completely breaks down to form H,O
and multiple cubic metal phases as shown in the diffraction patterns in Fig. 5.2. One
metal phase seen is in the fcc structure, the expected high-temperature phase for
FeH, at this pressure (Narygina et al., 2011b). However, the volume of the fcc metal
is 22.6% larger than the volume of stoichiometric FeH reported by Narygina et al.
(2011b) at this pressure (~51.3 A%). Tt is so much larger, that the volume per Fe

atom (15.9-16.4 A?’) is actually approximately equal to that the expected volume of
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Figure 5.2: Natural fayalite at 5 GPa before heating (a), after heating to 2900 K (b),
and after decompression to 1 bar (c¢). At a pressure where fayalite should be stable,
after melting all Fe and Si are reduced to metal and O is released to the medium

as HyO. Tick marks show the expected positions of XRD peaks from various phases
seen in the 1-D diffraction pattern.

tetragonal FeH, if its equation of state is extended to this pressure (Fig. 5.8) (Pépin

et al., 2014). Following the method of Antonov et al. (2019) (fcc FeH,, z = A‘Q/.;p)

gives values of x=2.2, 2.4, and 2.2 for the FeH, formed in runs FAY-1, FAY-1 (high

and low volumes, see discussion in the second paragraph of section 5.4.2 and figure
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Figure 5.3: SEM images of heatmg spots FAY-1 and FAY-3. On the the images on
the right are taken along the optical axis showing the heated area and the images on
the left at a tilted angle to show post-heating sample topography.
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5.5 for more information), and FAY-2 respectively.

Solid Fe is not known to take in this much H until pressures exceeding 67 GPa as
tetragonal FeHy and cubic FeH;z above 86 GPa (Pépin et al., 2014). This observation
of superstoichiotric alloying with H/Fe 2 at pressures below 10 GPa suggests that at
low pressures (5-7 GPa), H-solubility in Fe melt exceeds that of the solubility of solid
Fe by a factor of ~2 and my observation is of the quenched molten FeH, rather than
a solid-fluid reaction between Fe and H.

Similarly, a B2 metal phase (presumably Fe-Si alloy) with a unit cell volume 7.2%
larger than stoichiometric FeSi (Fischer et al., 2014) is observed. This is likely due to
a slight excess of Fe (i.e. Fe/Si>1) which has a higher atomic radius than Si, rather
than hydrogenation of FeSi which has not been observed in previous experiments with
Fe-Si alloys under a H atmosphere (Chapter 4 and (Fu et al., 2022b)). The existence
of Si in Fe is inferred for the reasons discussed above and the lack of a visible Si-
bearing phase in the quenched XRD patterns (Fig. 5.2). Alternatively, experiments
on SiOy in H at similar P-T conditions found that silica breaks down in H to form
H;0O and SiH4. While I do not observe SiH; in Raman spectroscopy, I cannot rule
out its presence because there is a significant overlap in the Raman modes of SiHy
and diamond fluorescence and Raman quality diamonds were not used in this work
due to the rapid deterioration of diamond anvils when used with H.

A bee metal phase with a unit cell volume 1.7% larger than pure bee Fe metal was
also observed. While bcc iron is not observed in the pure Fe-H system at pressures
above 3.5 GPa (Badding et al., 1991) and temperatures this high (Narygina et al.,
2011b), Lin et al. (2002) showed that a small amount of Si can stabilize bee Fe beyond
its standard stability field. It is likely our observation of bce Fe is due to slight
incorporation of Si. The volume expansion of 1.7% may be due to hydrogenation

but is far smaller than the ~20-25% volume expansion seen in 1:1 FeH structures
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(Badding et al., 1991; Narygina et al., 2011b) consistent with previous observations
that Si (which may be stabilizing this structure) inhibits the hydrogenation of cubic
Fe (Chapter 4 and Fu et al. (2022b)).

Upon decompression to 1 bar, the fcc phase disappears, suggesting it was indeed
FeH, (which is known to lose hydrogen below ~3.5 GPa (Badding et al., 1991)), while
the B2 and bce phases remain stable to 1 bar.

The products observed along with the disappearance of fayalite suggest the fol-

lowing reaction:
FeySiO4 (m) + 5Hy (f) — FeHy (m) + FeSi (m) + 4H,0 (f), (5.1)

where (m) stands for melt and (f) stands for supercritical fluid. It should be noted
that the stoichiometry of the alloys is approximate and not exact as their unit cell
volumes are all expanded relative to their 1:1 stoichiometric expected volumes as
noted above (FeH, in particular shows variation from r=2.2-2.4). H,O is observed
using Raman spectroscopy at high-pressure after heating (Raman measurements are
presented and discussed in section 5.4.3). It is interesting to note that while in
the preceding experiments with Mg-bearing olivine MgO remained oxidized as MgO
(Chapter 3, section 3.4.2). In this experiment with no Mg, all components of the
fayalite are reduced to form metal alloys while the oxygen they release still reacts

with Hs to form H5O.
5.4.2 10-11 GPa: Spinel Phase Stability Field

After heating to 3000 K at 10 GPa in a H medium-well above the melting tem-
perature of ~2000 K (Fig. 5.1)-fayalite breaks down to form silica and iron metal.
Silica is present as both stishovite and coesite as during temperature quenching the

silica melt crosses the phase transition line with coesite crystallizing at higher temper-
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Figure 5.4: Natural fayalite at 10 GPa before heating (top), and 6um away from
the heating center after heating to 3000 K (bottom). Fayalite breaks down to form
SiOy and FeH,. Note the distinct peak splitting of the FeH, peak at 20=11 due to
the two distinct volumes for the phase.

atures and stishovite crystallizing after further cooling due to the positive Clapeyron
slope of the phase boundary (Akimoto et al., 1977). It is important to note the
presence of silica and lack of Fe-Si alloy. In all the experiments in chapter 4 as well

as the lower pressure experiment in this chapter, after the breakdown of the silicate

phase, Si is reduced to metal and alloys with Fe (note also that FeSi and FeH, form
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separate phases as Si limits H in Fe (Fu et al., 2022a)). It may be that the extra H,O
released by the reduction of the large amount of Fe? present in fayalite inhibits the
formation of FeSi alloys (as seen by Kim et al (2022 in review)). The reason this was
not seen in the experiment with the same composition at 5 GPa may be that at the
lower pressures FeH, (and other metal alloys) appeared to take in greater amounts
of light elements expanding their unit cell (Fig. 5.8), possibly modifying the local
oxygen fugacity such that it was lower than FeO + %Hg — FeH + Hs0O and SiOs
+ H, «+ Si° + H,0, while in the higher pressure experiments only the former holds

true.
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Figure 5.5: Map showing the distribution of high and low FeH, volumes in sample
FAY-3 at 300K and 12 GPa after quenching from one 3000K heating event. The
heating center was at position (3,3).

Similarly to the experiments at 6 GPa, two distinct populations of fcc FeH,
exist with a high and low volume (Figure 5.4. One with a unit-cell volume of
50.40A3(corresponding to a value of F%:O.Sl) and one with a unit cell volume of
51.98A3 (corresponding to a value of Fﬂe:l.Ol). In the heating center the smaller
(x=0.81) fcc FeH phase is dominant while just outside the hottest area the larger

(x=1.01) suggesting that while melting enhances the solubility of H in Fe, higher
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temperatures reduce the effect (Figure 5.5). A similar relationship was seen in the
two volumes of super-stoichiometic FeH,, in runs FAY-1 and FAY-2. The observed de-
composition of fayalite to form FeH, and SiO, (detected via XRD) and HyO (detected

via Raman spectroscopy) implies the following chemical reaction:

Fe;Si04 (1) 4+ 3Hy (f) — 2FeH, (1) + 2H20 (f) + SiO3 (s) (5.2)

where x &1 varies slightly, sensitive to the local temperature/thermal gradients.
Upon decompression to 1 bar, both coesite and stishovite remain but fcc FeH, reverts
to bee Fe. The unit-cell parameter of the bee phase is 2.867740.0003 A, perfectly in-
line with the expected value of pure Fe of 2.867 A (Rotter and Smith, 1966) suggesting
that all hydrogen has left the crystal structure of Fe upon decompression. Stishovite
also maintains a slight volume expansion at 1 bar (V' = 46.67 4+ 0.08 A3 compared
to 46.50 A3 reported by Sinclair and Ringwood (1978) for anhydrous stishovite) im-
plying that water released by the reduction of Fe is stored in the crystal structure
of stishovite. Nisr et al. (2017¢c) reported the relationship between unit-cell parame-
ters and water content for hydrous stishovite. Utilizing that calibration, the change
in unit-cell volumes implies ~0.7 wt% H,O in this stishovite. However, the min-
imal change in the axial ratio relative to anhydrous stishovite (£=0.640 compared
to £=0.641 reported by (Andrault et al., 1998)) does not align with the change in

increase axial ratios reported in (Nisr et al., 2017¢) for hydrous stishovite due to the

elongation of the a-axis, so the estimation given should be interpreted with caution.
5.4.3 21 GPa: Above the Stability Field of Fe;SiO,

Above ~18 GPa fayalite is known to break down into wiistite and stishovite

without H (Ohtani, 1979). This is still observed in our experiments in the presence
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of hydrogen.

However, as shown in Chapter 3 FeO is known to react with hydrogen forming

FeH, and releasing H,O (Chapter 3:
FeO (m) + 1.5H, (f) — FeH (m) + H,O (f). (5.4)

Combining these equations gives us the same reaction as shown in equation 5.2, which
shows the complete breakdown of fayalite into stishovite, water, and iron-hydrogen
alloy. This complete reaction can be seen in X-ray diffraction in figure 5.7. It is
important to note that just as in the experiments in the spinel stability field, Si was
not reduced to metal and instead remained as an oxide, supporting the hypothesis
that the additional HyO released via the reduction of iron (Eq. 5.4) inhibits the
alloying of Fe and Si as also seen and discussed in section 5.4.2. The presence of HyO

is confirmed via in-situ Raman spectroscopy (Fig. 5.6).
5.5 Discussion

In the presence of H, molten FesSiO,4 (pressures of 6-21 GPa and temperatures
of 2225-4500 K, see figure 5.1) breaks down. Melting is inferred from three lines
of evidence. First, the measured temperature (via grey-body spectroradiometry) of
all runs exceeds the known melting curve of fayalite (Ohtani, 1979). Second, in-situ
optical imaging shows textures consistent with samples that have undergone melting
(e.g. Fig. 4.4). Lastly, SEM imaging of recovered samples shows clear signs of melting
such as bubbles in the quenched heating spot (Fig. 5.3).

In all heating runs, all diffraction peaks of the starting Fe-silicate phase disappear
(figures 5.2(b), 5.4, and 5.7(b)). All Fe originally present is reduced to metal, alloying

with H and possibly Si at pressures below 10 GPa. Below 10 GPa, twice the amount of
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Figure 5.6: Map showing the distribution of water around the heated area in run
FAY-5. The center is the center of the heated spot and the map spans +10um in each
direction. The peak intensity distribution (OH stretch, plotted 2750-3100 cm ™! with
intensity on the Y-axis) shows water is formed around the heated area with more
being formed in the hotter heating center and less being formed in the cooler areas
at the edge. The blank squares are failed spectra acquisitions.
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Figure 5.7: Fig 2. X-ray diffraction patterns showing natural fayalite before and
after heating to 2500-4500 K at 21 GPa in a hydrogen medium. After heating the
silicate phase has broken down form metal and stishovite (Eq. 5.2)

H is stored in Fe metal alloy than previously reported (Badding et al., 1991; Narygina
et al., 2011b; Pépin et al., 2014) and observed in chapters 3 and 4 at at pressures below
67 GPa: H/Fe~2 vs. H/Fe~x1. Above 10 GPa, the unit-cell volumes of FeH, are well
aligned with = 1 and no possible Fe-Si phases are seen. Instead, SiOs-stishovite and
coesite are observed. At these same P-T conditions, samples with olivine and silica
mixed with Fe produced Fe-Si alloys in a hydrogen medium (chapter 4). This change
in behavior may be due to the large production of HoO by the reduction of Fe from
the silicate phase: ~10x more is present in these samples than San Carlos olivine

and none is present in silica. When Fe?* is reduced to Fe® by H, the released oxygen
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Figure 5.8: Pressure-volume data for Iron-hydrogen alloys formed in these experi-
ments. All volumes greatly exceed that of pure Fe (Mao and Bell, 1979). At pressures
above 10 GPa, the volumes of alloys appear to align well with stoichiometric fcc and
dhep FeH (Badding et al., 1991; Narygina et al., 2011b). However at lower pressures
volumes imply a much higher H content close to FeH, x=2 (Pépin et al., 2014).
reacts with the H medium to form H5O. H5O is known to inhibit the formation of
FeSi alloys (Kim et al, 2022 in review).

This production of HyO could play a major role in systems where significant
quantities of oxidized Fe are present. For example, in sub-Neptune sized planets
there may exist a high-pressure interface between H, and a silicate magma ocean. H
reactions with the oxidized magma may produce large quantities of HoO which will

then partition into the atmosphere and mantle. HyO partitioned into the atmosphere

(or interior and outgassed to the atmosphere) may form a long-lived HoO dominated
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atmosphere or hydrosphere (Kite et al., 2020; Kite and Schaefer, 2021). Such long
lived water-rich secondary atmospheres may also be an important observable diag-
nostic to distinguish super-Earth sized planets that formed as sub-Neptunes before
losing their primary H-dominated atmospheres (Owen and Wu, 2013). While H,O
may be an important atmospheric species, HoO may preferentially partition into the
mantle at low pressures (Moore et al., 1995; Hirschmann et al., 2012). As shown in
this work, the balance between the amount of Hy and H5O in silicate melt may play
an important role in the control of how much Si is reduced to metal alloys. As more
water is partitioned to the interior, more silica may remain oxidized thus increasing
the viscosity of the magma (Urbain et al., 1982) and inhibiting convection and pos-
sibly hindering the ingassing of additional H. However, HyO is known to decrease
the viscosity of magma (Karato and Wu, 1993) which may at least partially offset
this dynamical change allowing additional H to be ingassed, reducing Fe and Si and
sequestering H and Si in the metallic core.

H has been proposed as a possible light element for planetary cores (Kronig
et al., 1946) and the alloying behavior of Fe-H alloys has been studied extensively at
high pressure (Badding et al., 1991; Yagi and Hishinuma, 1995; Hirao et al., 2004;
Narygina et al., 2011b; Pépin et al., 2014). To this point, all studies have found
that at pressures below 67 GPa, stoichiometric alloying (1:1 alloying of Fe and H)
was the maximum storage capacity for H in Fe synthesized at subsolidus conditions.
Pépin et al. (2014) found FeH, undergoes phase transitions at 67 and 86 GPa to
new structures with H/Fe = 2 and H/Fe = 3, respectively. However, in this study, I
observe fcc metal with a unit cell volume corresponding to FeH, x~2 (Fig. 5.8). This
observation is roughly 60 GPa lower than the previously measured threshold for FeH,
(although Hirao et al. (2004) interpreted an anomalous change in compressability

behavior above 50 GPa as an increase in H solubility, which is still ~44 GPa higher
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than our conditions).

This superstoichiometric alloying behavior may be due to increased solubility
of H in lower-pressure Fe melts. Previous experiments at this pressure have not
achieved melting, whereas both of the runs at 6 GPa (prior to heating) exceeded the
melting temperature of FeH (Table 5.1, Fig. 5.1, Sakamaki et al., 2009a). Thus the
superstoichiometric alloying may be H dissolved in Fe melt, which is then captured
upon temperature quench rather than migration of H into the Fe crystal structure in
the solid state. This is supported by the fact that after heating sample FAY-4, XRD
mapping was conducted. This map showed two distinct populations of volumes for
FeH, with the lower volume (less H; x ~0.81) found in the hottest heating center
and the lower volume (more H; z ~ 1.01) suggesting a negative correlation between
temperature and hydrogenation of Fe melt (Fig. 5.5).

However, there seems to be a pressure effect on this phenomenon. Experiments
above 10 GPa still showed two populations of FeH, (as shown in figure 5.5). However,
the unit-cell volumes of FeH, are quite near x = 1 as seen in previous work, rather
than x = 2 as seen in our lower-pressure experiments. It is also possible that Fe melt at
higher pressures also maintains the expanded solubility for H, but it is not quenchable.
In figure 5.3 at heating spot FAY-3 (bottom) one can see bubbles in the quenched
sphere of metal at the center of the heating spot. I interpret this as bubbles of H
escaping the metallic melt as the temperature quenches. This may imply that above
10 GPa FeH, melt maintains its expanded capacity for H but it is not quenchable
(thus bubbles form as H escapes the rapidly cooling melt). No such bubbles appear
in the heating spot of FAY-1 where the expanded unit-cell volume of fcc FeH, was
seen at high pressure after temperature quenching implying the superstoichiometric
melt was quenchable at this pressure. However, both samples lose all H and revert to

pure bee Fe at ambient pressure as is expected for FeH, (Badding et al., 1991).
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Additional insights can be gleaned from the texture of the two heating spots
in figure 5.3. Around the smaller ball of metal in spot FAY-3 there exists a large
amount of granular oxide rich material (inferred by the charging seen in the lower-left
panel). This was seen in XRD as SiO, stishovite and coesite. In sample FAY-1, no
Si oxide phase was seen in XRD, implying possibly dissolution of Si in an Fe phase
(B2 FeSi). This may be seen in the metallic ball at the heating center which appears
to have two distinct components shown by Z-contrast (contrast is sensitive to atomic
number rather than surface texture) in the BSE image (upper right). This may also
imply that not only is superstoichiometric FeH, quenchable at lower pressures, there
may be a change in the miscibility of Hy and H,O between 7 and 10 GPa since water
inhibits the formation of FeSi (as it does in the higher pressure experiments). This
hypothesis may reconcile the experimental observations of the immiscibility of Hy and
H50 at pressures below 3 GPa (Bali et al., 2013b) with the ab initio simulations that
found the two were miscible up to 70 GPa (Soubiran and Militzer, 2015b).

This twofold increase in the solubility of H in Fe melt at low pressures could
have broad ranging implications for planetary science. For example, in sub-Neptune
planets where an interface between a H envelope and magma ocean may exist at
pressures below 10 GPa, this enhanced solubility of H may aid in the ingassing of H
to the interior. Along with the high solubility of H in Fe melt, H is also consumed to
form H2O by the reduction of Fe (and possibly Si). All in all, for each mole of fayalite
decomposed by H, 5 moles of Hy are consumed at pressures below 10 GPa (Eq. 5.1)

while at higher pressures 3 moles are consumed (Eq. 5.2).
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Chapter 6

OXIDATION OF THE INTERIORS OF CARBIDE EXOPLANETS

6.1 Abstract

Astrophysical measurements have shown that some stars have sufficiently high
carbon-to-oxygen ratios such that the planets they host would be mainly composed of
carbides instead of silicates. I studied the behavior of silicon carbide in the presence of
water under the high pressure-temperature conditions relevant to planetary interiors
in the laser-heated diamond-anvil cell (LHDAC). When reacting with water, silicon
carbide converts to silica (stishovite) and diamond at pressures up to 50 GPa and
temperatures up to 2500 K: SiC 4 2H;0O — SiOy + C 4 2H;. Therefore, if water can
be incorporated into carbide planets during their formation or through later delivery,
they could be oxidized and have mineralogy dominated by silicates and diamond in
their interiors. The reaction could produce CHy at shallower depths and H, at greater
depths which could be degassed from the interior, causing the atmospheres of the
converted carbon planets to be rich in reducing gases. Excess water after the reaction
can be stored in dense silica polymorphs in the interiors of the converted carbon
planets. Such conversion of mineralogy to diamond and silicates would decrease the
density of carbon-rich planet, making the converted planets distinct from silicate

planets in mass-radius relations for the 2-8 Earth mass range.
6.2 Introduction

Carbon-rich planets could exist in extra-solar systems containing either stars with

high C/O ratios (Bond et al., 2010) or proto-planetary discs of Sun-like stars with
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locally elevated C/O ratios (Kuchner and Seager, 2005). Bond et al. (2010) suggested
a significant population of planet-hosting stars have C/O ratios well over 1; however,
recent studies have called into question the abundance of those stars (Fortney, 2012;
Nissen, 2013; Teske et al., 2014; Suarez-Andrés et al., 2018; Nissen and Gustafsson,
2018). While they seem to comprise no more than 12-17% of planetary systems
(Wilson et al., 2016; Stonkuté et al., 2020), some systems with C/O > 0.8 likely
exist (Young et al., 2014). Because our solar system does not host carbon-dominated
planets, relatively little is known about the type of structure and dynamics that make
up the surface and interior of these planets.

In those carbon-rich planets, silicon carbide (SiC) can be the major mantle phase
(Larimer, 1975). Therefore, high-pressure polymorphs of SiC have been studied ex-
tensively at high pressure-temperature (P—T") in recent years (Nisr et al., 2017b;
Daviau and Lee, 2017a; Miozzi et al., 2018; Daviau et al., 2019; Kidokoro et al., 2017)
to understand the interiors of carbon-rich planets. On the other hand, the oxidation of
SiC under hydrothermal conditions has been known in the materials science literature
for many decades. For example, SiC oxidizes in the presence of water at temperatures
as low as 700 K and pressures as low as 0.01 GPa to form silica and gasses (Yoshimura
et al., 1986). The well-known reaction at very low pressure conditions raises an im-
portant question on the stability of SiC in the interior of carbon-rich planets when
water exists or is delivered. Recent studies have found that SiC could react with
oxides in carbon rich bulk compositions and form graphite at high temperature and
under 2 GPa (Hakim et al., 2018, 2019). However, these studies were conducted at
low pressures and did not consider the effect of water. Therefore, it is important to
further investigate if SiC would remain the main phase at the high P—T' conditions of
the interiors of carbide planets in the presence of water. Here, I report experimental

investigation on SiC + HyO mixtures at high P—T" in the laser-heated diamond-anvil
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cell (LHDAC) combined with synchrotron X-ray diffraction (XRD) and micro-Raman

spectroscopy.
6.3 Materials and Methods

Starting materials were pure synthetic SiC (Alfa, purity 99.8%) of the hexagonal
a phase (SiC-6H) or cubic 8 phase (SiC-3C). For LHDAC experiments, the SiC pow-
der was mixed with gold powder (10 wt%) as a laser coupler and pressure calibrant.
The SiC + gold powder mixture was cold-pressed into foils with approximately 10 ym
of thickness. The foils were loaded into 125 ym and 260 gm holes drilled in a rhenium
gasket which had been indented by diamond anvils with 200 gm and 400 pm diameter
culets, respectively. The holes were then filled with deionized water. Samples were
compressed to pressures between 20 and 40 GPa at 300 K before laser heating. A
total of 18 LHDAC runs were performed (Table 6.1).

XRD patterns were collected at high P—T in double-sided laser-heated DAC
(diamond-anvil cell) at the 13-IDD of the GeoSoilEnviroConsortium for Advanced Ra-
diation Sources (GSECARS) sector at the Advanced Photon Source (APS). Monochro-
matic X-ray beams of wavelength 0.4133 A or 0.3344 A were focused on the sample in
LHDAC. Near-infrared laser beams were coaxially aligned and focused with the X-
ray beams for in situ laser heating. Temperatures were estimated by fitting thermal
spectra from both sides to the gray-body equation (Prakapenka et al., 2008). 2-D
diffraction images, collected from a Dectris Pilatus detector, were integrated into 1-D
diffraction patterns using DIOPTAS (Prescher and Prakapenka, 2015). Using the
CeO, and LaBg standards, I corrected for tilt of the detector and sample-to-detector
distance. The diffraction peaks were fitted with a pseudo-Voigt profile function to
determine the unit-cell parameters in PeakPo (Shim, 2019). The unit-cell parameter

fitting was conducted based on the statistical approaches presented in Holland and
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Redfern (1997). Pressure was calculated by combining the measured unit-cell volume
of gold with its equation of state (Ye et al., 2017) using Pytheos (Shim, 2018). In
some DAC runs, pressure was estimated from ruby spectra at 300 K (Piermarini and
Block, 1975).

Micro-Raman measurements were conducted for the phase identification of the
recovered samples from DAC runs 14-17 at Arizona State University (ASU). T used
a solid-state (frequency doubled Nd:YAG) laser with a 532 nm monochromatic beam,
set to a laser power of 50-100 mW (5-10 mW at the sample), as an excitation source.
Measurements were conducted using an 1800 grooves/mm grating. The spectrometer
was calibrated using the neon emission spectra. I calibrated pixel-to-pixel sensitivity
differences in the CCD detector using the spectrum of a glass with well-known flu-
orescence intensities at different wavenumbers. Spectra were measured at different
wavenumber ranges: 100-1000 cm ™! for SiC and SiO,, 1000-1500 cm ™ for diamond,
and 2000-4000 cm~! for H,O, CHy, and Hy. The typical acquisition time was 50—
100 seconds.

I calculated the mass-radius relations of planets composed of relevant materials.
In the models, planets are composed of a single homogeneous layer. The equations-
of-state parameters used for these calculations were from: Dewaele et al. (2008) for
diamond, Miozzi et al. (2018) for silicon carbide in B1 structure, Dewaele et al.
(2006) for iron metal, Stixrude and Lithgow-Bertelloni (2011) for silica (seifertite) and
MgSiO3 (bridgmanite), and Hemley et al. (1987) for ice. I chose the B1 phase of SiC
and seifertite because they would be the dominant phases in 2-8 Earth mass planets
(Daviau and Lee, 2017b; Miozzi et al., 2018; Kidokoro et al., 2017; Grocholski et al.,
2013). The equations of state were calculated using the Burnman package (Cottaar
et al., 2016). I did not include thermal effects, because internal temperatures of the

exoplanets are not well known and the thermal effects are much smaller than pressure
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effects on density of minerals for the mass range I consider.
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Figure 6.1: X-ray powder diffraction patterns measured at in-situ high pressures
and high temperatures: (a) the starting material before heating, (b) the sample just
after heating began, (c) the sample 10 min later, and (d) the sample after heating.
The energy of X-ray beam was 37 keV. The colored vertical bars show the expected
diffraction peak positions of phases. The Miller indices of main stishovite lines are
shown to highlight the appearance of those lines during heating.

6.4 Results

X-ray diffraction (XRD) patterns showed the conversion of SiC into SiOs stishovite
from every run across our entire P—71" range regardless of the polymorphs of SiC. For
example, at 40 GPa before heating, the only peaks observed were from SiC-6H and
Hy0 ice VII (starting mixture) together with Au (pressure standard) (Figure6.1).
As soon as the heating began, the 110y, diffraction peak at 2.8 A was immediately

visible (the numbers are the Miller index and the subscript notes the phase). The
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1104, line is diagnostic of stishovite in our diffraction patterns for the identification
of the phase because it does not overlap with lines from any other phases and it is the
most intense peak for stishovite. After about 5 minutes of heating, other stishovite
diffraction lines—such as the 101, 111, 210, 211, and 220 peaks—were all visible. All
SiO, peaks continued to grow as heating continued, and they persisted after quench

to room temperature at high pressure.
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Figure 6.2: Diffraction pattern (bottom) of a sample heated to 1800 K at 40 GPa
then recovered to room temperature at 1 bar. Diamond diffraction spots can be seen
highlighted by the green rectangles and arrows in the unrolled 2-D diffraction image
(top). These spots were only present in heated regions of the sample. The colored
bars in the 1-D integrated pattern and the vertical lines in the 2-D unrolled image
show the expected peak positions of phases.

In majority of our runs, temperatures were higher than the melting of H5O ice.
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In run DAC2, temperatures were lower than the melting temperature of HyO ice
reported in Schwager and Boehler (2008). The melting could be also inferred from
a plateau in laser power and temperature relations as previous studies have found
(Walter et al., 2015). In this run, stishovite lines still appeared. Therefore, the
reaction occurs in both solid and liquid regimes of H,O; however, there is uncertainty
in the melting curve of water. If melting temperature of water is low at high pressure
as some other studies suggested (Goncharov et al., 2005; Lin et al., 2005), all of our
temperatures would fall in the liquid water regime.

In all the LHDAC experiments, the stishovite peaks continued to grow until the
end of the run, which I limited to 30 min for the mechanical stability of the DAC.
The continuous growth of the peak intensity indicates that stishovite is stable over
SiC in the presence of HoO. The continued presence of SiC is likely related to kinetics
due to the short heating duration. I expect that SiC would convert completely to
stishovite with sufficiently long heating.

After heating to 1800 K at 42 GPa, I decompressed the sample to 1 bar and
measured XRD patters of the recovered sample (run DAC4). 1 opened the DAC
to remove liquid water through evaportion, and then closed the sample chamber
again (but still at 1 Bar) for XRD measurements of the recovered samples. All the
phases observed at high pressure remained at 1 bar, including stishovite. The lattice
constants of the recovered samples were obtained by fitting the XRD patterns: a =
4.1829(2) A, ¢ = 2.6659(3) A, and V' = 46.646(8) A? in stishovite and a = 3.081(8) A,
c = 15.127(7) A, and V = 124.4(3) A® in SiC (a and c are axial lengths and V is
unit-cell volume). In those patterns, I also found some diffraction spots that indexed
well with the diamond 111 line (Figure 6.2). This observation indicates that diamond
exists as a few small single crystal grains likely grown in an HoO medium. The line

can also be clearly identified in the integrated 1D diffraction patterns. At in-situ high
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pressure, it was difficult to unambiguously identify the diffraction lines of diamond
formed through the reaction, because the most intense diffraction peak of diamond
exists at the same 26 angle range as the main diffraction line of HyO ice VII.
Although phase fractions can be calculated from the diffraction intensities from
randomly oriented crystallites in powder, it was difficult to apply the method for our
diffraction patterns. As explained above, the diamond diffraction is from a small
number of single crystals. In this case, the diffraction intensity can be highly sen-
sitive to the preferred orientations of these grains and therefore cannot be used for
estimating the phase fraction. The intensity of the diamond peak can be affected
by other factors. Low-pressure experiments on this system showed the production of
methane (Yoshimura et al., 1986). Hirai et al. (2009) showed that the conversion of
methane to diamond requires heating to elevated temperatures at high pressures. If
the relatively low temperature in this work could not have supplied enough heat to
overcome the slow kinetics of the transformation of CH, to diamond, some C may
exist in fluid CHy which could be convected away in the liquid HoO medium.
Micro-Raman spectroscopy of the recovered samples confirmed the presence of
stishovite. In runs DAC 14-18 (Table6.1), I conducted Raman measurements at
in-situ high pressure at 40 GPa in a DAC after laser heating to 1500 K for 20 min
(Figure 6.3). In order to reduce the Raman scattering from thick diamond anvils, I
used a confocal setup. The black spectrum in Figure 6.3 was measured at an unheated
area of the sample. The observed broad feature is from parts of diamond anvils with
different stress conditions along pressure gradients. The depth resolution achieved
in the confocal setup is approximately 30 pum, which is still somewhat greater than
the thickness of the sample in DAC, 5-10 um. Therefore, even if the focal plane is
set on the surface of the sample in DAC, some intensity from the tip of the diamond

anvils is expected to be detected. Indeed, the small increase in intensities near the
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Figure 6.3: High-pressure Raman spectra of the sample synthesized at 40 GPa and
1500 K. The black spectrum was measured at an unheated portion of the sample and
the red spectrum was measured at a heated portion. The sharp peak at 1400 cm ™!
in the red spectrum is from pressurized diamond crystals formed from reaction 6.1.

highest wavenumber (~1400 cm™!) should be from the tip of the diamond anvil which
is under the highest stress. In a heated area, I observed a much more pronounced
phonon peak intensity at ~1400 cm~!. This suggests that a majority of the intensity
should come from the compressed diamond crystals in the sample chamber (Boppart
et al., 1985) formed from the SiC + H,O reaction, rather than from the diamond
anvil.

Both the XRD and Raman observations reported above indicate reaction between

SiC and H,O:
SiC 4 2H50 — SiO (stishovite) 4+ C (diamond) + 2H,. (6.1)

The reaction also predicts the formation of hydrogen. While I observed SiO, stishovite
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and diamond, I did not directly observe hydrogen. Hydrogen is difficult to detect in
XRD because of its extremely small scattering cross section compared with other
materials in the sample chamber of our experiments. Molecular hydrogen has a
Raman mode at 4100-4300 cm™! at the pressure range of this study (Goncharov
et al., 2001; Gregoryanz et al., 2003). However, I could not find the hydrogen peak in
our Raman measurements. Hydrogen likely diffused out from the heated spot to the
water medium and therefore can be diluted to a smaller fraction at any given spot.
In this case, the hydrogen peak would be very difficult to detect.

Spektor et al. (2011) reported that stishovite can be hydrated and store up to
1.3 wt% H5O in the crystal structure. Even greater H,O storage capacities of dense
silica polymophs were reported in recent LHDAC experiments, up to 8-13 wt% (Nisr
et al., 2020). Studies have shown that such significant hydration can expand the unit-
cell volume of stishovite and alter the axial ratio (¢/a) (Nisr et al., 2017d; Spektor
et al., 2016; Nisr et al., 2020). The diffraction patterns of our recovered LHDAC
samples at 1 bar showed unit-cell volumes larger than those reported for anhydrous
stishovite (Andrault et al., 2003; Grocholski et al., 2013). For example, stishovite in
the recovered sample from run DACG, heated to 1800 K at 40 GPa, was expanded by
0.28% compared to the anhydrous unit-cell volume (Andrault et al., 2003). Based on
the relationship between the unit-cell volume expansion and HyO content reported by
Nisr et al. (2017d), I obtained 0.5-0.6 wt% H»O in the stishovite phase. Therefore,
the stishovite formed from the SiC + H5O reaction contains some amount of HyO in

the crystal structure.
6.5 Discussion

Some population (12-17%) of stars may have C/O ratios greater than 0.8 (Bond

et al., 2010; Petigura and Marcy, 2011; Wilson et al., 2016; Stonkuté et al., 2020), and
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Figure 6.4: An example of a carbon planet with SiC as the major mantle phase
(left). After bombardment with water-rich materials, the upper portion of the mantle,
which was exposed to water, transforms from carbide to silicate and diamond (right).
The reaction will also produce CHy at shallower depths and H, at greater depths.
The reducing volatiles may be degassed from the interior and incorporated into the
atmosphere. The dense silica polymorphs in the mantle could then store a large
amount of HyO in their crystal structures.

the mineralogy of planets hosted around these stars would be dominated by carbides
(Kuchner and Seager, 2005; Bond et al., 2010; Madhusudhan et al., 2011b; Fortney,
2012; Petigura and Marcy, 2011; Duffy et al., 2015). Therefore, a planet formed under
these conditions could have an exotic internal structure and dynamics compared with
the planet types observed in the solar system. Sleep (2018) suggests that instead of
a rocky crust, carbon-rich planets would form a graphite rind as shown in Figure 6.4.
This rind could react with hydrogen or water to form a methane-rich atmosphere. In
the mantles of carbon-rich planets, SiC would be the major phase (Larimer, 1975).
The core would likely incorporate some carbon as well due to the abundance of carbon
in the system and its solubility in iron at high pressure-temperature (Wood, 1993;
Nakajima et al., 2009; Mashino et al., 2019).

While there is an inverse relationship between C/O ratios (and consequently

carbide abundance) and water abundance (Madhusudhan et al., 2011b; Pekmezci
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et al., 2019), carbides and water could exist in the same planetary system in significant
quantities depending on the C/O ratio, redox conditions, and proportion of available
carbon in the solid phase as discussed in Pekmezci et al. (2019). In addition, carbide
planets can form at a zone with locally elevated C/O ratios relative to the host star
due to inherent disk inhomogeneities (Kuchner and Seager, 2005; Bond et al., 2010).
In this case, the C/O ratio of the system would be lower like our solar system and
therefore could contain a significant amount of water.

Our experiments show that water can react with SiC and convert it to silica +
diamond at high P—T'. Because a similar conversion of SiC by water to silica has also
been reported at very low pressure (Yoshimura et al., 1986), the oxidation reaction
can likely occur from the shallow depths of the carbide planets. Two cases can be
considered for reaction 6.1 at a planetary scale: either existence of water during the
formation of carbide planets or the delivery of water rich materials at later stages of
carbide planet formation, such as late veneer discussed for the Earth (Dreibus et al.,
1987; Morbidelli et al., 2000; Wang and Becker, 2013).

If water is delivered to carbide planets, the impact will produce high pressure and
high temperature locally and induce the reaction. In regions of the mantle where water
reaches SiC, the reaction shown in eq. 6.1 would produce diamond and silica. In this
case, a carbide planet would experience a chemical change from the outside in. This
process could cause the surface to be covered with silica, while at sufficiently greater
depths diamond and silica would exist together as shown in Figure 6.4. Diamond and
stishovite have high viscosity and diamond has extremely high thermal conductivity
(Weidner et al., 1982; McSkimin and Andreatch Jr, 1972). Because of the physical
properties, it is unlikely that the diamond + silica-rich mantle would have vigorous
convection. In the converted planet, the secular cooling would likely be dominated

by conduction, differing from Earth-like planets (Unterborn et al., 2014; Nisr et al.,
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2017b). Water can alter the rheology of mineral phases (Hirth and Kohlstedt, 1996).
Therefore, if the silica phase contains a large amount of water in the converted planets
(Nisr et al., 2017a, 2020), it could have a different rheology from anhydrous case.
Therefore, it is important to address the impact of water on silica’s rheology in future
studies.

The hydrogen formed in reaction 6.1 at high pressure would be degassed from
the interior and incorporated in the atmosphere. At pressures below the stability of

diamond, the reaction likely produces methane as shown by Yoshimura et al. (1986):

This reaction leads us to believe that at shallower depths and lower temperatures,
methane may be produced in hydrated carbon-rich planets. As temperature and
pressure increase with depth, it is possible that methane can polymerize to form
ethane and higher-order hydrocarbons (Hirai et al., 2009). Therefore, it is feasible that
depending on the depths of the chemical alteration by water, the interior of a carbide
planet can produce different reducing volatiles (such as methane and hydrogen). If
they are degassed and incorporated into the atmosphere, the converted carbon-rich
planets would have an even more reduced atmosphere.

It is important to note that stishovite can store a large amount of HyO in the
crystal structure at high pressure. A recent study showed that the solubility in dense
silica polymorphs increases with pressure, at least up to 100 GPa, and reaches 8-
13 wt% H,0 in silica (Nisr et al., 2020). Therefore, a once-carbide planet that has
undergone the conversion from SiC to silicate + diamond could store a large amount
of water in its mantle.

An important consideration is how different mineralogy would affect astrophys-

ical observables such as mass, radius, and atmosphere. While the atmospheric com-
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Figure 6.5: Mass-radius relations of planets composed of different materials. A
planet composed of SiC (the thick green curve) is indistinguishable from one composed
of MgSiOj3 (the thin black curve) because of the stability of the dense B1 phase at
high pressure. However, a planet composed of diamond + silica (SiOy + C; the thick
purple curve) would be less dense.

position is already reducing and depleted in water in carbide planets (Madhusudhan
et al., 2011a), the chemical reaction presented here would likely push it further in that
direction by sequestering oxygen in the mantle and producing carbon- and hydrogen-
rich volatile species in the atmosphere during conversion to silicate + diamond plan-
ets. As shown in Figure 6.5, a planet composed of SiC would be indistinguishable
from a planet composed of magnesium silicates (MgSiO3). The main reason for the
similarity is that the dense B1 phase of SiC becomes stable and therefore dominant
in the 2-8 Earth mass planets. However, if a carbide planet undergoes alteration by

H50, the mineralogy would change to SiOy + diamond while the bulk chemical com-

position remains the same. Because of highly incompressible diamond, the converted
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carbon-rich planet with diamond and silica would become significantly less dense as
shown in Figure 6.5. The difference may not be sufficiently large compared with
the level of uncertainties in the existing data for the mass and radius of exoplanets
and the degeneracy in the mass-radius parameteral space but the difference in the
mass-radius relations combined with the predicted interior—atmosphere relations for
the converted carbon-rich planets provide improved constraints for the future inves-
tigations for carbon-rich worlds.

Silicon carbide would be the main constituent of carbide planets. However, other
elements may exist in the planet. For example, Mg carbides could become important
as the Mg/Si ratio increases. Some Mg carbides are known to react with water and
form oxides and hydroxides at low pressures (Rueggeberg, 1943; Lauren, 1968; Hajek
et al., 1980), similar to the case for Si carbide. Therefore, it is possible that Mg-rich
carbides convert to Mg-oxides and diamond, contributing to the conversion of carbide
planets. If a carbide planet is large enough to exceed 52-75 GPa in the mantle, SiC will
undergo a phase transition (Yoshida et al., 1993; Sekine and Kobayashi, 1997; Daviau
and Lee, 2017b; Miozzi et al., 2018; Kidokoro et al., 2017). However, the polymorphic
phase transition would likely not make a significant impact on our implications on
chemical reactions in the carbon-rich planets, due to the outward-in nature of the
transformation (Figure 6.4). Future works on high-pressure polymorphs of SiC with
water would address the question of how deep the reaction presented here can occur

in carbon-rich planets.
6.6 Conclusion

Combined with the existing experiments at low pressures, our new experiments at
high pressures show that water can convert silicon carbide to silica and diamond. With

our finding that carbide planets will readily convert to silicate planets in the presence
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of water, the number of carbide planets in existence may be even lower than current
predictions. Furthermore, a carbide planet could convert to a type of planet which to
our knowledge has never been considered before: a planet rich in both diamond and
silicates. The unique mineralogy of the converted carbon-rich planets would make
the planets un-Earth-like. For example, the mantle of the converted planets would
be much more viscous than the Earth-like silicate mantle, because of the physical
properties of silica and diamond. Because diamond is a main mineral in those these
converted, the secular cooling of the planets could be dominated by conduction from
high thermal conductivity of diamond. The atmosphere of the converted planets
could be very reducing from the methane and hydrogen degassed from the hydration
of the interiors. In contrast, a significant amount of water could remain and be
stored in the deep mantle of the converted planet because of the large water storage
capacity of dense silica polymorphs at high pressures. During the conversion of a
carbon-rich planet, the mineralogy change from carbide to silica + diamond would
reduce the density of the planet, because of highly incompressible diamond. Such
a conversion would not change the bulk chemical composition significantly. Instead,
the mineralogy change alone can shift in the mass-radius relations substantially for

the carbon-rich world.
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Table 6.1: Experimental runs performed in this study. The temperatures of the
LHDAC runs were obtained from the gray-body radiation from the samples except
for the DAC13 run. For DAC13 I estimated from the intensity of thermal radiation.
The estimated uncertainties for the temperatures are 100-150 K. The estimated
uncertainty for pressure is approximately 2-5 GPa. S.M.: starting material, XRD:
X-ray diffraction, Raman: micro-Raman spectroscopy, T": temperature, P: pressure
or pressure range, t: time duration of heating, and P scale: pressure scale calibrant.

Run S.M. ¢ (min) T (K) P (GPa) P scale Analysis
DAC2  SiC-6H 10 1050-1600 34.5-44.5 Au XRD
DAC3  SiC-6H 10 1450-1950  39-43.5 Au XRD
DAC4  SiC-6H 6 1550-1850  41.5-48 Au XRD
DAC5  SiC-6H 7 1450-2100 42-49 Au XRD
DAC6  SiC-6H 9 1575-1975 41-47 Au XRD
DACT  SiC-6H 4 1700-2675 43-47 Au XRD
DAC8  SiC-6H 9 1525-2200 42-47 Au XRD
DAC9  SiC-6H 9 1125-1600 28 Au XRD
DAC10 SiC-6H 7 1075-1450 26 Au XRD
DAC11 SiC-6H 7 1150-1600 24.5-28.5 Au XRD
DAC12 SiC-6H 9 1125-1625 26 Au XRD
DAC13 SiC-6H 7 1350-1650 28-29 Au XRD
DAC14 SiC-6H 20 1325-1600 38 Ruby  Raman
DAC15 SiC-6H 20 1275-1675 38 Ruby  Raman
DAC16 SiC-6H 20 13501550 38 Ruby  Raman
DAC17 SiC-6H 21 1350-1550 38 Ruby  Raman
DAC18 §SiC-3C 15 1400 20 Au XRD
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Chapter 7

CONCLUSION

In this work I have explored various chemical reactions between planetary materials.

I have found that under a hydrogen atmosphere:
e Oxidized Fe contained in iron-bearing oxides and silicates is reduced to metal

e Oxidized Si from silicate melts can also be reduced to metal by hydrogen, but

this reaction is sensitive to the local water content

e Fe metal alloys with H to form FeH, where the value of x can exceed 2 at

pressures below 10 GPa
e Si metal alloys with Fe but little to no H can exist in these alloys
e The oxygen released by the reduction of Fe and Si reacts with H to form H,O

e MgO does not react with hydrogen and remains stable at temperatures up to

4200 K

My experimental observations of the phase stability and chemical interactions
between Mg, Fe, Si, and O bearing planetary materials (which together make up
more than 90% of the rocky planets in our solar system (Morgan and Anders, 1980))
under a hydrogen atmosphere will be of particular value to models of the formation
and evolution of large planets with thick H-dominated atmospheres. At the interface
between the atmosphere and a silicate magma ocean the reactions presented within
this work could drastically alter the mineralogy, structure, and chemical partitioning

between the core mantle and atmosphere of a planet. The breakdown of silicates and
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oxides will alter the mineralogical makeup of the mantle (enriching it in Mg domi-
nated minerals due to Mg’s stability under hydrogen) while removing Fe and Si to
the core. The water produced by these reactions could partition to the interior low-
ering the melting temperature and viscosity of the magma postponing crystallization
while convection allows for even greater amounts of ingassing. Water released to the
atmosphere may create a long lasting secondary atmosphere (or hydrosphere once the
planet cools).

While H,O can be made from Hy by the reduction of silicates and oxides, Hy can
be made from H,O by the oxidation of carbides. In oxygen-poor planetary systems
planets may have a far more reduced mineralogy dominated by carbides. If silicon
carbide is exposed to water at high temperature (such as by an impact from a water
rich object like a comet) they react to form silica (a silicate) and hydrogen. Consider

the following two reactions observed in this work:

2H, + SiOy + Fe — 2H,0 + FeSi (7.2)

In one, silica and H are produced via reaction with water. In the other, sil-
ica is destroyed and water created via reaction with hydrogen. This illustrates the
importance of considering the relative quantities volatile species present in planets
undergoing diferentiation and equillibration, and the impact the redox conditions they
impose may have on the system chemistry. I am excited to see how this work can
help inform new models of planet formation and evolution for planets with diverse

sizes, structures, and compositions.
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