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Abstract

In this thesis, a comprehensive investigation of the hydrous iron endmember sul-
fate szomolnokite (FeSO4-H,O) has been conducted using a suite of complemen-
tary techniques to measure its structural, elastic, electronic, and vibrational proper-
ties under extreme conditions. Through X-ray diffraction (XRD), nuclear resonant
inelastic X-ray scattering (NRIXS), synchrotron Mdssbauer spectroscopy (SMS),
and synchrotron Fourier transform infrared spectroscopy (FTIR) in the diamond
anvil cell, the material properties of szomolnokite have been characterized under
high pressures and low temperatures relevant to hydrous, sulfur-rich planetary en-
vironments. XRD measurements presented in this work have revealed two struc-
tural phase transitions occurring at pressures between 5.0 and 6.6 GPa and between
12.7 and 16.8 GPa, with the latter phase stable up to 80 GPa. The elastic param-
eters of each phase have been determined by fitting third-order Birch-Murnaghan
equations of state. I compare our results with elastic parameters of other relevant
sulfate phases, highlighting the importance of reporting and comparing these pa-
rameters at the pressures where the phases are stable. Using NRIXS and SMS, the
lattice vibrational response and the effects on the iron electronic environments dur-
ing the structural transitions are examined. The NRIXS and SMS data reveal dis-
tinct features and pressure-dependent behaviors that characterize alterations in both
iron site-specific and bulk lattice properties associated with the phase transitions,
including lattice softening and decreased iron-coordination environment symmetry.
Utilizing both the NRIXS and XRD results, I discuss how the presence of sulfates in
the ice-rich crusts of planetary bodies could affect tidal loading observations. Syn-
chrotron FTIR measurements demonstrate that structurally bound H,O is retained
within the unit cell during the structural transitions and upon subsequent decom-
pression, confirming the retention of water up to 23 GPa and temperatures as low
as 20 K and indicating the reversibility of both structural transitions. Supported
by our quantum-mechanics molecular dynamics simulations, the existence of two

vibrationally unique water sites in szomolnokite’s crystal structure is proposed to
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explain the experimentally observed H,O-related features. I develop a spectral di-
agnostic for observing the high pressure structural transformations at ambient and
low temperatures. The measured partial phonon density of states, predicted vibra-
tional density of states, and measured FTIR spectrum are compared. Drawing from
the insights gained, we emphasize the advantages of employing complementary ex-
perimental and computational techniques and discuss future research directions that

can further enhance our knowledge of hydrous, sulfur-rich planetary environments.
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Sound velocities and example fitting procedure. Panel (a) plots the
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The pressure-temperature experiment range presented in this workl
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hicate compression measurements, downward pointing triangles in-|

hicate decompression measurements. The upward pointing blue tri-|

}angle series at 1 bar indicate that the sample was cooled to 20 K and
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Isample back to 300 K. Red dashed line and shaded region at 30d

IK indicate the structural transitions pressures measured at ambienll

kemperature using X-ray diffraction (Meusburger, Ende, Talla, et al.]
|2019; Pardo, Dobrosavljevic, Perez, et al., 2023 Grey shaded regionsi
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Calculated vibrational density of states and measured phonon densit;l

of states. Top: Calculated vibrational density of states (VDOS) and

the individual atomic contributions. Bottom: The measured 57F¢
l)artial phonon density of states (pPDOS), the calculated contribu-l

hons from individual iron atoms and FeOg¢ octahedra, and the totai

|VDOS. Intensities for the predicted individual atomic contributionsl
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individual contributions to the total VDOS may be affected by theI
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Comparison of QM-MD simulation calculated VDOS (blue), the mea—|

Isured 57Fe pPDOS (black), and measured IR spectrum (red). The re-|
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is not plotted. IR-active modes predicted from the QM-MD simula—l
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Oxygen-oxygen distance distributions for the hydrogen bonded O-|

bwa,er atoms for the calculated 300 K and 15 K molecular dynamid

simulations. Left: Four Gaussian-type distributions best-fit the 300

K and 15 K distributions. Right: The szomolnokite crystal structure

|With an arrow indicating the O-O,, 47 distancel ...........
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Low temperature spectra and peak positions. Left: Select spectra

from the low temperature series plotted on the left demonstrating
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Chapter 1
INTRODUCTION

1.1 Sulfates in the solar system

Hydrous sulfates and other sulfate salts are found in natural environments through-
out the solar system: on Earth, Mars, the icy satellites, and even asteroids. On
Earth’s surface, both hydrous and anhydrous sulfate minerals naturally form through
many processes, including formation as weathering products of pyrite, pyrrhotite, or
SO;-basalt interactions, and have been studied in relation to evaporate deposits, hy-
drothermal systems, mine waste, and as components of igneous rocks from a variety
of volcanic systems (Rye, 2005; Chou, Seal, and Wang, 2013; Dyar et al., 2013; Mc-
Canta, Dyar, and Treiman, 2014; Machado de Oliveira et al., 2019). These observa-
tions have shown that sulfates can host a variety of cations, such as Fe, Mg, Na, Ca,
Cu, Mn, and Al, and varying amounts of molecular water and hydroxyl groups. Sul-
fate cations can be of mixed valence states, and sulfate minerals with different cation
valence states can coexist depending on the degree of weathering and environmental
conditions. These sulfates may be may be further altered on short timescales (hours
to days), generating complex chemical mixtures (McCollom et al., 2013; Wang, Jol-
liff, et al., 2016). Depending on an environment’s redox conditions, these sulfates
are capable of releasing significant amounts of trace metals and volatiles into the
surrounding environment during these alteration processes (Chou, Seal, and Wang,
2013). When considering their presence in Earth’s interior, as discussed below, the
redox-sensitivity of sulfur makes these sulfates and sulfur-bearing minerals impor-
tant phases when characterizing redox properties of the mantle and mantle-derived
magma, mantle-crust element partitioning, and degassing of magma and volcanic

eruptions (Chowdhury and Dasgupta, 2019).

Hydrous sulfur-bearing phases, and sulfates in particular, are discussed in relation
to volatile cycling specifically as phases brought into Earth’s mantle via subducting
slabs (Bénard et al., 2018; Schwarzenbach et al., 2018; Li et al., 2021; Muth and
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Figure 1.1: Occurrence of sulfur within the solar system on Earth, Mars, and the
icy satellites. Panels a, b, ¢, d, e are figures from Liu et al. (), Lichtenberg
et al. () (b, ¢), Dalton, Shirley, and Kamp (), and Nakamura and Ohtani
(), respectively. Images of Earth, Mars, Europa, and Ganymede are credited to
NASA/JPL.

Wallace, ; Liu et al., ). Subducted sulfate may then act as an oxidizing
agent at depth upon release from the slab into the overlying mantle wedge, affecting
melt compositions (see Figure panel a). Isotopic §°*S values in eclogite sug-
gest that mantle-derived sulfides may have initially formed as sulfate in seawater,
then were subsequently subducted along with basalt into the deep mantle before un-
dergoing further alteration (Bataleva, Palyanov, and Borzdov, ). Though there
is likely release of sulfate at relatively shallower depths, observations of sulfate in-
clusions in diamonds, such as CaSQOy4, suggest that oxidized sulfur is stable and/or
recycled to some degree in the deep mantle (e.g., Wirth et al., ). Experimental
results have supported these observations by demonstrating three thermodynami-
cally stable polymorphs of CaSO4 up to 90 GPa and 1500 K (Fujii, Ohfuji, and
Inoue, ). However, the abundance of hydrous sulfate phases brought down into
the mantle and their stabilities at elevated pressures and temperatures remains un-

known.

Though we now have observations of hydrous sulfates and other sulfur-bearing phases
on other planetary surfaces like Mars and the icy satellites, even less is known about
the interior volatile cycles and the connection between the observed surface phases
and interior dynamics of these planetary bodies. Because of the many hydrous sul-
fates found in close proximity to each other in natural environments and laboratory
experiments on Earth, interpretation of remote observations of Mars and the icy
satellites has focused on selecting mixtures of sulfates, sulfides, and hydrous phases

that reproduce observed infrared, near-infrared, and visible wavelength spectral fea-
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tures (Lane, Dyar, and Bishop, 2004; Bishop, Parente, and Weitz, 2009; Lichten-
berg et al., 2010; Dalton, Shirley, and Kamp, 2012; Bu et al., 2018). Observations
from orbit performed by the Mars Reconnaissance Orbiter (MRO) Compact Re-
connaissance Imaging spectrometer for Mars (CRISM) built upon previous in-situ
measurements by the Mars Exploration Rover Opportunity and identified layers of
sulfate-rich deposits hundreds of meters thick in several locations (e.g., Meridiani
Planum) (Lichtenberg et al., 2010) (see Figure panel b, ¢). Subsequently, the
Curiosity rover observed hydrated sulfates in Gale crater, suggesting that their pres-
ence across the entire planet may be important for understanding planetary-wide

aqueous processes (Nachon et al., 2014).

The abundance of sulfur on the surface and exposed subsurface of Mars combined
with Martian meteorite analysis suggests a more S-rich Martian mantle and core
compared to Earth (Gaillard and Scaillet, 2009; Franz, King, and Gaillard, 2019);
therefore the observed sulfate phases may play (or have played) a larger role in inte-
rior sulfur and water cycling compared to Earth. The abundance of M>*SO4-nH,O
(M = Mg, Fe, Ca) phases has led to hydrated sulfates’ importance as potential sub-
surface hosts for water and their use in determining past hydrological activity on the
surface of Mars (Lichtenberg et al., 2010; Wendt et al., 2011j; McCanta, Dyar, and
Treiman, 2014}; Franz, King, and Gaillard, 2019). More specifically, orbiter and lan-
der measurements have identified the iron end-member szomolnokite (FeSO4.H,0),
amongst other mono- and poly-hydrated sulfates across Mars (Wang, Haskin, et al.,
2006; Bishop, Parente, and Weitz, 2009; King and McLennan 2010; Wendt et al.,
2011; Chou, Seal, and Wang, 2013; Singh et al., 2022).

Spectroscopy measurements taken by the Galileo spacecraft identified hydrous sulfur-
bearing material on the surface of Europa, specifically on the trailing hemisphere
which is significantly darker and spectrally distinct from the ice-rich leading hemi-
sphere (McEwen, [1986; Carlson et al., 2009). Spectral laboratory measurements
and computational modeling have identified sulfate-ice mixtures as best matches
to the observational data (Dalton, Shirley, and Kamp, 2012; Cerubini et al., 2022;
King, Fletcher, and Ligier, 2022) (see Figure |1 1| panel d), however the origin of the
sulfur-rich phases on the surface is not fully understood. Recent work has suggested
a primarily exogenic sulfur source for the surfaces of Io, Europa, and Ganymede
(e.g., Trumbo, Brown, and Hand, 2020). For Europa in particular, sulfur radiolytic
chemistry resulting from sulfur implantation due to volcanic activity on lo is thought

to be one of the main causes for the difference in color and spectral features of Eu-
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ropa’s trailing hemisphere. Current work suggests endogenic surface material alter-
ation by exogenic sulfur radiolysis (Carlson et al., 2009; Trumbo, Brown, and Hand,
2020), but cannot rule out at least some quantities of endogenic S, such as localized

concentrations of SO,, for example (Becker et al., 2022).

Due to the observed abundance of sulfate on the surface, it has been proposed that
hydrated sulfates are primary components of the icy satellite’s interior oceans and/or
icy mantles and has motivated work on hydrous sulfates at high pressures (Fortes,
Wood, Alfredsson, et al., 2006; Fortes, Brand, et al., 2013; Fortes, Fernandez-
Alonso, et al., 2017; Nakamura and Ohtani, 2011;; Comodi et al., 2014; Pan, Yong,
and Secco, 2020). Candidate sulfates primarily consists of Na- and Mg-bearing sul-
fates with various hydration states. Much work has a focused on magnesium end
member hydrated sulfates, which have been modeled in the interior of Ganymede as
a layer of sediments at the top of a silicate mantle (see Figure panel e) (Naka-
mura and Ohtani, 2011)). The interior structures of the icy satellites are subjects
of ongoing work (e.g., Gomez Casajus et al., 2021)), but gravity field and magne-
tometer data from spacecraft like Galileo have led to the current understanding of
interior ice, mantle, and core layers. Europa, the smallest of the Galilean moons,
is differentiated and likely composed of an iron-rich core, silicate mantle, ocean,
and ice-rich crust (Carr et al., [1998; Anderson et al., [1998; Hussmann, Sotin, and
Lunine, 2015). The largest Galilean moon, Ganymede, may have a more complex
differentiated interior composed of an iron-rich core, silicate mantle, and a basal
ice-rich layer underlying the ocean and ice-rich crust (Hussmann, Sotin, and Lu-
nine, 2015). Depending on the dynamics within and between these layers, it has
been proposed that rocky materials and precipitating salts (e.g., sulfates) in the ice-
rich crust and ocean should sink towards and through the basal ice layer, potentially
cycling sulfur-bearing phases from the surface of the icy crust to the basal ice-rock
interface at the top of the silicate mantle (Vance et al., 2014}; Ligier et al., 2019;
Molyneux et al., 2020). Internal heating could melt the ice at this interface and

cause fluid-rock interactions (Ahrens et al., 2022).

Geologic interpretations of surface imaging and dynamical modeling support surface-
subsurface exchange within Ganymede and the other icy satellites (Prockter et al.,
2017; Howell and Pappalardo, 2018; Buffo et al., 2020), Thus, the observed abun-
dance of hydrated sulfates on their surfaces may be indicative of their presence at
depth and motivates ongoing high pressure work (Zolotov, 2019). While Na- and

Mg-rich sulfates are abundant on the surfaces of the icy satellites and have been
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the focus of existing high-pressure experimental work, it is frequently observed
on Earth and Mars that other 2+ cations can readily substitute in Me?*SO4-nH,0
phases. Fe-bearing compositions may be present in higher concentrations at greater
depths, especially when considering additional sources of sulfates such as leaching
of chondritic sulfates from an iron-rich core into an overlying mixed ice-rock mantle
(Kargel, 1991).

The ability for sulfates to host multiple cations in solid solution and the multi-
mineral nature of these natural systems containing hydrous sulfates necessitates
better chemical and physical characterization of the endmembers, like the iron end-
member szomolnokite FeSO4-H,O. Whether these sulfates act as components in a
localized volatile cycling system, or as major planetary interior phases, high pres-
sure data is needed to better model these environments. Their stability at depth de-
termines, in part, their volatile transport capabilities and geophysical behavior. For
example, structural phase transitions influence the dynamics and seismic signatures
within planetary interiors, especially for phase transitions exhibiting large volume
changes. As an endmember hydrated sulfate, szomolnokite provides a means to

study the effects of iron on phase stabilities and elastic properties, for example.

Characterization of szomolnokite under high-pressure conditions will help develop
our understanding of the complex behavior of this class of minerals and their role in
planetary interior environments. I have performed a suite of multi-modal measure-
ments to construct a comprehensive thermoelastic description of szomolnokite un-
der planetary conditions. I focus on an environment in which hydrated sulfates may
be the dominant phase by utilizing high-pressure, cryogenic temperature conditions
most applicable to icy, sulfur-rich planetary bodies like those in our solar system.
The interplay of these spectroscopic techniques and the structural, electronic, and

vibrational properties they measure are described below.

1.2 The interplay of structural, electronic, and vibrational material proper-
ties

A material’s properties can be described at multiple length-scales and probed using
a variety of techniques. For example, information about the “large-scale” periodic
arrangement of atoms in a crystalline material can be gleaned from X-ray diffraction
experiments and allows one to determine its crystal family and internal symmetry
(e.g., a cubic structure), volume, and density. The crystal symmetry (i.e., space

group) describes the large-scale structure, by determining the number of allowed vi-
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brational modes, their degeneracy and polarization, and the orientation-dependent
energy of the modes in the crystal, which in turn are intimately linked to the elastic
and vibrational properties of a material. The elastic properties of a material (e.g.,
seismic wave velocities) may be described as an average of all X-ray propagation
orientations by analyzing a sample comprised of many, randomly oriented crystals.
On the same sample, small-scale interactions within specific atomic bonding envi-

ronments and even the electronic environments of individual atoms may be probed.

To characterize szomolnokite at multi-scales, I have utilized three complementary
scattering techniques: X-ray diffraction (crystal structure and elastic properties), nu-
clear resonant spectroscopy (electronic, elastic, and vibrational properties), and in-
frared spectroscopy (molecular structure and vibrational properties). Each of these
techniques relies on different physical principles to interact with the sample and
probe different aspects of szomolnokite, providing valuable and complementary in-
formation. By utilizing high-pressure devices to perform these measurements at
high pressure and low temperature, we are able to characterize the evolution of
szomolnokite’s thermoelastic properties as a function of pressure and temperature
relevant to a variety of planetary surfaces and interiors. These experiments are fur-
ther complemented by theoretical modeling which validates and improves our analy-
sis and interpretations of the data, demonstrating the strong advantages of combining

multiple methods of material property investigation.

1.3 Thesis overview

As described above, the ability to understand and model the natural environments
in which we find hydrated sulfates relies on our ability to know the properties of the
endmembers that comprise these chemical systems. In this thesis, I present exper-
imental results that contribute to a more detailed understanding of the micro- and
macroscopic properties of the iron endmember szomolnokite. The experiments de-
scribed in this thesis span the pressures associated with sulfur cycling in subduction
zones on Earth and the full range of pressures and temperatures of the solar system’s
icy satellites interiors, including larger, icy bodies that may exist outside of the solar

system.

In Chapter 2, I present changes in the crystal structure of szomolnokite in response
to compression and associated elastic properties utilizing X-ray powder diffraction,
including a detailed analysis of szomolnokite’s equation of state to pressures of 83

GPa (Pardo, Dobrosavljevic, Perez, et al., 2023). Within this pressure range, two
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different structural phase transitions are revealed: a monoclinic C2/c to triclinic P1
phase transition at 6 GPa (8-phase), and a triclinic P1 to monoclinic P2; phase tran-
sition occurring between 13-17 GPa (y-phase). By fitting finite-strain equations of
state to the data for each polymorph we compare against previous work and present
new results on the y-phase. In Chapter 3, I present the results of >’Fe nuclear res-
onant spectroscopy experiments, specifically synchrotron Mdssbauer spectroscopy
(SMS) and nuclear resonant inelastic X-ray scattering (NRIXS). SMS and NRIXS
were performed in the diamond anvil cell to measure the electronic and vibrational
properties of szomolnokite up to 14.5 GPa. We find evidence of crystal lattice soft-
ening, changes in elastic properties, and variations in the electric field gradients of
iron atoms associated with two structural transitions occurring within the experi-
mental pressure range. In combination with the elastic parameters determined in
Chapter 2, I apply these findings to icy satellite interiors, including discussion of

elastic properties and implications for tidal observations.

In Chapter 4, I present the results of high pressure, cryogenic synchrotron Fourier
transform infrared spectroscopy (FTIR) on szomolnokite, which measures the vibra-
tional properties up to 24 GPa and down to 20 K. To better inform this experimental
analysis, I collaborated with William Palfey (Caltech) and present the results of his
quantum-mechanical molecular dynamics simulations. We compare our predicted
vibrational density of states with our previous >’Fe nuclear resonant inelastic X-
ray scattering measurements results at 1 bar. We combine our experimental data
to our theoretical vibrational spectra of szomolnokite and present a model for O-H
vibrational mode broadening in response to pressure. Changes in H,O bonding en-
vironments as a function of pressure are diagnostic of the structural phase transitions
discussed in Chapter 2. Importantly, the synchrotron FTIR analysis reveals that for
each phase transition, structurally bound H;O is retained in the unit cell, even upon
decompression and temperature cycling.

In Chapter 5, I summarize the work in this thesis, highlighting the advantages of per-
forming complementary techniques that have led to our understanding of the prop-
erties of an iron-endmember hydrated sulfate. Informed by the work in this thesis,
I discuss future research directions that will continue to build upon our growing

ability to understand hydrous, S-rich planetary environments.



Chapter 2

X-RAY DIFFRACTION REVEALS TWO STRUCTURAL
TRANSITIONS IN SZOMOLNOKITE

*This chapter has been previously published as:

Olivia S. Pardo, Vasilije V. Dobrosavljevic, Tyler Perez, Wolfgang Sturhahn, Zhenx-
ian Liu, George R. Rossman, Jennifer M. Jackson (March 1, 2023) X-ray diffraction
reveals two structural transitions in szomolnokite. American Mineralogist; 108 (3):
476-484. doi: https://doi.org/10.2138/am-2022-8147

2.1 Introduction

Szomolnokite (FeSO4-H,0) is a hydrous, ferrous iron-sulfate belonging to the kieserite
group of minerals which is composed of monoclinic hydrated metal sulfates. On
Earth, szomolnokite and other metal sulfates naturally occur as weathering products
of pyrite or pyrrhotite and have been studied in relation to evaporate deposits, hy-
drothermal systems, and mine waste (Chou, Seal, and Wang, 2013; Dyar etal., 2013;
Machado de Oliveira et al., 2019). Because ferrous iron-sulfates can host numerous
other divalent metals, such as Cu and Mn, they are capable of releasing significant
amounts of other trace metals into the surrounding environment (Chou, Seal, and
Wang, 2013). Hydrated sulfates have also been discussed in relation to volatile cy-
cling within the mantle and their role as potential oxidizing agents upon release of
their volatiles at depth (Bénard et al., 2018; Schwarzenbach et al., 2018; Li et al.,
2021)).

Hydrated sulfates are not only studied in relation to surface and subsurface processes
on Earth but have more recently become of interest for other planetary bodies, after
sulfate minerals, including szomolnokite, were detected on Mars using absorption

spectroscopy (Bishop, Parente, and Weitz, 2009; King and McLennan, 2010; Chou,
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Seal, and Wang, 2013). This has led to hydrated sulfates’ importance as potential
hosts for water at depth, their use in determining past hydrological activity on the
surface of Mars, and their role in volatile and sulfur cycling (Lichtenberg et al.,
2010; Wendt et al., 2011; McCanta, Dyar, and Treiman, 2014; Franz, King, and
Gaillard, 2019). On Venus, sulfates are hypothesized to exist at the surface and crust
(Barsukov, Volkov, and Khodakovsky, [1982). Additionally, hydrous metal sulfates
have been proposed to exist on the surface of icy moons in our solar system owing to
their spectral similarity between laboratory measurements and remote observations
(Dalton and Pitman, 2012; Ligier et al., 2019; Trumbo, Brown, and Hand, 2020).

Hydrated sulfates have been characterized under a range of pressures and tempera-
tures. Szomolnokite has a monoclinic crystal structure (space group C2/c) at am-
bient conditions as determined by early X-ray diffraction (XRD) measurements on
powdered szomolnokite (Pistorius, 1960), and ambient pressure single crystal XRD
measurements (Wildner and Giester 1991, Giester, Lengauer, and Redhammer, 1994)
(see Table ). At ambient conditions szomolnokite belongs to the kieserite group,
which consists of monoclinic, hydrous metal sulfates (MSO4-H,0). The kieserite
structure consists of corner sharing [MO4(H,0)]¢- units running parallel to the crys-
tallographic c-axis. Most recently, single crystal, high-pressure XRD measurements
combined with Raman and Fourier-transform infrared (FTIR) spectroscopy up to 9.2
GPa found a monoclinic-triclinic structural phase transition at 6.154(1) GPa and re-
tention of structurally-bound H,O throughout the pressure range investigated (Meus-
burger, Ende, Talla, et al., 2019). An analogous transition was observed to occur in
the Mg-endmember kieserite (MgSQO,4-H,0) at lower pressures (Meusburger, Ende,
Matzinger, et al., 2020), the Ni-endmember dwornikite (NiSO,4-H,0) (Ende et al.,
2020), and the Co-endmember (CoSO,4-H,0) (Wildner, Ende, et al., 2021]).



Table 1. Szomolnokite ambient condition lattice parameters.

a(A) b (A) c(A) b (°) Volume (A?) Ref.
7.624(9)  7.469(9) 7.123(9)  115.86(3) 391.70 Pistorius (1960)
7.0783)  7.5493) 7.773(3) 118.65(2) 364.45 Wildner and Giester (1991)?
7.084 7.550 7.779 118.63 365.16 Giester et al. 1994¢

7.086(1)  7.555(1) 7.780(1) 118.61(1) 365.63(8) Talla and Wildner (2019)”
7.0823(2) 7.5525(2) 7.7786(5) 118.631(3) 365.23(30) Meusburger et al. (2019)°
7.086(2) 7.5497(3) 7.779(2) 118.656(3)  365.15(3) This work®

Table 2.1: Szomolnokite ambient condition lattice parameters.

Notes: uncertainties are given in parentheses for the last significant digit(s).
“Powder X-ray diffraction.

bSingle crystal X-ray diffraction.

0]
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Other studies conducted on hydrated sulfates have focused on decomposition in-
duced by moderate pressure and variable temperature. Neutron powder diffrac-
tion of deuterated MgSO,-11D,0, the deuterated analog of meridianiite, was used
to explore pressures between 0.1-1000 MPa and temperatures between 150-280 K
(Fortes, Fernandez-Alonso, et al., 2017). At ambient conditions meridianiite is tri-
clinic (space group P1) with a structural phase transition and decomposition of
MgSO,4-11D,0 to ice VI + MgS0,4-9D,0 occurring at 0.9 GPa and 240 K. The
relatively dehydrated MgS0O,4-9D,0 1s monoclinic (space group P2,/c). Additional
work has focused on the decomposition of hydrous, Cu-, Ni-, Zn-, and Fe-bearing
sulfates as a function of temperature using X-ray photoelectron spectroscopy, scan-
ning electron microscopy/X-ray microanalysis, thermogravimetric analysis, diffuse
reflectance infrared Fourier transform spectroscopy, and X-ray diffraction (Siriwar-
dane et al., [1999). Results for the FeSO,4-7H,0 sample used in these decomposition
experiments indicate dehydration initiating at temperatures up to 200°C with the de-
composition of sulfate initiating around 500°C, producing Fe,O; (Siriwardane et al.,
1999).

Phase relations of MSO,4-nH,0 systems have been explored at high pressure and tem-
perature. One experiment on the MgSO,4-H,O system at temperatures ranging from
298-500 K and pressures up to 4.5 GPa found a eutectic system with six distinct
phases (Nakamura and Ohtani, 2011)). Using X-ray diffraction and micro-Raman
spectrometry, MgSO,4-H,0, MgSO,4-6H,0, and MgSO,4-7H,0 were among the iden-
tified phases that coexisted with high-pressure ice polymorphs. In-situ X-ray diffrac-
tion and Mossbauer spectroscopy were used to investigate the two endmembers and
10 intermediate compositions of the FeSO4-H,0-CuSO,4-H,0 solid solution series
(Giester, Lengauer, and Redhammer, 1994). At ambient conditions CuSO4-H,0
is triclinic (space group P1). Giester, Lengauer, and Redhammer (1994) found that
FeSO4-H,0-CuSO4-H,0 compositions with >20 mol% Cu are triclinic (space group
P1), distorted from the monoclinic (space group C2/c) structure of FeSO4-H,0.
Additionally, the FeSO4-H,0-MgSO,4-H,0 solid-solution series was examined un-
der ambient and Martian surface temperature conditions using X-ray diffraction,
Fourier transform infrared spectroscopy, and Raman spectroscopy (Talla and Wild-
ner, 2019). Linear changes in lattice parameters, crystal structure, and the positions
of absorption bands were observed as a function of Fe-content and deviated from

linear behavior with decreasing temperature.
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The pressure dependence of hydrated sulfate properties, in particular szomolnokite,
has received less attention. Their stability at depth determines, in part, their volatile
transport capabilities and geophysical behavior. For example, structural phase tran-
sitions influence the dynamics and seismic signatures within planetary interiors, es-
pecially for phase transitions exhibiting large volume changes. As an endmember
hydrated sulfate, szomolnokite provides a means to study the effects of iron on phase
stabilities and elastic properties, which are the focus of this study. Characterization
of endmember species, like szomolnokite, under high-pressure conditions will help
develop our understanding of the complex behavior of this class of minerals and

their role in planetary interior environments.

In this study, we focus on the effect of pressure on the crystal structure of szomol-
nokite and associated elastic properties utilizing X-ray powder diffraction and syn-
chrotron infrared spectroscopy. We present detailed analysis and equation of state
fits of X-ray powder diffraction measurements conducted in the pressure range of 0-
83 GPa. Within this pressure interval we find that the data are compatible with two
different structural phase transitions. We term the high pressure phases 3-Sz and
y-Sz. The phase transition from the C2/c to P1 space group (3-Sz) occurs between
5.0(1) and 6.6(1) GPa, and the transition from the P1 to P2, space group (y-Sz)
occurs between 12.7(3) and 16.8(3) GPa, where the number in parentheses is the
estimated pressure uncertainty for the last significant digit. Synchrotron infrared
spectra reveal that for each phase transition, structurally bound H,O is retained in
the unit cell. We fit finite-strain equations of state to the data for each polymorph,

compare against previous work, and present our new results on the y-Sz phase.

2.2 Methods

Powdered szomolnokite was synthesized through collaboration with Isoflex (FeSO4-H,0,
using 96% >7Fe) and loaded into a symmetric diamond anvil cell (DAC) using a he-
lium pressure medium to achieve hydrostatic pressure conditions. Diamond anvils
(250 um flat culet diameter, 300 um bevel) were mounted on either a tungsten car-
bide seat (upstream side of the DAC) or a cubic boron nitride seat (downstream side
of the DAC) to maximize the accessible 26 range for X-ray diffraction measurements.
Using an electric discharge machine, a 150 um (diameter) hole was drilled into a
pre-indented (50 pum thick) rhenium gasket, which served as the sample chamber.
The powdered szomolnokite sample that was loaded had the approximate shape of

a disk with the following dimensions: 85 um in diameter and approximately 50 um
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thick, together with pressure gauges (one ruby sphere and a small amount of tung-
sten powder). Helium was loaded and sealed into the sample chamber, with a ruby
fluorescence signal indicating a pressure of 0.44 GPa in the sample chamber. The
sample chamber diameter decreased by ~20 um immediately after helium loading
at 0.44 GPa, and the approximate volume ratio of helium to sample and pressure
gauges (tungsten powder and a ruby sphere) was ~3:1. In-situ pressure determi-
nation was achieved using X-ray diffraction (XRD) measurements of the tungsten
powder at each compression point (Dorogokupets and Oganov, 2006). The tung-
sten and sample were not co-located, thus pressure determination and uncertainties
were estimated by collecting an XRD pattern of the tungsten powder immediately
before (and after) collecting an XRD pattern of the szomolnokite sample. The re-
ported experiment pressure was taken to be the standard error of these two pressure

measurements.

X-ray diffraction measurements were conducted at beamline 12.2.2 of the Advanced
Light Source at Lawrence Berkeley National Laboratory up to 83 GPa at room tem-
perature. An X-ray wavelength of 0.4972 A and a beam size of 20 um were used on
a sample size of ~85 um in diameter. Ambient pressure (1 bar) room-temperature
measurements were performed on powdered szomolnokite in a Kapton tube. The
sample-to-detector distance and tilt were calibrated using a CeO, standard. The
integration of raw diffraction patterns was performed using the Dioptas software
(Prescher and Prakapenka, 2015). Saturated regions and diamond reflections were
manually masked for each XRD pattern in Dioptas before being exported to GSAS-
IT for Pawley refinement (Toby and Von Dreele, 2013; Prescher and Prakapenka,
2015). Although the observable 26 range extends up to 28.7°, we restrict our refine-

ment analysis to the range of ~4 < 26(°) < 24 to simplify background removal.

High-pressure synchrotron infrared compression and decompression measurements
up to 24 GPa were conducted at beamline 22-IR-1 at the National Synchrotron Light
Source II at Brookhaven National Laboratory. Powdered szomolnokite was loaded
into a diamond anvil cell with a KBr pressure medium and ruby sphere for pressure
determination. Synchrotron FTIR spectroscopic measurements were taken using a
Bruker Vertex 80v FTIR spectrometer and a custom IR microscope system with a
wide-band MCT detector from 400-5000 cm™!.

Third-order Birch Murnaghan equation of state fits for each of the three structural
polymorphs identified in this study were carried out using the MINUTI (MINeral
physics UTlIlities) open-source software (Sturhahn, 2020). Three approaches were
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used to fit each of the polymorphs: (1) K7¢’ was fixed and V7 and K7 were varied
without the use of priors; (2) K19, V7o, and K7 were varied without priors; and (3)
Kro’, Vo, and Ko were all varied with priors. See Table for select details on ini-
tial values and choice of prior values. The C2/c and P1 single crystal szomolnokite
data of Meusburger, Ende, Talla, et al. (2019) were refit using the same procedure
described above. This allows our work to be directly compared with the low-pressure
polymorphs, including pressure-dependent error ellipses to visualize the correlation

between V, K7 and K7’ for each fit result.

2.3 Results

Figure presents select X-ray diffraction patterns with predicted reflections cor-
responding to each structural phase identified in this work. An overview of the full
integrated diffraction pattern data set is displayed in the supplemental Figure .
The C2/c structure fits the XRD patterns from 0-5 GPa, after which a second-order
structural phase transition occurs and the patterns are well described by the PI
structure. Following the nomenclature used for the same C2/c to P1 transition for
kieserite (MgSO4-H,0) (see Meusburger, Ende, Matzinger, et al., 2020), we term
the FeSO,-H,0 P1 structure B-Sz. Between 12.7(3)-16.8(3) GPa 3-Sz undergoes a
previously unknown transformation into a P2, structure, now termed y-Sz, that fits
the data until the last compression point measured at 83 GPa. See supplement Ta-
ble @ for the full set of refined lattice parameters resulting from Pawley refinement
in GSAS-II. Figure shows a schematic of the three unit cells associated with
the C2/c, P1, and P2, phases. See Figure @ for the relative size and orientation
of each cell. High-pressure FTIR measurements indicate retention of water and the
strengthening of hydrogen bonds within the unit cell of each phase up to pressures
of 24 GPa.

3.1 C2/c to 3-Sz P1: 1 bar-12.7 GPa

The ambient pressure diffraction pattern was fitted using the lattice parameters and
space group C2/c reported from an earlier study on szomolnokite (Giester, Lengauer,
and Redhammer, 1994; Meusburger, Ende, Talla, et al., 2019) as starting values in
the refinement process. The ambient pressure lattice parameters derived in this work
are generally in good agreement with those reported from recent XRD experiments,
with the exception of those reported by Pistorius, 1960 Table (). With increasing
pressure, the space group C2/c provides a good fit to the XRD patterns up to 5

GPa. After this pressure peak splitting is observed, and the patterns can no longer
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Figure 1
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Figure 2.1: Integrated diffraction patterns at five selected compression points are
plotted with a vertical offset: the ambient pressure pattern and the diffraction pat-
terns before and after each structural phase transition. Each pattern has undergone
background removal and the intensity of each pattern has been normalized for easier
comparison between the different compression points such that the maximum value
of each pattern is equal to one. Reflections for the crystal structures used to fit each
pattern are plotted below each respective pattern. The phase transition from the C2/c
to P1 space group occurs between 5.0(1) and 6.6(1) GPa, and the transition from the
P1to P2, space group occurs between 12.7(3) and 16.8(3) GPa. The unit cell trans-
formations are described schematically to the right of the diffraction patterns, see
Figure S2 for relative cell size and orientation.
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be fit using the predicted reflections for the monoclinic C2/c structure. Using the
cell-search capability in GSAS-II, selected crystal structures and space groups were
tested in order to find the best-fit crystal structure model for the high-pressure phase.
This analysis finds a structural phase transition occurring from the monoclinic C2/¢
to triclinic P1 structure between 5.0(1) and 6.6(1) GPa.

The XRD patterns collected from 6.6(1) GPa to 12.7(3) GPa are well described by
the triclinic structure (P1). The monoclinic-triclinic transition pressure interval in
our study brackets the transition pressure reported from recent XRD measurements
(Giester, Lengauer, and Redhammer, [1994; Meusburger, Ende, Talla, et al., 2019).
Meusburger et al. (2019) performed single crystal XRD measurements on szomol-
nokite up to 9.2 GPa, finding a second-order, monoclinic-triclinic structural phase
transition occurring between 5.951(5)-6.154(1) GPa. They identify distortion in the
crystal lattice after the phase transition, which creates a second, distinct octahedral
site within the crystal structure. A comparison between our low-pressure mono-
clinic and high-pressure triclinic (8-Sz) lattice parameters and those reported by
Meusburger, Ende, Talla, et al., 2019 is shown in Figure . The structural parame-
ters of 8-Sz are transformed into the monoclinic C2/c space group for both datasets
to allow for easier comparison (see Giester, Lengauer, and Redhammer (]1994) for

details of this transformation).

The unit cell volume values agree well with the single crystal data at all overlapping
pressures with more deviation occurring between the reported lattice parameters.
The a-parameter agrees well up to ~2 GPa, where it begins to deviate (up to ~0.06
A difference) and follows a steeper pressure-dependence trend compared to Meus-
burger, Ende, Talla, et al. (2019). The b-parameter in both studies follow the same
general trend, but in our work it appears to decrease linearly versus parabolically in
the C2/c phase. In the 8-Sz phase the differences between b-parameters increases by
approximately double (from ~0.01 A to ~0.02 A) with increasing pressure. Our val-
ues are higher than the single crystal work and further diverge as pressure increases.
The c-parameter in both studies agrees the best out of the three unit cell lengths up
to 6.6 GPa, just past the 8-Sz phase transition. After this pressure our c-parameter
values trend lower than the single crystal work and intersect the b-parameter at ~8.8
GPa. The b and ¢ parameters as reported by Meusburger, Ende, Talla, et al. (2019)
indicate they would also intersect, but at higher pressures than our data. Axial ratio

trends for unit cell lengths a, b, and c¢ are plotted in supplemental Figure @

The unit cell angles a, 8, and y across the entire pressure range of this work together
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Table 2. Equation of state fit parameters and results.

Phase Vo (A3) Ky (GPa) Kor’ X2
Szomolnokite (FeSO4-H,0) C2/c
Fixed: Ko’ [365.23 0.30] [45.2 5]
Fit: Vo. Ko 365.13(2)  45.2(4) [6.7] 0.93

[365.23 0.30] [45.25] [6.7 2]

Fit: Vo, Ko, Kor 365.14(2)  44.5(5) 7.5(5) 0.65
Refit of published data [365.23 0.3(9 I 1452 51 (6.7 21 0.53¢
Fit: Vo, Ko, Koy’ 365.23(233 45.2(2)b 6.8(1)b 0.535
365.2(3) 45.2(2) 6.7(1)
Szomolnokite (FeSO,-H,0) P1
Fixed: Ko7’ [3670.4]  [45.115]
Fit: Vo, Ko 367.02(9) 45.5(2) [5-4] 0.14
. , [3670.4]  [45.115] [5.4 2]
Fit: Vo, Ko, Kor 367.02(9) 46.3(6) 5.1(2) 0.09
Refit of published data 1507 041 14511 5] [5.4 2] 1.72¢
Fit: Vo, Ko, Koy’ 367.0(4)b 45(1) ) 5.4(2) ) 0.935
367.0(4) 45.1(6)" 5.4 (fixed)
Szomolnokite (FeSO4-H,0) P2,
. : [365 15] [45 5] [5.4 2]
Fit: Vo, Ko, Kor 357(2) 44(2) 5.8(1) 1.03
Kieserite (MgSO4-H,0): C2/c and P1
C2/c [355.50.4]  [48.12] [8.12] 0.63¢
Refit of published data ~ 355.5(3)°  48.5(5)¢ 7.8(5)° 0.60¢
Fit: Vo, Ko, Kor’ 355.5(4)¢ 48.1(5)¢ 8.1(6)¢ '
P1 [355.80.4]  [49.3 2] [4.8 2] L 01¢
Refit of published data 355.8(2)¢ 49.3(6)°¢ 4.8(1)¢ 1'14d
Fit: Vy, Ko, Kor’ 356(2)4 49(6)4 5(1)¢ '
Blodite (Na,Mg(SO.),-4H,0)
P2,/a [496.6 0.4] [36 2] [5.12] 180
Refit of published data  496.5(2)°  36.0(7)° 5.12° ot Resorted
Fit: Vo, Ko, Koz’ 496.9(7)/ 36(1)f 5.1(4)/ p

Table 2.2: Equation of state fit parameters and results.

Notes: notation explanation for columns Vy, Ko, Kor’, [A B] X(Y): starting value
of A with a prior window of B, and best fit value of X with an error of Y. [A]: fixed
parameter at value of A.

“This work’s results from re-fitting the data of Meusburger, Ende, Talla, et al.
(2019).

b As-reported results in Meusburger, Ende, Talla, et al. (2019).

“This work’s results from re-fitting the data of Meusburger, Ende, Matzinger, et al.
(2020).

dAs—reported results in Meusburger, Ende, Matzinger, et al. (2020).

¢ As-reported results in Meusburger, Ende, Matzinger, et al. (2020).

This work’s results from re-fitting the data of Comodi et al. (2014).

4 As-reported results in Meusburger, Ende, Matzinger, et al. (2020).

/ As-reported results in Comodi et al. (2014).
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with the parameters reported by Meusburger, Ende, Talla, et al. (2019) are shown
in panels (b) and (c) of Figure @ The @ and y angles in the C2/c and 5-Sz phase
are fixed at 90°, characteristic of the monoclinic structure. For easier comparison
between the three phases, the 58-Sz data are transformed into the monoclinic setting
using the cell transformation tool in GSAS-II, using the transformation matrix as de-
scribed in Giester, Lengauer, and Redhammer (1994). The transformation provides
a description of the cell in the monoclinic structure by allowing the @ and y angles
to be approximately 90°. Lattice parameters in the P1 space group are reported in
Table @ For both our data and the transformed P1 data reported by Meusburger,
Ende, Talla, et al. (2019) @ remains approximately constant, with our values scat-

tering around 90°, while y increases by ~2° throughout the 8-Sz stability field.

v-Sz
P2;: 16.8-83 GPa

At 16.8 GPa, the P1 space group cannot describe the XRD pattern due to the ap-
pearance of intense peaks where no P1 reflections are predicted (e.g., at ~10.5 ° 26),
and the disappearance or merging of triclinic-assigned peaks (see Figure @ for re-
flections predicted by the P1 space group at 16.8 GPa). These significant changes
in the pattern at 16.8(3) GPa indicate the likelihood that a structural phase transition
is occurring. A cell-search was again performed in order to find the best-fit crystal
structure and space group. The results of this search indicated that at 16.8(3) GPa,
B-Sz undergoes a phase transition from triclinic P1 to a primitive monoclinic lat-
tice. We select P2, as the best-fitting space group (see discussion below), and term
this new phase y-Sz. Upon further compression, the XRD data are compatible with
the P2, structure up to the highest pressure in this study, 83 GPa. Figure dis-
plays selected X-ray diffraction patterns highlighting the ambient pressure pattern
and the two structural phase transitions occurring between 5.0(1)-6.6(1) GPa and
12.7(3)-16.8(3) GPa.

At 16.8(3) GPa, there are several new reflections with a larger d(26)/0 P compared
to other reflections. These reflections cannot be attributed to other materials in the
sample chamber (W, Al,O3, He, or Re). The decomposition of S-Sz was considered,
but these additional reflections cannot be attributed to H,O ice VI-VIII, Fe,Os, or
other iron sulfate/hydroxyl mixtures. However, direct comparison of various iron
sulfate/hydroxyl mixtures at these experimental pressures is difficult without avail-

able high-pressure XRD data for such phases. In Figure @ we demonstrate that
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the theoretical high-pressure phase of SO, does not account for the new reflections
(Zhang, Toéth, et al., 2020). While this is not an exhaustive list of possible phases,
the shift of the additional reflections as a function of pressure is well-described by a

primitive monoclinic space group and thus we do not attribute these new reflections

to a separate phase.

Figure 2
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Figure 2.2: The lattice parameters determined from this work are plotted as a func-
tion of pressure: (a) a, b, ¢, (b) B, (¢) @ and y. Lattice parameters reported by
Meusburger, Ende, Talla, et al., 2019 up to 9.2 GPa are also plotted for compari-
son. Dashed lines indicate the C2/c to P1 (between 5.0(1) and 6.6(1) GPa) and P1
to P21 (between 12.7(3) and 16.8(3) GPa) structural transitions. Lattice parameters
for the P1 cell have been transformed into the monoclinic setting for easier compar-
ison across the dataset.

This work tested many possible crystal structures and space groups in order to iden-
tify the best-fitting structural model to the y-Sz phase transition at 16.8(3) GPa. The
P1 and P1 space groups do not account for several peak positions in the y-Sz phase,
including the complete absence of the cluster of peaks between 10 ° and 11 ° 26. A
triclinic cell with a larger unit cell volume compared to the last-calculated C2/c vol-

ume could be a possible solution, but due to the inability to extract atomic positions
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within the unit cell and choose a cell with consistent density relative to 8-Sz, we do
not consider triclinic cells as candidate structures. Nevertheless, the data is well-fit
by a primitive monoclinic structure of comparable size to the monoclinic-setting -
Sz unit cell and thus exhibits reflections that can be attributed to a higher symmetry

phase.

Supplemental figures @ and @ plots reflections for the C2/m (Figure @ only), P2,,
P2,/m, P2/m, P2/c, P2,/c, P2, Pm, and Pc groups resulting from Pawley refinement
fits at 16.8 and 67.4 GPa. Face-centered monoclinic structures do not fit the data,
as seen in Figure S with the example of the C2/m space group, thus only primi-
tive monoclinic structures were examined in detail. The eight monoclinic-P space
groups tested here all exhibit almost identical reflection sets except for a few reflec-
tion regions located at ~5 °, ~8.45°, ~12.15°, ~14.1 °, ~20.3 ° 26 at 16.8 GPa. The
peaks present at ~12.15 ° and ~14.1 ° 26 for space groups such as Pm and P2/c addi-
tionally overlap with Re peaks from the strained gasket detected by tails of the X-ray
focused beam. Figure S3 contains a caked diffraction image at 16.8 GPa zoomed into
the 26 region containing two Re peaks at ~12.15 ° and ~14.1 ° 26. The Re peaks
are diffuse and the image does not indicate presence of overlapping szomolnokite
reflections. For this reason, only space groups without reflections overlapping with
the ~12.15 ° 26 Re peak were considered: P2,, P2,/m, P2/m, and P2,/c.

Upon increasing pressure it is clear that more than one reflection is needed to fit the
peaks at ~5.1 © 20 and ~9.4 ° 26, which only includes the P2,, P2,/m, and P2/m
space groups, which are almost identical. With the broad and overlapping nature
of the peaks characteristic of high-pressure powder data, it is difficult to make any
further distinction based on the quality of fits (see Figure E?I for R,, discussion).
Out of these three space groups, the P2, phase is chosen as the reported space group
due to it being the lowest symmetry. However, we fit the entire y-Sz pressure region
with both the P2, and P2/m space groups and find that the resulting equation of state
parameters are the same within error. Lattice parameters for all space groups fit are
given in Table , , @ We stress that the y-Sz phase may be attributed to several
primitive monoclinic space groups, and although we choose the P2, space group
for discussion within this manuscript, future work is needed to accurately determine
the atomic positions within the unit cell of y-Sz and allow for selection of a unique

space group.

The stability of y-Sz and the retention of H,O within its crystal structure after the

high-pressure phase transition is further supported by high-pressure synchrotron in-
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Figure 2.3: High pressure infrared spectra. Panel (a) plots infrared spectra for the
17 compression points up to 24 GPa. Pressure-dependent shift of the H,O bands
initially centered around 3200 cm™ at 1 bar towards lower wavenumbers with in-
creasing pressure indicates increased hydrogen bonding within the crystal structure.
Panel (b) plots the four decompression measurements. The pre-compression 1 bar
pattern is also plotted against the post-decompression 1 bar pattern for comparison.
The bottom of panel (b) plots assigned bands as reported by their four respective
studies. The high-frequency noise present in all spectra is due to interference from
the diamond anvils within the sample chamber.

frared measurements. Figure @ displays measured FTIR spectra in the frequency
range of 500-4000 cm! of 17 compression measurements up to 24 GPa and four de-
compression measurements. Assigned SO,42- and H,O bands from several infrared
spectroscopy measurements on szomolnokite are plotted at the bottom of the right
panel in Figure @ (Chio, Sharma, and Muenow, 2007; Lane, 2007; Majzlan et al.,
2011; Meusburger, Ende, Talla, et al., 2019). Spectral features indicate increased hy-
drogen bonding environments and strength in the crystal structure due to the broad-
ening and pressure-dependent shift of H,O bands in the ~3000 cm-! range towards
lower wavenumbers with increasing pressure. The shift towards lower wavenum-
bers, combined with increasingly broadened H,O bands without addition of new
spectral features in the ~3000 cm-! region with increasing pressure does not indicate
addition of H,O groups into the unit cell, suggesting that the monohydrated structure

is the most stable at high pressure. Upon decompression, all bands in the spectra re-
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Figure 2.4: Volume data with equation of state fits for the three C2/c, P1, and P2,
phases are plotted in panel (a) for this study (solid circles, dashed lines) and the
re-fits of the single crystal study for the C2/c and P1 phases (open diamonds, dotted
lines). Volume measurements for these two phases match well between these two
studies. Our work extends the P1 stability field until at least 12.7(3) GPa. 10~ and 30
error ellipses are plotted in panel (b) K7¢’ vs. K¢ error ellipse at 1 bar, in addition
to reported values by Meusburger, Ende, Talla, et al. (2019), and panel (¢) K7’ vs.
K7 at 7 GPa for our data and refit of Meusburger, Ende, Talla, et al. (2019).

turn to the same wavenumber positions and relative intensities measured at ambient

pressure prior to compression.

The B3-Sz P1 to y-Sz P2, transition exhibits a noticeable volume drop (~6% decrease
over a ~4 GPa pressure interval, see Figure @). The volume drop is characterized
by a sharp decrease in the c-axis unit cell length (0.25 A), and moderate drops in
the a- and b-axis lengths (0.12 and 0.14 A, respectively) over the ~4 GPa interval
bracketing the phase transition. At higher pressures, the S angle begins to decrease
and continues until ~45 GPa. At this pressure, the 8 angle plateaus until the last
compression point. The S angle decreases from 118.2° to 114.8° from the start of
the y-Sz phase transition at 16.8(3) GPa to the last measured compression point at
83 GPa. Over the y-Sz pressure range the a and ¢ axis lengths compress at approx-

imately the same rate beginning at ~45 GPa, corresponding with the plateauing of
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Figure 5
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Figure 2.5: Calculated densities output by MINUTI for szomolnokite, kieserite, and
blodite and their respective high-pressure phases. The high-pressure polymorphs of
szomolnokite and kieserite are plotted as different colors (blue and green for szomol-
nokite, pale red for kieserite). (b) MINUTI results for the bulk modulus K7 as a
function of pressure are plotted for szomolnokite, kieserite, and blodite and their
respective high-pressure phases. Space groups for each polymorph are indicated by
adjacent color-coded labels. Errors are reported as the shaded regions, most visible
in the y-Sz P2, phase. Dashed lines indicate extrapolation above previously reported
experimental pressures. It is unknown if 5-Ks and blodite undergo phase transitions
above 8.3 and 11.2 GPa, respectively.

the 8 angle. This behavior may occur over the pressure range in which the Fe atoms
undergo a broad spin transition between 45 and 95 GPa. See Perez et al. (2020) for
further discussion regarding spin transition models for szomolnokite and its high-

pressure phases.

2.4 Equations of state

Equation of state (EoS) fits from MINUTI using priors and pressure-volume data
for szomolnokite and its 5-Sz and y-Sz high-pressure polymorphs are presented in
Figure @a. We compare our re-fit of the single-crystal data from Meusburger, Ende,
Talla, et al. (2019) for the C2/c and 8-Sz P1 phases. We find that extremely small
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differences in volume measurements, most likely due to experimental conditions,
combined with small volume-error values, produces EoS fit results with statistically
different V values (see supplemental Figures @, @, for K7-Vr error ellipses for
each phase). Error ellipses provide a valuable method for visualizing the uncertainty
and correlation between model parameters in an EoS fit. Figure @b and4cplotK7’-
K7 at 1 bar and 7 GPa. Error ellipses for our re-fit results of Meusburger, Ende, Talla,
et al., 2019 along with their reported EoS fit values at 1 bar are also plotted. We find
that for the C2/c phase at 1 bar both studies exhibit a strong negative correlation
between K7’ and K7, but these parameters are positively correlated by 7 GPa in the
B-Sz phase.

EoS model parameters are commonly reported at 1 bar, regardless if the data are
representative of phases whose stability fields only exist at high pressure. In this
work, we demonstrate the importance of comparing the elastic properties of high-
pressure phases within their respective stability fields. In supplemental Figure 1
we plot our re-fit K7 vs. K7’ error ellipse results for the Mg-hydrated sulfate end-
member kieserite (Mg(SO,4)-H,0) using volume values reported from single-crystal
XRD data (Meusburger, Ende, Matzinger, et al., 2020), and a re-fit of a single-crystal
XRD volume measurements of blodite (Na,Mg(SO,),-4H,0) (Comodi et al., 2014),
a candidate Na-bearing mineral modeled on the surface of Europa (Dalton, Shirley,
and Kamp, 2012). We find that at ambient pressure, szomolnokite is less compress-
ible than blodite, but more than kieserite. However, by 7 GPa, both szomolnokite
and kieserite have undergone C2/c to P1 structural transitions (into the 8-Sz and
B-Ks phases, respectively) and have approximately the same bulk modulus value,
while blodite remains lower than both phases up to 20 GPa. Figure @ plots Kr
and density as a function of pressure for szomolnokite, kieserite, blodite, and their

respective high-pressure phases resulting from our MINUTI EoS fits and re-fits.

Even though -Ks and -Sz display similar incompressibilities around 10 GPa,
kieserite and 5-Ks are much lower in density (Figure B). Szomolnokite exhibits a
slight density increase across the 58-Sz transition, but undergoes a sharp increase in
density across the y-Sz transition. Blddite is significantly lower in density than both
phases which is accompanied by its lower bulk modulus across this entire pressure
range. It was not observed to undergo a phase transition from its ambient pressure
monoclinic P2,/a structure up to 11.2 GPa and retains water within the unit cell, ex-

hibiting increased hydrogen bonding with increasing pressure (Comodi et al., 2014)).
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2.5 Implications

Surface measurements and observations of icy satellites in the solar system indi-
cate an abundance of hydrated sulfates on Europa, Ganymede, and Callisto (Dalton,
Shirley, and Kamp, 2012; Hibbitts et al., 2019; Cartwright et al., 2020). The relative
exogenic vs. endogenic origins of these surface sulfur-bearing ice and salt phases
is unclear (Trumbo, Brown, and Hand, 2020), but even a purely exogenic sulfur
origin could result in subsequent sulfur cycling due to exchange between the icy
crust and underlying interior (Vu et al., 2020). The stability and elastic properties of
szomolnokite and related phases discussed in this work imply complex pressure and
chemical-dependent behavior, and thus potentially important factors for icy satellite
interiors. Within the high-pressure triclinic stability field, 8-Sz and -Ks exhibit
equal incompressibility with drastically different density, while the addition of Fe
into Mg-bearing hydrated sulfates may affect the elastic parameters and increase the
depth at which the monoclinic-triclinic transition occurs within sulfate-bearing icy
mantles. For smaller icy satellites, where mantle pressures are less than 5 GPa, this

transition may not occur at all.

If B-Sz retains its water after the y-Sz structural transition, as our preliminary FTIR
data indicate, the stability of this new high-pressure phase to pressures of at least
83 GPa could have implications for its ability to retain water in planetary deep inte-
riors. However, other obvious factors such as temperature and co-existing phases,
would affect this behavior and are largely unexplored. For example, incorporating
Mg into the crystal structure could significantly lower the S-phase transition pres-
sure (Meusburger, Ende, Matzinger, et al., 2020) and also affect water retention. In
particular, future work investigating the effect of temperature on the structural be-
havior of szomolnokite, its high-pressure 5-Sz and y-Sz phase transitions, and other
co-existing and/or hydrous sulfates will deepen our understanding of their ability
to retain water at conditions most relevant to icy satellite or terrestrial-type plane-
tary interiors. Future work investigating the electronic and vibrational properties of
szomolnokite will further broaden our understanding of the Fe-endmember hydrated
sulfate. Such data, including the work presented here, are needed to conduct more
complex phase equilibria modeling for planetary interiors in which hydrous sulfates

are proposed to exist.
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Chapter 3

LATTICE DYNAMICS, SOUND VELOCITIES, AND ATOMIC
ENVIRONMENTS OF SZOMOLNOKITE AT HIGH PRESSURE

*This chapter is currently in review and available online:
Olivia S. Pardo, Vasilije V. Dobrosavljevic, Wolfgang Sturhahn, Thomas S. Toellner,
Benjamin Strozewski, Jennifer M. Jackson (May 1, 2023). Lattice dynamics, sound

velocities, and atomic environments of szomolnokite at high pressure. preprint. In
Review. DOI: 10.21203/rs.3.r5-2861032/v1

3.1 Introduction
Sulfates in planetary environments

Complex chemical mixtures comprised of hydrous sulfates and other sulfate salts are
found in natural environments throughout the solar system. These sulfates can host
a variety of cations, such as Fe, Cu, Mn, and Al, and varying amounts of molecular
water and hydroxyl groups. Sulfate cations can be of mixed valence states, and
sulfate minerals with different cation valence states can coexist depending on the
degree of weathering. These sulfates may be produced by surface weathering of
pyrite or pyrrhotite and may be further altered on short timescales (hours to days)
(McCollom et al., 2013; Wang, Jolliff, et al., 2016). Because of the many hydrous
sulfates found in close proximity to each other, interpretation of remote observations
of Mars, the icy satellites, and other planetary bodies has focused on suggesting
possible mixtures that reproduce observed spectral features (Lane, Dyar, and Bishop,
2004; Bishop, Parente, and Weitz, 2009; Lichtenberg et al., 2010; Dalton, Shirley,
and Kamp, 2012; Bu et al., 2018).

For Mars in particular, these measurements have led to the identification of the iron
end-member szomolnokite (FeSO,4-H,0), amongst other mono- and poly-hydrated

sulfates across the planet (Wang, Haskin, et al., 2006; Bishop, Parente, and Weitz,
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2009; King and McLennan 2010; Wendt et al., 2011; Chou, Seal, and Wang, 2013;

Singh et al., 2022). The abundance of sulfur on the surface and exposed subsurface
of Mars combined with Martian meteorite analysis suggests a S-rich Martian mantle
and core (Gaillard and Scaillet, 2009; Franz, King, and Gaillard, 2019); therefore the
observed sulfate phases may play (or have played) a larger role in interior sulfur and
water cycling compared to Earth. In subduction zone environments on Earth, sulfur-
bearing phases have been suggested as minor but important mantle components of
the Earth’s volatile cycling system (McCanta, Dyar, and Treiman, 2014; Bataleva,
Palyanov, and Borzdov, 2018; Bénard et al., 2018; Schwarzenbach et al., 2018; Li
et al., 2021).

Due to the abundance of sulfur on the surface of the icy satellites and spectral ob-
servations, it has been proposed that hydrated sulfates are primary components of
their interior oceans and/or icy mantles and has motivated work on hydrous sul-
fates at high pressures (Fortes, Wood, Alfredsson, et al., 2006; Fortes, Brand, et al.,
2013; Fortes, Fernandez-Alonso, et al., 2017; Nakamura and Ohtani, 2011}; Dal-
ton, Shirley, and Kamp, 2012; Comodi et al., 2014; Pan, Yong, and Secco, 2020).
Recent work has suggested a primarily exogenic sulfur source for the surfaces of
Io, Europa, and Ganymede (e.g., Trumbo, Brown, and Hand, 2020). For Europa in
particular, sulfur radiolytic chemistry resulting from sulfur implantation due to vol-
canic activity on lo is thought to be one of the main causes for the difference in color
and spectral features of Europa’s trailing hemisphere. Current work suggests endo-
genic surface material alteration by exogenic sulfur radiolysis (Trumbo, Brown, and
Hand, 2020). Therefore, surface-subsurface exchange is possible within these dy-
namic planetary bodies (Prockter et al., 2017; Buffo et al., 2020), and the observed
abundance of Mg- and Na-bearing hydrated sulfates on their surfaces may be indica-
tive of their presence at depth (Zolotov, 2019). Given the propensity of these sulfates
to host multiple cations, Fe-bearing compositions may be present at greater depths,
especially where leaching of chondritic sulfates from an iron-rich core into an over-
lying rocky, icy, or mixed ice-rock mantle may have occurred (Kargel, 1991)). On
Ganymede, rocky materials and precipitating salts in the icy crust and ocean should
sink towards the basal ice layer and rocky mantle, potentially bringing sulfur-bearing
phases from the surface to the ice-rock interface (Vance et al., 2014}; Ligier et al.,
2019; Molyneux et al., 2020). Internal heating could melt the ice at this interface

and cause fluid-rock interactions (Ahrens et al., 2022).
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The ability for sulfates to host multiple cations in solid solution and the multi-
mineral nature of these natural systems containing hydrous sulfates necessitates
better chemical and physical characterization of the endmembers. Whether these
sulfates act as components in a localized volatile cycling system, or as major plan-
etary interior phases, high pressure data is needed to better model these environ-
ments. In this work we present nuclear resonant scattering results that characterize
the electronic and vibrational properties of szomolnokite (FeSO,4-H,0) in response

to compression.

Nuclear resonant scattering measurements

Nuclear resonant scattering techniques rely on achieving nuclear resonance with a
participating atom in the material of interest. In these experiments, we achieve reso-
nance with the nuclei of 57Fe atoms (14.4125 keV) within the szomolnokite sample
and conduct both nuclear resonant forward scattering, also known as synchrotron
Mossbauer spectroscopy, and nuclear resonant inelastic X-ray scattering (NRIXS)
experiments. Both methods utilize time and energy discrimination to excite the res-
onant nuclei (Toellner, 2000). Synchrotron Mossbauer spectroscopy (SMS) detects
photons emitted from micro-eV scale features originating from splitting of the iron
atoms’ nuclear energy levels, while NRIXS detects emission from meV-scale fea-
tures originating from simultaneous excitation of the iron atoms and, in the case
of crystalline materials, lattice vibrations (phonon excitations) that quantify the dy-

namics of the crystal lattice.

In particular, SMS provides access to the hyperfine structure of the iron compo-
nents in the sample, including quadrupole splitting, isomer shift, and relative weight
fractions of distinct iron sites, as well as the Lamb-Mdssbauer factor (e.g., Jack-
son, Hamecher, and Sturhahn, 2009; Zhang, Jackson, et al., 2022). The Lamb-
Mossbauer factor is, however, more accurately determined by NRIXS via the Ot
order moment of the excitation probability density and the partial projected phonon
density of states (pPDOS) (Sturhahn, 2004). In this work, we determine the Lamb-
Mossbauer factor at each measured pressure from the NRIXS spectra, which pro-
vides tighter constraints on the resulting hyperfine parameters determined from SMS
spectral fits (discussed in section 4). Additional properties of the iron sub-lattice can
be determined from higher order moments of the data and the pPDOS, such as the
mean force constant of the iron atoms and Debye velocity. When combined with

the equation of state determined for the high-pressure polymorphs of szomolnokite
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(Pardo, Dobrosavljevic, Perez, et al., 2023), the shear wave velocities (Vg) and mod-
uli (Ks, G) can be constrained (Sturhahn and Jackson 2007).

Together, the SMS and NRIXS results contribute to a more detailed understanding of
the micro- and macroscopic properties of the iron endmember szomolnokite, which

will aid in future models containing complex mixtures of endmember sulfates.

Previous work

Much of the published work on hydrous sulfates has focused on ambient pressure and
variable temperature with relevance to interpreting remote observations on planetary
surfaces, while relatively fewer studies have characterized high-pressure behavior.
Two structural transitions in FeSO4-H,O were identified with powder X-ray diffrac-
tion occurring below 20 GPa with complementary infrared spectroscopy measure-
ments indicating the retention of water across both phase transitions (Pardo, Do-
brosavljevic, Perez, et al., 2023). The a-f transition was bracketed between 5-6.6
GPa (monoclinic C2/c to triclinic P1) and the 8-y transition was bracketed between
12.7-16.8 GPa (triclinic P1 to monoclinic P2;). The low-pressure a-8 monoclinic-
triclinic transition was identified with single crystal X-ray diffraction measurements
at 6.15 GPa and characterized by a slight distortion in the Fe-octahedra (Meusburger,
Ende, Talla, et al., 2019). An analogous C2/c to P1 transition in the Mg-endmember
MgS0O,4-H,0 was observed at lower pressures than in FeSO,4-H,0O and remains in the
B-phase through the highest pressure achieved in the experiment (~8 GPa) ( Meus-
burger, Ende, Matzinger, et al., 2020). Additionally, the Ni-endmember dworkinite
NiSO4-H,0 and Co-endmember CoSO,4-H,O exhibit a similar low-pressure tran-
sition (C2/c to P1) at 2.47 GPa and 2.40 GPa, respectively (Ende et al., 2020;
Wildner, Ende, et al., 2021)). The deuterated analog of meridianiite MgSQO,4-11D,0
was studied up to 1 GPa with neutron powder diffraction by Fortes, Fernandez-
Alonso, et al., 2017, who observed a structural phase transition and decomposition
of MgS0,-11D,0 (P1) to MgS0,4-9D,0 (orthorhombic Pc) + ice VI occurring at 0.9
GPa and 240 K. MgS0O,4-H,0, MgS0,4-6H,0, and MgSO,-7H,0 were among several
phases found to coexist with ice at pressures up to 4.5 GPa (Nakamura and Ohtani,
2011)).

FeSO4-H,0 was investigated up to pressures of 95 GPa with synchrotron Mdssbauer
spectroscopy (SMS), which resulted in three possible models for pressures above 20
GPa, two of which included the occurrence of a high- to low-spin transition (Perez

et al., 2020). SMS has also been used to observe the pressure dependence of mag-
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netic ordering for jarosite KFe3(OH)s(SO4), up to 40 GPa (Klein et al., 2018). The

majority of existing conventional and synchrotron Mossbauer data for hydrous sul-
fates focuses on ambient pressure, including a suite of measurements consisting of
47 natural and synthetic sulfate species (Dyar et al., 2013), five ferrous and ferric
natural sulfate compositions (Majzlan et al., 201 1), characterization of both ferrous
and ferric amorphous sulfates (Sklute et al., 2015), and identification of magnetic
order-disorder transition in FeSO,4-H,0 at 30 K (Alboom et al., 2009).

Even fewer studies have taken advantage of NRIXS to study the lattice dynamics
of hydrous sulfates (Dauphas, Roskosz, Alp, Golden, et al., 2012, 2014; Roskosz
etal., 2022). To the authors’ knowledge the presented work is the first NRIXS study
of a hydrous sulfate at high pressure. In this study, we describe the high-pressure
evolution of szomolnokite’s electronic and vibrational properties including the Fe-
site quadrupole splitting, the Lamb-Mossbauer factor, the 57Fe mean force constant,
wave speeds and shear elasticity, thus spanning scales from atomic environments to
lattice dynamics. The presented work focuses on pressures relevant to the interiors

of a range of planetary bodies.

3.2 Experimental methods
Sample preparation

Powdered szomolnokite was synthesized through collaboration with Isoflex (FeSO4-H,0,
using 96% 57Fe) and confirmed using X-ray diffraction (Pardo, Dobrosavljevic, Perez,
etal.,2023). A powder pile ~85x100x50 um3 was loaded into a panoramic diamond-
anvil cell (panDAC) with a Be gasket and a boron-epoxy insert to strengthen the
gasket. Two ruby spheres were loaded proximal to the sample and within the boron
epoxy insert (~120 radial degrees apart) as in-situ pressure markers. Ruby sphere
locations were chosen to eliminate alteration of the sample from the ruby fluores-
cence excitation laser. Pressure was determined by taking the average of the ruby-
determined pressure before and after the experiments (Dewaele et al., 2008). Errors
were rounded to reflect the drift in pressure occurring during the experiment, as well
as the estimated pressure gradient within the sample chamber due to the fact that the

ruby spheres and sample were not co-located (~30 pum apart).
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Synchrotron Mossbauer Spectroscopy (SMS)

Using the same batch of synthesized szomolnokite powder, five ambient pressure
coherent elastic X-ray scattering measurements were taken at 1 bar with a pow-
dered portion that was either placed on a plexiglass slide or contained within the
non-pressurized sample chamber. Measurements were conducted using both the 24-
bunch and hybrid timing modes at the Advanced Photon Source beamline 3ID. Four
24-bunch mode measurements were performed at station B. Monochromatic X-rays
were tuned to the nuclear resonance energy of >’Fe (14.4125 keV) with an energy
spectrum full-width at half maximum of 1 meV using a tunable, high-resolution
monochromator (Toellner, 2000). Using an avalanche photo diode (APD) placed
downstream in the X-ray beam path and conventional time-filtering electronics, time
spectra were collected between delay times of ~25—135 ns after the excitation pulse
with collection times ranging between ~1300-1700 seconds (see Ratschbacher et

al., 2023 for experimental setup schematic).

The 1 bar hybrid mode measurement was collected at station D with a new spectrom-
eter utilizing a pair of custom high-speed periodic shutters which allows for isolation
of an extended delay time window containing the SMS signal without the need for
a high-resolution monochromator (Toellner et al., 2011). Hybrid mode measure-
ments access longer timing windows than 24-bunch mode (Finkelstein et al., 2017)
and the use of the dual-shutters achieves higher count rates in hybrid mode (Toell-
ner et al., 2011}; Ratschbacher et al., 2023). The time window for this data set was
60-600 ns and the collection time was 300 seconds. Isomer shifts were determined
in two of the 24-bunch mode measurements by placing a 0.5 mm thick >’Fe enriched
stainless steel reference foil in the beam path, resulting in identical values for each
measurement (see ).

High pressure SMS measurements were collected using one APD positioned down-
stream either just before or immediately following the NRIXS measurements at each
compression point. The average collection time was ~900 seconds per spectrum and
a timing window of ~25 to 135 ns after excitation was used to fit the data. An attempt
was made to measure the high pressure isomer shift using a 2 mm thick 3’Fe enriched
stainless steel foil placed in the beam path. The perceived heterogeneity in the ref-
erence foil within the X-ray scattering volume prevented a robust determination of
the isomer shift. Therefore, iron “site 1 for all pressures is fixed at the value de-
termined at ambient conditions in the 24-bunch mode experiments described above,

while all other sites’ isomer shifts are allowed to vary.
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The SMS time spectra were analyzed using the open-source software CONUSS (ver-
sion 2.2.1, nrixs.com) which performs a least squares fitting procedure to best-fit
iron’s hyperfine parameters, including quadrupole splitting, isomer shift, full width
at half maximum of quadrupole splitting distributions, and relative weight fraction
of each site, with the use of prior information to constrain fits (Sturhahn 2000). At
each compression point, the NRIXS-determined Lamb-Mdossbauer factor was fixed
(described below). The best-fit values from each pressure were used as starting val-

ues for each subsequent pressure.

Nuclear Resonant Inelastic X-ray Scattering (NRIXS)

Incoherent inelastic X-ray scattering was measured with three radially-positioned
avalanche photo diodes (APDs) adjacent to the sample chamber and one APD po-
sitioned in the X-ray path downstream of the sample to simultaneously measure the
monochromator’s energy-resolution function (see Jackson, Hamecher, and Sturhahn,
2009 for experimental setup schematic). NRIXS measurements were taken at 1 bar,
4.0(5), 6.5(5), 9.0(6), and 14.5(6) GPa at beamline 3-ID-B at the Advanced Photon
Source at Argonne National Laboratory operating in 24-bunch mode with top-up
and 153 ns bunch separation, where the number in parentheses reflects the esti-
mated pressure uncertainty in the last reported digit. The X-ray beam was focused
using Kirkpatrick-Baez mirrors with a full-width half-maximum of ~16x16 pm?
(Dobrosavljevic et al., 2022). The average collection time was ~1 hour per scan and
~12 scans were collected at each compression point, with each scan consisting of
1001 steps, 3 seconds/step. Within these ~12 scans, a subset was selected for further
data analysis, omitting scans in which significant drift of the incident X-ray intensity
occurred during the scan time. The energy scan range for each pressure was: -100
to +150 meV (1 bar), -100 to +150 meV (4.0 GPa), -80 to +220 meV (6.5 GPa), -80
to +220 meV (9.0 GPa), and -80 to +200 meV (14.5 GPa).

All NRIXS data were analyzed with the PHOENIX software package (version 3.0.4,
www.nrixs.com, Sturhahn 2000) to obtain the partial projected phonon density of
states (pPDOS) from the one-phonon contribution of the excitation probability den-
sity function. The pPDOS provides access to several quantities related to the >7Fe-
participating atoms in the material: the average Lamb-MGdssbauer factor, vibrational
kinetic energy, mean force constant, vibrational free energy, and vibrational en-
tropy (see Sturhahn 2000, 2004; Sturhahn and Jackson 2007; Murphy, Jackson, and
Sturhahn, 2013).
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The low-energy portion of the inelastic spectrum is important for determining the
Debye velocity, Vp, which is calculated by using a phonon dispersion model to
determine the projected sound velocity, V(E), where V(E) = Vp at zero-energy
(Sturhahn, 2004). A Debye-like dispersion model varies quadratically with energy.
In order to utilize as much data as possible in the low-energy region, an improved
empirical model for the dispersion of long-wavelength acoustic phonons is applied to
our data (Sturhahn and Jackson 2007; Morrison et al., 2019). Analysis of this low-
energy region necessitates measuring the monochromator energy-resolution func-
tion in order to remove the elastic peak originating from zero-phonon excitations
that masks the inelastic signal. The elastic peak for each compression point was
measured with the APD positioned downstream of the sample and removed from
the measured NRIXS spectrum using PHOENIX (see supplementary Figs S1 and
S2). After elastic peak removal and subsequent extraction of the pPDOS, the data
within a selected energy window were evaluated with a fitting procedure to deter-
mine Vp using both a polynomial and power law V(E) fit function (Morrison et al.,
2019, Sturhahn, 2020 www.nrixs.com).

The isothermal bulk modulus K7 and density p for szomolnokite’s @, 3, y phases
were determined in Pardo, Dobrosavljevic, Perez, et al. (2023) using the MINUTI
software package (version 2.2.2, Sturhahn 2022). We used MINUTI and tested a
range of thermoelastic input parameters to compute the Griineisen parameter y and
thermal expansion « for each compression point, where the volume dependence of
v is defined as y = yo(V/Vy)9 (Mie-Griineisen model). The adiabatic bulk mod-
ulus, Ky, is then calculated at each compression point from the relationship Kg =
Kr(1+ayT). Shear velocity Vg and compressional velocity Vp may then be deter-

mined from our experimental data using the following relations:

3.1 2
vy VioV3
Ks _2_40
—=V;-=V
o P 3 S

A range of values for y, and g were tested based upon existing reports of y, (and
lack of reported g) for sulfates (Knittle, Phillips, and Williams, 2001; Fortes, Wood,
Alfredsson, et al., 2006; Fortes, Wood, Vocadlo, et al., 2007; Fortes, Brand, et al.,
2013; Brand et al., 2010; Gromnitskaya et al., 2013; Meusburger, Hudson-Edwards,
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et al., 2022; Wildner, Zakharov, et al., 2022). Uncertainties in Kg incorporated
uncertainty due to pressure and choice of y4 and ¢ within the range of y, = 0.67-2.5,
q = 1.5-2.5, and Debye temperature Ty = 300-500 K.

3.3 Results
Synchrotron Mossbauer Spectroscopy (SMS) results

SMS ambient pressure (1 bar)

Table S1 reports the five ambient pressure measurements from this work and from
existing literature. All five 1 bar measurements are in good agreement with each
other and we find the hyperfine parameters of the two sites needed to fit the data to
be consistent with ferrous iron. Figure .1| plots all SMS measurements for the high
pressure dataset as well as the 1 bar hybrid mode spectrum with both a one- and
two-site model in Figure . The one-site and two-site model are almost identical
at earlier delay times (<250 ns), but it becomes evident at later delay times that only

the two-site model can best fit the data.

At ambient pressure szomolnokite has one structurally unique iron site (Pistorius,
1960; Wildner and Giester, 1991; Meusburger, Ende, Talla, et al., 2019). Previous
work on iron-bearing phases has demonstrated the sensitivity of Mdssbauer mea-
surements to differences in local iron environments that X-ray diffraction may not be
sensitive to. For example, using X-ray diffraction, bridgmanite and ferropericlase are
characterized by a single crystallographic ferrous iron site (Marquardt et al., 2009;
Ismailova et al., 2016). In M&ssbauer experiments, a second distinct ferrous iron site
has been needed to best describe the spectra for these samples, likely arising from
differences in next-nearest neighbor environments (e.g., Fei et al., 1994; McCam-
mon, [1997; Jackson, Sturhahn, et al., 2005; Solomatova et al., 2017). Two ferrous

sites in natural samples of szomolnokite have also been reported using Mossbauer
spectroscopy (see ).

Isomer shifts (IS) relative to a stainless steel reference foil were determined from
24-bunch mode measurements at 1 bar (24-bunch mode models C and D in Table
S1), and are similar to existing data on szomolnokite. The averages and standard
deviations for all hyperfine parameters determined from our data are reported in
Table S1. All reported parameters for our data and existing literature agree relatively
well with each other, but there is some variation in the absolute difference between

the reported site 1 and site 2 isomer shifts.
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SMS high pressure

Although two ferrous iron sites are needed to fit the data, the weight fraction of site
1 decreases upon increasing pressure (see , Figure , and Figure for select
high-pressure hyperfine parameters). At4.0 GPa, site 1 and site 2 are equal in weight
fraction within error. Figure displays the calculated energy spectrum from the
measured time domain data. At 6.5 GPa, two new ferrous sites appear with relatively
lower quadrupole splitting (QS) and small weight fractions. The additional sites are
most likely the result of the structural transition occurring at 6 GPa, during which
distortion of octahedral sites occurs to generate a second, structurally unique iron
octahedral site Meusburger, Ende, Talla, et al., 2019. The increase in site 1 and site
2 QS values and the addition of two new sites is consistent with increased octahedral
distortion within the unit cell. Meusburger, Ende, Talla, et al., 2019 reports inter-
atomic distances including the Fe-O bond lengths for the octahedral sites at select
pressures (see Figure @a). The octahedral distortion metric plotted in Figure @b 1s
defined by Fe-O bond lengths within the octahedra (Brown and Shannon, 1973), but
the oxygen bifurcation associated with the a-g structural transition may contribute
to asymmetric distortion in the electric field gradient that Mossbauer spectroscopy
is sensitive to, leading to more complexity in the iron sites and thus requiring more

sites to fit the data than expected from the crystallographic structure alone.
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Figure 3.1: SMS data and CONUSS models. (a) Time-domain, 24-bunch mode
spectra and CONUSS models for the high pressure series including 1 bar spectra
“24-bunch mode A”, (b) energy-domain spectra calculated from the time-domain
models for the high pressure series, and (¢) the ambient pressure hybrid-mode spec-
trum including the “Hybrid mode A” two-site model.



Table 1. High Pressure Hyperfine Parameters.

QSSite1 QSSite2 QSSite3 QSSite4 ISSitel ISSite2 ISSite3 ISSited ' oM FWHM FWHM FWHM - Weight = Weight  Weight — Weight

Site 1 Site 2 Site 3 Site4  Fraction Fraction Fraction Fraction
(mmfs) — (mm/s)  (mmfs) - (mm/s) - (mmfs) - (mmfs) - (mmfs) o @moS) GG mmgs)  (mmss)  (mmss)  Sitel  Site2  Site3  Site 4

V=274 1.17909) - - 0.005(2) 0.034(14) - - 0.954(3)  0.046(3) - -

]
4.0(5)GPa x> =3.34  2.950(5)  2.68(2) - - ] 1.56(1) - - 0.121(8)  0.42(2) - - 0.528(71)  0.472(66) - -
6.5(5) GPa y? =2.73 3.243)  2.927(3) [2.115] [2.065] [1.366] 1.485(6) [1.516] [1.629] 0.55(3) 0.122(5) [0.095] [0.015] 0.304(14) 0.537(15) 0.085(10) 0.074(6)
1
1

Pressure

1 bar 2.614(1)  1.804(28) - - [1.366

9.0(6) GPa x> =2.46  [3.164]° 2.588(5)  2.83(3) [3.057] [1.366] 1.441(5) 1.572(7) [1.615] [0.024] 0.006 0.112(2) [0.006] 0.220(10) 0.498(15) 0.225(16) 0.056(12)
14.5(6) GPa xy2 = 1.37  3.810(7) 0.438(4) 3.507(8) 2.203(7) [1.366] 1.405(9) 1.364(9) 0.379(8) 1.383(4) 0.073(7) 0.064(1) 0.020(1) 0.889(1)  0.058(1)  0.026(1)  0.027(1)

Table 3.1: High Pressure Hyperfine Parameters.
aNumbers in parentheses indicate 1o error throughout the table.

®Numbers in brackets indicates fixed value throughout the table. Other than IS Site 1, all values were iteratively fit/fixed during the
CONUSS fitting procedure to arrive at the best-fit model.

LE
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Further increasing pressure results in site 3 increasing in weight fraction, equivalent
to site 2. Site 3 and site 4 QS increases, while site 1 and site 2 QS decrease slightly.
This is accompanied by only slight changes in all three sites’ IS relative to site 1.
At the -y structural transition, significant changes occur in all four sites. It is not
clear from X-ray powder diffraction how the reconstruction of the unit-cell effects
the iron sites. One notable change is the appearance of a very broad site (full-width
half-maximum ~1.4 mm/s), which we interpret to be related to the 5-y phase transi-
tion. As shown in the calculated energy spectrum in Figure , the spectral features
indicate line-broadening, and the detection of features at earlier delay times, outside
of the measured timing window, may be necessary to fit a more accurate model. We
therefore show additional two-site and three-site models at 14.5 GPa in Figure
(time domain) and Figure (inset, energy domain) that could explain the mea-
sured time spectrum. The three-site model does not accurately capture the shape
of the spectrum at times >100 ns compared to the four-site model. The two-site
model requires the texture parameter to significantly increase from ~20 to 90 which
would imply unlikely reorientation of the grains in the powdered sample. Therefore,
while the two- and three-site model are statistically good fits to the data, the four-
site model is preferred because it best describes the entire time spectrum without

increasing texture and results in the lowest y?2 of the three models.

Existing high-pressure SMS work on szomolnokite finds similar trends, where two
iron sites are required to fit the spectra at ambient pressure and additional sites are
needed above the a-£ and S-y transition pressures (Perez et al., 2020). In our work
and in Perez et al., 2020, a fourth low-QS site (~0.4 mm/s) is needed to fit the data
in the y-phase field. In both studies, only a small weight fraction of this low-QS site
is required to fit the data, and the site with the highest QS in the y-phase pressure
region is also the site with the highest weight fraction. In both studies, a low IS
site (relative to site 1 at 1 bar) appears at pressures above the S-y-phase transition
(see Figure ). The low-QS site and low-IS site parameters are not observed in
amorphous ferrous or ferric sulfates (Sklute et al., 2015). Differences between this
work and Perez et al. (2020) could be caused by differences in sample thickness
and non-hydrostatic conditions in our sample chamber at higher pressures. A non-
hydrostatic sample chamber could broaden the structural transitions and thus affect

the hyperfine parameters associated with each pressure.
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Figure 3.2: Select hyperfine parameters are plotted as a function of pressure, (a)
quadrupole splitting and (b) isomer shift. See supplementary Figure @ for full-
width half-maximums (FWHM) and weight fractions. Two ferrous iron sites de-
scribe the data up to 4.0 GPa, at higher pressures two additional sites are needed.
Dashed lines indicate the a-f structural transition at 6.15 GPa identified by Meus-
burger, Ende, Talla, et al., and the low-pressure boundary of the -y struc-
tural transition which occurs between 12.7 and 16.8 GPa as measured by Pardo,
Dobrosavljevic, Perez, et al., . See Table 1 for reported values.
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Meusburger et al. 2019): Single Crystal X-ray Diffraction
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Figure 3.3: Iron-oxygen octahedral bond length and (b) octahedral distortion as de-
fined by Brown and Shannon (1973). All data is from Meusburger, Ende, Talla, et
al. (). Dashed line indicates the a-f structural transition at 6.15 GPa identified
by Meusburger, Ende, Talla, et al. (), after which a second, structurally distinct
octahedral site is created (associated atoms labeled “B”). Szomolnokite’s ambient
pressure crystal structure is shown in panel (b) which consists of chains of octahe-
dra and interconnected tetrahedra. The iron and oxygen labels indicate the atoms
associated with the S-phase octahedra.
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Nuclear Resonant Inelastic X-ray Scattering (NRIXS) results

NRIXS ambient pressure (1 bar)

Using PHOENIX, the partial phonon density of states (pPDOS) was determined
for each compression point (see Figure @a). Parameters calculated from the pP-
DOS are sensitive to the energy range sampled during data collection. Measuring
higher energy-transfers in the NRIXS spectra may detect the presence of high-energy
phonons of the sample, while extending the measured energy window also intro-
duces noise if there are in fact no phonons present. For samples like szomolnokite
whose pPDOS has never been previously measured, it can be difficult to know a
priori the appropriate energy range to sample. In this work we present two methods
of determining final parameter values to report at each pressure: 1) a probability
distribution of values for each parameter determined from the entire measured en-
ergy range, 2) parameter values determined from discrete energy cut-offs in which
data at higher energies are ignored. We focus on method (1)’s novel approach to
reporting NRIXS derived parameters in the main text. The probability distributions
were constructed from random sampling within discretized portions of the pPDOS.
The median of each distribution and corresponding interquartile range (the range
of the central 50% of the distribution) are reported in Table 2. For more details on
method (1)’s sampling approach and comparison with method (2) see supplemen-

tary material.



High Pressure NRIXS Parameters

Kinetic Energy Lamb-Maossbauer Mean Force Debye Velocity P-wave Velocity S-wave Velocity Adiabatic Bulk Shear Bulk Density
Pressure (meV/atom)” Factor® Constant Vp (kmis) Vp (kmis) Vs (km/s) Modulus Modulus (g/em)”
(N/m)* b P s Ks (GPa)® G (GPa)* p
14.13 0.5958 172
1 bar (L0.08. 40.08)  (~0.0009, +0.0010) (-9, +11) 2.97(5) 4.89(6) 2.66(4) 44.9(4) 21.9(1.0) 3.09(4)
14.54 0.6217 232
4.0(5) GPa (L0.10.40.11)  (~0.0014, +0.0015)  (~15. +19) 3.02(6) 5.61(12) 2.69(6) 72.3(4.5) 24.0(1.6) 3.314)
14.88 0.6503 295
6.5(5) GPa (L0.14.40.19)  (-0.0016, +0.0021) (21, +37) 3.38(8) 5.91(9) 3.01(8) 78.2(3.3) 31.1(2.0) 3.42(4)
14.75 0.6583 269
9.0(6) GPa (L0.12,+0.14)  (~0.0012, +0.0011)  (~14.+21) 3.46(3) 6.18(9) 3.09(2) 89.6(3.6) 33.6(8) 3.52(4)
14.5(6) GP 14.92 0.6753 297 B-phase: 3.44(1) pB-phase: 6.58(8) [S-phase: 3.06(2) S-phase: 114.1(4.1) S-phase: 35.7(3) [B-phase: 3.72(4)
’ a (-0.19, +0.23)  (-0.0016, +0.0016)  (-23,+38)  7y-phase: 3.47(1) vy-phase: 6.58(9) <y-phase: 3.09(2) vy-phase: 118.0(3.9) vy-phase: 35.5(3) +y-phase: 3.82(4)

Table 3.2: High Pressure NRIXS Parameters.

aReported values at each pressure are the median values resulting from Monte-Carlo simulations as described in section 3. Errors are
reported in parentheses, calculated from the interquartile range.

bAdiabatic bulk modulus and density values derived from equation of state determination using X-ray diffraction measurements (Pardo,
Dobrosavljevic, Perez, et al., 2023).

cShear moduli determined using Vg and p in PHOENIX.

(44



43

(a) 14.5 GPa
©9.0 GPa
2501 ©6.5 GPa
® 4.0 GPa
< 2004 ® 1 bar
3
2
2 1504
(%]
8 i B S .
Q 1004
Q
504
0
0 50 100 150 200
Energy (meV)
140{(b) 14.5 GPa

©9.0 GPa
®6.5 GPa
©4.0 GPa
®1 bar

pPDOS (1/eV)
3

25 30 35 40 45 50
Energy (meV)

Figure 3.4: The high pressure series of the partial phonon density of states (pPDOS)
are plotted in panel (a) which are vertically offset for clarity of individual spectra
and (b) the 0-50 meV range of all pPDOS, not offset for better comparison of the
relative changes in vibrational modes

Probability distribution functions are shown in Figure @ as a function of pressure
for the Lamb-Maossbauer factor (fraction of scattering events that are recoil-free),
kinetic energy (meV per Fe atom), and the mean force constant (average force act-
ing on the >’Fe atoms). Figure @ compares Lamb-Mossbauer factors and mean
force constant values at 1 bar for a range of iron-bearing materials, including or-
thoenstatite, silicate glasses, bcc-Fe, 6-(Al,Fe)OOH oxy-hydroxide, sulfates, and ep-
somite (Jackson, Hamecher, and Sturhahn, ; Dauphas, Roskosz, Alp, Golden, et
al., ; Gromnitskaya et al., ; Solomatova et al., ; Morrison et al., ;
Buchen et al., ; Roskosz et al., ). Dauphas, Roskosz, Alp, Neuville, et al.,
performed NRIXS measurements on both ferrous and ferric silicate glasses
(pPDOS-derived parameters later refined by Roskosz et al., ), which were also
characterized with SMS measurements up to 120 GPa (Solomatova et al., ).
Dauphas, Roskosz, Alp, Golden, et al., m reports ambient condition NRIXS-
derived parameters for potassium- and hydronium-jarosite and goethite, which are
compositionally similar to szomolnokite but have higher Lamb-Maossbauer factors

and mean force constants due to ferric iron. Interestingly, the Lamb-Mossbauer fac-
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tor and mean force constant values of jarosite compositions and szomolnokite are
most comparable to ferric and ferrous glasses, respectively, suggesting similar local
iron environments. However, clear distinctions of crystalline hydrated sulfates from
glasses are revealed in their long-wavelength properties, that is their bulk elastic

properties (i.e., Kg, and G) (see section 4).

NRIXS high pressure

At ambient pressure, the two highest intensity peaks in the measured NRIXS spec-
trum are centered at 12 meV and 18 meV, with the 18 meV peak’s intensity greater
than the 12 meV peak (see Figure @a). Upon increasing pressure, higher energy
modes between 40-50 meV are visibly populated, with modes >45 meV appearing
at 6.5 GPa, likely associated with the transition to the lower symmetry triclinic -
phase. The 12 meV peak also shifts towards higher energies from 1 bar to 6.5 GPa,
reflecting typical behavior of rising vibrational frequencies with compression, but
stagnates between 6.5-9.0 GPa, coincident with the S-transition (see Figure @b).
Simultaneously, the maxima of the 18 meV peak decreases in intensity and shows
no movement towards higher energies. By 9.0 GPa, vibrational frequencies of the
original 12 meV and 18 meV peak positions are populated such that the 18 meV peak
maximum is not discernible. The most significant change occurs between 9.0 and
14.5 GPa, where vibrational frequencies <15 meV and between 33—-43 meV become
less populated, while intermediate frequencies between 15-28 meV become more
populated. At 14.5 GPa, the sample may or may not be transformed to the y-phase
since X-ray diffraction data bracket the transition within a few GPa pressure interval
(12.7-16.8 GPa, Pardo, Dobrosavljevic, Perez, et al., 2023). The stagnation of the
12 meV peak at the S-transition and subsequent redistribution of phonon intensities
at higher pressures suggest a change in compression mechanism that inhibits the vi-
brational frequency distribution from continuously moving towards higher energies

with increasing pressure. In the next paragraph, we quantify these observations.

The resulting interquartile ranges (IQRs) and medians of the probability density
function analysis shown in Figure suggest that the Lamb-Mo0ssbauer factor, ki-
netic energy per atom, and mean force constant exhibit an approximately linear
pressure-dependent trend to ~6 GPa, at which a change of slope occurs for data
higher than 6 GPa. As confirmed by previous X-ray diffraction measurements Meus-
burger, Ende, Talla, etal., 2019 (; Pardo, Dobrosavljevic, Perez, et al., 2023), szomol-

nokite undergoes its -3 structural transition (monoclinic C2/c to triclinic P1) at 6
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Figure 3.5: Parameters determined from PHOENIX. Panel (a) Lamb-Mdssbauer
factor, (b) kinetic energy, and (c) mean force constant probability distributions as
a function of pressure. The median of each distribution and interquartile range are
represented by black circles and black vertical error bar. The value of each param-
eter derived from a singular energy window is plotted for comparison (light grey
circles with error reported by PHOENIX). Dashed lines indicate the a-f structural
transition at 6.15 GPa identified by Meusburger, Ende, Talla, et al., 2019 and the
low-pressure boundary of the -y structural transition which occurs between 12.7
and 16.8 GPa as measured by Pardo, Dobrosavljevic, Perez, et al., 2023. Errors
in pressure are determined by in-situ ruby fluorescence and are represented by the
width of the probability distribution at each pressure.

GPa. The IQRs for all parameters’ probability distributions show increasing trends
in the 1 bar—6.5 GPa pressure interval, suggesting an increase in parameter values up
to the a-f structural transition. At pressures higher than the S-transition, the IQRs
for the kinetic energy and mean force constant are mostly invariant to pressure, sug-
gesting a plateau-like trend. Within the uncertainties considered here, a decrease
in kinetic energy and mean force constant between 6.5 and 9.0 GPa could be occur-
ring, which may be related to a crystal lattice softening in the vicinity of the S-phase
transition. The simultaneous stagnation of the low-energy vibrational modes in the
pPDOS and resulting plateau-like trend of the Debye velocity, determined from the
low-energy modes, corroborates lattice softening at a range of length-scales within

the crystal lattice. See section 3.2.3 for sound velocity discussion.
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Figure 3.6: Lamb-Mdssbauer and mean force constant values for a range of iron-
bearing materials. Szomolnokite is plotted as the black star. Purple squares rep-
resent the highest and lowest values from two orientations of single crystal 6-
(Al,Fe)OOH (Buchen et al., 2021)), red diamonds represent ferrous silicate glasses
while blue diamonds represent ferric glasses (Roskosz et al., 2022), orange cir-
cles represent three orthoenstatite compositions (Jackson, Hamecher, and Sturhahn,
2009), bee-Fe is plotted as the brown cross (Morrison et al., 2019), and FeOOH and
two ferric sulfates are plotted in solid triangles (Dauphas, Roskosz, Alp, Golden,
et al., 2012). Red and blue shaded regions are for qualitative visual grouping of the
ferrous and ferric compositions, respectively.
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Although the highest-pressure compression point at 14.5 GPa may lie within szomol-
nokite’s y-phase stability field, the IQRs and medians for the kinetic energy and
mean force constant are very similar to those at 6.5 GPa. The Lamb-Mdssbauer
factor continues to increase without overlapping IQRs, with a change in slope near
the B-transition. The mean force constant increasing with pressure up to 6.5 GPa is
consistent with strengthening of Fe-O bonds in octahedral coordination. In general,
all three parameters discussed above indicate a change in compression mechanism
at pressure higher than the a-g transition, consistent with the visual behavior of the
pPDOS. The trends observed here indicate that although the @-f structural transi-
tion is marked by only a slight distortion in the Fe-octahedral site, there is a marked

change in the atomic dynamics of szomolnokite.

The possibility that kinetic energy and mean force constant plateau or decrease in
the SB-phase field could be attributed to changes in the hydrogen-bonding system
at the a-f transition as outlined in Meusburger, Ende, Talla, et al., 2019, where
distortion of octahedral sites create a second, structurally distinct iron site. Asym-
metrical changes in the bonds of the O,, ;.- and oxygen atoms at the corner-sharing
tetrahedra-octahedra sites occur with this distortion, resulting in lengthening of cer-
tain Oy, 4;.,--O bonds, while decreasing others. Fe-O bond lengths measured in Meus-
burger, Ende, Talla, et al., 2019 plotted in Figure @a show that there are complex
changes in the bond-lengths associated with the iron atoms between 7 and 8 GPa,
in that some lengths continue to decrease (Fe4-O,4), while others discontinuously
decrease (Fe4-O;4 and Fep-O,p) or sharply increase (Fes p-Oyarer). The net effect
could lead to the plateau-like trend in the mean force constant, discussed above.

We have seen from the discussion above that the transformation of the iron-, oxygen-
, and water-bonding system are reflected in the iron-participating lattice vibrations.
Interestingly, the isothermal bulk modulus (K7) exhibits a similar trend to the ki-
netic energy and mean force constant at the S-phase transition (see @b). At the
B-transition, K7 decreases from ~85 GPa to 76 GPa, indicating a decrease in lattice
incompressibility. At the pressures studied within the S-phase stability (6.5 and 9.0
GPa), K7 increases from 77.8(2.9) GPa to 89.3(3.5) GPa. Near the y-phase bound-
ary sampled in this study (14.5 GPa), K7 increases significantly to K7 = 117.7(3.8)
GPa (Pardo, Dobrosavljevic, Perez, et al., 2023). The observed plateau-like trend in
the 57Fe mean force constants and increase in K7 at 14.5 GPa implies that upon com-
pression, structural changes continue to increase the volumetric incompressibility,

while only certain atomic bonding environments exhibit stiffening.
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Sound velocities

The Debye velocity Vp, compressional wave velocity Vp, and shear wave velocity
Vs were determined using PHOENIX as described in section 2.3. Using a fitting
procedure that accounts for many possible fit ranges for a selected energy window,
PHOENIX incorporates the statistical error of the measured data points within the
fit ranges and reports a probability distribution function (PDF) of the calculated V.
The most probable Debye velocity is found by fitting the PDF, where the reported
value corresponds to the peak of this fit and its uncertainty is the distribution’s full-
width at half maximum (Morrison et al., 2019). Szomolnokite’s acoustic phonon
dispersion may only be Debye-like at energies <5 meV, the region in the data that
coincides with the tails of the resolution function, and hence the elastic peak removal
process. For this reason, two different energy windows were used to carry out the fit-
ting procedure and determine two endmember Debye velocity models: (1.5-6 meV)
and (0.5-8 meV). Our reported Vp at each pressure is the average of the combined
velocity distributions generated from the reported Vp in these two models and cor-
responding standard deviations (see supplement for individual fitting results at each
pressure). These results are shown in Figure @ Trends in Vp and Vg suggest a
moderate increase within the a-phase, then a sharp increase across the S-transition
followed by plateau. If the data were densely sampled across the S-phase transition,
we may expect Vp to exhibit a decrease in the vicinity of the transition, because V p

is mostly sensitive to the equation of state (equations 1 and 2).

To place these results in context with other similar phases, sound velocities and
shear moduli are plotted in Figure @ up to 20 GPa for anhydrous and hydrous
silicate glasses, hydrous Phase A, pure water ice, H,0O ice with 0.9 mol% NaCl, and
epsomite, measured by Brillouin scattering and ultrasonic interferometry (Sanchez-
Valle, Sinogeikin, et al., 2008; Sanchez-Valle and Bass, 2010; Gromnitskaya et al.,
2013; Sakamaki et al., 2014; Zhang, Hao, et al., 2019; Shi et al., 2021}; Gu et al.,
2021; Wei et al., 2022). Notably, szomolnokite’s high pressure shear moduli are
most similar to the high-pressure ice phases despite being significantly denser. The
plateau observed in szomolnokite’s high pressure Vg (and G) values compared to
Vp at pressures >5 GPa suggest that the shear properties are more greatly affected

by the changes in compression mechanisms discussed in section 3.1.

Although sharing similar iron-site specific parameters described in section 3.2.1,
szomolnokite has much slower Vp and Vg values at ambient conditions than the
hydrous (~0.68 wt% FeO) and anhydrous rhyolitic glass (~0.23 wt% FeO) compo-
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Figure 3.7: Sound velocities and example fitting procedure. Panel (a) plots the
Debye velocity V p, P-wave velocity V p, and S-wave velocity Vs plotted as a function
of pressure. Dashed lines indicate the - structural transition at 6.15 GPa identified
by Meusburger, Ende, Talla, et al., 2019 and the low-pressure boundary of the S-
v structural transition which occurs between 12.7 and 16.8 GPa as measured by
Pardo, Dobrosavljevic, Perez, et al. (2023). Panel (b) shows an example Vp fitting
procedure at 1 bar in which the low energy portion of the pPDOS is fit to polynomial
or power law V(E) function. Panel (¢) plots the resulting 1 bar velocity distribution
function generated from the series of fits plotted in panel (b). Velocity errors in
panel (a) are generated by combining two velocity distribution functions resulting
from fitting two different energy windows as described in the main text.
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sitions. Taking density into consideration (see supplement Figure ), szomol-
nokite’s shear moduli values are similar to the hydrous rhyolitic glass at 1 bar. By
~3 GPa, szomolnokite’s Vp is comparable to the rhyolitic glasses. At higher pres-
sures >5 GPa, szomolnokite’s adiabatic bulk modulus is comparable to that of en-
statite, Al-bearing enstatite, and diopside glasses, but remains comparatively lower
in Vp and V. At all pressures Phase A has higher velocities and shear moduli than

szomolnokite.

3.4 Discussion

With increasing compression, trends in the kinetic energy and mean force constant
imply short-range lattice softening associated with iron atoms in szomolnokite near
the a-p transition and possibly into the y-phase. The appearance of two additional
low-quadrupole splitting octahedral sites at pressures greater than the a-f transi-
tion suggest minor asymmetries in the electric field gradients of a subset of the
iron octahedral sites, consistent with iron-site distortion. The Debye velocity, de-
termined from low-energy acoustic vibrational modes, simultaneously plateaus at
the S-transition. Additionally, the bulk modulus K7 decreases at the a-g transition.
This behavior suggests that the distortion of iron octahedra, which defines the a-f
transformation from the monoclinic structure to the triclinic structure, contributes

to the long-range crystal lattice softening evident in the observed elastic properties.

The high-pressure lattice softening and increasing asymmetry in iron’s electric field
gradient is accompanied by a change in the pressure dependence of sound veloci-
ties, most notably Vg and the shear modulus. As the iron-endmember, szomolnokite
has exhibited the highest a-f transition pressure compared to other sulfates, and
thus incorporation of iron would likely result in Vg discontinuities at greater depths.
Currently, tidal amplitude measurements of our solar system’s icy satellites are the
most-likely source of information on their interior structures (Wahr et al., 2006;
Nimmo and Manga, 2009; Hemingway and Mittal, 2019), rather than seismology.
Research has focused on modeling the relationship between observed Love num-
bers and interior properties such as the radius of the mantle/icy shell, density (i.e.,
average density, density of shell, mantle, ocean, and core), and the shear moduli,
G, of the interior structures (Wahr et al., 2006). Understanding localized structure,
such as identifying structural heterogeneities associated with the Tiger Stripes on
the south pole of Enceladus, also relies on knowing the expected range of shear

and bulk moduli of the icy satellites (Berne et al., 2022). Challenges exist in deter-
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Figure 3.8: P-wave velocity Vp and (b) S-wave velocity Vg and (c) shear moduli G
are plotted for a range of silicate glasses, oxyhydroxide Phase A, high pressure ices,
and two sulfates (including this work). Symbol size indicate relative adiabatic bulk
modulusK g values in panels (a) and (b) and density p values in panel (c). References
are as follows: 2aSakamaki et al., 2014, ® Sanchez-Valle and Bass, 2010, < Wei et al.,
2022, 9Sanchez-Valle, Sinogeikin, et al., 2008, *Gu et al., 2021, fShi et al., 2021,
gZhang, Hao, et al., 2019, and "Gromnitskaya et al., 2013. Velocity and pressures
errors are plotted when reported, most are smaller than the symbol size. For szomol-
nokite’s highest pressure point, two values are reported using elastic parameters for
the 5-FeSO4-H,0 and y-FeSO,4-H,O phases. See Figure for adiabatic moduli
and density as a function of pressure.

mining the thickness of an icy shell and origins of structural heterogeneities from
orbiter measurements, due in part to uncertainties in the shear modulus of the ice-
rich crust, and therefore determining the shear moduli of candidate non-ice phases

(i.e., hydrous sulfates) plays an important role in interpreting orbiter observations.

Typical properties assigned to icy crusts are G = 3.3 GPa and p = 0.9 g/cm? (Gam-
mon et al., 1983; Wahr et al., 2006; Soucek et al., 2019; Berne et al., 2022). For pres-
sures <5 GPa, most relevant to the icy satellites in our solar system, szomolnokite’s
presence would increase both the density and shear modulus (p;; = 3.09 g/cm?3 and
Gy, =21.9 GPa at 1 bar). Addition of epsomite (G,, = 9.0 GPa) would also lead to
an increased shear modulus. Thus, an ice-sulfate mixture would have a significantly
higher shear modulus than the pure-ice value commonly used (G = 3.3 GPa). At
higher pressures relevant to icy, sulfate-rich worlds whose icy crusts/mantles reach

pressures >5 GPa, szomolnokite would significantly increase the bulk density, but
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not influence the shear modulus as greatly compared to lower pressures. The similar
shear moduli but drastically different density between szomolnokite and the high-
pressure ice phases compared in this work may influence the inferred structure and
dynamics of icy, sulfate-bearing shells, mantles, or cores. Presence of sulfates at
depth would affect assumed densities of icy crusts that factor into Love number
models, likely increasing observed 4 Love numbers, for example, independent of
icy shell thickness (Moore and Schubert, 2000).

3.5 Conclusions

Measurements of the lattice dynamics, iron-site specific behavior, and crystal struc-
ture are highly complementary. Nuclear resonant scattering measurements, in com-
bination with X-ray diffraction results, reveal changes in both iron site-specific and
bulk lattice properties in szomolnokite at high pressure, including lattice softening
accompanying the a-g transition. The @-f monoclinic-triclinic structural transition
observed in szomolnokite has been measured in several other hydrous sulfates, and
detected at different pressures. It is unclear how the lattice dynamics and transition
pressure would change in mixed-cation sulfate compositions, but current work has
demonstrated that the Fe-endmember szomolnokite undergoes the a-f transition at
higher pressures than the Mg-endmember, kieserite. Therefore, the @-f transition
in an iron-bearing composition that is close to the kieserite end-member may occur
at pressures slightly higher than that for kieserite, and include softening of lattice
vibrational modes. Structural changes in hydrated sulfates at higher pressures anal-
ogous to szomolnokite’s y-phase have yet to be investigated. Nevertheless, such
studies are important to better understand this multi-component system, and mov-

ing forward, at temperatures relevant to planetary bodies.

Coexistence of hydrous sulfates with varying hydration states, variable temperature,
and other dynamic planetary processes are all key factors that need to be considered
in applying endmember experimental data to natural environments. We have dis-
cussed the presence of sulfates at depth and their effect on assumed densities of icy
crusts, which would factor into Love number models of icy satellites. Whether as
minor or major components of localized planetary environments or bulk icy satel-
lite interiors, further work is required to better understand the behavior of multi-

component systems comprised of hydrous sulfates and other materials.
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Chapter 4

HIGH PRESSURE, CRYOGENIC INFRARED SPECTROSCOPY
AND THEORETICAL MODELING OF SZOMOLNOKITE

4.1 Introduction

Hydrous sulfates and other sulfate salts have been observed on Earth, Mars, the
icy satellites, and even asteroids. Both hydrous and non-hydrous sulfate minerals
naturally form through many processes on Earth’s surface, including formation as
weathering products of pyrite, pyrrhotite, or SO,-basalt interactions, and have been
studied in relation to biological S-cycles, evaporate deposits, hydrothermal systems,
mine waste, and as components of igneous rocks from a variety of volcanic sys-
tems (Chou, Seal, and Wang, 2013; Dyar et al., 2013; Hao et al., 2014; Machado
de Oliveiraet al., 2019; McCanta, Dyar, and Treiman, 2014; Rye, 2005). Because of
the many hydrous sulfates found in close proximity to each other in natural environ-
ments and laboratory experiments on Earth, interpretation of remote observations of
Mars and the icy satellites has focused on selecting mixtures of sulfates, sulfides, and
hydrous phases that reproduce observed infrared, near-infrared, and visible wave-
length spectral features (Bishop, Parente, and Weitz, 2009; Bu et al., 2018; Dalton,
Shirley, and Kamp, 2012; Lane, Dyar, and Bishop, 2004; Lichtenberg et al., 2010).
These observations have shown that sulfates can host a variety of cations, such as
Fe, Mg, Na, Ca, Cu, Mn, and Al, and varying amounts of molecular water and hy-
droxyl groups. Sulfate cations can be of mixed valence states, and sulfate minerals
with different cation valence states can coexist depending on the degree of weather-
ing and environmental conditions. These sulfates may be may be further altered on
short timescales (hours to days), generating complex chemical mixtures (McCollom
et al., 2013; Wang, Jolliff, et al., 2016).

Spectroscopy measurements taken by the Galileo spacecraft identified hydrous sulfur-

bearing material on the surface of Europa, specifically on the trailing hemisphere
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which is significantly darker and spectrally distinct from the ice-rich leading hemi-
sphere (Carlson et al., 2009; McEwen, [1986). Spectral laboratory measurements
and computational modeling have identified sulfate-ice mixtures as best matches
to the observational data (Cerubini et al., 2022; Dalton, Shirley, and Kamp, 2012;
King, Fletcher, and Ligier, 2022), however the origin of the sulfur-rich phases on
the surface is not fully understood. Recent work has suggested a primarily exogenic
sulfur source for the surfaces of o, Europa, and Ganymede (e.g., Trumbo, Brown,
and Hand, 2020). Current work suggests endogenic surface material alteration by
exogenic sulfur radiolysis (Carlson et al., 2009; Trumbo, Brown, and Hand, 2020),
but cannot rule out at least some quantities of endogenic S, such as localized con-

centrations of SO, (see for example, Becker et al., 2022).

Due to the observed abundance of sulfate on the surface, it has been proposed that
hydrated sulfates are primary components of the icy satellite’s interior oceans and/or
icy mantles and this has motivated work on hydrous sulfates at high pressures (Co-
modi et al., 2014; Fortes, Brand, et al., 2013|; Fortes, Fernandez-Alonso, et al., 2017;
Fortes, Wood, Alfredsson, et al., 2006; Nakamura and Ohtani, 201 1;; Pan, Yong, and
Secco, 2020). Candidate sulfates primarily consists of Na- and Mg-bearing sulfates
with various hydration states. Much work has a focused on magnesium end member
hydrated sulfates, which have been modeled in the interior of Ganymede as a layer
of sediments at the top of a silicate mantle (Meusburger, Ende, Matzinger, et al.,
2020; Nakamura and Ohtani, 2011)). The interior structures of the icy satellites are
subjects of ongoing work (e.g., Gomez Casajus et al., 2021)), but gravity field and
magnetometer data from spacecraft like Galileo have led to the current understand-
ing of interior ice, mantle, and core layers. Europa, the smallest of the Galilean
moons, is differentiated and likely composed of an iron-rich core, silicate mantle,
ocean, and ice-rich crust (Anderson et al., 1998; Carr et al., [1998; Hussmann, Sotin,
and Lunine, 2015). The largest Galilean moon, Ganymede, may have a more com-
plex differentiated interior composed of an iron-rich core, silicate mantle, and a
basal ice-rich layer underlying the ocean and ice-rich crust (Hussmann, Sotin, and
Lunine, 2015). Depending on the dynamics within and between these layers, it has
been proposed that rocky materials and precipitating salts (e.g., sulfates) in the ice-
rich crust and ocean should sink towards and through the basal ice layer, potentially
cycling sulfur-bearing phases from the surface of the icy crust to the basal ice-rock
interface at the top of the silicate mantle (Ligier et al., 2019; Molyneux et al., 2020;
Vance et al., 2014). Internal heating could melt the ice at this interface and cause
fluid-rock interactions (Ahrens et al., 2022).
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Geologic interpretations of surface imaging and dynamical modeling support surface-
subsurface exchange within Ganymede and the other icy satellites (Buffo et al., 2020;
Howell and Pappalardo, 2018; Prockter et al., 2017), Thus, the observed abundance
of hydrated sulfates on their surfaces may be indicative of their presence at depth
and validates ongoing high pressure work (Zolotov, 2019). While Na- and Mg-rich
sulfates are abundant on the surfaces of the icy satellites and have been the focus
of existing high-pressure experimental work, it is frequently observed on Earth and
Mars that other 2+ cations can readily substitute in M**SO4-nH,O (M = Fe, Mg, Cu,
Ni, Co, Zn) crystal structures. Iron-bearing compositions may be present in higher
concentrations at greater depths, especially when considering additional sources of
sulfates such as leaching of chondritic sulfates from an iron-rich core into an overly-
ing mixed ice-rock mantle (Kargel, 1991)). Thoroughly characterizing the physical
and chemical properties of the endmember components that may comprise these
natural environments is thus necessary to better understand their properties at low

temperatures and high pressures.

Background

Raman and IR spectra for both synthetic and natural hydrous sulfates have been
reported extensively in the literature, demonstrating approaches for identifying in-
dividual hydrated sulfates as well as reporting variability in observed vibrational
mode intensity and widths for individual minerals across multiple studies (e.g., 37
natural sulfates (Lane, 2007), 14 natural sulfates (Majzlan et al., 2011)), synthetic
(Fei—x,Mg,)SO4-H,0 (Talla and Wildner, 2019), synthetic MgSO,4-6H,0, Na,SO,4-10H,0,
Na,Mg(S0,4),-4H,0 (Dalton, Shirley, and Kamp, 2012)). Cloutis et al., 2006 per-
formed extensive spectral, compositional, and structural characterization on dozens
of OH-bearing and H,O-bearing sulfates in order to validate and improve band as-

signments to develop spectral discrimination diagnostics for sulfate compositions.

Szomolnokite in particular has been spectrally characterized at ambient conditions
(Cloutis et al., 2006; Lane, Dyar, and Bishop, 2004; Majzlan et al., 2011; Talla and
Wildner, 2019), temperatures as low as 7 K (Chio, Sharma, and Muenow, 2007), and
high pressures up to 9 GPa (Meusburger, Ende, Talla, et al., 2019). These measure-
ments have included a low temperature Mossbauer study which identified a mag-
netic order-disorder transition at 29.5 K (Alboom et al., 2009). Most recently, high
pressure X-ray diffraction measurements have identified two structural phase tran-
sitions occurring at 6 GPa (monoclinic C2/c to triclinic P1 B-FeS04.H,0) and be-
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tween 12.7-16.8 GPa (triclinic P1 to monoclinic P2; y-FeSO,4.H,0) (Meusburger,
Ende, Talla, et al., 2019; Pardo, Dobrosavljevic, Perez, et al., 2023). Using sin-
gle crystal X-ray diffraction up to 9 GPa, Meusburger, Ende, Talla, et al. (2019)
reported a detailed description of the structural transformation mechanism accom-
panying szomolnokite’s low pressure transition to S-FeSO4-H,0O. At ambient condi-
tions, the kieserite-structure type a-FeSO4-H,0 is formed by continuous chains of
corner sharing Fe-octahedral units [FeO4(H,0),]¢- parallel to the c-axis, containing
only one crystallographic iron site. Octahedral oxygen atoms are shared with SO,
tetrahedra, creating a 3D network. At the a-f transition pressure, the tilting of the
SO, tetrahedra and adjacent FeOg octahedra create a second structurally unique oc-
tahedral site. This lattice distortion is accompanied by a bifurcation of the hydrogen-
bonding system, doubling the number of unique hydrogen bridges from two to four.
An analogous monoclinic C2/c to triclinic P1 transition has been observed in other
M%+S04-H,0 (M = Fe, Mg, Ni, Co) kieserite-type compositions (Ende et al., 2020;
Meusburger, Ende, Matzinger, et al., 2020; Wildner, Ende, et al., 2021)). See Chap-
ters 2 and 3 for more details.

The powder X-ray diffraction experimental data for FeSO4-H,O’s -y transition re-
ported by Pardo, Dobrosavljevic, Perez, et al. (2023) did not show any evidence
of exsolved high pressure ice phases, and, corroborated by preliminary analysis of
high pressure synchrotron infrared spectroscopy data, indicated that H,O was stable
in the crystal structure up to 80 GPa. In this study, we present a full analysis of high-
pressure and low-temperature synchrotron infrared spectroscopy measurements up
to 23 GPa aimed at 1) identifying changes in vibrational modes due to the two struc-
tural transitions occurring within this pressure range and based on these identified
spectral features, and 2) determining the temperature dependence of the @-f and -y
structural transitions. We support our experimental data analysis with preliminary
molecular dynamic simulations resulting in a predicted vibrational density of states

to aid in interpretation of our data and compare against existing literature.

4.2 Materials and methods
Experimental methods

High pressure and low temperature synchrotron infrared compression and decom-
pression measurements were conducted at beamline 22-IR-1 at the National Syn-
chrotron Light Source II at Brookhaven National Laboratory. Synchrotron Fourier

transform infrared (FTIR) spectroscopy measurements were taken using a Bruker
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Vertex 80v FTIR spectrometer and a custom IR microscope system with a wide-band
MCT detector from 400-5000 cm™'. Temperatures down to 20 K were achieved us-
ing an open-flow helium cryostat. Temperature errors are <1 K below 100 K and
2 K above 100 K. The pressure-temperature space sampled in this work is plotted
in Figure , consisting of one ambient temperature, high pressure compression-
decompression series, one low-temperature series at 1 bar, and six individual low-
temperature, high-pressure series. A set of high-temperature cycling measurements
was performed at 300 and 320 K to determine heat sensitivity of the sample, and
after measuring five positions throughout the sample pre-, during, and post-heating

found no alteration reflected in the measured spectra.

Powdered szomolnokite was loaded into a diamond anvil cell with either a KBr
or NaCl pressure medium; one compression series was loaded with a He-pressure
medium, described below. For all experiment runs, the powdered sample was care-
fully pressed into a thin layer to achieve optimal thickness in order to avoid ab-
sorption saturation and loss of spectral features. For all high-pressure experiments,
a ruby sphere was placed in the sample chamber for in-situ pressure determination
and for low temperature, high pressure measurements, an additional ruby was placed
on the diamond backplate for temperature correction (Datchi et al., 2007; Dewaele
et al., 2008). A reference infrared spectrum (Ip) positioned off-sample in the sam-
ple chamber was taken at each pressure-temperature point to remove non-sample
absorption features from the measured sample position (I). Absorbance (A) is then
calculated by the following relation: A = -log,o(I¢/I), where I/, is the transmittance.
All data in this body of work are plotted as A vs. wavenumber (the number of wave-

lengths per unit of distance: cm™).
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Figure 4.1: The pressure-temperature experiment range presented in this work.
Symbol colors indicate compression-decompression cycles completed in one dia-
mond anvil cell loading (i.e., a compression experiment was first conducted at 150
K up to 20 GPa, the sample was then heated to 250 K and decompressed). Up-
ward pointing triangles indicate compression measurements, downward pointing
triangles indicate decompression measurements. The upward pointing blue triangle
series at 1 bar indicate that the sample was cooled to 20 K and subsequent mea-
surements were taken upon incrementally heating the sample back to 300 K. Red
dashed line and shaded region at 300 K indicate the structural transitions pressures
measured at ambient temperature using X-ray diffraction (Meusburger, Ende, Talla,
et al., 2019; Pardo, Dobrosavljevic, Perez, et al., 2023 Grey shaded regions indicate
low-temperature transition pressures constrained in this work.



59

The 150 K compression/250 K decompression experiment run was gas-loaded with
helium at Caltech using 500 um flat culets. An initial FTIR reference spectrum
was taken before cooling. The sample chamber diameter decreased from 205 ym
in diameter to 150 um immediately after helium loading at 0.3 GPa. The sample
chamber diameter shrank significantly upon initial cooling to 150 K, so there was no
empty anvil space in the chamber to measure a reference spectrum at each pressure.
Instead, the only reference spectrum for this sample loading was collected at 0.3 GPa,
which was used for all data points of the 150 K/250 K high pressure series. Ruby
spectra indicated hydrostatic conditions throughout the entire pressure range. For
all experiments, to account for any error in fitted ruby peak positions and observed
heterogeneities in low temperature ruby profiles, error in pressure is taken to be 0.2

GPa for all measurements.

Quantum mechanics molecular dynamics

To construct a theoretical vibrational density of states and compare against our mea-
sured data, two quantum mechanics molecular dynamics simulations (QM-MD)
were performed using the Vienna Ab initio Simulation Package (VASP) with gener-
alized gradient approximation (GGA) of Perdew-Burke Ernzerhof (PBE) functional
to describe the exchange-correlation energy. The DFT-D3 correction of (Grimme,
Antony, et al., 2010; Grimme and Djukic, 2011) was used to account for van der
Waals interactions. For all QM-MD calculations, a I'-centered 1x1x1 k-point grid
was used, and the plane wave energy cutoff was set at 500 eV. All QM-MD simula-
tions used the isochoric-isothermal (NVT) ensemble using a Nosé-Hoover thermo-
stat to set the temperature to 298 K (or 15 K). We chose an NVT ensemble due to
the availability of ambient and low temperature single crystal X-ray diffraction data.
Lattice parameters were fixed to the unit cell dimensions reported by Meusburger,
Ende, Talla, et al. (2019) for the 298 K simulation, while the parameters reported by
Wildner, Zakharov, et al. (2022) were used for the 15 K simulation. A single unit
cell containing 36 atoms (4 Fe, 4 S, 8 H and 20 O) was used. Given the imposed
isochoric restriction, the equilibrium pressures of the simulations (on average 4 kbar
at 15 K and 13 kbar at 298 K) resulted from the choice of fixed lattice parameters
and temperature, rather than being explicitly set as in the case of isobaric-isothermic
(NPT) ensemble.

Each QM-MD simulation consisted of three stages: a heating stage, an equilibration

stage, and a final production run at the target temperature. Each stage was simu-
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lated with 1 fs time steps for 5, 3 and 60 ps, respectively. Atom trajectories were
analyzed from the 60 ps production run stage to obtain the vibrational density of
states (VDOS) using the Fourier transform of the velocity autocorrelation function
(VACF). Upon inspection of the VACF and VDOS, while all atoms are moving in
the simulation, some atoms are being underrepresented in the calculated VDOS. All
crystallographic sites are represented, but the O-atoms are the most represented and
S-atoms are the least represented. This in turn has affected the relative intensities
currently predicted in the VDOS, and we expect that upon resolving this issue, exist-
ing portions of low-intensity modes will be filled out and overall noise of the VDOS
will be reduced. Furthermore, a complete population of the predicted VDOS will
allow for the calculation of the phonon density of states (PDOS). For this reason, we
use VDOS to refer to the results of the QM-MD simulations and the phonon den-
sity of states to refer to the relevant experimental results, which is experimentally

measuring phonons.

2.3 Spectra fitting procedure

All spectra were fit using the free, open-source software Fityk which performs user-
guided background subtraction and a non-linear least squares fitting procedure using
a starting set of peak parameters (Wojdyr, 2010). Each spectrum was pre-processed
for background subtraction and diamond fringe removal in several sections, gener-
ally: 500-900 cm™', 900-1800 cm~!, and 2500-4000 cm™'. Diamond fringes (the in-
terference of light between the faces of the diamond culet) were subtracted from each
spectrum by taking the Fourier transform of the data and removing the fringe fre-
quency interval. This method is successful starting at the wavenumber region of the
v3 sulfate bands to the O-H stretching region (>1050 cm™"). Below these wavenum-
bers, there are several sample peaks with widths on the order of the diamond fringe
width and are thus affected by fringe removal. However, the diamond fringes shift in
phase as a function of pressure, and they shift more rapidly than the sample features
as a function of pressure. When viewing all spectra from temperature or pressure
series on the same axes, it is clear which features results from diamond fringes, and
which from the sample. Therefore, we can clearly identify sample features below
1050 cm~! and fit these narrow features individually, masking out all other data. See

the supplementary materials for greater detail on diamond fringe removal.

Peak shapes were fit with either Gaussian or Voigt profiles. Final fit parameters were

taken as starting fit parameters for subsequent spectra, either the next compression
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or decompression point or temperature. Where it is clear that multiple vibrational
modes are overlapping, the minimum number of peaks was chosen to fit each ob-
served grouping, and the resulting fit was chosen such that changes in peak position,
height, and width were minimized. In taking this conservative approach we aim to
report changes in spectra as a function pressure pressure/temperature that are due
to changes in sample vibrations and not inconsistency with the reference spectrum,
background subtraction, or non-unique models. Therefore, we report a set of vi-
brational mode positions that are self-consistent within each pressure-temperature

series.

4.3 Results
Theoretical results and interpretation of mode assignments at 1 bar

The total predicted vibrational density of states (VDOS) at ambient conditions (1
bar, 300 K) is plotted in Figure #.2 (see caveats stated in 2.1). The individual vibra-
tional contributions from the Fe, S, O, and H atoms are also plotted below the total
VDOS. Oxygen and iron vibrations dominate the <400 cm™' lower wavenumbers
with smaller contributions from sulfur and hydrogen vibrations. Iron has a small
contribution at ~1500 cm™~! and an even smaller contribution at ~3600 cm™!, sug-
gesting a coupling with H,O-related vibrations which dominate those regions. Hy-
drogen vibrational modes exhibit broad distributions in the 3000 cm~' region and
1500 cm™!, supporting the presence of many vibrations in each wavenumber re-
gion. Upon closer inspection of individual vibrations, our theoretical work predicts
the presence of IR-active water-libration modes at ~835 cm™!, which we experimen-
tally observe and has been previously identified in experimental work (ranging from
816-850 cm™') as H,O librations and purported as a monohydrate sulfate diagnostic
peak (Lane, 2007, Lane, Bishop, et al., 2015, Talla and Wildner, 2019). Through-
out the <850 cm-! region, a series of water libration modes are observed (with a
peak at ~530 cm™1), associated with all or various subsets of the H,O groups, again

supporting multiple hydrogen-bonding environments at ambient conditions.

At low wavenumbers between 90-350 cm™!, the predicted VDOS is in good agree-
ment with the experimentally measured 37Fe partial projected phonon density of
states (pPDOS) of szomolnokite, shown in Figure @ (Pardo, Dobrosavljevic, Sturhahn,
etal., 2023). General band assignments for the Fe?+-O, S-O, SO, and H,O IR-active
modes and their predicted positions are indicated underneath the spectra in Fig-

ure @ The four predicted maxima approximately centered at 90, 140, 210 and 275
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Figure 4.2: Calculated vibrational density of states and measured phonon density
of states. Top: Calculated vibrational density of states (VDOS) and the individual
atomic contributions. Bottom: The measured >7Fe partial phonon density of states
(pPDOS), the calculated contributions from individual iron atoms and FeOg octahe-
dra, and the total VDOS. Intensities for the predicted individual atomic contributions
and FeOg contributions are unaltered; the predicted total VDOS and measured pP-
DOS are scaled for visualization purposes. The relative individual contributions to
the total VDOS may be affected by the underrepresentation of particular atoms as
discussed in the text.
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cm™! line up almost exactly with the measured maxima, and the absolute maximum
within the 0-400 cm™! region for both the pPDOS and VDOS are centered at ~140
cm™!. Inspection of the individual predicted vibrations in this region confirm they
are a combination of predominantly Fe?*-O and S-O vibrations. Although parabolic,
the predicted relative intensities in the wavenumber region <90 cm~! do not match

the experimentally measured pPDOS.

Within the FTIR measured wavenumber region, factor group analysis (the method
of determining unique vibrational modes based on a collection of atoms’ structure
and symmetry) of low symmetry, anharmonic environments predicts up to three v3
(asymmetric stretching), one v; (symmetric stretching), three v4 (asymmetric bend-
ing), and two v, SO, (symmetric bending) modes; and one v, H,O (bending), one v
H,0 (symmetric stretching), and one v3 H,O (asymmetric stretching) modes (Grodz-
icki and Piszczek, [1998; Majzlan et al., 2011)). The infrared data do not extend to
the Fe-O dominated wavenumber region, but are in good agreement with predicted
positions of high intensity modes <1020 cm~!. In the 400-800 cm™' region, four
distinct peaks are visible at ~535, 605, 625, 665 cm~!. Three degenerate v4 SO,
modes are predicted in this region (due to asymmetry in the tetrahedral bonding en-
vironment), but four modes have been previously observed (e.g., Lane, 2007; Talla
and Wildner, 2019). Lane (2007) assigns the first three to v4 SO4 and the high-
est wavenumber mode to a CO, contaminant; other studies have assigned all to v4
SO, or left them unassigned. When the lowest wavenumber mode is observed, it is
ubiquitously broader and more intense than the high wavenumber peaks, which all
have similar profiles. Importantly, our QM-MD simulations predict a strong H,O
libration at 530 cm™'. Thus, given the comparative profiles of these four peaks and
QM-MD results, we assign the 533 cm~! mode to v, H,O and the 605, 625, and 665
cm~! modes to the three degenerate v4 SO, modes.

While the observed v; SO, mode at 1018 cm™! is predicted by the VDOS, the mea-
sured sulfate v; region at ~1100 cm-! is not well-predicted. Even including predicted
IR-active bands of extremely low intensity (<0.1% of the maximum predicted inten-
sity for all IR-active modes), the portion of measured bands between 1100-1250
cm™! is not represented. As discussed in section 2.1, further improvements of the
VDOS construction to include underrepresented atoms should increase the inten-
sity of S-participating vibrations, which are concentrated in this 1100-1250 cm™!
region. Furthermore, the v; SO, mode is triply degenerate; in ideal, highly sym-

metric and harmonic systems, only one v; mode exists at ~1100 cm~!, which is
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predicted by the current VDOS. The two degenerate v; modes may be better sam-
pled as improvements to the VDOS construction are implemented. The broadness of
the experimentally observed distribution of v3 SO, modes is similar to other work,

and we assign three v3 SO, modes to the experimentally measured 1100-1250 cm™"

region.
Vi SO4 V3 SO4 V4 SO4 Vi, V3 HzO V2 Hzo H20
Reference stretch 2 $04 bend bending bend stretch bending Librations
Adler and Kerr, 1965 1016 Spectral region i?gg Spectral region
FTIR not measured 1164% not measured
1018 427 1087 565 3390 1681 833
Cloutis et al., 2006 1099 606 3268 1637
Reflectance 1163 629
1227* 667
1266* 690
1018 423 1073 615 3137 1478 850
Chio, Sharma, and Muenow, 2007 492 1095 623 3246 1630
Raman 1194 661 3333 1735
3410
Lane, 2007 1018 361 1149 554 - 846
Mid-IR thermal 1195 606 -
emission FTIR 1226 626 -
1014 1050 3078* 1490 816
Majzlan et al., 2011 Spectral region 1071 Spectral region 3232 1651
FTIR not measured 1141%* not measured 3290*
3394
1000%* 1075%* 3140%* 1480 850%*
Meusburger, Ende, Talla, et al., 2019 Spectral region ~ 1160* Not observed 3230* 1535*
FTIR not measured 3340%* 1650
3440%* 1740
1018 423 1071 617 3247 1478 850%*
Talla and Wildner, 2019 494 1090 623 3368
Raman 1195
1283
1015 1100%* 600* 3150%* 1496 535%
FTIR Spectral region 1133 620* 3245 1630* 831
not measured 1170* 665* 3340%*
3391
1016 1083 603 3122 1432 533
This work Spectral region 1133 624 3260 1490 831
FTIR not measured 1191 667 3374 1642
3434

Table 4.1: Reported vibrational modes for szomolnokite at 1 bar. All units are
in wavenumbers (cm™!). Modes with an asterisk (*) were visually identified in the
published spectrum and their position was approximated from a digitized plot of the
data.

The predicted IR-active H,O v, bending mode lies within the general vicinity of the
measured peak at ~1490 cm~!. Although not IR-active, the VDOS does predict a
distribution of low-intensity vibrational modes under the secondary peak at 1430
cm™! and the broad feature at ~1650-1750 cm~!. The higher wavenumber feature is
observed in our data and in all other szomolnokite IR and Raman measurements, as
well as other kieserite-type structure minerals spectra discussed in section 1.2, and
has been interpreted as additional H,O v, bending-related modes originating from

coupling of H,O molecules with each other, and coupling of H,O molecules with
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quasi-internal modes of iron octahedra and sulfate tetrahedra (Chio, Sharma, and
Muenow, ; Grodzicki and Piszczek, ). We assign this mode v,_¢(coupled
bending mode). This coupling hypothesis may explain the broad feature at ~1650-
1750, but not the 1430 cm™! feature observed in our data. See Table #.2 for published
IR, Raman, and reflectance-identified modes.
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Figure 4.3: Comparison of QM-MD simulation calculated VDOS (blue), the mea-
sured >’Fe pPDOS (black), and measured IR spectrum (red). The region between
1800-2500 cm! contains noise from the diamonds and is not plotted. IR-active
modes predicted from the QM-MD simulations are plotted below the spectra.

In the O-H stretching 3000-3500 cm™! region, a broad distribution of vibrational
modes is predicted, nominally forming two maxima at 3250 cm™! and 3400 cm-!
(right shoulder). Consistent with previous band assignments, the measured maxi-
mum at 3250 cm™! is attributed to the symmetric O-H stretching mode v, while the
right shoulder of the observed distribution is attributed to the antisymmetric stretch-
ing mode v3. A previously reported peak positioned between the v; and v3 modes
has not been assigned to a particular band in the literature, but the low-wavenumber
population of modes centered at ~3100 cm™! has been attributed to a H,O v» over-

tone (2v,), whose intensity is magnified by Fermi resonance with the H,O v, mode

(Chio, Sharma, and Muenow, ).

While the 2v,-v; Fermi resonance can explain the observed and predicted popula-
tion of vibrational modes at wavenumbers lower than the v; symmetric stretching
peak, it cannot explain the ubiquitously observed peak between the v; and v; modes,

nor the additional split 1430-1490 cm™' v, observed at lower wavenumbers. Using
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our QM-MD simulations, we offer an explanation to these latter features. We ex-
tracted oxygen-oxygen distances between hydrogen bridges (O,,4s.--O) in the crystal
unit cell at 298 K and 15 K (Figure @). At 300 K, four individual distance distribu-
tions best-fit the total distribution, implying four unique bonding environments, even
though there is only one crystallographically unique O, ¢, site. These O,y qz0--O dis-
tances have been related to observed stretching frequencies, where shorter distances
exhibit exponentially lower wavenumber band positions compared to longer Oy, 4z.,-
O distances (Libowitzky, 1999). One, structurally and environmentally unique wa-
ter site would theoretically give rise to one symmetric and one antisymmetric stretch-
ing mode. The predicted distribution of O,,,:.,-O distances implies greater than
two O-H stretching frequencies ranging from ~2650-3500 cm™', according to the
Libowitzky, 1999 O,,4.--O distance-frequency dependence model. Meusburger,
Ende, Talla, et al., 2019’s reported O,,4s.-O distances for szomolnokite at 1 bar
ranged from 2.75 A to 3.24 A, corresponding 3250 cm ! and 3600 cm! stretching
frequencies, respectively. Libowitzky, 1999 additionally presents a H-O distance-
frequency dependence model. Recent neutron diffraction experiments constrained
the hydrogen positions of rozenite (FeSO,-4H,0), measuring distances up to 2.55 A
and down to 1.76 A, which would correspond to O-H stretching frequencies between
3050 and 3500 cm™! (Meusburger, Hudson-Edwards, et al., 2022).

While Fermi resonance between the 2v,-v; H,O may certainly contribute to the ob-
served distribution of modes in the 3000 cm™' region, the results of our QM-MD
simulations and existing experimental data support the need for more than one set
of v; and v3 modes in order to fit the O-H stretching region accurately. Four unique
O-H bonds may exhibit up to eight unique stretching modes, but accurately decon-
volving eight peak profiles within the measured broad distribution is infeasible. In
our ambient condition data (300 K, 1 bar), szomolnokite’s O-H stretching region is
well fit by four peaks, a strategy employed in previous studies (e.g., Chio, Sharma,
and Muenow, 2007; Meusburger, Ende, Talla, et al., 2019; see Table 1). Therefore,
we assign the four fitted peaks to two sets of v; and v; modes in the 3000-3500

cm™!

region arising from a distribution of hydrogen bonding environments within
the crystal structure. In the bending mode region, we assign an additional H,O v,

mode that we assign as v, at 1430 cm™! (see Figure ).
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Figure 4.4: Oxygen-oxygen distance distributions for the hydrogen bonded O-
Oywarer atoms for the calculated 300 K and 15 K molecular dynamic simulations.
Left: Four Gaussian-type distributions best-fit the 300 K and 15 K distributions.
Right: The szomolnokite crystal structure with an arrow indicating the O-O,,4.r
distance.

Synchrotron FTIR results

3.2.1 Low temperature (1 bar): 300 K to 20 K

We assign all modes as discussed in section 3.1 and labeled in Figure . Upon cool-
ing to 20 K, a slight temperature dependence is exhibited by all identified vibrational
modes plotted in Figure #.5 (600-1700 cm™") and Figure @ (3000-3500 cm™"). The
largest changes occur in the intensities of individual modes relative to others. For
example, the 850 cm™~! H,O libration mode, v, SO,, and v, H,O peaks all signifi-
cantly increase in intensity relative to the rest of the spectrum. The relative increase
in intensity of the vo_¢ H,O 1650 cm™! peak at low temperature has also been ob-
served in szomolnokite and other kieserite-type structures (Grodzicki and Piszczek,
1998). At 20 K, the vy, v3, v1p, v3p modes are better resolved (see Figure @). Ad-
ditionally, a broad, low-intensity fifth peak may be identified at ~2850 cm™!, likely
associated with the 2v;-v, resonance peak discussed in section 3.1. Wildner, Ende,
et al. (2021)) performed single crystal X-ray diffraction measurements down to 15 K
and did not observe any phase transition to occur in szomolnokite. Wildner et al.
(2021) note that the thermal pressure effect of cooling the sample to 15 K is equiv-
alent to pressures of 0.7 GPa at 300 K, suggesting a lower bound in pressure for the

a — 8 transition (i.e., the @ — S transition must occur above 0.7 GPa at temperatures
>15 K).
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Using Mossbauer spectroscopy, Alboom et al. (2009) have reported a magnetic
order-disorder transition occurring in szomolnokite at 29.6 K at 1 bar. This tran-
sition is potentially reflected in the deviation in peak positions in our data visible
between the 60, 40, and 20 K data points for the sulfate v, and v3 modes in Figure @
and the v{;, mode in Figure @ Upon heating the sample back up to ambient temper-
ature, the peak intensities return to approximately the same intensities pre-cooling,
except for the sulfate v3 modes which are lower in intensity. Because Mossbauer
spectroscopy is much more sensitive to Fe-site changes than X-ray diffraction, it is
not surprising that Wildner, Ende, et al. (2021) did not observe any indication of the
magnetic transition in their low-temperature data. However, Alboom et al. (2009)
concluded that the asymmetry of the local >’Fe electric field gradient quantified in
the Mossbauer data is strongly affected by the proximity of H,O molecules, sug-
gesting a connection between changes in hyperfine parameters during the magnetic

transition and H,O bonds.
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Figure 4.5: Low temperature spectra and peak positions. Left: Select spectra from
the low temperature series plotted on the left demonstrating spectral changes oc-
curring between 297 K and 20 K, and the reversal of spectral changes upon raising
the sample temperature back to 300 K. Assigned modes from existing data are plot-
ted below; this work’s updated assignments plotted above (see Table 1 description)
Right: Peak positions as a function of temperature in the 500-1700 cm™! region.
Symbol sizes represents the full-width half maximum of each peak. Symbol opac-
ity represents the peak’s height, relative to itself across the temperature series.

Ambient temperature (300 K), high pressure, 1 bar to 23 GPa

Figure @ plots all data from the ambient temperature, high pressure series spanning
1 bar to 23 GPa. In general, as modes mover towards higher wavenumbers the asso-

ciated bond becomes stronger and more energetic, whereas movement towards lower
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Figure 4.6: Select spectra from the low temperature series demonstrating spectral
changes occurring between 300 K and 20 K for the H,O stretching region. Right:
fitted peak positions for the vy, v1p, V34, and v3, modes. Symbol sizes represent
the full-width half maximum (FWHM) of each peak. Symbol opacity represents the
peak’s height, relative to itself across the pressure series, as indicated by the example
data points above the figure.

wavenumbers indicates a weakening of bond. These trends are complicated in the
presence of phase transitions and changes in bonding characteristics, as discussed
below. Upon increasing pressure to 4 GPa, all SO, modes shift to higher wavenum-
bers, except for the highest wavenumber v3 mode which is static within error. The
behavior of the H,O-related mode positions is more complicated: the 535 cm™' v,
and 835 cm™! v, modes increase by 6 and 14 cm™!, respectively, bending modes
V2, 18 static and vy, decreases by 6 cm~!, the v,_c mode increases by 10 cm™!, and
stretching modes v1; and v3, are nominally static, while v, and v3; decrease by 40

and 20 cm™!, respectively.

At the a-f transition pressure (6 GPa), two significant spectral changes occur that
are diagnostic of the structural transition: the H,O v,_¢ mode disappears and the
negative pressure dependence of the H,O vi,and vy, mode positions significantly
increases in rate compared to their antisymmetric v3, and v3, counterparts. As de-

scribed in Meusburger, Ende, Talla, et al. (2019), the a-8 structural transition is
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marked by the bifurcation of the hydrogen-bonding system caused by the tilting of
the tetrahedra and octahedra, which in turn creates a second octahedral site. In the
FTIR data, these structural changes are most reflected in the H,O-related modes. The
downward shift of the v, and v, modes indicates increased hydrogen-coordination
within the crystal structure: as the hydrogen atom becomes more strongly coordi-
nated with nearby atoms, the O,,,..,-H bond becomes less energetic, driving the
vigand vy, modes to lower wavenumbers. With increasing pressure approaching
the B~y transition, both of the antisymmetric modes display an initial shift towards
lower wavenumbers before inflecting at ~9 GPa and moving back towards higher
wavenumbers. It should be noted that the v, and v, stretching modes exhibit a
reversed inflection behavior at a smaller scale, moving towards high wavenumbers
then lower wavenumbers over the range of ~10 cm™!. The loss of the H,O v»_¢ mode
suggests a decoupling of the H,O v, bending mode(s) with the other H,O molecules
and/or octahedra/tetrahedra. This may be related to the reduction in symmetry from
the monoclinic C2/c a-phase to the triclinic P1 S-phase. This symmetry-related
coupling is further supported by the reappearance of the v,_¢ upon increasing pres-

sure into the higher symmetry monoclinic P2, y-phase stability field.

The B-y structural transition was reported to occur between 12.7-16.8 GPa (Pardo,
Dobrosavljevic, Perez, et al., 2023). Using the reappearance of the v,_¢ mode dis-
cussed above and the significant deviations in peak positions of multiple modes as
diagnostics of the structural phase transition, we now bracket the -y transition be-
tween 14-16 GPa at ambient temperature. Between 14 and 16 GPa, the 535 cm™!
vy, mode broadens and jumps towards higher wavenumbers before narrowing and
increasing intensity through 23 GPa. The lowest wavenumber SO4 v4 mode stag-
nates across the remaining pressure range, but the higher wavenumber v4 modes
both begin to rapidly move towards higher wavenumbers. The 835 cm™! v; mode
significantly drops in intensity but does not exhibit significant deviations in its cen-
ter frequency pressure-dependence. The SO, v1 mode similarly decreases intensity
while steadily moving towards higher wavenumbers. Simultaneously, a second peak
centered ~25 cm™! lower appears and grows in intensity. This could be attributed to
a second, structurally distinct tetrahedral site with its own set of v{ and v3 modes.
This is supported by the broadening of the v3 distribution. Although we still fit
only three modes due to the inability to resolve individual peaks, additional peaks

belonging to new SO, v3 could fit the data.

The new v,_¢ mode at ~1575 cm™! continues to grow in intensity but its center fre-
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quency does not show significant pressure dependence. Conversely, the v, bending
modes both shift to low wavenumbers abruptly at 20 GPa, then move back towards
higher wavenumbers. This behavior is preceded by the sharp shifts toward lower
wavenumbers of all four v and v3 stretching modes at 16 GPa, with the symmetric
stretch v, and v1; modes exhibiting the most extreme movement. The vy, then up-
shifts slightly before stagnating for the remainder of the compression points, while

vip simply stagnates at ~2800 cm™!.

Antisymmetric modes v3, and v3; behave
similarly to vy,, but at high wavenumbers. Four decompression measurements were
taken between 17 GPa and 1 bar. The 1 bar post-experiment decompression spectra
are plotted in each panel in Figure @ Peak positions exhibit hysteresis with de-
creasing pressure, but by 1 bar the changes described in this section are reversible
and peaks return to their approximate pre-compression positions. Peak positions at
the four decompression measurement pressures for the H,O stretching modes are

plotted in Figure @d.
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Figure 4.7: Select regions from select spectra of the 300 K high pressure series
and the fitted peak positions as a function of pressure. Dashed line and shaded
region indicate the structural transitions determined by Meusburger, Ende, Talla, et
al. (2019) and Pardo, Dobrosavljevic, Perez, et al. (2023) Symbol sizes represent
the full-width half maximum of each peak. Symbol opacity represents the peak’s
height, relative to itself across the pressure series.



72

High pressure, low temperature: 50 to 250 K and 1 bar to 18 GPa

Figures 8-14 contain the measured spectra for each low temperature compression
and decompression series performed between 50 and 250 K (see section 3.2.2 for
discussion of 300 K compression and decompression series). From our analysis of
the ambient temperature high pressure series discussed in section 3.2.2, we focus
on using the changes in H,O-associated modes as a diagnostic of the @-£ and S-y
structural transitions. Table 2 summarizes the transition pressure range for each low
temperature compression/decompression series. See Figure for a schematic of

these results.

Temperature - transition pressure [B-y transition pressure
300 K Pardo, Dobrosavljevic, Perez, et al., 2023 XRD 5.0-6.6 GPa* 12.7-16.8 GPa
300 K (compression) 4.1-6.1 GPa 13.9-16.1 GPa
250 K (decompression) 4.3-7.0 GPa 12.4-17.6 GPa
200 K (compression) 0.7-3.9 GPa Pressure range not sampled
150 K (compression) <5 GPa 10.8-12.2 GPa
100 K (compression) Pressure range not sampled <12 GPa
100 K (decompression) 2.0-4.0 GPa Pressure range not sampled
100 K (compression) 2.5-3.8 GPa Pressure range not sampled
50 K (compression) >2.0 GPa, partially observed Pressure range not sampled

Table 4.2: Summary of transition pressures for the @-f= and S-y structural tran-
sitions at 300 K reported by X-ray diffraction and the low-temperature transition
pressures determined by FTIR in this work (see text for discussion). For experi-
ments that did not cover the pressure range in which either the a-f or §-y transition
occurs, “Pressure range not sampled” is stated.

Meusburger, Ende, Talla, et al., 2019 determined the @-f transition at 6.15 GPa.

Decompression series at 250 K (Figure @a ): Note that this decompression series
was performed after the 150 K compression series. At ambient temperature, we ob-
served the vibrational modes exhibit hysteresis behavior upon decompression and
thus expect the 250 K series to include some level of hysteresis. This decompres-
sion series (and 150 K compression series) was performed in the He-loaded DAC de-
scribed in section 2.1, thus the use of a single reference spectrum (at 0.3 GPa) made it
difficult to resolve many features. Nevertheless, the significant shift in H,O stretch-
ing region maximum between 12.4-17.6 GPa is indicative of the reversal of the y-f
transition. The slight decrease in the symmetric stretching mode wavenumber posi-
tion observed in the S-phase stability field prior to shifting to higher wavenumbers

in the y-phase is similar to what we observed during the a-g transition at 300 K.

Compression series at 200 K (Figure @b, @): The 200 K compression series

samples fewer compression points and differs from the 300 K data in that the vy,
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and v, modes center positions are very closely spaced, but the v, mode is still
broader than vy, like in the 300 K data. Movement towards lower wavenumbers is
greater between 0.7 and 3.9 GPa than 3.9 and 6.0 GPa (see Figure @b). This is also
accompanied by an increased splitting of the 835 cm™! v; modes, which we assign
as indications of the a-f transition (see Figure ).

Compression series at 150 K (Figure @c, @): These measurements were con-
ducted in the same DAC as the 250 K decompression series. Due to the coarse
sampling in the low pressure interval (<5 GPa), the 150 K compression series does
not appear to resolve spectral indications of the @-8 transition. At higher pres-
sures, the -y transition can be identified. Between 10.8 and 12.2 GPa, the H,O
v1p mode reaches a minimum wavenumber position before moving back towards
higher wavenumbers. Simultaneously, the v3;, mode begins to shift towards lower
wavenumbers. This is accompanied by a minimum in intensity in the 535 cm™! v;,
mode, which then narrows and increases in intensity upon increasing pressure. Sig-
nificant changes in the relative intensities of the 835 cm~! v; and v, modes occur,
along with slight shifts in wavenumber that within error are more abrupt than the
preceding compression points. These spectral features are the strongest indications

the B-y transition is occurring between 10.8 and 12.2 GPa.

Interestingly, three 835 cm~! v; modes are identified, and a second v; mode was an
identified in the 200 K series, suggesting that low temperatures may allow multiple

libration modes to be resolved from the broad 835 cm™!

v, observed at ambient
temperature. For the 150 K series, the lowest wavenumber v; modes in the 835
cm™! region may be an artifact of the reference spectrum. Additionally, we can only
resolve the vo_c mode at ~1650 cm™! at 14.8 and 16.3 GPa, but due to the high noise

in the spectrum it is possible it appears by 12.2 GPa at 150 K.
100 K series

Decompression series at 100 K (Figure @f, @: These measurements followed the
200 K compression series in the same DAC. We observe a merging of the vy, and
v1p modes at 4 GPa, which was similarly observed in the 300 K compression series
at the identified a-g transition. The reversal of the a-f transition occurring between
4 and 2 GPa is further supported by the following observations at 2 GPa: appearance
of the vo_¢ mode, as well as the marked broadening and relative intensity changes
exhibited by the two identified 835 cm™! v; modes (see Figure @ panel d).

Compression series at 100 K (Figure e, : Two 100 K compression
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series were performed within 1.9-4.3 GPa and 12.9-15.2 GPa intervals in the same
DAC (see Figure ). The high-pressure interval was completed upon compressing
the sample to 4.3 GPa, warming to ambient temperature and subsequently increas-
ing pressure to 10.8 GPa, then cooling to 100 K (which simultaneously increased
the pressure to 12.9 GPa). The a-g transition is identified at 2.5-3.8 GPa, using the
marked changes in relative intensity exhibited by the following modes: 535 cm™! v;,
the two 835 cm™! v, modes, and v,, and v,p. It should be noted that the v,_¢ mode
1s observable throughout the 1.9-4.3 GPa interval, unlike the 100 K decompression
series within the same pressure range. The fourth, highest wavenumber peak in the
v3 SO4 region observed in both pressure intervals is likely attributed to the SO, Rest-
strahlen band, also identified in the 100 K decompression and 150 K compression
series. Reststrahlen bands arise from reflectivity phenomena and depend on sample
properties such as grain size, and always occur at slightly higher wavenumbers than
the strongest absorption band (Rubens and Nichols, [1897). Reststrahlen bands are
a general phenomena and have been identified in several hydrous sulfates spectral
studies (Cloutis et al., 2006; Talla and Wildner, 2019; Witzke, Arnold, and St6f-
fler, 2007). No significant changes indicate the occurrence of the 5-y within the
12.9-15.2 interval.

Compression series at 50 K (Figure @g, : The 50 K series between 1 bar and
2 GPa is extremely well sampled and shows no indication that the a-g transition has
occurred. As observed in higher temperature series upon increasing pressure ap-

'y, modes

proaching the transition, the two 535 cm™! v; modes and two 835 cm™
broaden, but no significant changes in relative intensity are observed. The v3; be-
comes more intense with increasing pressure, similar to what occurs in the ambient
temperature series just below the - transition. Therefore we identify the - tran-

sition to occur at >2 GPa at 50 K.

4.4 Conclusions

Our QM-MD simulations support the complexity of hydrogen bonding and gener-
ation of wide distributions of bonding environments observed in our experimental
data. We offer multiple, vibrationally-unique H,O sites as an explanation for the
number of H,O-related modes observed in the literature that exceed the expected
amount (i.e., four modes are observed in the H,O-stretching region and two in the
H,0-bending region). Our high pressure and low temperature data indicate that the

H,O0 related modes are the most affected by the structural transitions and thus their
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center position, broadness, and relative intensities have been used as a diagnostic
for identifying szomolnokite’s a-§ and -y structural transitions and constructing
a schematic P-T diagram illustrating the temperature dependence of these transi-
tions. Structurally, the tilting of the iron octahedra/sulfate tetrahedra are the largest
changes in the crystal lattice that occur during the -8 monoclinic-triclinic transi-
tion, but the corresponding changes in hydrogen bonds may alter the subsequent
compression mechanisms (Meusburger, Ende, Talla, et al., 2019; Nazzareni et al.,
2010). Hydrogen-bond related lattice stiffening has been identified in other sulfate
compositions, like Jarosite, in which a continuous structural transition is attributed
to stiffening of intralayer hydrogen bonds (Klein et al., 2018). We observe several
changes in the H,O vibrational modes compression behavior as a function of pres-
sure, indicating both stiffening and softening related to the structural transitions. The
results of this work support the ability to use FTIR data as structural phase transition

identification.

At low temperatures, our data suggest the transformation to the denser 5 and y-
phase occurs at lower pressures, compared to 300 K. This behavior indicates a pos-
itive Clapeyron slope for both phase transitions. Due to the cooler, interior tem-
perature profiles of the icy satellites, the 5 and y-phase transitions would occur at
shallower depths compared to warmer planetary bodies. Local environments that
are warmer compared to their surroundings, for example an impact site, may then
remain more buoyant as the @ and S phases remain structurally stable to greater
depths. The reversibility behavior observed in our post-experiment 1 bar measure-
ments imply full reversibility of the structural transitions. Specifically, throughout
the entire pressure-temperature range sampled here, all modes associated with the
water molecules were preserved upon compression and decompression. Hydrous
sulfates, and in particular monohydrated sulfates, may act as stable water-carriers
into the deep interiors of icy, sulfur-rich planetary bodies and participate in volatile

cycling upon recycling to the surface.
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Chapter 5
CONCLUSION

In this thesis, I have utilized a suite of complementary techniques to experimen-
tally measure the structural, elastic, electronic, and vibrational properties of the hy-
drous iron endmember sulfate szomolnokite. Through X-ray diffraction, nuclear
resonant inelastic X-ray scattering (NRIXS), synchrotron Mdossbauer spectroscopy
(SMS), and synchrotron Fourier transform infrared spectroscopy (FTIR), this multi-
technique investigation has constructed a comprehensive description of szomol-
nokite’s material properties at high pressures and low temperatures relevant to hy-
drous, sulfur-rich planetary environments. Our X-ray diffraction measurements de-
scribed in Chapter 2 have revealed two structural phase transitions occurring be-
tween 5.0 and 6.6 GPa (monoclinic a-triclinic 8) and between 12.7 and 16.8 GPa
(triclinic S-monoclinic y); the latter phase being stable up to the highest experimen-
tal pressure, 80 GPa. In order to derive the elastic parameters of each phase, we
fit 3 order Birch-Murnaghan equations of state to determine the isothermal bulk
modulus K7, K7’ and density as a function of pressure. I refit published data of
kieserite (MgSO,4-H,0) and blodite (Na,Mg(SOy),-4H,0) in order to compare the
elastic parameters with szomolnokite and demonstrate the importance of reporting
and comparing K7 and K7’ of high-pressure phases at the pressures where they are
stable. Through the identification of these structural transitions, equation of state
analysis, and ultimately high-pressure comparisons of the elastic parameters of rel-
evant sulfate phases, I emphasize the necessity of measuring the properties of end-
member hydrous sulfates so that their individual effects within a bulk material are

understood.

In Chapter 3, I delve further into understanding the lattice vibrational response
and effects on the iron electronic environments due to the structural transitions via
NRIXS and SMS high pressure measurements. In interpreting our data, I take ad-
vantage of existing single crystal X-ray diffraction data that identifies the structural
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distortion responsible for breaking the monoclinic @ symmetry that transforms the
structure into the lower symmetry triclinic S-phase. Tilting of the iron octahedra
generates the creation of a second, structurally unique octahedral site that is accom-
panied by a bifurcation of the hydrogen bonding system, essentially creating varying
hydrogen bond lengths. We find distinct features and pressure-dependent behavior
in our NRIXS and SMS data that successfully identify alterations in both iron site-
specific and bulk lattice properties associated with the phase transitions, including
lattice softening concurrent with the a-f transition and decreased iron-coordination

environment symmetry across both the 8 and y phases.

Motivated by our goal to assess szomolnokite’s ability to retain molecular water
within its crystal structure at high pressure and low temperatures, in Chapter 4 I
present the results of the synchrotron FTIR measurements which confirm the reten-
tion of water up to 23 GPa and to temperatures as low as 20 K. Furthermore, the spec-
tral behavior indicates that both structural phases transitions are reversible, a phe-
nomenon not yet studied in existing high-pressure hydrous sulfate work. Strongly
supported by quantum-mechanics molecular dynamics simulations performed by
William Palfey, I explain the experimentally observed H,O-related features that have
been insufficiently identified in the literature by the existence of two, vibrationally
unique water sites in szomolnokite’s crystal structure that generate two sets of H,O
stretching modes and two bending modes. Informed by the structural knowledge
detailing the hydrogen-bond related changes occurring during the a-f transition, in
this thesis I develop a spectral diagnostic for observing the a-8 and -y transforma-
tions at ambient and low temperatures that primarily relies upon the identified H,O
stretching, bending, and librational modes. I determine that both the a-8 and S-y
transitions likely possess a positive Clapeyron slope, thus occurring at lower pres-
sures at lower temperatures. By utilizing volume-pressure-temperature dependence
information from X-ray diffraction measurements, future work will perform a mode
Griineisen parameter analysis using the center frequencies derived from the high
pressure and low temperature FTIR datasets. In combination with the measured
phonon density of states and obtainment of the predicted phonon density of states
from the calculated VDOS, the thermoelastic parameters from both experimental

and computational results will be assessed.

By performing this multi-dataset cross-analysis and enabling these complementary
techniques to inform one another we construct a more robust, mutually supportive set

of results that deepen our understanding of szomolnokite’s behavior under planetary
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interior conditions. As an iron-endmember monohydrated sulfate, szomolnokite
serves as a prime anchor point for the characterization of the complex chemical sys-
tems in which we find hydrous sulfates. As discussed in the introduction, hydrous
sulfates often co-exist, host multiple cations, and host multiple cations of differ-
ent valence states. The effect of ferric iron on the high-pressure elastic properties of
mixed-valence iron-bearing hydrated sulfates like romerite (Fe2*Fe3+,(SO4)4- 14H,0),
is an unexplored avenue of research. For icy satellite environments like Europa in
which radiolytic chemistry results in coexisting sulfide and sulfate phases, mixed
valence minerals may form and as discussed in Chapter 1, be cycled into the interior
of the icy crust and possibly greater depths. The stability of hydrous, mixed valence
minerals under high pressures and low temperatures and the relative effects ferrous
and ferric iron have on the properties of these phases is an open question. As de-
scribed in this thesis, in combination with X-ray diffraction, both SMS and NRIXS

provide the experimental solution for revealing this information.

Iron-bearing sulfates possess the unique ability to be probed via nuclear resonance
spectroscopy and when combined with X-ray diffraction allow for the determination
of seismic wave velocities at high pressure. With growing interest and successful
spacecraft missions to Saturn and Jupiter’s icy moons underway, proposed missions
like NASA’s Europa Lander have spurred the development of seismometers in an-
ticipation of future lander missions (Pappalardo et al., 2013; Burke et al., 2020;
Marusiak et al., 2021). Thus, measuring the high-pressure seismic wave velocities
and elastic properties of candidate sulfur-bearing materials and sulfur-ice mixtures

will be important for interpreting lander observations in the coming decades.

In addition to seismic observations, future missions to the icy satellites will aid in
better constraining the temperature profiles of their enigmatic interiors. Whichever
candidate phase is experimentally probed, it will be important for future investi-
gations to choose experimental pressure-temperature pathways that best represent
the conditions of the ice-rich crust, internal ice-rich layer(s), and rocky/ice man-
tle. The work presented in this thesis has extended the stability of szomolnokite to
temperatures as low as 50 K at 2 GPa and 100 K at 15 GPa, and pressures as high
as 80 GPa at 300 K. At ambient pressure, high temperatures (>300 K) have driven
the dehydration of polyhydrated ferrous sulfates, but have demonstrated the stability
of monohydrates (i.e., szomolnokite) to >500 K (Brown, Bish, and Bishop, 2008).
Existing work discussed in Chapter 1 has also supported the preferred stability of

lower-hydration sulfates at pressures <5 GPa and temperatures up to 500 K even
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in the presence of water ice (e.g., Nakamura and Ohtani, 2011)). Considering the
potential cycling pathways between icy satellite surfaces and their deep interiors,
the combined effects of a particular temperature-depth profile, the presence of other
phases, and abundance of water originating from the surrounding ice-rich environ-

ment (or proximal ocean) must be considered for future work.

Whether as primary components of sulfur- and ice-rich planetary bodies, or as minor
phases in localized environments on planets like Earth and Mars, hydrated sulfates
like szomolnokite have significant discovery potential for improving our understand-
ing of this diverse array of natural systems and further experimental measurements

are required to fully elucidate their material properties under extreme conditions.
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Pressure
(GPa)

0.000"
0.39
0.51
1.47
2.23
3.09
4.96

6.56¢
8.83
10.05
11.38
12.73

16.79”
18.33
19.53

20.48
22.52
25.22
28.23
30.73
32.49
34.16
36.74
39.83

Pressure

error”

(GPa)

0.000
0.06
0.00
0.03
0.09
0.07
0.09
0.09
0.10
0.11
0.17
0.32
0.34
0.00
0.07
0.11
0.09
0.02
0.04
0.10
0.08
0.18
0.06
0.16

a(A)

7.086
7.077
7.079
7.061
7.049
7.019
7.012
6.982
6.940
6.913
6.910
6.869
6.746
6.705
6.673
6.663
6.631
6.561
6.518
6.479
6.451
6.434
6.412
6.380

error
A)
0.002
0.002
0.002
0.002
0.003
0.007
0.007
0.003
0.003
0.005
0.004
0.007
0.005
0.006
0.009
0.006
0.004
0.007
0.005
0.003
0.004
0.008
0.007
0.007

b (A)

7.550
7.526
7.523
7.479
7.450
7.411
7.337
7.310
7.279
7.248
7.220
7.194
7.051
7.032
7.029
7.019
7.009
7.001
6.984
6.959
6.954
6.959
6.954
6.942

Table S1. Refined lattice parameters

b
error
A)
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.002
0.002
0.004
0.003
0.005
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

c(A)

7.779
7.741
7.737
7.665
7.624
7.582
7.468
7.399
7.272
7.230
7.188
7.151
6.910
6.861
6.824
6.805
6.768
6.660
6.606
6.563
6.526
6.476
6.454
6.419

C
error
A)
0.002
0.003
0.003
0.003
0.003
0.008
0.008
0.006
0.009
0.011
0.006
0.011
0.006
0.007
0.009
0.007
0.004
0.008
0.005
0.004
0.004
0.009
0.008
0.007

a* (%)

90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.079
90.162
90.371
90.033
89.841
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000

«
error
©)
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.008
0.009
0.016
0.013
0.019
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

pC©)

118.663
118.701
118.787
118.838
118.867
118.908
118.946
119.151
119.154
119.085
119.395
119.034
118.226
117.858
117.630
117.571
117.302
116.805
116.522
116.402
116.221
116.298
116.123
116.122

Table S1: Table continued on next page.

error
©)
0.003
0.005
0.005
0.005
0.006
0.014
0.014
0.009
0.011
0.018
0.011
0.023
0.011
0.013
0.018
0.013
0.008
0.015
0.010
0.008
0.008
0.018
0.016
0.015

v* ()

90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.684
91.473
91.645
92.051
92.235
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000

Y
error
)
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.006
0.006
0.009
0.008
0.010
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Volume
(A3)
365.146
361.679
361.133
354.609
350.616
345.259
336.222
164.886
160.351
158.190
156.072
154.335
289.620
285.995
283.590
282.123
279.521
273.056
269.055
265.053
262.635
259.942
258.377
255.291

Volume
error
(A%)
0.026
0.045
0.053
0.035
0.043
0.103
0.133
0.033
0.022
0.032
0.031
0.040
0.034
0.038
0.059
0.035
0.024
0.049
0.032
0.026
0.030
0.055
0.052
0.052

001



Table S1. Refined lattice parameters.

Pressure | reSSUre . a . b \ ¢ a B 7 Volume Yolume
(GPa) error” a(A) error b(A) error c(A) error a*(°) error B(°) error vy*(°) error (A% error
(GPa) A) A) (A) ©) ©) ) (A%)
42.51 0.14 6.309 0.004 6919 0.001 6.387 0.004 90.000 0.000 115.568 0.009 90.000 0.000 251.486 0.034
45.08 0.17 6.274 0.005 6.901 0.001 6.351 0.005 90.000 0.000 115.437 0.011 90.000 0.000 248.332 0.034

48.36 0.36 6.252 0.004 6.885 0.001 6.326 0.005 90.000 0.000 115.498 0.010 90.000 0.000 245.790 0.034
50.14 0.32 6.231 0.005 6.878 0.001 6.314 0.005 90.000 0.000 115.553 0.010 90.000 0.000 244.147 0.036
53.54 0.34 6.197 0.005 6.853 0.001 6.275 0.005 90.000 0.000 115.446 0.011 90.000 0.000 240.607 0.037
54.73 0.12 6.171 0.005 6.844 0.001 6.254 0.005 90.000 0.000 115.449 0.010 90.000 0.000 238.486 0.033
58.35 0.19 6.153 0.005 6.838 0.001 6.241 0.005 90.000 0.000 115494 0.011 90.000 0.000 237.048 0.036
61.94 0.15 6.122 0.005 6.821 0.001 6.202 0.005 90.000 0.000 115.272 0.011 90.000 0.000 234211 0.035
64.62 0.15 6.124 0.004 6.803 0.001 6.200 0.005 90.000 0.000 115.365 0.010 90.000 0.000 233.400 0.033
67.41 0.06 6.086 0.004 6.802 0.001 6.168 0.005 90.000 0.000 115.278 0.010 90.000 0.000 230.869 0.036
71.10 0.01 6.065 0.006 6.777 0.001 6.136 0.006 90.000 0.000 115.128 0.012 90.000 0.000 228.344 0.043
80.40 0.17 6.005 0.004 6.751 0.001 6.081 0.004 90.000 0.000 115.085 0.009 90.000 0.000 223263 0.037
82.85 0.00 6.000 0.005 6.733 0.001 6.076 0.005 90.000 0.000 115.134 0.011 90.000 0.000 222241 0.043

Table S1: (Table continued from previous page) Refined lattice parameters.

Unit-cell parameters and errors determined from GSAS-II. Errors were artificially increased for equation of state fitting.

“Onset of the P1 phase. Lattice parameters are transformed into the monoclinic setting

Onset of the P2; phase.

*Fixed at 90° except for data in the transformed P1 phase from 6.56-12.73 GPa.

#For the ambient pressure measurement powdered szomolnokite was loaded into a Kapton tube.

"Pressure errors determined from two tungsten XRD measurements taken before XRD data collection on the sample and immediately
after. The only exception is the last compression point (82.85 GPa), where only one XRD measurement was collected on tungsten.
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Pressure
(GPa)

16.79
18.33
19.53
20.48
22.52
25.22
28.23
30.73
32.49
34.16
36.74
39.83
42.51
45.08
48.36
50.14
53.54
54.73
58.35
61.94
64.62
67.41
71.10
80.40
82.85

Pressure
error”
(GPa)

0.34
0.00
0.07
0.11
0.09
0.02
0.04
0.10
0.08
0.18
0.06
0.16
0.14
0.17
0.36
0.32
0.34
0.12
0.19
0.15
0.15
0.06
0.01
0.17
0.00

a(A)

6.745
6.705
6.672
6.663
6.632
6.563
6.518
6.479
6.451
6.434
6.408
6.368
6.309
6.274
6.252
6.232
6.197
6.171
6.153
6.131
6.125
6.089
6.065
6.005
6.000

a
error
A)
0.006
0.006
0.007
0.006
0.006
0.006
0.005
0.003
0.004
0.008
0.007
0.008
0.004
0.005
0.004
0.005
0.005
0.005
0.005
0.004
0.005
0.004
0.006
0.004
0.005

Table S2. Refined lattice parameters of the P2/m space group

b (A)

7.051
7.031
7.025
7.019
7.009
7.001
6.984
6.959
6.954
6.962
6.959
6.938
6.918
6.900
6.884
6.878
6.852
6.845
6.839
6.816
6.802
6.796
6.777
6.751
6.731

b
error
A)
0.001
0.001
0.001
0.001
0.001
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

c(A)

6.911
6.862
6.827
6.805
6.769
6.661
6.606
6.563
6.526
6.476
6.448
6.405
6.387
6.352
6.327
6.314
6.275
6.254
6.241
6.208
6.200
6.174
6.136
6.081
6.078

C
error
A)
0.007
0.007
0.008
0.007
0.007
0.006
0.005
0.004
0.004
0.008
0.007
0.008
0.004
0.005
0.005
0.005
0.005
0.005
0.005
0.004
0.005
0.004
0.006
0.005
0.005

a(°)

90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000

«
error
©)
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

B

118.225
117.860
117.633
117.572
117.314
116.837
116.535
116.401
116.215
116.304
116.114
116.050
115.574
115.454
115.504
115.554
115.452
115.461
115.500
115.331
115.370
115.376
115.128
115.091
115.170

B

error
©)
0.013
0.013
0.015
0.013
0.013
0.013
0.010
0.008
0.008
0.017
0.015
0.016
0.009
0.010
0.010
0.010
0.011
0.010
0.011
0.009
0.010
0.009
0.012
0.010
0.011

v (©)

90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000
90.000

Table S2: Refined lattice parameters of the P2/m space group.

Y
error
)
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Volume
(A3)
289.608
285.980
283.473
282.122
279.546
273.058
269.027
265.041
262.651
260.050
258.196
254.235
251.470
248.294
245.789
244177
240.588
238.508
237.033
234.463
233.379
230.844
228.344
223.278
222.132

Volume
error
(A%)
0.038
0.035
0.044
0.035
0.036
0.029
0.033
0.026
0.030
0.048
0.046
0.045
0.034
0.032
0.034
0.036
0.037
0.032
0.037
0.033
0.033
0.032
0.043
0.038
0.039

01



Pressure (GPa)

Figure S1

103

Figure S1: Each pattern has undergone background removal and normalization such
that the maximum intensity is equal to one. Each pattern has been plotted as a func-
tion of 26 and set to a uniform height. Patterns are stacked vertically with pressure
increasing along the y-axis.

Pressure
(GPa)

6.56
8.83
10.05
11.38
12.73

Pressure

error”  a(A)

(GPa)
0.09 5.024
0.10 4.964
0.11 4.936
0.17 4.906
0.32 4.876

Table S3: Refined lattice parameters of the P1 space group.

a
error
A)
0.003
0.003
0.005
0.004
0.007

Table S3. Refi

b(A)

5.084
5.093
5.080
5.085
5.069

d lattice par

b
error
@A)
0.002
0.002
0.004
0.003
0.005

c(A)

7.399
7272
7.230
7.188
7.151

c
error
(4)
0.006
0.009
0.011
0.006
0.011

(%)

109.480
109.263
109.037
109.454
109.316

«
error
©)
0.008
0.009
0.016
0.013
0.019

B

109.845
110.037
110.192
110.245
109.866

s of the P1 space group

error
©
0.009
0.011
0.018
0.011
0.023

v )

92.626
92.734
92.712
92.516
92.654

Y
error
©)
0.006
0.006
0.009
0.008
0.010

Volume
&%
164.886
160.351
158.190
156.073
154.334

Volume
error
(&%)
0.025
0.023
0.034
0.032
0.034
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0 GPa C2/c
6.6 GPa P1

~_ 16.8 GPa P2,

C

< f

‘,-—-bb

\
a triclinic P1 axes

Figure S2: Relative unit cell size and orientation of the three space groups identified
within our experimental pressure regime at the lowest pressure of stability. Cells are
centered with the assumption that corner Fe-atoms are at the origin. Note the orien-
tation difference between the monoclinic space groups and the mid-pressure triclinic
space group. This difference in size and orientation motivates the transformation of
the triclinic lattice to a monoclinic setting such that angles @ and 8 are ~90° and
the monoclinic setting volume is exactly twice the volume of the triclinic setting.
This transformation was carried out using the transformation matrix from Giester,
Lengauer, and Redhammer () following Meusburger, Ende, Talla, et al. ().
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Figure S3: Axial ratios a/b, alc, and b/c are plotted as a function of pressure for
this study as well as those reported by Meusburger, Ende, Talla, et al. (). The
b/c ratio continues to increase across the entire pressure range of this experiment.
The a/b ratio increases, then plateaus in the triclinic stability field. After the Pl to
P2, transition, the a/b ratio decreases until the last pressure measured. The a/c ratio
increases until plateauing at ~20 GPa.
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Figure S4
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Figure S4: 16.8 GPa XRD pattern assuming that at this pressure szomolnokite re-
mains in the triclinic P1 phase with the addition of SO,. Reflections of high pressure
SO, are taken from a theoretical study by Zhang, T6th, et al. (). Note the ab-
sence of reflection corresponding to the new peaks at ~10.5° 26.
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Figure S5: 16.8 GPa XRD pattern with eight candidate primitive monoclinic space
groups and one face-centered space group: C2/m, P2, P2i/m, P2/m, P2/c, P2,/c,
P2, Pm, and Pc. The C2/m space group lacks reflections associated with the new
peaks at this pressure including peaks at ~5° and ~11° 26. Re peaks are indicated
as the green reflections located above each Re peak. Top right inset shows the raw

image zoomed into ~11°-14° 26. Green arrows point to the isolated Re peaks.
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Figure S6
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Figure S6: 67.4 GPa XRD pattern with eight candidate primitive monoclinic space
groups P2, P2i/m, P2/m, P2/c, P2,/c, P2, Pm, and Pc. Re peaks are indicated as
the green reflections located above each Re peak.
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Figure S7
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Figure S7: GSAS-II calculates a weighted R-factor (R,,) value useful for compar-
ing different structural fits to a given data set. This factor was not used in place
of a visual assessment of structural refinements to the data. The R,, values were
used in this study as an additional comparison of competing structural refinements
for the new, high-pressure structural transition. Plotted here are three examples of
R,, values for the P2,, P2/m, and Pm phases. For reasons explained in detail in
the main text (including absence of reflections overlapping with Re), the P2, space
group was chosen as the y-Sz space group. However, R,, values for all three space
groups remain approximately constant over the entire pressure range of the y-Sz
phase, with the Pm being slightly more scattered than the other two near 20 GPa.
Given the many overlapping low-intensity peaks at higher 26 values (see Figure S1),
the consistency in Ry, values at high pressures indicates that several primitive mon-
oclinic space groups can at least fit the high intensity peaks well up to 83 GPa. The
room-pressure R,, value is an outlier due to the high signal-to-background ratio,
which generally results in artificially high R,, values (for a detailed discussion on
R-factors see Toby (2006)). This room-pressure value was measured on powdered
szomolnokite loaded in a Kapton tube and thus lacks X-ray diffraction background
contribution from the diamonds due to Compton scattering.
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SUPPLEMENTARY MATERIAL FOR CHAPTER 3



This work QSSite1 QSSite2 ISSitel ISSite2 FWHMSitel FWHMSite2  Weight Fraction Weight Fraction
w (mm/s) (mm/s) (mm/s) (mm/s) (mm/s) (mm/s) Site 1 Site 2
244’;’?}:‘ g‘;’ge A 2614(1) 1.804(28) [1.366]  1.179(9) 0.005(2) 0.034(14) 0.954(3) 0.046(3)
Hy;r;‘i‘?‘)zd; A 2719 1.96(11)  [1.366]  1.366(10) 0.095(2) 0.42(22) 0.974(26) 0.026(26)
24-bunch mode B
e 110 26696) 1917(71)  [1.366]  1.339(63) 0.011(10) 0.295(11) 0.87(13) 0.130(13)
24'b;§“"’:h1“;°1de ¢ 2662(3) 1.993(11) 1.366(6)* 1.216(30)* 0.015(1) 0.761(11) 0.518(10) 0.482(10)
24-bunch D
178 2.67505) 2.065(46) 1.366(6)* 1.216(30)* 0.017(5) 0.754(86) 0.508(36) 0.492(36)
Average: 2.667(37)  1.94(12) - 122(14) 0.028(4) 0.439(84) 0.770(21) 0.230(21)
Ref QS Sitel QSSite2 1ISSitel ISSite2 Linewidth Site 1 Linewidth Site2  Area Fraction Area Fraction
elerence (mm/s)  (mm/s)  (mm/s) (mm/s) (mm/s) (mm/s) Site 1 Site 2
Giester, Lengauer, and Redhammer, 1994  2.71(1) - 1.26(1) - 0.23(1) - 1 -
Alboom et al., p009) 2719 - 1263 - 0.250 - 1 -
Dyar et al., 2013
w1 3 235 2732)  1.022) 12602 0392 0.27 0.30 0.94 0.04
Dyar et al., 2013
02042" =411 2732)  061(2)  126(2)  0.60(2) 0.34 0.45 0.96 0.04
Dyar et al., 2013
wg202" 4} = 14.58 2.76(2) - 1.28(2) - 027 - 1 -
Dyar et al., 2013
02042 5 = L4 274(2)  042(2) 12712 04302 0.26 0.48 0.93 0.07
Perez et al., 202( (FWHM) (FWHM) (Wt. Fract.) (Wt. Fract.)
¥2=152 26193) 2073 1.231(7) 0982 0.116(4) 0.008(4) 0.83(6) 0.17

Table S1: Ambient conditions hyperfine parameters.

Note: Numbers in brackets indicate fixed parameters. Numbers in parentheses indicate 1o error.

aHyperfine parameters for ambient pressure measurement of the high-pressure series reported in this work.

*Corrected isomer shift based on simultaneous fitting of sample and stainless steel reference foil hyperfine parameters.

ell
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Figure S1: Raw NRIXS data are plotted with their full measured energy range. Inset
shows zoomed in portion of the data where the structure of the data is most evident.
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Figure S2: Elastic peak removal. Raw NRIXS and forward scattering data are plot-
ted on the left at 1 bar. Panels on the right show the NRIXS spectrum with the

forward scattering (elastic peak) removed.



116

Mean Force Constant
Kinetic Energy

@® Lamb-Moessbauer Factor + + + + + +
F0.602

m**m N

+ - 0.596

T T T T T T
80 90 100 110 120 130 140 150
Energy (Mev)

- 0.604

Lamb-Moessbauer Factor

Figure S3: NRIXS parameters determination from singular energy window
(MPHOX). 1 bar: -100 to +150 meV. PHOENIX employs a module “MPHOX”
which allows NRIXS-derived parameters to be determined from subset of the data.
PHOENIX allows easy systematic calculations as a function of cut-off energy. The
mean force constant, kinetic energy, and Lamb-Mossbauer factor are plotted above
as a function of energy-cut off with 1o error bars. Example: the values at 100 meV
were calculated using the from -100 to +100 meV. MPHOX may be used to deter-
mine useful energy windows to calculate parameters from. For example, a plateau in
the calculated parameters can mean the measured data does not include any phonon
modes that would alter the calculations. In the higher pressure MPHOX plots (S4-
S7), it is not always apparent which cut-off energy is best to use due to noise in the
data, which has motivated the probability density function method reported in the
main text and supplemental figures S13-S17.
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Figure S4: NRIXS parameters determination from singular energy window
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Figure S5: NRIXS parameters determination from singular energy window
(MPHOX) — 6.5(5) GPa: -80 to +220 meV.

@ Diopside MgCaSi;Os glass® O—=(increasing k
12 N g Ks 90 O—»Omcreasmgp
@ Enstatite MgsiO; glass® ~ K notd d
@ MgSiO; Smol% Al,0; glass® s not determine
Phase A (Mgo.ss1Feo.010)75i205(0H)s 11wg% H20¢ 6.0
Rhyolitic glass 5.9wt% H,0°®
11{ @ Anhydrous rhyolitic glass® 80
@ H:Oice - VII0.9wt% NaClf i
Hz0ice - VII9 5.5 |
@ Epsomite MgSO, = 7H,0" . ,
@ szomolnokite FeSO, « Hz0 (This work) 70 ]
10 O=(Djincreasing ks
K s determined e o ® o
o (4 60 |
- [
9 ([ e o o ..
@ @45 So_ -
g o v t (X z 0 ¢®
2 o 5 G530 [ -
s, o 2 ...o— K G ' @
-o- 401 | WS : dim
.5 wo |10 o e |
] ed® ° o a0 JA0w 8
| doo® Lol 0¥ ‘i te o0 @
%080 @00 35 T, L
\ - X %, n -
[ @@ O P % 0l ® . p-sz
V-Sz o e
ol . ’ 30 ¢ pse o 9
(""«w«o@' ‘8 20
@ . .
5 2.5 ¢
.. cece 107 Leee®
. (a) (b) (c)
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Pressure (GPa) Pressure (GPa) Pressure (GPa)
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Figure S8: Distributions resulting from MPHOX values — 1 bar: -100 to +150 meV.
The left panels are the probability density distributions resulting from summing (and
then normalizing) the series of distributions in the right panels for each parame-
ter (kinetic energy, Lamb-Mo0ssbauer factor, and mean force constant). Individual
distributions in the right panels are constructed from randomly sampling within a
Gaussian distribution centered at the value reported by MPHOX at that energy cut-
off with a full-width at half maximum equal to 2.350 (see supplementary Figure S3
for an example of MPHOX results.)
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Figure S9: Distributions resulting from MPHOX values —4.0(5) GPa: -100 to +150
meV.
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Figure S10: Distributions resulting from MPHOX values — 6.5(5) GPa: -80 to +220
meV.
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Figure S11: Distributions resulting from MPHOX values — 9.0(5) GPa: -80 to +220
mevV.
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Figure S12: Distributions resulting from MPHOX values — 14.5(6) GPa: -80 to
+200 meV.
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Figure S13: Select velocity fits and velocity probability distributions for each pres-
sure — 1 bar: -100 to +150 meV.
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Figure S14: Select velocity fits and velocity probability distributions for each pres-
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Figure S15: Select velocity fits and velocity probability distributions for each pres-
sure — 6.5(5) GPa: -80 to +220 meV.
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Figure S16: Select velocity fits and velocity probability distributions for each pres-
sure — 9.0(5) GPa: -80 to +220 meV.
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Figure S17: Select velocity fits and velocity probability distributions for each pres-
sure: 14.5(5) GPa -80 to +200 meV, 5-Sz phase.
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Figure S18: Select velocity fits and velocity probability distributions for each pres-
sure: 14.5(5) GPa -80 to +200 meV, y-Sz phase.
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Figure S19: Adiabatic moduli and density comparison of high pressure phases.
References are as follows 2Sakamaki et al. (2014), ®’Sanchez-Valle and Bass ),
°Wei et al. (), dSanchez-Valle, Sinogeikin, et al. (IZ()ﬂ), ¢Gu et al. ), fShi
et al. (), gZhang, Hao, et al. (), and "Gromnitskaya et al. () Velocity
and pressures errors are plotted when reported, most are smaller than the symbol
size. For szomolnokite’s highest pressure point, two values are reported using elastic
parameters for the 8-FeSO4-H,0 and y FeSO,4-H,0 phases.
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Figure S20: Weight fraction and full-width at half-maximums of iron sites measured
by synchrotron Mossbauer measurements. All compression points were fit with a
texture parameter fixed at 21.
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Figure S1:  An example of diamond fringes in the 50 K compression dataset.
High frequency oscillations throughout the spectrum <1800 cm-! black were present.
These high frequency oscillations (”fringes”) are due to the interference of light scat-
tering in the sample chamber between the two diamond anvils. Fringes may shift
their wavenumber position and display changes in amplitude as a function of pres-
sure. At low wavenumbers ~650 cm-!, the smaller peaks originating from sample
signal have similar shapes/widths as the fringes, and without the a priori knowledge
that three sample modes should be located in this region, differentiation of sample
peaks from the fringes is difficult. Viewing the entire data series is helpful in identi-
fying coherent signal (see figure annotation), as the fringes shift more quickly than
the sample modes with increasing pressure. The summation of all spectra in this
dataset is plotted above the individual spectra. For this dataset, the fringes present
in one spectrum are out phase with the fringes of a spectrum at another pressure.
When all the spectra are summed, the fringes essentially disappear and signal orig-
inating from sample modes is clear.
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Figure S2: An example of diamond fringes in the H,O stretching region for the
highest pressure data point in the 300 K compression series (red spectrum). Though
the broadness of the peaks is qualitatively clear, artifacts in the spectral shape due
to fringes may influence the fitting procedure performed in Fityk. The corrected
spectrum is plotted in blue (see Figure S3 for correction).
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Figure S3: The fast Fourier transform (FFT) of the measured in spectrum plotted in
Figure S2 is plotted here in blue and is overlain by the correct FFT (orange). The
peak at ~0.01 is due to the diamond fringe oscillation. Removal of this frequency
region thus removes the unwanted fringe oscillations upon back transformation of
the spectrum.
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Figure S4: An example of fringes in the spectral region <2000 cm-! for a 300 K 1
bar spectrum (red). Upon taking the fast Fourier transform (FFT) of the spectrum
(see Figure S5), the fringe oscillation is removed from the entire spectrum (blue
spectrum). As discussed in the main text, removal of the fringe oscillations for the
entire low wavenumber region is difficult due to the similar peak shape/widths of the
sample signal. This improper removal decreases the intensity of the narrow peaks
and introduces artifacts adjacent to the peaks as annotated in the figure. For this
region, long-wavelength features like the ~550 and 850 cm-! H,O libration modes
were treated for fringe removal, while the narrower peaks like those at 625 and 1020
cm-!were fit in isolation. Removal of the fringes is successful for wavenumbers
>1100 cm™.
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Figure S5: The fast Fourier transform (FFT) of the measured in spectrum plotted in
Figure S4 is plotted here in blue and is overlain by the corrected FFT (orange). The
peak at ~0.025 is due to the diamond fringe oscillation. Removal of this frequency
region thus removes the unwanted fringe oscillations upon back transformation of
the spectrum but also effects smaller peaks and generates artifacts for regions of the
spectrum <1100 cm-1.
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Figure S6: Select spectra from the 1000-1700 cm-'region for the 250 K high pressure
dataset and the fitted peak positions for all data. The spectrum <1000 cm-! was
unresolvable. Symbol sizes represent the full-width half maximum of each peak.
Symbol opacity represent the peak’s height, relative to itself.
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Figure S7: Select spectra from the 550-1700 cm-! region for the 100 K decompres-
sion high pressure dataset and the fitted peak positions for all data. Symbol sizes
represent the full-width half maximum of each peak. Symbol opacity represent the
peak’s height, relative to itself. The 500-750 cm-! mode was unresolvable at 6 GPa.
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