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In the beginning was the sun and the ice, and there was no shadow. In the end when we
are done, the sun will devoiiself and shadow will eat light, and there will be nothing

left but the ice and the darkness.

Ursula K. Le GuinThe Left Hand of Darkness
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SUMMARY

Water ice exists in many cold regions o
poles to comets far past the orbit of Pluto. On the moon, stable ice can exist for billions of
years inthe cold permanently shadowed polar regions, but water has also been detected in
sunlit areas, furthering debate over its origins and morphology. Similarly ancient ice exists
elsewhere: comets may be the least modified reservoirs of ice and dust fraritiselar
system. Wherever ice is found, its formation mechanism and heating history can greatly
influence its structure. The presence and
structure, and trapped volatile species can reveal even more abouttke6 s pr ovena
The underlying structure of water ice can be determined remotely or in the laboratory
through infrared absorption observations, especially at the 3 um (3380 stretch

and the 6 pm (1600 cf) H-O-H bend.

This thesisexamines the role of formation method and mineral composition on
water ice structure as revealed by its infrared features. Water ice formed through liquid
aerosol injection and vapor deposition appears different at cryogenic temperatures between
91-165 K.The presence of Wt% mineral is sufficient to modify the resulting ice structure
from mineralfree water, and spectral differences dependnareral composition. At 50
wt% mineral, ice appears more amorphous with greater olivine weight percentage. Water
sublimation from mineratontaining ice is complete by 200 K, demonstrating that
adsorption is insufficient to retain water in sunlit lunar regions. Finally, implications of the
isotopic composition of noble gases trapped in cometary ice are exploredigsianm

concept for comet surface sample return.

Xviii



CHAPTER 1. INTRODUCTION

1.1 Water in the Solar System

1.1.1 Water Distribution

Earth has an ancient and global history of space observation. Some of the earliest
records of skywatching are cave paintings made 30,000 years ago in what is now France
that may depict thAurora Borealis.Stylized comets were carved into oracle banasle
before 600 BCE in Chindancient Egyptian temples were pasied in alignment with
north polar stars, and the classical Maya predicted planetary motions with great pfecision.
Such detailed observational records and complex conceptual frameworks for explaining

the universe have been made throughout the world.

One question driving the exploration of the universe is the question of life
elsewhere. Because water is vital to arth life as we know it, the search for life has
included the search for water. As of the writing of this thesis, no extraterrestrial life has
been confirmed to exist, but water has been detected throughout the solar system and
beyond. In the solar systemaseous water occurs in the atmospheres of Earth, Venus,
Mars? Jupiter® and as components of the thin collisional spteeres of the Moon,
Mercury, and the largest main belt asteroid Cérgslid water has been confirmed on
Earth, in the polar regions of the Modthe polar ice caps of Mafsand within the
atmospheres of the gas giants and on tegimoons%'* Some of these icy moons, like
Jupiterds moon Europa and Saiteushell énd liqutb o n

water beneath it, and many other solar system objects may also be ocearfitords.
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extreme cold of the outer solar system, water ice acts as stable, minimally reactive bedrock
on places | i ke BNetpu ruméeD s mHriecdwarfi PlarsetrP)at, |,

and other Plutdike Kuiper Belt Object$® Many small bodies throughout the solar system,

like asteroids and comets, alsmtain water icé’ Outside the solar system, water is frozen

on interstellar dust particles and within thestland gas clouds of forming solar systéhs.

20 Additionally, water has been suspected to exist in many other places, including frozen at
the poles of Mercury! as a seasonal liquid on the surface of Mamsnd as a tried

component of the atmosphere of UraAtis.

1.1.2 Lunar Water

Lunar water in particular has been and continues to be a target of interest. After
measurements taken during the Apollogram detected very little water, the moon was
generally considered an extremely dry place. More detailed analysis in 2008 of volcanic
glasses in Apollo samples suggested the presence of water in the lunar interior, spurring
the development of new watsesking missiong* Missions at the moon, including the
United States National Aeronautics and Sp:
Observation and Sensing Satel(il&CROSS) impacto°PNASAd6s Lunar Reconn
Orbiter?®t he |1 ndi an Space Resear ch -Dormgtea®andz at i on
t he China National Space Admi fihasgetconfarhed o n 6 s

the presence of surface or nearface lunar water in various locations.

Theories of lunar waterofmation mechanisms can be grouped into three main
categoriesin situ reactions between rocky material and the solar Wirdsivery from

comets?® or outgassing of magma during volcanic eruptions on the early fdtwe. solar



wind contains many charged particles including substantial amounts of hydrogen nuclei,
which can react with oxygen atoms in lunar rocks to féwydroxyl (OH) groups:
Additional hydrogen interactions with a hydroxyl group can produg® Hholeculeg®
Comets and other impactors may have hit the moon and delivered substantial water during
the Late Heavy Bombardment period (approximately 4.1 to 3.8 billion years?afth)is
scenario is true, comets could have also brought water to Earth during thereaframe.

Finally, water might have outgassed from eruptions when the moon was more geologically
active. Studying the abundance and spatial distribution of water in lunar volcanic rock can

reveal the relative contributions of these delivery mecham®ms.

Lunar water now mostly exists at the poléggurel-1), wher e t he moon:
axial tilt prevents direct solar illumination, especialtthe bottom of cratefsPdar areas
that never receive direct sunlight are termed permanently shadowed regions (PSRs), and
they may have preserved ice for billions of years. The lack of light also results in minimal
heating, so temperatures in PSRs are the coldest on the*fiiwmngreater abundance of
deep craters in the south pole compared to the north pole means that the saugis pole
larger area of PSRs and contains more total \fatéater formed or delivered elsewhere
on the moon can have enough energy to move around on the surface, eventually finding its
way to the poles where the low temperature and lack of sunlight cause it t6°séttle.
Despite the numerous possible water formation mechanismthande stability within
PSRs, evewmitched fwaytioms on the moon are rat
the polar crater Cabeus revealed only an abundance of 5 weight percerit Qatside

PSRs, NASA/ Ger man Aer ospace @QaonytFe infrate®L R) 6 s



Astronomy (SOFIA) has detected water in sunlit parts of the moon close to the south pole,

though also at low abundancés®

Figure 1-1: The near side of the moon as imag by the Moon Mineralogy Mapper

( M3) i maging spectrometer on t he | ndi an
Chandrayaan-1 mission, where red shows the abundant of the volcanic mineral
pyroxene, green shows the surface brightness, and blue shows the presendbef-

H stretch at 3 pm (3300 cm). Image Credit: ISRO/NASA/JPL-Caltech/Brown
Univ./USGS

1.1.3 Cometary Water



Comets are particularly water rich for their small size. They have been observed
remotely for thousands of years, and water ice wasdashitively confirmed in comets
from Earth observations of Comet H@epp (C/1995 O1) in 199%. Cometary flybys
began with NASA/ European Space Agency ( ESA
1985% and since then numerous missions have visited comets. One mission of particular
relevmmce to this thes.i“whicrssmaéiiesdandmpactdréntp comenp a c t
and measured its bulk composition. Deep Impact confirmed a high degree of intermixing
between cometary dust and ice, confirming that comets have a composition analogous to
Adirty snowball s E®9AOsiii Rysetitat bmil 4 si. on
67P/ChuryumovGerasinenko for more than a year and tracked seasonal changes in its
composition and morphology, finding seasonal migration of water and carbon dioxide
ice®*Coma materi al was coll ected from Comet
and returned to Earth for more detailed analysis, whichaled that comets may contain

material from both hot and cold parts of the early solar sy$tem.

1.2 Water Detection

1.2.1 Remote Water Detection Methods

Most discoveries of extraterrestrial water have been made with remote sensing.
Radio detections can bmade with telescopes on Earth or in spdcend infrared
measurements can also be made from space ar &eeas on Earth with limited
atmospheric wateY.*> Observations can be made of either light emis$idfiwhere the
molecule of interest produces its own light, or light absorptidhwhere the molecule of

interest absorbs light from another source. The first infrared spectrometers, made in the



1930s, were large and limited to Eabthsed analyst§ Over the next few decades,
technological advances in both spectroscopy and satellite development enabled the launch
of NASA/ Net herl ands Agency for Aerospace P
Science and Engineearig Research Counci l (SERC) 6s I nf
which made an infrared survey of the entire night sky in ®&ubsequent infrared
observational facil it ielessope ahd SKOEIA, Na&eSoBsersed Sp i t
water in cometé’ exoplanet atmosphere$,and sunlit areas dhe moor®’ The infrared
sensitivity of the recently |l aunched NASA/
Webb Space Telescope (JWST) has enabled mapping of a water plume on ERttiadus,
confirmation of cr y $?amldetectioneof higlt températureSvatéru r n 6

vapor in the atmosphere of an exoplanet less than twice the size ofEarth.
1.2.2 The Infrared Spectrum of Water

Each molecule absorbs iafied light only at specific wavelengths where the
wavelengthés energy matches the energy nee
motions. The infrared energy range predominantly corresponds to vibrationstHthe@i
in water, for example, can b&adited with light at 3 um (3300 c®) to cause a stretching
motion of the bond between the hydrogen ar
includes a multitude of modes: the 1.5 um (6650';m.67 um (6060 cmy), and 2.0 um
(5000 cm?) bands are ofteobserved in astronomy, and the 1.67 pm (6068)daature is
especially useful as a tracer of ice crystallin®hépterl.3.1).54%¢ The 1.5 pm (6650 cm
hyand 1.67 um (6060 ch) features are overtones of theHDstretch, and the 2.0 um (5000
cm?) is a combination modef several vibrations’ The phasesensitive GH stretch is at

3 um (3300 crit) and it has the strongest absorbance of alkinfisred (MIR) features



(shown inFigure1-2).58 Other molecules with an-8 group, like alcohols, also absorb at

3 um (3300 crit), but water is far more common in the universe than even methanol
(CH3OH), the simplesalcohol®® Disordered ice also has a small peak on the shoulder of
the3 pm (3300 crit) band at 2.um (3700 crt).%° Another feature exists at 4.5 um (2220
cmt), which can be attributed to a combination e®HH bending overtones and frustrated
librational (rocking) modes. A watepecific HO-H bend occurs at 6 um (1660 dnand

its specificity makes it useful for distinguishing between hydroxyl groups and full water
molecules on airless bodies like the moon and astetbtdslowever, the 6 um (1660 cm

1y feature is less easily detected than the 3 um (330%) absorbance. Thewest energy
absorbance in the MIR range exists at 12 pum (83%)cmnd it is attributed to water

librationalmotion8®
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Figure 1-2: Mid -infrared (MIR) spectrum of vapor deposited amorphous ice with
labeled features (see textf:rom Hornekeer et al. 2014%4 Reproduced with permission.

1.3 Solid Water Phass

1.3.1 Crystalline Phases

Hydrogen bonding is the basis of all solid water phases. At a molecular nearest
neighbors level, water molecules can hydrogen bond to up to 4 neighbors, and the bonding
is most stable in a tetrahedral geometry. Water molecules irdacan also be bonded to
two or three other water molecules instead of a full four, and this thesis will refer to water

mol ecul es bonded to only two or three othe



are characterized by a regular repeating cordigon of water coordination. Amorphous
phases do not show a regular repeating configuration, though some general structural

tendencies may exist.

At least twenty crystallia phases of water exist, and the majority of them are only
stable at extremely high pressures not commonly found on Batixagonal ice ¢) is
the dominant form on Earth, dogh the related cubic icec(Imay exist in the upper
atmosphere. Cubic ice, which forms at lower temperatures than hexagonal ice, has been
observed in space and may be present in cdth&t&ven these two common crystalline
phases are not fully understood: recent diffraction studies have demonstrated that cubic

hexagonal, or both forms may contain some disorder in lattice structure st3cking.

1.3.2 Amorphous Phases

In addition to crystalline phases, at least four categories of amorphous water ice
exist: low density amorphous ice (LDA), medium density amorphous ice (MDA), high
density amorphous ice (HDA), and very higénsity amorphous ice (VHDAY:"! These
different categories are most stable at different pressure and temperature regimes.
Subcategories of each density grouping have also been named baseshanation
method: for example, a low density form of amorphous ice formed through vapor
deposition is known as amorphous solid water (AS¥\§ome, but not all, amorphous
phases are at equilibrium. The transitions between different amorphous variants and
investigations into the nature of MDA as a potential continuum of structures are active

areas of reseah.”®



Changes in temperature or pressure can cause phase transitmmmphization of
a crystalline phase, crystallization of an amorphous phase, or conversion between one
crystalline or amorphous phase and another. Most relevant to the purposes of this thesis is
the crystallization of low density amorphous phases atwagressures (Chaptemor! R
eference source not found.and temperatures above ~ 150*another category of phase
transition is the glass transition, whereyatem transforms into a neaquilibrium solid
state’® Low density amorphous ice experiences a glass transition at about’4:3@R&pid
heating and cooling can also produce +eguilibrium solid water states. Hyperquenched
water (HGW) forms from supercooling of liquid water at conspaassures with a rate of
more than 10 K s1.787° Infrared spectroscopy can differentiate between types of

amorphous structures, including HGW, as well as identify the presence of crystalfihe ice.

1.4 Laboratory Instrumentation

1.4.1 Vacuum and Cooling Systems

Imitating space in the laboratory requires experimental systems to maintain extremely low
temperatures and pressures. High vacuum (HV) and ultrahigh vacuum (UEivipets

can reach lowest pressures of ~1 x816rr and 1x 182 torr, respectivel\}! These
pressures are |l ess than a billionth of Ear
and UHV pressure ranges approach pressures found in space: the moon reagbss a
pressure of 7.5 x 18 torr at night®? Outside of the solar system, the clouds of gas and

dust that make up the interstellar medium can reach even lower pressures of 271 x 10
torr.8 The extremely low pressures found in vacuum chambers have enabled detailed study

of metallic surfaces, chemical reactions aided by a catalyst, aneehegby particle

1C



collisions. Minimal in er f er ence by Earthdés atmosphere

manufacturing without oxidization, such as thin metallic film deposftfon.

HV and UHV chambers can also be cooled to extremely low temperatures because
atmospheric watds prevented from condensing within the chamber. Liquid nitrogen (N
which has a boiling point of 78 K, is a commonly used coolant due to its comparatively
inexpensive price. Compressed mixtures of the helium isotesand*He can, with
magnetic refigeration, attain temperatures of < £¥Cryogenic cooling can also be useful
for instrumentation like photon sensors on Earth and in space because of the improvements

in sensitivity and energy resolution.

Vacuumchambers have enabled formation of many spaeel evant 1| ces.
ices with one or two molecular species have been studied to reveal fragmentation patterns
and reaction mechanisfisor determine rate constants for physical processes such as
sublimation®” Other studies aim to replicate the complexity of astrophysical ice by
combining the common intstellar species water, carbon monoxide, carbon dioxide,
methane, methanol, and/or ammonia and irradiating the resulting ice with light or energetic
particles®®® When the goal is to study solely reactions within the volatile species of an
ice, a nonreactive cooled substrate is intentionally chosen. Prior work has also considered

interactions betweeice and a reactive substrate, such as grafhite.

1.4.2 Laboratory Infrared Spectroscopy

Infrared spectroscopy in the laboratory can l@kihe same molecukgpecific
spectral features as remote sensing instruments (Chamed, which facilitates

comparison between the two. Reflection absorphémared spectroscopy (RAIRS) is used

11



in this thesis. In RAIRS, light passes through the sample of interest, which absorbs light at
specific wavelengths. The light not absorbed by the sample reflects off the reflective

underlying substrate and is captubgda detector. RAIRS is sensitive to surface coverages

of less than one full layer, which enables the detailed monitoring of microscopic structures

and how they change e.g. with heating or during a reattion.

Fourier Transform Infrared @&ctroscopy (FTIR) allows simultaneous
measurements across an infrared frequency range, followed by mathematical separation
(Fourier transform) of the signal into absorption at individual frequencies. Light from the
infrared source is passed through aerii@rometer, which uses a beam splitter to combine
light traveling to and from a fixed mirror with light traveling to and from a moving mirror

(Figurel-3).
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Figure 1-3: The style of interferometer commonly used in Fourier Transform
Infrared Spectroscopy measurementsLight from a source (left) is split at a beam
splitter, with half of the light traveling to a fixed mirror (top) and half of the light
traveling to a moving (translating) mirror (right). Reflected light from both paths is
then combined at the half-silvered mirror/ beamsplitter and sent to a detector
(bottom). From user Krishnavadela on Wikimedia.

The combined signal, or interferogram, can then be sent as the light input for
spectroscopy, including in RAIRS systems. Measuring absorbance over a range of
wavelengths at once allows FTIR measurements takamtquickly. The short time period
required for each measurement and the resulting ability to average many spectra taken in a
short period of time results in a reduction in noise levels, which improves detection of weak

spectral signatures.

1.4.3 MassSpectrometry

13



Another measurement technique with vast flight heritage and many-tizehl
applications is mass spectrometry. Mass spectrometers have flown throughout the solar
system including on NASA/ ESA/-Huygehsim&ssio Space
to Saturn, ESAOGs Rosett a -Geiasnemnko, and humerdi® me t
Mar s mi ssi ons i ke NASAOGSs M& rins Eartloased n ¢ e L
laboratories, mass spectrometers benefit from vacuum conditions (CHapt®rto

minimize the presence of contaminants.

While many types of @ss spectrometers optimized for high sensitivity, specific
mass ranges, or spaceflight readiness exist, they share a few common elements. The sample
must first be ionized, often with the use of an electron beam. The charged particles are then
separated bgnass to charge ratio(2, commonly by acceleration through an electric field
(time-of-flight mass spectrometry) or passage through oscillating electric fields
(quadrupole mass spectrometry). A detector then detects the separated ions, and
amplification d the detector signal results in a plot of the number of ions as a function of
m/z%* Additional molecular separation methods like gas or liquid chromatography can be
coupled with mass spectrometers, and these commonly act as filters before the ionizer. For
mass spectrometers specialized for isotopic ratio detediEparation methods must
minimize the presence of confounding molecules with the same mass as any relevant

isotopologué”®
1.5 Obijectives
This thesis will discuss the importance of formation method and mineral

composition on laboratory icy simulanSHAPTER 2will demonstrate the structural

14



differences in wateonly ice formed through vapor deposition and liquid aerosol injection.
CHAPTER 3will explore the role of the identity and abundance of minerals in flash
freezing of mixed solutions of water and minera-HAPTER 4 will discuss the
importance of volatile species trapped in ice, notably noble gases, in comet surface sample
return. Finally, CHAPTER 5will summarize the overall findings and outline potential

future directions for iceelated laboratory and sample return research.

15



CHAPTER 2. IMPORTANCE OF FORMATION METHQOD:
INFRARED SPECTRA OF ICE FORMED THROUGH VAPOR

DEPOSITION AND LIQUID AEROSOL INJECTION

This chapter was adapted from previously published wBeproduced from
Christina E. Buffo, Brant M. Jones, and Thomas M. Orlando. "Water ice formed by vapor
deposition and liquid aerosol injeati: A comparison study using reflectance absorption
infrared spectroscopy.The Journal of Chemical Physid$2, no. 24 (2025) with the

permission of AIP Publishing.
2.1 Summary

Low temperature water ices @®5 K) were produced via flash freezing during
liquid aerosol injection (LAI) or vapor deposition (VD). The infrared spectral shapes of the
O-H stretch at 3 um (3300 chhand the HO-H bend at 6 um (1600 cky indicate that the
two deposition methods produce different ice structures, with VD produsigegly more
ordered structures than LAI at every deposition temperature studied. These different
amorphous structures behave similarly with heating but remain spectrally different until
crystallization, consistent with previous findings that hyperqueneladr (HGW) and
amorphous solid water (ASW) are structurally different. This work demonstrates the utility
of studies with experimental systems capable of directly comparing ice formation methods.
To determine the presence of crystalline ice, the shafhee um feature is most useful,

while the intensity of the 6 um feature is a reliable indicator of amorphous ice and liquid
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like behavior of the ice with heating. Liquitke phases can be produced through LAI at

all temperatures studied and through Vbhat glass transition temperature of 136 K.

2.2 Background

Water has many unique properties that underpin its general importance on Earth
and throughout the solar system. In particular, many crystalline and amorphous phases with
variable structures, densities, and porosities can exist depending on the formation
temperatures and pressufe€In addition to the welbrdered crystalline ice (Cl) phases,
amorphous ice can be classified as -wewnsity amorphous (LDA), higtensity
amorphous (HDA), and very higitensityamorphous (VHDA) ices. Recent studies suggest
one or more forms of mediuatensity amorphous ice (MDA) may also exXfst:"3and that
amorphous ices may be made of randomly oriented nanocrystalline hexagonal and cubic
ice®” LDA can be formed by vapor deposition at low tenapeare (< 150 K) and pressure
(< 1 x 10* torr) conditions. Low density amorphous ice formed through vapor deposition
has al so been called amorphous sol-and wat er
stickodo approach of i ndnplacedbmnadooled sudacemedldwe c ul e
control of morphology via backing pressure and deposition angle. Ices formed with higher
deposition angles, especially those of more than 60° from normal, tend to have increased
porosity and larger apparent surface ateas those formed with near normal angfe¥?
The LDA, HDA, VHDA, and MDA forms can be distinglied experimentally from
crystalline ices and from each other by their density, infrared spectra, and thermodynamic
behavior. While the extremes of pressures and low temperatures cause these amorphous
ices to exist primarily in laboratory settings on Earththe interstellar media, vapor

deposited LDA (ASW) may be the most common form of ice in the univetge!?
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The formation mechanism of amorpisice can influence its properties, and these
differences have led to the naming of specific-states. Hyperquenched water (HGW) is
one such suistate with minimal intermediate range order (beyond nearest neighboring
molecules): it is formed by rapidooling liquid water at constant pressure with a rate of
more than 10K s1.70:96.103.104Thjis sypercooling prevents the formation of waellered
crystalline ice, even in temperature and pressure conditions which favor crystallization.
Instead, a glass structure is produced retaining many of the characteristics of liquid water
including a lack of pore¥319%1% pifferences in the infrared spectra of this and other LDA
substates are knowil However, oxygn-oxygen radial distances from neutron scattering
data®>1%and XRD data for low density amorphous forms looks very sififdrt1?12|R
spectral differences are typically probed by exang the shape of the-8 stretch feature
between 2.7:8.22 um (31068600 cm') since this stretch is known to be phaaad
temperaturesensitive’® While hexagonal () and cubic () crystalline ices have nearly
identical spectra in the near infrar€d>! noncrystalline ices can be spectrally
distinguished from crystalline ice. Namystalline ice has a 3 um bacidminated by a
higherenergy component at 2.9 pm (3400 ‘Yncorresponding to 2 or 3 coordinate
molecules with dangling bonds, while crystalline ice has a 3 um band dominated by a

lower-energy feature at 3.1 um (3250 ¢associated with more ordered full coordinate

stategt15:116

The HO-H bend at 6 um (1660 chyis also phaseand temperatureensitivet!t116
Though the oscillator strength is much weatken the 3 um feature due to interactions
with librational modes, it is particularly useful in remote observations of rocky airless

bodies such as the moBf! because it is specific to molecular water, while the 3 um band
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is sensitive to both water and hydroxyl groups. The 6 um feature is pronounced in liquid
water and in flastirozen droplets and water clusters. In the latter cases, the bending mode
is carelated primarily to the presence of doutitenor 3 coordinate surface molecules and

is prominent for clusters sizes above 20%n.

Deposition of liquid aerosols and flash freezing of water using aerosol jets ha
been used primarily to probe supercooled water, where the freezing out of the disordered
structure prior to crystallization allows the study of a possible thermodynamic connection
of HGW and ASW to the liquid state. Extrelyjeapid cooling conditions (20’ K s1) are
not as common in space as the slow vapor deposition processes that produce ASW in the
interstellar medium and other legressure environments such as the permanently
shadowed regions of the Mo8h/®117:11860.119.130 g\ever, flash freezing conditions may
occur during cryovolcanic eruptions or refreezing of ice following a transient heating event
such as a micronteorite impact?®"2Though the two main methods of ice formation under
low temperature and prasre, vapor deposition and liquid aerosol injection followed by
flash freezing, have been studied extensively, they have not been directly compared in the
same experimental system. This chapter reports a detailed comparison of the teraperature
and phaselependent infrared signatures of ices formed by vapor deposition and liquid
aerosol injection to provide constraints on the structures that are formed under low

temperature and pressure formation conditions.

2.3 Experimental Approach

Experiments were performed & high vacuum (HV) chamber (base pressure of <

1 x 108 torr) coupled to a Fourier Transform Infrared (FTIR) spectrometer (Bruker
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Equinox 55) equipped with an external liquid nitrogen cooled HgCdTe det&atrrd
2-1). Pressures were maintained by a turbomolecular pump (Pfeiffer Vacuum TC600)
backed by a scroll pump (Edwards XDS 5), and pressures were monitored with a hot
cathode ion gauge (not shown) and vacuum gauge controller (Granville Phillips 307).
Within the HV system, ice was grown on a vertically mounted rotatable copper
sample holder cooled by liquid nitrogen. The copper sample holder, which was chosen for
its high thermal conductivity, could be rotated to be normal to the vacuum gas dosing line
or normal tothe liquid aerosol injection dosing port for controlled deposition/growth. To
collect IR spectra, the sample holder was positioned at a 45° angle relative to incoming
light from the FTIR, and reflected light was collected at a 90° angle relative tatming

light. Differentially pumped IRransparent KBr windows were used.
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Figure 2-1: Ices were formed by positioning the rotatable sample holder normal to
either the gate valve and syringe (liquid aerosdhjection) or to the gas dosing line
(vapor deposition). The IR beam path (red arrows) originates in the FTIR, then passes
through an IR transparent window to hit the sample holder. After reflecting off the
sample holder, the beam passes through another IRindow before reaching the
detector. Pumps and pressure gauges are not shown.

The sample holder temperature was monitored bytygpK thermocouple attached
to the copper sample holder. The coldest temperature attainable was ~ 90 K. The other
formationtenper at ures (113, 135, 140, and 165 K,
resistive heating cartridge and chosen to represent ices formed above and below the glass
transition at 136 K®103.104.107.122.124| jces were created with HPL-®1S grade water. The
water used for vapor deposition was frepaenpthawed with liquid nitrogen tiee times
to remove residual atmospheric gases. After ice formation (see following sections), the ices
were cooled to approximately 90 K. The sample holder was then heated at a steady rate of

1 K min! by a LakeShore 336 Temperature Controller. Reflectémfcared Absorption
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Spectroscopy (RAIRS) measurements were collected every 1 minute (1 K) during heating
until sublimation at approximately 185 K, and the ices are assumed to be in thermal
equilibrium during spectra collection. Each spectrum is an avexfa@é scans and has a
spectral resolution of 1.9 c¢m The measurements used a zerofilling factor of 2, a

BlackmanHarris 3Term apodization function, and a Mertz phase correction mode.

2.3.1 Liquid Aerosol Injection

The liquid aerosol injection (LAI¥ystem consisted of a simple-gAuge needle
syringe filled with 20 yL of water under room temperature and atmospheric pressure
conditions. This water was then injected through a septum into the HV chamber to produce
a jet of micronssize aerosol dropleté¥1?6 The droplets then cool through adiabatic
expansion and evaporation during their movement through the vacuum, resulting in cooling
and mass loss. The large surface area and cold temperature of the sasepledusie rapid
temperature changes and vitrification in the incident water immediately on cthiuis
process, also called splat cooling, occurs due to the dedngaessure from atmosphere
to vacuum and due to the copper sample holder temperature extraction rate which is
estimated to be approximately 1R s1. Assuming an ice density of approximately 0.9
g/lcm?” and that 6880% of the volume of the injected liquid froze on the surface, ice
thicknesses were approximately 55800 ML or about B pum. During LAI, the
maximum pressure within the HV system was ~ 0.1 tortife 1 s required to inject the
entire solution, after which the pressure immediately dropped to less than3terin0
When not used for LAI, the septum was separated from the HV chamber by a gate valve
(Figure2-1). This permitted shorter exposures to increased pressures during injection and

allowed chamber pressures of < 1 216rr with the gate valve closed.
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In these thick ices, incident infrared light isrparily absorbed by bulk water with
minimal contributions from the wate@opper interface and the watscuum interface.
The prominence of crystalline vs amorphous IR features therefore represents primarily the
bulk composition rather than the surface ainte. Thick ices also minimize the influence

of atmospheric water vapor that leaks into the chamber during®tAl.

Comparisons can be made between the thicker ice in this study and thinner (100s
of ML) bulk ice. Thicker ices will have higher peak desorption temperatures than thin
ices?8129 and higher crystallization temperaturés3®3 However, while the spectral
intensity in thicker ices will be more than in therrices, the features themselves will not
change and phases can be assigned comparably to thinner ices. Ices up to 3 um thick have
been treated as comparable to 100 nm and 100 ML ices for Raman and IR absorbance,

especially in the astrochemistry literatd?é3*

2.3.2 Vapor Deposition

Vapor deposition (VD) was performed by dosing water through a precision leak
valve with a backing pressure of 1 x°1rr, which translates to a dose rate of 10 ML s
1135The vacuum chamber and gas line geometFRigi(e2-1) prevented water molecules
from hitting the sample holder directly to avoid a preferred orientation for ice growth.
Water was dosed until the band depth measured at 3 pm (33H0approached that of
ices formed through liquid aerosol injection. Under theseditions, ice thickness was
measured at approximately 7500 ML or about 2 um based on HeNe laser constructive and

destructive interference pattermigureA-1).136 138
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HeNe laser estimates were not used for LAl because changes in the interference
patterns are sinusoidal. This sinusoidal evohluigonly visible for slow formation and a
difference in the absolute value of an absorbance measurement before and after injection
could be consistent with a number of different ice thicknesses. This method was used to
verify ice thickness estimates froliR band depth, which may be misleading for RAIRS
measurements?® All spectra were normalized to overcome that limitation and correct for
potential small differences in sample holder angle during ice formation and RAIRS

measurement cacttion.

2.4 Results

2.4.1 Phases as a Function of Formation Method

Spectra of the 3 pm (3300 ¢ O-H stretch (left) and 6 um (1600 chH-O-H
bend (right) for ices formed by liquid aerosol injection (black solid line) and vapor
deposition(gray dashed line) are shown Fkigure 2-2. At 165 K, vapor dposition
(VD@165) produces pure crystalline ice (Cl), with a 3 pshl Gtretch band dominated by
a prominent feature at 3.1 um (3200 Yn@Figure2-2A). This corresponds to tetrahedrally
coordinated water molecules. Thermodynamically, water ice at 165 K in HV conditions
should be crystalline. However, ices formed through liquid aerosol injection (LAI@165)
show a spectrum dominated by the longer wavenuiffiigher energy) component of the
O-H stretch at 2.9 pm (3400 chy consistent with less tetrahedral coordination and
therefore more disorddfigure2-2B shows that VD@165 has a very weak 6 um signal as
expected for Cl due to its more constrained molecular geometry and smaller fraction of

water molecules capable of bending. Neither the 3bnam infrared feature is sufficient
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for distinguishing between hexagonal and cubic ice, so this crystalline ice could be either
or a combination of both:? In contrast to VD, LAI@165 (i.e. rapid flagreezing) leads

to the formation of a disordered phase exmbgita more intense 6 pm (1600 énfeature
relative to the size of the 3 um (3300 énfeature typical of undercoordinated (< 4 co

ordinate) molecules.

Wavelength (um)

2.6 2.8 2.9 3.1 33 3.6 53 56 59 63 67 71 77 83
T T T Liquid 0.30 T T T T Liquid
o 1.0 A Aerosol © 025 B Aerosol
Q 165 K Injection o - 1 165 K Injection
@ 0.8 = =Vapor © — = Vapor
a Deposition re 0.20 Deposition
2 3
006 o 0.154
< <
i} e
i 0.10 1
ﬁ 04 ﬁ
1] ©
g 0.2 g 0.054
o] o]
pd Z 0.00-
0.0 !
: : : ‘ : -0.05 —
3800 3600 3400 3200 3000 2800 1900 1800 1700 1600 1500 1400 1300 1200

Wavenumber (cm™)

Figure 2-2: Differences in the 3 um (3300 cri) O-H stretch (A) and 6 um (1600 cm

1) H-O-H bend (B) for ices formed by liquid aerosol injection (black solid line) and
vapor deposition (gray dashed line). The vapor deposition spectrum matches
published crystalline ice spectra while liquid aerosol injection daenot. Plots preserve
the relative intensity of the features by normalizing both features to the maximum
absorbance of the GH stretch.

For a more comprehensive picture of the dependence of phase on formation
temperature, ices were formed at temperatuetaden 91 K and 165 K through liquid
aerosol injection and vapor depositidigure2-3 andFigure2-4). Specifically Figure2-3
shows the three main phases of ice formed: Cl produced by VD at 165 K (VD@165), HGW

produced by LAl at 113 K (LAI@113), and ASW produced by LAI at 91 K (LAI@91).
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These phases were assigned basetbmparison to published spectra, including those that

note the similarities of ASW to the overarching category of 135?144
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Figure 2-3. Collected spectra corresponding to known phases of ice (see text).
Normalized absorbance of the IR GH stretch corresponding to crystalline ice (CI)
(solid gray), amorphous solid water (ASW) ice (dashed red), and hyperquemed
water (HGW) (dotted blue).

These welcharacterized ice phase spectra are useful in unraveling the phase

evolution as a function of deposition temperature.
2.4.2 Phases as a Function of Formation Temperature

As shown inFigure 2-4, at every formation temperature, LAl ices have a more

prominent higher energy component of thédGtretch at 2.9 um (3400 cth For VD
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ices, a more prominent lower energy cament at 3.1 um (3200 chhis observed. The
entire OH stretch feature is also broader at every temperature for LAl verses VD ices. The
VD ice trends are consistent with previous studiég16:120.122.14350 thogh the shape of

the OH stretch region in this study is broader than IR features for ices formed by molecular
beams due to molecultre ams 6 preci se control 8¥0t he
Additionally, the HO-H bend feature at 6 um (1600 @jnis a factor of 23 larger for all

ices formed by LAI compad to ices formed at the same temperature through VD. The
low-energy tail of the €4 bend seen at 7.1 um (1400 &nfor LAI can be attributed to
IR-active hydrated protons formed during electrokinetic charging during LAI through a

metal orifice’®*2No such charging occurs during VD.
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Figure 2-4. Sections of the infrared spectra ofces formed by liquid aerosol injection
(A-B) and vapor deposition (CD), normalized to the maximum absorbance of the ©
H stretch at 3 um (3300 crt) (left column). Ices were formed at the labeled
temperature (91, 1B, 135, 140, and 165 K), then cooled t6 91 K where the shown
spectra were taken. The left column shows the normalized -6 stretch after
formation and before heating. The right column is the molecular water HO-H bend
at 6 um (1600 cmt) for these same ices. Plots preserve the relative intensitf the
features by normalizing both features to the GH stretch.

2.5 Discussion

2.5.1 Phase Evolution with Temperature and Heating

Differences in the éH and HO-H band depths and positions with deposition

temperatureKigure 2-4) could be attributed to uncertainties in the amount of ice grown
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and therefore in ice thickness. However, care was taken to minimize these differences and
the casistent nature of a larger band depth at 6 pm (160%) oehative to the 3 um (3300

cm?) band for LAl suggests that the differences can be mainly attributed to the degree of
disorder in the ices. All spectra were normalized at the maximum absorbahee3gim

(3300 cmt) band to further emphasize spectral differences in band shap@&adxoalized

spectra can be found FigureA-2.

The redshift ad increasing broadness of the-HD stretch with increasing
temperature has been documented for ice cldstéfe!4%and has been correlated with the
presence of dangling bond states and dedbleor threecoordinated surface molecules.
Since spectra in this study were collected over the entire thickness of the water ice, they
reflect both surface and subsurface stmeduThe arrangement of water molecules
changes with temperature, and the degree of disorder is inversely correlated with formation
temperature. For example, at 91 K, injection ices resemble published spectra for LDA with
a more prominent highamergy 2.9 pm (3400 cf) component of the ® stretchf® This
reflects the comparatively large amount of tvamd threecoordinated water molecules,
which can be found on both the surface of the ice and on pore bmswihin the icél®
The size of the HD-H bend is also more similar between tive formation methods at 91
K than at any other temperature, and 91 K is the only temperature where both formation
methods produce spectra with a 2.7 um (3700)cdangling bond feature (séégure

A-3).

At 113K, the two ices (LAI@113 and VD@113) have 3 um (3303)dnands that
appear to be mirror images of each other. Most importantly, LAI@113 matchesHhe O

stretch for HGWP whose formation typically requires cooling rates of more th&rK1®
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170,96,103.109njected water undergoes adiabatic cooling tow#ndssupercooled state and
more rapid cooling upon impact, which leads to the formation of HGW. The cooling rate
i's esti mdtKel LARwith shallér@ooling rates would produce ASike

structures instead of HG\W*

At approximately 136 K and at pressures < 1 ® ttdr, water undergoes a glass
transition?®103.104.107.122.123ce5  formed through both methods near this temperature
(LAI@135 and VD@135) show a splitting between the high and low energy components
of the OH stretch, but VD@135 ice continues to have a larger contribution at lowe
vibrational energies due to a greater degree of tetrahedral coordination. The 6 um 1600 cm
1y band peak position is at slightly lower energies and has a smaller intensity for VD than
for LAI, confirming that vapor deposition produces more crystalliné4tat 140 K, both
methods produce spectra comparable to formation at 165 K, but without such a strong
difference in the retave O-H stretch component intensities due to fewer tetrahedrally

coordinated molecules.

Heating experiments were conducted to examine the persistence of disorder with
increasing temperature for both formation methods. After ice formation, ices weeé cool
to ~ 91 K, then heated at a rate of 1 K Hvith infrared spectra collected every 1 K. The
3 um (3300 crit) feature from spectra collected during the linear temperature ramp from
113185 K are shown irigure2-5 for ices formed from LAl (left column) and VD (right
column) at the deposition temperatures of 9Fkfre2-5A-B), 113 K Figure2-5C-D),

and 165 K Figure2-5E-F).
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Figure 2-5: Evolution of the 3 um (3300 cimt) O-H stretch for ices formed by liquid
aerosol injection (left column) and vapor deposition (right column). Ices were formed
at the inset temperature (91 K AB, 113 K GD, 165 K EF), then cooled to ~ 91 K.
The spetgra shown here were taken every 1 K during the heating process. At every
temperature, ices formed by the two methods appear different. Spectra are
normalized to the intensity of the OH stretch on formation.

The methoedependent differences in ice struetat every temperature persist with
heating. The onset of crystallization to form cubic ice at approximately 150
K 98.107.117.122,123,141.13 jces formed at 91 and 113 Kigure2-5A-D) is indicated by the

redshift of approximately 30 cfwith warming. This shift in position is not accompanied
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by a change in shape. These low temperature ices do not chactralsghape or appear
completely crystalline untiapproximately 170 K, when the spectra resemble that of CI
(Figure 2-3) due to the combination of y@tallization and desorption of the amorphous
component. Spectral change alone is insufficient to determine whether crystallization or

desorption is the driver of the increasing crystallinity.

Heatingdriven changes in the spectra are less visible in fmesed at 165 K
(Figure 2-5E-F). Vapor depositionHigure 2-5F) produces ice that stays crystalline until
desorption, which begins at ~ 170 K. LAI@165gure 2-5E) produces ice that changes
only slightly during heating: the splitting between the two main components at 2.9 um
(3400 cmt) and 3.1 um (3200 cr) becomes less drastic as higher temperatures allow
more water molecules to become tetrahdgrabordinated. The @ stretch does not
otherwise change in appearance until the ice becomes completely crystalline starting at ~
180 K. Apparent differences in crystallization temperatures can be attributed to ice

thickness and phaseensitive thermal caluctivity.

2.5.2 Phase Deconvolution

To determine the relative amounts of the vaefined Cl, ASW, and HGW phases
(Figure 2-3), a LevenbergMarquardt fiting procedure was used to constrain each
normalized GH stretch to a linear combination of the three phases shoviigure
2-3.15415%n this model, the shape and position of ClI, ASW, and HGW were constrained,
and only the amplitude could vary. The fitting results for ices formed at 91, 113, 135, and

140 K are shown ifrigure 2-6. This model was inspired by a fitting function that could
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distinguish between CI, ASW, and HG¥/This model was applied to both LAI and VD

ices to determine if it could correctly assig@W to only LAl ices.
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Figure 2-6. Comparison between the normalized GH stretch on ice formation (solid
black) and threephase model fitting for liquid aerosol injection (left column) and
vapor deposition fight column). Ices were grown at 91 K (AB), 113 K (GD), 135 K
(E-F), and 140 K (GH). The contribution of each phase to the overall fit is shown
scaled based on their relative amounts: crystalline ice (Cl) in dashed dark gray,
amorphous solid water (ASW in dotted gray, and hyperquenched water (HGW) in
dot-dashed light gray. The overall fit (sum of Cl, ASW, and HGW fits) is shown in
dot-dashed red.

T h & valee of every fit produced by this thrphase fitting model is less than 2 x
103, The spectra difed as phases for ASW (LAI@9Bigure2-6A), HGW (LAI@113)
(Figure2-6C), and CI (VD@165)KigureA-5) ar e correct |°yaludofient i f |
less than 5 x 1) For the other ices, the total fit (ddéshed red line) accurately captures
the peak position, but varies in #bility to match the feature shape. The relative intensity
of the two components of LAI@146igure2-6G) does not match the model, as seen with
the differences in the shape between the experimental data and the total fit and the larger
& value than the other LAl ices shown, demonstrating that this ice cannot be classified as

a unique combination of CI, ASW, and HGW.

Because the model is mosensitive to the peak position than to the shape of the
um band, it is better at determining the presence or absence of crystalline ice than
distinguishing between ASW and HGW. The peak position mainly reflects the relative
amounts of tetrahedrally coordited water molecules and dangling boHsp ASW and
HGW have similar peak positiod& This similarity in position resulted in the model
erroneously classifying all amorphous components of VD@113, for instance, as HGW.
VD@113 shouldhot contain any HGW due to the differences in freezing rates involved in
vapor deposition and the formation of HGW. The tkpbase fitting model applied to

spectra collected during heatinggqureA-4) can track the increasing crystalline fraction
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of the ice but cannot consistently distinguish between ASW and HGW-phage models
(Cland HGW, Cl and ASW, HGW and ASW) did not produce fits for anyitieas small

& values as the thrgghase model. To improve the model, narrower 3 um phase definitions
based on molecular beam deposition and a more constrained hyperquenching procedure
would allow separation of HGW and ASW based on slightly differerk peima as well

as band shap&.14

Data from the same experiments examining the temperature dependence-of the H
O-H bend at 6 um (1600 ch) are shown irFigure2-7. At every temperature studied, the
spectral shape appears different for ices formed through different methods, and the band
depth at 6 pm (1600 ch)is a factor of 23 greater for LAI than for VD. Due toérsmaller
band depth and signtd-noise ratio, changes in position are less prominent and changes
in intensity are harder to determine for theOFH bend than the ®i stretch. In general,
heating causes a slight redshift in peak position above 155 K drabktic reduction in
feature intensity by 185 K. As stated previously, the feature has a significantly smaller
oscillator strength relative to the-i stretch, therefore there is a smaller sigoatoise
ratio and a greater sensitivity to distortions uoedd by background subtraction.
Additionally, the HO-H bend varies more with amplitude rather than with shape or
position. Therefore, a model for the 6 um band similar to the described 3 um band three
phase fit model did not produce meaningful resultstelegy crystalline bulk ice would
have no 6 um band, since every water molecule would be completely tetrahedrally
coordinated. Therefore, the presence of any 6 um feature can be attributed to amorphous
ice components and surface water molecules thaparelty tetrahedrally coordinateld®

This bending feature is therefore useful in determining the presence of amorphous ice,
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rather than for drawing conclusions about the amount of crystalline ice. Qualitatively, the
H-O-H bend esults support the conclusions from theHGstretch: VD produces more
ordered structures than LAI, and more ordered structures have a smaller 6 um feature. LAI

shows a broader feature than VD, which is attributed tadfRre hydrated protor§1>2
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Figure 2-7: Evolution of the 6 um (1600 crmt) H-O-H bend for ices formed by liquid
aerosol injection (left column) and vapor deposition (right column)ices were formed
at the inset temperature (91 K AB, 113 K GD, 165 K EF), then cooled to ~ 91 K.
The spectra shown here were taken at 10 K intervals during the heating process. Plots
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normalized at the O-H stretch to preserve the intensity of the HO-H bend relative to
the O-H stretch.

The data presented are consistent with the claim that ASW and HGW are different
amorphous ice phases that vary in porosity and defidity®80103156.15HGW is less
porous and denser, and the more tightly packed water molecules cause it to have fewer
tetrahedrally coordinated molecules than ASW. Previous experimentsidanmnstrated
that VD with a molecular beam at low temperatures (77 K) appears more like HGW, while
the same method at warmer temperatures (115 K) produces amorphous solid water that
appears more like the LDA spectrum used here for A88imilar behavior for the onset
temperature of the cubic phase transition is also expected for similarly disordeféd ices
since differences in porosity have no impact on the kinetics or mechanism of
crystallization*?° As predicted, ices in this study formed at a lomperature experience
a crystallization regime starting at 150 K for both liquid aerosol injection and vapor
deposition. However, until the ices begin to crystallize, their IR spectra remain different
even with heating. A small difference in peak positioh8 cm* for HGW and ASW has
been documented for ices formed through molecular beam depdSittdibut the ice
thicknesses and less constrained VD and LAI processes in this study make that difference
undetectable. The dédrence in spectral shapes, however, is still apparent, confirming that

ASW and HGW are different phases.

Figure2-8 summarizes the temperature andgsure changes that ices experience
during formation and heating. Injected water experiences a large drop in temperature and
pressure to form HGW, and this supercooling process occurs fast enough that the water

does not crystallize. Water that forms ASWoilgh vapor deposition does not undergo
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pressure changes and instead the manbtbecul es
stick" process. HGW and ASW occupy neighboring places in the phase diagram. With
heating under constant pressure, both phasésrgo a glass transition at 136 K, then begin
crystallization at 150 K. This diagram does not contain exact numerical fractions of
crystalline and components but can represent the differences in structure Begiren

2-2, represented by open circles.

A Liquid
Vapor Aerosol
Deposition Injection

I 165 K

T, 150K
T 136K

1x 108 Torr 1% 107 Torr " 760 Torr

P

Figure 2-8: Phase diagram of liquid aerosol injection and vapor deposition on
formation and heating for ices formed at ~ 113 KLiquid aerosol injection involves
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decreases in temperature and pressure fast enough to prevent crystallization, instead
creating HGW. Amorphous solid water forms directly from the vapor phase in vapor
deposition. Upon hating, both ices go through a glass transition followed by
crystallization. Open circles at 165 K represent ice formed at 165 K through both
methods.

2.6 Conclusions

Ices formed through rapid freezing of a liquid aerosol have less ordered structures
than icesformed through slow freezing from a vapor, including at temperatures warm
enough to favor crystallinity. The phasensitive GH stretch at 3 um (3300 cHhand H
O-H bend at 6 pm (1600 ct show these structural differences and how they evolve with
heatng. The shape of the 3 um feature is most useful for determining the presence of
crystalline ice, while the intensity of the 6 um feature compared to the 3 um band is most
useful for determining the presence of amorphous ice. Comparison of these twal spect
features represents a more comprehensive treatment ofgdrastve infrared spectra.

The observed behavior during heating of ices formed through different methods but at the
same temperature are consistent with amorphous solid water ice (ASWxquaadrough
vapor deposition, and hyperquenched water (HGW), produced through liquid aerosol

injection, being structurally different.

Ices grown under HV conditions are typically mixtures of coexisting phases and
the relative amount of each phase depemus uhe deposition method and temperature.
LAI produces HGW without going through any crystallization. There is clear Higed
behavior at the glass transition during VD at 135 K and LAl at 165 K which is manifested
mainly by examining the 6 um (1600 &nband of water. This band is rather important

with respect to understanding hydrogen bond interactions and an important complementary
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diagnostic of hydrogen bonding in the liquid phase and disordered ice samples. Further
research is needed to comparesth formation methods with mixtures more complicated
than pure water, especially for applications to astrophysical ices such as those formed

through cryovolcanism or other flagteezing processes.
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CHAPTER 3. REFLECTANCE ABSORPTION OF THE 3 AND 6

MM BANDS OF WATER ICE AND MINERAL DUST MIXTURES

This chapter was adapted fromm manuscript in preparation for publication.
Christina E. Buffo,Emmy B. Hughes, Alivia EngBrant M. JonesFrances Rivera
Herndndezand Thomas M. OrlandoReflectance Absorption of the 3 agim Bands of

Water Ice and Mineral Dust Mixturédn prep.

3.1 Summary

The presence of water on the moon can be revealed using infrared reflection
spectroscopy with emphasis on theHdundamental stretch at 3 um (3300 &nand the
H-O-H bend at 6 um(1660 cm'). Because these two features are phase dependent, the
abundance and composition of minerals mixed with water can influence band shapes and
intensities. Anorthosite, bronzite, iron silicate, olivine, Lunar Highlands Simulant-(LHS
1D), and Lunar Mre Simulant (LMSLD) mineral mixtures were mixed with water and
flash frozen at ~ 91 K to examine the minespécific infrared spectroscopic differences
due to changes in ice structure. Solutions with 5 weight percent mineral shbstrétch
broadeningand HO-H intensity changes compared to mindrae amorphous ice, and
increasing mineral weight percent enhances mirggratific spectral differences. At 50
wt%, iron silicate and olivine nucleate amorphous ice, while the other minerals examined
nucleae crystalline ice. Heating to 200 K causes complete desorption of physisorbed water,
reduction in area of the-@ stretch, and an 4D-H bend feature indistinguishable from

noise. Infrared absorption of the®H bend on the moon must therefore be due tiewa
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trapped between or within grains following formation via an impact or volcanic eruption

event.

3.2 Introduction

Lunar water is an important target for both scientific investigations and potantial
situ resource utilization. The degree of water ice ciysiey and the amount and
composition of trace gas species trapped in water ice can reveal ancient conditions during
the formation and evolution of the lunar surface. Water currently present on the moon likely
has many sources which include situ formaion by solar wind and micrometeorite
bombardment® outgassing from volatikich magma during early lunar volcanisfand
delivery by cometary impact&1>®Water ice can form with a structure, and therefore a

corresponding infrared signature, dependent on its formation mechi&fism

In addition to preserving a record of the early solar system, water ice and molecules
trapped within it have long been considered potential resources for hexphomation
missionst®® The abundance and structure of watentainhg regolith will influence
resource extraction utility, as explored in numerous recent modeling, experimental, and

feasibility studieg%9162

The cold and dark permantly shadowed regions (PSRs) of the moon are a major
focus of planned lunar missions, both crewed and robotic, since they are likely to trap and
retain water. These areas exist near the poles in deep craters, and the south pole has a higher
total area ofPSRs than the north pole. As of now, no landed mission has successfully
explored a PSR, so their properties are estimated from remote sensing. The Lunar Crater

Observation and Sensing Satellite (LCROSS) mission involved an impact into a PSR and
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observatio of the resulting plume by an instrument suite including near infrared (NIR) and
UV-Vis spectrometers, which detected a water concentration of 5.6 + 2.9% by°mass
Orbital instruments like the Moon Minerology Mapper JMNIR spectrometer on
Chandrayaarl andthe ShadowCam optical camera on Danuri/Korea Pathfinder Lunar
Orbiter have enabled mapping of water and hydrtwedring mineral species. These
missions have confirmed that water is preferentially trapped in cold polar regions of the

moon, especially PSE$%3

At the lunar equatogdsorbed water is not likely to be retained for very long, since
equatorial regolith experiences an average temperature of 215.5 K and a maximum
temperature of 392.3.K Even at higher latitudes, lunar regolith is subject to solar heating:
regions polewards of 85° can experience maximum temperatures of ,¥08oknigh
latitude areas outside of PSRs may also not retater longterm. However, observations
by the Stratospheric Observatory for Infrared Astronomy (SOFIA) have confirmed the
presence of molecular water in daylit regions of the moon despite its comparatively high

temperaturé’

Many of these ast observations of lunar water have focused on its strong 3 um
(3300 cmt) O-H stretch, which is sensitive to both water and hydrdzedring minerals.
The M® map of lunar hydration, for example, is based on thé €retch® The OH stretch
has been shown to retain information onnfation conditions and heating history,

especially because its appearance differs between crystalline and amorpfidti$ ice

Water has a weaker oscillator strength at the 6 pm (1668 ¢vO-H bend

compared to the @ stretch, but the HD-H bend is specific to water and also sensitive to
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phase''® This specificity makes it an ideal target in the search for water on rocky airless
bodies®'®21%S OF | A6s observation of water on the
(1660 cm') H-O-H bend, demonstrating that moleculaxCHmust be present rather than

solely hydroxylbearing minerald’ A water molecule rigidly hydrogen bonded to four

other water molecules, as found in bulk crystalline ice, would not demonstrate aarge H
OH bend because bendi ng motion weH d be
molecules, like those weakly bonded to tte on its surface, trapped in voids in minerals

or ices, or in an amorphous melt, can freely bend and therefore absorb, so the SOFIA

detection implies some lack of crystallinity.

Water ice detection with infrared spectroscopy would therefore ideallypretiye
detection of both the ® stretch and the ¥D-H bend.In situexploration like that planned
for the Volatiles Investigating Polar Exploration Rover (VIPERAnd successors to the
Polar Resources Ice Mining Experimén(PRIME-1) payload on the IM2 missioR®® will
provide important context for remote observations through direct study of mineralogical

compositions and their influence on water absorption features.

Returned | unar s a-bmpihesls, havd aiskbeen exammine€Cfora n g 6
their water contet. They show water enrichment primarily in their glasses and in the rims
of small particles® These samples likely experienced temperatures of up to 400 K on the
moon, which would have removed physisorbed water, leaving only trapped water

behind.1®’

This paper examines the interfacial interactions between dust grains and ice through

liquid aerosol injection and flash freezing of dustter mixtures. Flash freezing of large
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amounts of water may have oced following volcanic eruptions on the early moon,
which could have caused the accumulation of meteep ice deposits in shadowed
regions®® Subsequent impact gardening would have since buried and eroded these ice
deposis, but the remaining ice may have retained the spectroscopic signatures of flash

freezing. These experiments are therefore relevant to early lunar geophysical processes.

In addition to lunar applications, flash freezing of siliead@taining water aeroko
particles may occur during cryovolcanism in the outer solar system, and small amounts of
minerals could act as nucleation sites. For example, mass spectrometric analysis of
Enceladus plume particles has shown that they contain a small amount of silicate

mineral$%® and may have formed from rapid feig of liquid water®®

3.3 Experimental Approach

3.3.1 Liquid Aerosol Injection

Experiments were conducted in a higgcuum chamber with a base pressure of <
1 x 108 torr and a liquid nitrogeooled copper sample holder capable of reaching
minimum emperatures of ~ 90 K. Details of the experimental system have been previously
publishedand described iError! Reference source not found.1’° This system was set u
p so that liquid aerosol injection could occur while only exposing the system vacuum to a
maximum pressure of 0.1 torr for less than a second. Reflectance absorption infrared
spectroscopy (RAIRS) scans were taken with a Bruker Eq@B&X IR spectrometer after
formation. Totrack evolution with heating, the sample holder was heated at a steady rate

of 1 K min! from the formation temperature at approximately 90 K up to complete
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desorption of the water by ~ 200 K. A RAIRS measuremexst mvade every 1 minute (1

K) from an average of 64 scans.

Water: mineral mixtures were prepared by weight percent (wt%): 5, 10, 25, and 50
wt% for all minerals in liquid chromatograpimyass spectroscopy (LMS) grade water.
Solutions were prepared at rodemperature and atmospheric pressure, then loaded into a
syringe and injected into the high vacuum chamber and flash froze on the cooled copper
substrate. Freezing rates are fast enough that@izeassdependent sorting of mineral
particles is not expéed to occur: the mineral mixture is assumed to be-mided with
all particles suspended in water. This method is limited to a maximum mineral content of
50 wt% to ensure that the injected solution does not block the syringe and has sufficient
liquid-like behavior in a vacuum to reach and freeze on the copper. The smaller weight
percents studied here are more similar to cryovolcanism, while the larger weight percents

are more representative of flaBkezing in lunar conditions.

3.3.2 Mineral Characterization

For lunar comparison, Lunar Highlands Simulant Dust ({H8 and Lunar Mare
Simulant Dust (LMS1D) were selected for this study as their bulk chemistry and
minerology has been shown to be similar to that of actual lunatdd&tin addition, four
rocks made of naturally occurring luraevant minerals were chosen to examine the role
of mineral composition morelosely. An anorthiteich anorthosite was selected because
it is a major component of the lunar cfdsand the predominant material of LH®.
Olivine is also very common on the mdband elsewhere in the solar system, e.g. Mars

and is a component of both LH® and LMS1D. As such, an olivine with an intermediate
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amount of magné@sm and iron (13.3% forsterite, 19.4% fayalite, 49.6% unclassified
olivine: seeFigureB-2) was chosen. Olivine may be less abundant in the gal& area

of the moon that contains large P$fR4’°than in the equatorial mare regions visited by
the Apollo program. An iromich enstatite (bronzite) was chosen to reflect the abundance
of enstatite in the lunar south pole regtéft’’ Finally, for comparison with iromich
minerals on the lunar surface, an iron silicate (mixture of fayalitieaaigite: se&igure

B-2) with far more iron than either LM$D or LHS 1D was also used and will be referred

to as fAiron silchgteat ed0 t hroughout this

All minerals were obtained from Space Resource TechnologieslDHshd LMS
1D are commercially available simulafdt&!’® Anorthosite, bronzite, iron silicate, and
olivine samples were ball milled by Space Resource Technologies to particlef sizé3 o
em, a size that avoided <clogging of t he
distribution and average patrticle sizesof2l0 e m f or al | mi neral s w
confirmed through laser diffraction analysis with a Malvern Panalytical Mazter3000
with Hydro EV(FigureB-1). Specific surface areas were determined using a Micromeritics
FlowSorb Il 2310 instrument, which calculatesfaoe area based on adsorption and

desorption of M(TableB-1).18°

Mineral and chemical compositions were characterized withyxfluorescence
(XRF), powder xray diffraction (XRD), and visible and near infrared (VNIR)
spectroscopy. XRF measurements were taken with a handheld SciZgs Keld XRay
Spectrometer (full data iTable B-2). Powder XRD were performed with a Rigaku
Miniflex Powder XRD. Rietveld refinement and whole powder pattern fitting were used

for mineral identification(Figure B-2 and Table B-3).181182 To determine the weight
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percentage of amorphous materials, XRD measurements were made of each sample mixed
with a known weight percentage of La®® Amorphous weight percentages were
determined to be small enough to be undetectable for all samples. VNIR spectra from 350
2500 nm were taken with ahdheld spectrometer (Spectral Evolution FESR0) Figure

B-3).

3.4 Results

3.4.1 Single Crushed Rocks: Anorthosite, Bronzite, Iron Silicate, Olivine

Infraredspectra at 3 pm (3300 chand 6 um (1600 cr) on ice formation and
before heating are shown by mineral Rigure 3-1, Figure 3-2, and Figure 3-3. Two
mineralfree water spectra are shown for comparison: water liquid aerosol injection at 91
K for an amorphous reference and water vapor deposition at 165 K for a crystalline
reference. For a detailed discussion of the temperature dependence of-freeenadter
ices brmed through liquid aerosol injection and vapor deposition, see previously published
work.2 All spectra are normalized at the maximabsorbance of the-B stretch at 3 um

(3300 cm?t) unless otherwise noted.
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Figure 3-1: Spectra on formation from flash freezing 550 wt% solutions of
anorthosite at 3 um (3300 cm) (A) and 6 um (1600 crt) (B) and bronzite at 3 um
(3300 cm?) (C) and 6 um (1600 cnt) (D). Solid lines are mineraicontaining solutions
with darker reds (anorthosite) and oranges (bronzite) corresponding to greater
mineral weight percent. Injection of mineralfree water at 91K to form amorphous
ice (dashed light gray) and vapor deposition of water at 165 K to form crystalline ice
(dotted dark gray) are shown for comparison. Spectra are normalized to the
maximum of the 3 um (3300 cr) feature upon formation.

Solutions contaimg 5, 10, and 25 wt% anorthosite showed splitting of the 3 pum
(3300 cmt) feature into a loweenergy tetrahedrally coordinated water component at 3.1
um (3200 cmt) and a higheenergy undercoordinated water component at 2.9 um (3400
cml) (Figure3-1A). The relative intensity of tetrahedral and undercoordinated features can
be used to determine the relative amounts of order and disorder in fi&daod this
relative intensity changed with mineral weight percent. The 3 um (3300 lsamd width

was comparable to that of minefede water for anorthositeontaining solutions at 5, 10,
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and 25 wt%. In contrast, the 50 wt% anorthosite ice shows notirgplitnto
undercoordinated and tetrahedral components. The 50 wt% peak width and position of the
peak maximum are closer to that of crystalline ice than mifier@lamorphous water ice.

In addition to the peak position, shape, and width, t88& Wt% soltions of anorthosite

all show a dangling @ bonds feature at 2.7 um (3700 énlike amorphous water ice
(Figure B-4A). Crystalline water and 50 wt@northosite do not show this feature. The
abundance of water implies a cliye or cemented icy regolith structure with water

surrounding and anchoring the regolith grains for all mineral weight peréénts

The trend of amorphous ice a5 wt% anorthosite and more crystalline ice at 50
wt% is supported by the behavior of the 6 um (1666)dnand Figure3-1B). The relative
intensity of the 6 um (1660 cf) feature compared to the intensity of the 3 um (3300 cm
1y feature varies with weight percent fron25 wt%, butthey are all more comparable to
amorphous ice than to crystalline ice. At 50 wt% anorthosite, the 6 pm (165§0bemd
is smaller in intensity and more similar in shape to crystalline ice. This feature decreases
in size upon desorption of the ice for ekperiments, confirming its identity as a water
absorbance rather than an olivine or pyroxene feaftiFor oth the GH stretch and the
H-O-H bend, even 5 wt% anorthosite is sufficient to produce peak shapes different from

that of mineraffree water injection.

Bronzite largely follows the same trends as anorthoBigu(e 3-1C). Solutions
with 5-25 wt% bronzite largely match amorphous ice in terms of position, peak shape, and
presence of dangling-8 bonds at 2.7 um (3700 ch (FigureB-4B). Additionally, like
anorthosite, solutions with-B5 wt% bronzite also have a broader feature and lower energy

tail than amorphous ice. 50 wt% bronzite looks moretaliise at 3 pm (3300 cr in
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terms of peak position, peak shape, and peak width, though noise at 2.7 um (300 cm
hides any potential dangling-B® bond feature. At 6 um (1600 ¢ty 10 and 25 wt%
bronzite have intensities comparable to minéie¢ waer ice injection Figure3-1D). 5

wt% has a smaller intensity, but its spectral shape is similar to amorphous ice. 50 wt%
appears to have a 6 pfh600 cm') intensity closer to crystalline ice than amorphous ice,
though this spectrum also has substanti al

reflected light.
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Figure 3-2: Spectra on formationof 550 wt% solutions of iron silicate at 3 um (3300
cm?) (A) and 6 um (1600 crt) (B) and olivine at 3 pm (3300 cm) (C) and 6 um (1600
cml) (D). Solid lines are mineralcontaining solutions with darker yellows (iron

silicate) and greens (olivine) caesponding to greater mineral weight percent.
Injection of mineral-free water at 91 K to form amorphous ice (dashed light gray)
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and vapor deposition of water at 165 K to form crystalline ice (dotted dark gray) are
shown for comparison. Spectra are normaliegd to the maximum of the 3 um (3300
cm?) feature upon formation.

Unlike anorthosite and bronzite, solutions containing iron silicate and olivine do

not look crystalline at any of the weight percents examifgli(e3-2A and B). The shape

of the 3 um (3300 crh) feature shows both tetrahedral and undercoordinated components
at 550 wt%, and the peak width and position of maximum intensity are ohosér to that

of amorphous ice than crystalline ice. All solutions also show a dangiiidpé@nd feature

at 2.7 um (3700 crb (FigureB-4C and D). This same trend is supported by theO-H

bend at 6 pm (1600 ci) (Figure3-2C and D. All iron silicate solutions, and all olivine
solutions except 1025 wt%, show a strong absorbance closer to amorphous ice than
crystalline ice. 25 wt% olivine has a smaller intensity, but its spectral shape is more similar
to amorphous ice. Like bronzite, the 6 um (1600%rdeature for 50 wt% iron silicate

shows nase due to its dark color.

Despite their much smaller percentage of bulk ice, 50 wt% iron silicate and olivine
appear nearly the same as amorphous ice at both 3 pm (330@ed6 um (1600 crH).
This spectral similarity can be attributed to water bondwigthe mineral interface
resembling solid amorphous water. Surface adsorbed water molecules have been known to
bond strongly at 6 um (1600 chhon oxide surfaces like hematite §Bg), goethite
(FeEO(OH)), and titanium dioxide (TiD*®%18” Small amounts of hematite and goethite
exist in the olivine mixtureKigureB-2) but not in the iron silicate mixture, so water must

bond similarly to at least one other oxide.

3.4.2 Lunar Simulant Mixtures: LH3D and LMS1D
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Figure 3-3: Spectra on formation of 550 wt% solutions of LHS-1D at 3 um (3300 cm
1) (A) and 6 um (1600 crt) (B) and LMS-1D at 3 um (3300 crmt) (C) and 6 pm (1600
cml) (D). Solid lines are mineralcontaining solutions with darker blues (LHS1D)
and purples (LMS-1D) corresponding to greater mineral weight percent. Injection of
mineral-free water at 91 K to form amorphous ice (dashed light gray) and vapor
deposition of water at 165 K to form crystalline ice (dotted dark gray) are showfor
comparison. Spectra are normalized to the maximum of the 3 um (3300 cinfeature
upon formation.

At 3 um (3300 crit) (Figure 3-3A and Q, 5-25 wt% solutions of LHED and
LMS-1D match amorphous ice in terms of band position, band width, and presence of O
H dangling bondsKigure B-4E and F. 50 wt% LHS1D and LMS1D appear the most
crystalline with a low energy band position, a small band width, a band shape dominated
by tetrahedral water molecules, and a lack ofgtlag O-H bonds. LHS1D and LMS1D

therefore behave more similarly to anorthosite and bronzite than to iron silicate and olivine.
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Similarly, at 6 um Figure3-3B and D, 525 wt% LHS1D and LMS1D solutions
resemble each other and amorphous ice in terms of shape, though their band strengths are
slightly different. 50 wt% LHSLD and LMS1D have a shape and intensity that closely

match crystalline ice.

3.4.3 Mineral Comparisons
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Figure 3-4: A: O-H stretch at 3 pm (3300 cmt) on formation for 5 wt% solutions of
anorthosite (red), bronzite (orange), iron silicate (yellow), olivine (green), LH3D
(blue), andLMS-1D (purple). B: H-O-H bend at 6 um (1600 cni) for the same ices.
Injection of mineral-free water at 91 K to form amorphous ice (dashed light gray)
and vapor deposition of water at 165 K to form crystalline ice (dotted dark gray) are
shown for comparion. Spectra are normalized to the maximum of the 3 pm (3300
cm?) feature upon formation.

At 5 wt%, all minerals look broadly like minerike water injection. Their peak widths
and position of maxima more closely match amorphous ice, and all show da®gin

bonds at 2.7 um (3700 ctp(Figure3-4A).

Where the minerals differ is in the relative intensities and broadness of the features

correspondingo tetrahedral water molecules at 3.1 pm (3200)camd undercoordinated
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water molecules at 2.9 pm (3400 €émAnorthosite, iron silicate, and LM$D have a
higher energy undercoordinated edge than water injection and the other minerals, as shown
in Figure3-4A. Olivine, LHS 1D, and bronzite have a shape close to that of water injection
for both undercoordinated and tetrahedral molecules, and framwilébe referred to as

the water like groupFigure 3-4A shows that olivine has even fewer tetrahedral water
molecules than minerditee injection. Anorthosite, iron silicate, and LM® show an
absorbance minimum between undercoordinated aradhégiral water molecules and have

a larger tetrahedral feature than mindraé water injection Table 3-1). All 5 wt%
solutions have the same shapé am (1660 cri) feature Figure3-4B) and are closer to

the intensity of injected water than crystalline ice.

Table 3-1: Percentage of water molecules in different bonding environments in 5 wt%

solutions based on the integrated area of peaks centered at 3.1 pm (3200fm
(tetrahedral) and 2.9 pm (3400 cm) (undercoordinated).

Mineral Mixture (5 wt%) | Percentage of| Percentage of
Undercoordinated Water | Tetrahedral Water
Molecules Molecules

Anorthosite 56 44

Bronzite 55 45

Iron Silicate 54 46

Olivine 58 42

LHS-1D 56 44
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Table 3-1 Continued

Mineral Mixture (5 wt%) | Percentage ofl Percentage of
Undercoordinated Water | Tetrahedral Water
Molecules Molecules

LMS-1D 55 45

The watetlike group does not seem to have any particular similarities in physical
or chemical properties not shared by the other misietadS-1D does contain olivine
based on XRD datd{gureB-2), but iron silicate and LMD have an even larger weight
percentage of olivine anare not in the watdike group. Anorthosite, iron silicate, and
LMS-1D all have specific surface areas of < 8 git (Table B-1), but LHS1D has a
comparable surface area and behaves more like water. XRF measurements show a wide
range of weight percent elemental iron, from 2.0 wt% for anorthosite, the smallest
measured, to 44.1 wt% for iron silicate, the largest meastieddeB-2). Anorthosite has
the largest average size of all studied minerals at 18.8jguréB-1A) and LMS1D has
the smallest average size at 8.5 fg(re B-1E). Anorthosite is the brightest material
from 0.52.5 um, whie iron silicate is the darkegFigure B-3). Principal component
analysis (PCA) is shown ifrigure 3-5, demonstrating no clear dependence of the
tetrahedral percentage of 5 wt% solutions on average patrticle size, specific surface area, or

iron or olivine weight percents.
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Figure 3-5: Principal component analysis showing a lack of clustering of minerals for
five properties: percentage of tetrahedral molecules at 5 wt%l{@ble 3-1), iron weight
percent (Table B-2), olivine weight percent Figure B-2), average particle sizeKigure
B-1), and specific surface aea (Table B-1). Iron silicate falls on the iron weight
percent vector.
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Figure 3-6: A: O-H stretch at 3 pm (3300 crt) on formation for 50 wt% solutions of
anorthosite (red), bronzite (orange), iron silicate (yellow), olivine (green), LH3D
(blue), and LMS-1D (purple). B: H-O-H stretch at 6 um (1600 crt) for the same ices.
Injection of mineral-free water at 91 K to form amorphous ice (dashed light gray)
and vapor deposition of water at 165 K to form crystalline ice (dotted dark gray) are
shown for comparison. Spectra are normalized to the maximum of the @m (3300
cm?) feature upon formation.

Solutions with 50 wt% mineraF{gure3-6) show more variability in peak position
and shape thasolutions with 5 wt% mineral since a larger percentage of water molecules
are positioned in close proximity to a mineral surface. At 50 wt%, only iron silicate and
olivine still show an amorphotlike 3 um (3300 crt) and 6 um (1600 crj feature. All
othe samples appear more crystalline in their shajpéle 3-2 shows the percentage of

undercoordinated and tetrahedral water molecules for the spemiva shFigure3-6.
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Table 3-2: Percentage of water molecules in different bonding environments in 50
wt% solutions based on the integrated area of peaks centered at 3.1 um (3200%tm
(tetrahedral) and 2.9 pm (3400 cm) (undercoordinated).

Mineral Mixture (50| Percentage ofl Percentage of
wit%0) Undercoordinated Water | Tetrahedral Water
Molecules Molecules
Anorthosite 44 56
Bronzite 44 56
Iron Silicate 55 45
Olivine 54 46
LHS-1D 37 63
LMS-1D 44 56

This is notable from a mineralogy perspective because the iron silicate and olivine
samples both contain > 50 wt% olivine, while it is 25 wi%dess of all other mineral
solutions testedRigureB-2). The olivine and iron silicate mixtures used here contain the
olivine solid solution endmenalos fayalite (F£5i04) and forsterite (MgSiOs) as well as
intermediate olivines, all of which have similar crystal structures. The augite pyroxene
content of iron silicate is likely not the driver of spectral shape: bronzite is also a pyroxene,

but it does not look amorphous at 50 wt%. Iron silicate and olivine samples both have
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comparatively high weight percentages of elemental iron, but the amount of iron in the
olivine sample is similar to that of LHED and LMS1D (TableB-2), which preferentially
nucleate crystalline ice. The arrangement of iron atoms must matter more than simply the
abundance. The minerals that preferentially form crystallingiifer in their average
particle size and size distributioRigure B-1), surface areal@bleB-1), and elemental

abundanceTable B-2) as well as mineralogy. A PCA plot summarizinggl trends is

shown inFigure3-7.
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Figure 3-7: Principal component analysis for five properties: percentage of
tetrahedral molecules at 50 wt% Table 3-2), iron weight percent (Table B-2), olivine
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weight percent Figure B-2), average patrticle sizeKigure B-1), and specific surface
area (Table B-1). Iron silicate falls on the iron weight percent vector.

3.4.4 Evolution of 50 wt% mineral solutions with temperature: Olivine, {18 LMS
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Figure 3-8: Evolution of the O-H stretch at 3 pm (3300 crt) (A, C, E) and H-O-H
bend at 6 um (1600 cm) (B, D, F) for 50 wt% mineral solutions of olivine (A-B), LHS-
1D (C-D), and LMS-1D (E-F). Brighter colors correspond to higher temperatures.
Ices were formed at ~ 90 K and then heated at a rate of 1 K!$0 200 K, by which
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point the spectra had stopped changing. Spectra are normalized to the maximum of
the 3 um (3300 crmt) feature upon formation.

Figure3-8 shows the behavior of the-B stretch and HO-H bend with heating for
50 wt% solutions of the two lunar simulants and olivine. A 50 wt% solutiosliaihe
nucleates amorphous ice, and heating reveals a phase change at ~ 150 K when the ice starts
to crystallize. This can be seen through the change in shape ofthst®tch at 3 um
(3300 cm') (Figure3-8A) and the change in shape and size of ti@-H stretch at 6 pm
(1600 cm?t) (Figure3-8B). The two lunar simulants show similar but less drastic changes
due to their crystalline nucleatiofi@ure 3-8C-F). Further heating of all samples ako
170 K causes ice desorption. Thed-H feature in all solutions completely disappears and
becomes indistinguishable from noise. However, a sméllf€ature remains present even
with heating to 200 K. This is more apparent with the LMBand olivine slutions than
the LHS 1D solution, since the LH3D baseline changes slope at 3 um (3303)awhich

affects background subtraction.
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Figure 3-9: Integrated area of the OH stretch (A) and H-O-H bend (B) of 50 wt%
solutions of olivine (green squares), LHD (blue circles), and LMS1D (purple
triangles). The inset in A is an enlarged version of A at high temperature and low
water coverage demonstrating that the average integrated area of the-B stretch
doesnot completely go to 0 at 200 K (indicated with the horizontal gray line). Spectra
used for integration were not normalized.

Figure3-9 shows the negiate of the integrated area of the features showgare

3-8 for all temperatures 9800 K. LMS 1D and LHS1D show a slightly lower maximum
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desorption temperaturéndn olivine: LHS1D at 173 K and LMSED at 175177 K
compared to olivine at 179 K. This is more easily seen in the 3 um (33&pfeature
(Figure 3-9A) due to its larger peak area. The spectra used for these plots were not
normalized: differences in area upon injection represent differences in the amount of water
present upon formation. Fthe 6 um (1600 cr feature, all mineratontaining solutions

show a change in slope and loss of area starting at 150 K, with olivine showing the largest
jump. This corresponds to the onset of crystallization. The decrease in the integrated area
of the6 pm (1600 crt) feature can be attributed to crystalline ice having a smaller 6 pm
(1600 cm?b) stretch than amorphous ice (see minéned water spectra iRigure 3-1 to

Figure 3-3). The relative contributions of desorption and crystallization in this change
cannot be determined based on the ctdle@ spectra, since RAIRS is not sensitive to

desorbing molecules and only reflects structures present in the ice.

Fitting of the leading edge at ~ 170 K (not shown) was performed with a zeroth
order rate equation. Desorption of water molecules from hoelld be a zeroth order
process, since the water molecules are intact and weakly bound to the surface (physisorbed)
rather than chemisorbed. The agreement of the zeroth order fitting demonstrates that the
majority of water molecules in 50 wt% flash frozenlutions are physisorbed. The
decreases in the integrated area of the 6 um (1609 ferature to indistinguishable from
noise and the 3 pm (3300 dinfeature to nearly zero demonstrates that the dust grains
have lost their physisorbed water upon heating00 K. The small 3 um (3300 ciharea
still present at 200 K can be attributed to terminal hydroxyl groups, water molecules
chemisorbed to the mineral surfad®&s'®® and water molecules trapped in or between

mineral grains.
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3.5 Discussion

3.5.1 Implications forLunar Water

50 wt% mineral ices that nucleateystalline ice still contain 50 wt% water, but
because very ordered ice will not allow water molecules to bend freely, the signal at 6 um
(1600 cmt) is much smaller relative to the 3 pm (33009 rand than for smaller mineral
weight percent solution3herefore, areas of the moon and other rocky bodies that have a
large 3 um (3300 cm band and a small but present 6 pum (1600 cmay contain
substantial crystalline water ice as well as minerals witH @roups. This is especially

true in regions wherthe local temperature would allow for the stability of crystalline ice.

Loss of physisorbed water upon heating to 200 K is consistent with the contention
that the 6 um (1600 c) H-O-H bend feature observed by SOFIA on the sunlit side of the
moon must b from water molecules retained in glasses rather than physisorbed on the
surface®” 3 Equatorial average temperatures of 215.5 K suggest that physisorbed water
could not be retained thet&!®18 Since lunar regions polewards of 85° can also
experience maximum temperatures of 202 K during direct illumin&tighysisorbed
water cannot be a major contributor to any 6 pm (1608)dfO-H bend feature on the
sunlit moon.Lunar glasses could have pores large enough for water molecules to bend,
unlike the flash frozen ices formed in this study, so the conclusions outlined here are in
l ine with the detecti on o0°Lossafplgsisorbedwatet as s |
by 200 K but not trapped molecular water is also ctest with other studies observing
no decrease in absorption at 6 pm (1600'copon heating of lunar material and lunar

relevant minerals from room temperature to 475K
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If metersthick ice deposits were created bgter vapor outgassing from early lunar
volcanism®® they could have been subject to rapid cooling events either during formation
or following micrometeorite impact heating. The presence of ohxizte minerals within
ice dgosits may have prevented crystallization during cooling, while a significant
abundance of oliving@oor minerals could have promoted crystallization. The remnants of
ice deposits could have retained their degree of crystallinity, especially in southrpakar

that have not seen significant heating since ice forméatfon

Differences in the shape of the 3 um (3300%1®-H stretch and the szof the 6
um (1600 cmt) H-O-H bend corresponding to differences in crystallinity can be
distinguished based on absorbances at only four wavelengths foiHtstré€tch and three
wavelengths for the #D-H bend. An example of such a multispectral plotheven in
Figure3-10, which contains a small section of the dat#&igure 3-6. Future missions to

the moon could therefore be capable of identifying crystallinity with minimal data.
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Figure 3-10: A multispectral imager version ofFigure 3-6. Differences in the shape of
the O-H stretch (A) can be determined from two baseline points at 2.7 and 3.4 um
(3700 cmtand 2900 cm') and feature detection at 2.9 and 3.1 um (3400 ctand 3200
cmY). Differences in the size of the HD-H bend feature (B) can be resolved with two
baseline points at 5.3 and 8.3 um (1900 ctand 1200 cm') and feature detection at
6.0 um (1650cm™).

3.5.2 Implications forCryovolcanism

Differences in spectra with 5 wt% miner&iqure3-4) suggest that flash freezing
ice around small amounts of minerals will likely not show a large dependence on mineral
composition for the minerals studied. Plutgpe cryovolcanic processes aesen at
Enceladus may involve rapid freezing of water droplets, potentially following
condensation from supersonic flow of water valdéif so, trace minerals consistent with
the known magnesiwrich aluminumpoor silicate compositidf® would not necessarily
substantially change the morpholaogfyice particles from flasfrozen minerafree water.
Additional research could clarify whether the presence of salts and/or organics, with or
without minerals, would substantially change the flaskezing process and therefore the

ice crystallinity.
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3.6 Conclusions

The presence of even a small amount of minerals can have substantial effects on
the bonding environments available to water molecules in afilagén solution. This is
shown with the differences in the spectra of 5 wt% mineral solutions cothfmaeach
other and to minerdree water. At larger weight percentages, the identity of the mineral
has a larger influence on the ice structure: mixtures rich in olivine favor amorphous ice
nucleation, while mixtures containing primarily plagioclase andrstatite preferentially
nucleate crystalline ice for 50 wt% mineral solutions. Upon heating to 200 K, the 50 wt%
solutions show a complete disappearance of t@Hibend at 6 um (1600 ct) but not
of the GH stretch at 3 um (3300 cH which supportghe idea that physisorbed water
molecules do not contribute to the 6 um (1600%deature on the lunar day side. The
composition and abundance of mineral components influence the shape and size of the O

H and HO-H infrared features in mixtures of minkrand water.
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CHAPTER 4. ISOTOPIC RATIOS OF XENON, KRYPTON, AND
ARGON IN COMET SURFACES AND THEIR CONNECTION TO

EARTHO6S VOLATILES

This chapter was modified from sections of submitted work. Mallory J. Kincyzk,
Christina E. Buffo, L. Miché Aaron, Spencer BoonejcEFrizzell, Abigail Flom,
Chinmayee Govinda Raj, Camilla Harris, Ali Hyder, Benjamin Idini, Vidu Jayanetti,
Spiridon Kasapis, Brennan McCann, Emily Millman, Alvin Ngo, Mary Ringwood, Laura
E. Rodriguez, Amanda Rudolph, Karl Mitchell, Alfred Nash, andlis¥i Smythe.

ARGel ato: A Mission Concept for Cdlaetary Sur f ac

Science Journal

4.1 Summary

Comets are thought to preserve material from the origins of the solar system in a
minimally altered state. Because they contain significant amounts of water and other
volatile gas and ice species, they may have been responsible for delivering vol#tiges to
early Earth. Xenon, krypton, and argon i s
surface composition matches that of Eart hd
reservoir of early solar system material. Edréised gaspecific noble gas sgtrometers
can outperform any currently available fligigady instruments and precisely measure
isotopic ratios with small sample mass. The Gelato New Frontiers mission concept was
designed to collect cometary surface material from Comet 67P/ChuryGeragimenko

and return it to Earth for analysis. Under
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its coma, and between cometary and Earthos

systembs history.

4.2 Background

Comets have long been thought to eimtsome of the oldest material in the solar
system. They likely formed at a great distance from the sun, where ice could have been
retained from before the solar system formi€dEarthbased observations of comets have
been made for thousands of years with the naked eye and increasingly elaborate telescope
systems. Remote comet observations largely focus on the coma, which consists of
molecules sublimated from comet 6s sur face. The coma ca

Earth%¥291 from the International Space Statitiand from spacbased telescopé$?

205

Orbital and flyby missions have studied the comae and surfaces of many comets
since the first cometary flyby of Comet 21P/Giacoldiminer by the United States
Nati onal Aeronauti cs a nASA) Bieraatianal Godnetaryn i st r e
Explorer in 1985°One mi ssi on of particular interest
mission, which collected coma samples of Comet 81P/Wild and returned them to earth in
2006%* Analysis of Stardust mineralamples revealed meteoritic material formed in the
warmest parts of the forming solar syst¥rdemonstrating that accumulation of material
in the early solar system must involve some mixing between the inner and outer solar
system. Anotherrelevantmisi on i s t he European Space Age
which studied the coma and surface of Comet 67P/Chury«eoasimenko (67P) with

both an orbiter and land& Rosetta orbited 67P from 2014 to 2016, fadilng it through
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perihelion and observing diurnal and seasonal changes in the evolving surface and
coma??"?19 Some surface measurements were also collected by the Philae lander, though

the landing phase was cut short due to a malfuriotiomarpoorf?

Comets are one potential vector for the delivery of water and other volatiles to
Earth, especially considering the frequency of impacts in the early solar $y$@ne
way to trace the origins of material is comparing the relative abundance of different
isotopes. Istopic ratios have been used to develop theories about water delivery to Earth
and interactions between planetary bodies in geRErdlbwever, isotopic ratios for most
comets have been determined based on remote observations of the coma, and details of the
relationship between the compositions of the coma, surface, and bulk are still unclear.
Massbasd properties like isotopic ratios may not be the same in the coma and the surface
because sublimation is a matspendent proce§$?'* The comet surface, while
potentially not representative of the entire bulk of the comet, is less affected by
sublimation. The Phil ae | atodatComet 8PdTempd S A6 s
are among the few missions that have been capable of looking at the surface or bulk of a
comet?! Unfortunately, both missions were constrained by a short timeframe for material
characterization and limitations in payload instrumentation. Detailed measurements of
material directly from the surface of a comet would allow comparison with its coma,

providing useful constraints for other comets solely observed from their comae.

Mass spectrometry, which cannot be done remotely, is extremely useful in
determining isotopic ratios. The performance of the best fhggdly instruments cannot
match that of Eartfbased higkresolution mass spectrometers, which can betfined to

specific species to maximize precision and sensitivity. Additionally, the weight of flying a
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precise mass spectrometer would quickly add to the complexity, cost, mass, and power
requirenents of a mission. Therefore, a sample return mission would be ideal for measuring

isotopic ratios to high precision.

4.3 Gelato Mission Overview

Gelato is a mission concept for comet surface sample return from 67P developed
as part of the 2022 Jéropulsion Laboratory (JPL) Planetary Science Summer School
(PSSS). The three science objectives, which were chosen based on the priorities outlined
in the 20232032 Planetary Science and Astrobiology Decadal Survey¥D®)used on
the three main components of a returned sample: minerals, volatiles, and organice Scie
closure of these objectives requires successful sample return and analysis using Earth
based instrumentation. To ensure collection of a sample containing the materials of interest
and to avoid obstacles, a pustoom three color camera and hyperspéatnager would
be used to characterize the cometds surfac
and implementation were developed in line with the guidelines set by the New Frontiers 4
Announcement of Opportunity (NF& Gelab is a norcryogenic sample return mission
concept. While cryogenic sample return could answer even more scientific questions,
noncryogenic sample return can address a wealth of topics within the cost cap for an NF4
mission?!’ Details of the other science objectives, the onboard instruments, the
reconnaissance requirements, and the development process can be found in the

corresponding paper.

This chapter focuses on a sentf science objective 2, which concerns the role of

comet s in the delivery of vol atiles to E
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deuterium/hydrogen (D/H) ratios in water and stable isotopes of nitrogenzmmtH\,
the noble gases studied couldetenine whether volatiles were predominantly delivered to
Earth via an early bombardment of 6lfe comets. For the purposes of this thesis, only

the noble gases xenon, krypton, and argon are discussed.

4.4 Noble Gas Isotopic Ratios

4.4.1 Hypotheses and Observables

Noble gases do not react often and stable isotopes do not change atomic mass, so
noble gas isotopic ratios have not changed substantially in the billions of years since the
Sol ar System f or me d* diff@ &ront thodesof thessolar wipdias r at |
measured by NASA% and feoenrthese imsasuned is shbnalritic (stony,

mi ni mally modified) meteorites in both thei
phase gaseservoirr?® Heavier isotopes, such &¥Xe and®Kr, are more abundant on
Earththaninthe solarwifd®Ear t hés xenon i sotopic ratio &
abundance of xenon in the primordial Solar SysterX@), which represents the xenon
abundance prior to contributions from radioactive decay of plutofitivultiple isotopes

of argon, krypton, and xenon were detected in the coma of 67P by the Rosetta Orbiter
Spectrometer for lon and Neutral Analysis dotfioleus magnetic mass spectrometer
(ROSINA-DFMS) on Rosett&? and the isotopic ratios of both krypton and xenon showed

marked differences from all measured bodies in the Solar Sy$téffiThe large error in

the argon isotopic ratio measurementetaky ROSINA resulted in an average ratio

consistent with either Earth or solar wind isotopic abundaffééismeasurements from
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the coma of 67P are repretaive of surface samples, this comet has isotopic abundances

that differ from every other measured object in the Solar System.

The noble gas i sotopes considered in th
are 13%e, 132xe, 1%8Xe, 8Kr, 8Kr, 8Kr, 8Ar, and3tAr. These species were chosen for
comparison with coma data collected by ROSINA and because their isotopic ratios show
the greatest difference between Earth and other bodies in the Solar System. Neon was not
detected byRosettabecause of its srilaelectron impact ionization cross secti®fiso it
was not considered in formulation of this objective. Neither were helium, which is too

volatile to be substantially retained, or radon, which was not detected.

Three main hypotheses were considerednets may have played a major role, a
minor role, or a negligible role in delivering volatiles to Earth. These hypotheses are
described below and illustrated kiigure4-1, Figure4-2, andFigure4-3. The considered

isotopic ratios are listed ihable4-1.

Hypothesis 1 (H1): 67tke comets played a major role in volatile delivery, and
the surface isotopic ratios do not match those of the coma. Xenon, kryptorrgand a

i sotopic ratios of the surface resemble Ea

Hypothesis 2 (H2): 64tke comets played a minor role in volatile delivery, and
the surface isotopic ratios are the same as those in the coma. Xenon, krypton, and argon

isotopic ratios of th surface resemble the coma of 67P as measured by Rosetta.

Hypothesis 3 (H3): 6 7ke comets played a negligible role in volatile delivery to

Earth, and the surface isotopic ratios do not match those in the coma. Xenon, krypton, and
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argon isotopic ratiosf the surface resemble those of the solar wind or chondrite meteorite

reservoirs.

Table 4-1: V a |

t he

ues

sol ar Wi

for

nd

as

i sotopic

rati os

by

measured f
67P as measured by Rosetta, average chontiticomposition (AVCC), the Q phase of
carbonaceous chondrites, the hypothetical primordial xenon composition (Xe), and

measur ed
Podosek 202218 b: Marty et al., 2017723 c: Rubin et al., 201824 d: Balsiger et al.,
2015222 e: Busemann et al., 200&° f: Stauffer 196122° g: Pepin et al., 200G?! h:
Meshik et al., 20141°

NASAOGS

Earth Solar
67P Coma| AVCC | Q¢ | U-Xed
atmospheré Wind"
0.11+ 0.3001 =
136y o/132X e 0.33 008 - 0.3164| 0.274 -
0.07 % 0.0842 =
12813 0.09 - 0.0822| 0.084
el 0.03% 0.0003
0.289 + 0.3012 +
86K 1/ B4Kr 0.305 . 0.3052 |0.3095 - s
0.203 + 0.2054 +
82K/ 84Ky 0.202 ous 0.1986 | 0.2018| - o
5.5005 +
36Ar/ 3BAr 5.3 5.4+1.4 5.30 5.34 _ o
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Mass-dependent fractionation trends
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Figure 4-1: Comparison of 136Xe/**2Xe and '?8Xe/*32Xe isotopic ratios in the solar
system. Boxes (H1, H2, H3) surround the regions consistent with the three considered
hypotheses (setext). Figure adapted from Marty et al., 2017223 values from sources
listed in Table 4-1. Reprinted with permission from AAAS.
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Figure 4-2: Comparison of82Kr/ 8Kr and 86Kr/ 8*Kr isotopic ratios in the solar system.
Boxes (H1, H2,H3) surround the regions consistent with the three considered
hypotheses (see text). Figure adapted from Bekaert et al., 20@0reative Commons
CC BY license)??®values from sources listed ifTable 4-1.
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Figure 4-3: Comparison of 36Ar/ 38Ar isotopic ratios in the solar system. Boxes (H1,
H2, H3) surround the regions consistent with the three considered hypotheses (see
text). Values from sources listed inrable 4-1.

4.4.2 Sample Requirements

A sample containing detectable amounts of xenon, krypton, and argon must be
returned to Earth for measurement to achieve science closure on this objective. ROSINA
measurements suggest that noble gasesramary trapped in CQice??* so an ideal
surface sample would contain €f0e. Calculations of masses needed for detection were
based on ROSINA estimates of abundances with respect to*Wetér?422229 The rarest
species considered and therefore the driver of mass requireméMteisAdvanced mass
spectrometry systems specifically designed for nobleggean detect xenon isotopes with

as few as 950 atomi€’ though detection limits of 1 x §@&toms are more comma#:23?
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Mass spectmmetry is destructive, so the minimum sample mass must be calculated with
the assumption of permanent loss with every measurement. Using the pessimistic
assumption of a detection limit of 1 x®&toms, a 1.1 x I®kilogram sample would be
sufficient to déect*3%Xe to at least two decimal places, assuming an extreme-vasst
scenario of 1:10 ice : regolith mass rafidLike the Apollo program and other sample
return missions, most of the returned sample would be storddtfwe analysis. For 10

tests, two orders of magnitude mass margin, and a 75% storage mass allocation, 4.42

milligrams would be sufficient.

Mass spectrometry would be used to measure isotopic ratios. This means other
molecules with similar masses couldhgalicate signal identification with low resolution
detection. For example, a resolution of < OB/ (mass to charge ratio) is necessary to
separaté?®Xe from tetrasulfur (9. Very few molecules witlm/zclose to those of noble
gases were detected in the coiffaput less volatile material will also be present in a
returned surface sample and so must be considered. The ragassdsolutionof < 0.01
m/zwas determined based on the need to separate the listed species with simildietgas

to be found in the surface sample.

A sample with minimal alteration would be ideal to ensure that minimal volatiles
have been | ost through sublimati on. Rosett
cliffs, talus deposits, bould@ontainingp | ai ns, and mottl e pit ter.|
tend to host recently exposed materials including minimally altered®’icEhese
morphologies could be res@ld with a spatial resolutionof 5mpiXeki t h Gel-at 06s
color push broom camera. The onboard hyperspectral imager sensitive to wavelengths from

0.45.0 um would be used to understand the chemical and mineralogical composition of
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the comet. Maps nae with both camera and spectral data would be used to identify
sampling sites that contain relevant materials for all science objectives (see corresponding

paper) and whose morphology poses minimal hazards to the spacecratft.

A noncryogenic sample returomcept was chosen to stay within the NF4 cost cap.
Lack of cryogenic cooling would result in volatile desorption as the collected sample heats,
and these desorbing volatiles must be retained in the sample return capsule (SRC). We
assumed separate lotgrm storage of volatiles and organics/mineral material. Further
design of the SRC was outside the scope of the PSSS prddrariull science traceability
matrix STM) | i sting al l of Gel atobs science o0b]

requirements can bednd in the corresponding paper.

4.5 Mission Implementation Overview

The Gelato mission concept satisfies NF4 requirements, including the cost cap and
strategy for technology development. For details on development requirements, and on
engineering subsystemsciuding propulsion, power, thermal, attitude control, command
and data handling, telecommunication, ground operations, and mechanical structure, see

the corresponding paper.

Science objectives of this mission were developed without a particular comet in
mind. Comets considered for selection were restricted to those witkkmeelin orbits
whose trajectory would minimize the spacecraft cruise duration. 67P was chosen because
of the extent of previous characterization and the feasibility of an extended mpppse
and sampling phase while at a coraen distance of > 2.5 AU. This comsin distance

minimizes comet activity and therefore outgassing, so surface features would not change
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substantially and operations around the comet would be less risky. CaPiieb8vell was

chosen as a backup comet because preliminary studies suggest that its compaosition would
allow science closure on all objectivVd$23*Both 67P and 88P/Howell are Jupiter Family
periodic comets with orbital periods of < 7 years and inclinations of £%23%.23¢gy||

details of the comet selection process can be found in appendix B of the related paper.

Gelato would spend a year mapping the comehtmse the optimal sampling site.
The highaltitude mapping orbit (HAMO) phase would consist of 8 months at an altitude
of 25 km, during which Gelato would survey
four candidate sample sites. Subsequently,dhealtitude mapping orbit (LAMO) phase
would consist of 4 months at an altitude of 7 km to characterize the candidate sample sites,
and then 12 months would be devoted to two sampling rehearsals and sampling itself.
Detailed characterization of the comstaawhole and the sampling sites would maximize
the likelihood of returning a sample containing all the materials of interest while
minimizing the risk from encountering unfamiliar terrain. This process was inspired by
proximity operations at asteroid Bann by NASAd&6s Origins, Spec
Resource Identification, Security, Regolith Explorer (OSHREX) missior?®’ Further

details on the concept of operations can be found in the corresponding paper.

The BiBlade sampling instrumentation, which has been validated to technology
readiness level (TRL) 6yas chosen for sample collecti®filt uses a touctandgo (TAG)
sampling protocol that doesnote qui re | anding on the comet d
collect at least 250 g of sample, four times the total required sample mass, and it can sample
from below the diurnal skin depth. It has been tested on Earth on numerous materials

including concretewhich is orders of magnitude stronger than the expected surface
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strength of 67P3%2*°Momentumbased methods for determining collected sample mass

like those planned for OSIRIBEx would be useé!

Samples returned to Earth would be processed and held fetdongstorage by
t he NASA Astromaterials Acquisition and C
Center. The variety and digiution of groundbased analytical facilities required for
science closure include noble gas mass spectrometry systems, and those that exceed the
required resolution already exist and have been described elsewhere (e.g. theREXRIS

sample handling plarf+2

4.6 Conclusion

The Gelato mission would collect a surface sample from 67P and returnattto f&r

analysis with higkprecision instrumentation. Isotopic ratios of xenon, krypton, and argon

from the surface of 67P would be used to determine whethelilé&Bomets delivered
substantial volatiles to Ear tahditscGmawpuidr i s on
clarify the role of masslependent sublimation in coma formation, allowing better surface
composition estimates of other comets based on their comas. Improved understanding of

comets will reveal more about the history of the solar syarearof Earth itself.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Water ice is found throughout the solar system, and it is often mixed with minerals
and other volatiles. Ice formation methods and the presence, amount, and composition of

tracespecies can influence the ice structure.

CHAPTER 2focused on the difference between ices formed through slow freezing
of a gas and flash freezing of a liquid. Atfarmation temperatures studied (265 K),
vapor deposition (VD) and liquid aerosol injection (LAI) produced ice with different
structures as seen by the shapes and sizes ofkhet@tch at 3 pm (3300 cHhand the
H-O-H bend at 6 pum (1600 ct). These differences persisted with heating until the onset

of crystallization at ~ 150 K.

Shapes of the 3 pm (3300 &rO-H stretch were compared based on the ice phase:
amorphous solid water (ASW), hyperquenched glassy water (HGW), and crystalline ice
(CI). These phases differ spectrally in the relative intensity of tetrahedral water molecules,
which primarily absorb at 3.1 microns (3200 8yand undercoordinated water molecules,
which primarily absorb at 2.9 microns (3400HmA linear fit of ASW, HGW, ad Cl was
applied to GH stretch spectra upon formation and with heating at a rate of 1 K s
model was more sensitive to the presence of Cl than to the difference between HGW and
ASW. A similar model did not produce meaningful results when appiie¢tie HO-H
bend because at 6 pm (1600HnCI differs from amorphous ice phases mostly in terms

of its feature size rather than shape.
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Comparing ices formed by VD and LAI demonstrated that ASW and HGW are
structurally distinct amorphous ice phases.hBatdergo a glass transition at ~ 136 K and
an onset of crystallization at ~ 150 K, but they do not become structurally identical until
complete crystallization. These differences underscore the importance of formation method

in ice formation throughout éhsolar system.

CHAPTER 3applied similar analysis of the size and shape of the 3 um (3300 cm
1y and 6 um (1600 cri) water IR features on formation to flash frozolutions of water
and minerals at ~ 91 K. 5wt% mineral added to water was enough to alter the spectra from
amorphous water for all minerals studied. Anorthosite, bronzite, iron silicate, olivine,
Lunar Highlands Simulant Dust (LHED), and Lunar Mare 8iulant Dust (LMS1D) all

demonstrated minerabpecific spectral dependence on mineral weight percent.

Like CHAPTER 2 solutions containing different minerals amddifferent weight
percentages were compared predominantly with the shape ofkhst@®tch and the size
of the HO-H bend. Minerafree ices were used to classify minerahtaining ices as more
amorphous or more crystalline. Minerals were characteribedugh surface area
measurements, particle sizing;ry fluorescence (XRF), -xay diffraction (XRD), and
visible and near infrared (VNIR) spectroscopy to confirm mineral identities. Mineral
specific differences were most profound at 50wt%, where irboatg and olivine
preferentially nucleated amorphous ice and all other minerals examined nucleated

crystalline ice.

Upon heating, the neaomplete desorption of water and reduction in peak area of

water absorbance bands demonstrates that physisorbedisvaist from minerals by 200
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K. Lunar regions that experience temperatures of > 200 K and exhib#Cahkl Hend at 6
um (1600 crt) must contain trapped water molecules. Differences in the composition and
abundance of mineral components must alscdnsidered when interpretingl®and H

O-H features of water in mixtures.

CHAPTER 4described the importance of comet surface sample return, with a
particular emphsis on measurements of noble gas isotopic ratios enabled by the Gelato
mission concept. Comets may preserve material from before the origin of the solar system,
including minerals, organics, and trapped gases. The noble gases xenon, krypton, and argon
canbe trapped in comets and in other reservoirs throughout the solar system, and these

reservoirs differ in their isotopic ratios.

The isotopes chosen for detailed study wéPge, 132Xe, 128Xe, 8Kr, 8Kr, 8K,
38Ar, and®CAr, based on their detectiory the Rosetta mission in the comet of 67P and the
differences in their ratios between bodies in the solar system. Measuring these ratios with
the precision enabled by Eattlased mass spectrometry would determine the degree of
similarity between the isotopc r at i os of a cometb6s coma
comparison of noble gas surface isotopic ratios, along with D/HaWd*N, would
establish the extent to which 61Re comets could have delivered volatiles to the early

Earth.

Formulation of a vola@les science objective, along with other objectives, drove the
design and implementation of the Gelato comet surface sample return mission concept.
Achievement of all science objectives as proposed would be possible within the New

Frontiers 4 cost cap amdth the capabilities of currently existing Earth facilities. Comets
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are a direct window into the early conditions of the solar system, and a surface sample
return would determine not only the composition of a single comet but enable connections

between emote observations and directly sampled material.

5.2 Future Directions

5.2.1 Formation Methods and Ice Phases

The phase fitting model described in chapter 2 could not distinguish between the
amorphous ice phases HGW and ASW. Other studies that formed ice witreeulaol
beam had more constrained ice morphologies, so differences in peak maxima for HGW
and ASW could be distinguish&¥lmplementation of a molecular beam vapor deposition
system would improve the phase fitting mod&lko, a spectral fitting model based on
relative amounts of tetrahedral and undercoordinated ice molecules was developed (not
shown), but the broadness of theHstretch in ices described GHAPTER 2meant that
this model did not produce meaningful results. Use of a molecular beam and an improved
undercoordinated vs tetrahedral model would be useful in describing the onset of the glass

transition and crystallizain.

A better constrained liquid aerosol injection procedure would also enable a more
detailed understanding of the hyperquenching process. Injection with a standardized force
on the syringe, or replacement of the syringe with an alternative method sadpiay
gun, could reduce variability between experiments. For all injection methods, measurement
of the particle size distribution would be ideal for cooling rate calculations. Adpged
camera capable of distinguishing submicron water droplets fremetlective background

of the high vacuum chamber would be ideal for characterizing aerosols.
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Examination of other water features could provide more detailed ice structural
information. The broad absorbance feature at 4.5 pm (2259), cattributed to a
combination of the HD-H bend and hindered rotation of hydrogen bonded water
molecules, may be an important feature in determining the structure of liquid*Water.
Hyperquenched glassy water has been hypothesized to closely structurally resemble liquid
water, and comparison between HGW, ASW, Cl, and liquid water at 4.5 um (2250 cm
could identify the degree of similarity. Examination of the lattice librational mode at 12
um (800 cmt) and its evolution with temperature could provide additional informatio
about structural transformations at the onset of the glass transition and of crystallization.
Outside of the midinfrared, the shape of the 1.5 um (666%,cht67 pm (6370 cn), 1.65
um (6060 cmt), and 2.0 um (5000 cr) water bands have been useddentify crystalline
ice in remote observations of the outer solar systésg laboratory comparison of ASW
HQW, and CI at these wavelengths could provide more information about the structure and

possible formation mechanism of solar system water ices.

5.2.2 Role of Minerals in Ice Nucleation

As described iCHAPTER 3 use of the liquid aerosol injection method restricted
the maximum weight percent of minerals to 50wt%. For imitating the water abundance of
currently existing lunar deposits, a mineral loading of 95wt% woulidédxed, though this

would require the use of other flash freezing methods.

The LAI system could still be useful for future work examining the role of minerals
with a loading of < 5wt% in cryovolcaniike flash freezing. Little is known about the

identityof t he minerals in Enceladusdés cryovol c
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materials with high magnesium and low aluminum corf@mould be compared to
determine the minimum mineral composition required for water structures fa. dif
Addition of salts to the solution would also make the mixture more relevant to
cryovolcanism, though the reactivity of aqueous salts with LAl system components would

need to be considered.

For both lunar and cryovolcanic applications, a major aréatafe work would be
comparing icy regolith simulants frozen with different methods. If mirfeeal water ices
can have very different structures when formed through vapor deposition and liquid aerosol
injection, as seen IBHAPTER 2 ice formation method must also influence the structure
of other laboratorprepared analog materials. Direct comparison of multiple methods,
such as vapor deposition and flash fregziwithin the same experimental system would
allow for useful comparison of analogs. For example, vapor deposition of 5wt% water ice
on a mineral and flash freezing of a solution with 5wt% ice and 95wt% mineral could

produce very different structures, agygested by the work of Johnson et al 2§24,

Additionally, the work irError! Ref erence source not foundsought to minimize t
he differences in physical properties between the minerals to explore the role of chemical
and mineralogical composition. Differences imanal size could influence the availability
of water bonding sites on a mineral surface. Measurements of different sizes of the same
mineral mixed with the same proportion of waitefor instance, 5wt% solutions of < 45
pm, 45500 pum, and > 500 pum anorthtesi would be useful. The lunar regolith is expected
to vary in size with amount of maturity (degree of space weathefihgy) multiple particle

sizes will exist on the moon and may interact with water in different ways.
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Many remote sensing missions have collected spectra at higher energies than 3 um
(3300 cm?b), like the Moon Mineralogy Mapper (M3) dhe moof and the Compact
Remnnaissance Imaging Spectrometer for Mars (CRISM) at F&#\IR measurements
of icy regolith between 0-3.0 um (200066000 cm') could simultaneously observe the 1
and 2 pum (1000000 cmt) mineral features and the phasmsitive water bands from
1.5-2.0 um (66675000 cm?b). This would allow comparison of the role of water on mineral
features as well as the role of minerals on water features, and these results could easily be
compared with remote sensing observations. Spectra fro1@5m (200066000 cmt)

taken both oriormation and with heating of icy regolith would be useful.

5.2.3 Comet Surface Sample Return

The Gelato mission concept represents one potential combination of science
objectives and instrumentation for comet surface sample return. Other nuesiepts
have been envisioned and reached further states of development. Three distinct comet
surface sample return mission concepts wer
for instance: CAESAR, CONDOR, and CORSAR?2* CAESAR was selected for
additional development in a NASA phase A feasibility study. Technological development
of instrumentation and flight hardware will enable future mission concepts amptish
even more science within the New Frontiers cost cap, even if cost restrictions require non

cryogenic sample returt’

One specific area that would benefit gre&ttyn technological development is the
sample return capsule (SRC). Due to the short time period of the Planetary Science Summer

School and the number of other cost, mass, and power constraints, significant time could
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not be spent developing the SRC. Soramle heating after collection was assumed,
which would result in the release of volatiles that would then diffuse into separate volatile
storage. Details of this system, including the volume, material, and cooling system, were
not considered. Sample retumissions like OSIRIREx?°°C h a n ¢bamd Genesfs?
involved the SRC separating from the spacecraft priatrtmspheric entry, so any future
SRCs must be able to maintain suitable internal conditions during the heat and turbulence
of atmospheric entry. Engineering developments in cryogenic sample collection and
transportation would be useful for research indroparts of Earth and icy regions of the

moon as well as comets.
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER

2

Thisappendixwvas adapted from the supplenedhaterial to previously published
work. Supplemental Online Material: Buffo, Christina E., Brant M. Jones, and Thomas M.
Orlando. "Water ice formed by vapor deposition and liquid aerosol injection: A comparison

study using reflectance absorption infrargpectroscopy.'The Journal of Chemical

Physicsl62, no. 24 (2025).
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Figure A-1. Changing detector voltage during a HeNe laser ice thickness
measurement.
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Figure A-2: A not-normalized version of Figure 24. Absolute spectral intensity can
depend on the amount of water injected and on the angle between the incident and
reflected light, so all spectra were normalized to the maximum of the-@icron
feature.
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Figure A-3: Spectra on formation as shown irFigure 2-4 zoomed in on the dangling
bond region at ~ 2.70 microns (3700 cr). Both formation methods produce a
dangling bond feature at 91 K, but only LAI has detectable dangling bonds at 113 K.
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Figure A-4: Evolution of the fraction of ice corresponding to Cl, ASW, and HGW
with temperature for ices formedby liquid aerosol injection (left column) and vapor
deposition (right column). Ices were formed at the inset temperature. For a
representative view of the relative contributions of each phase, sEgure 2-6. Onset
temperatures for crystallization are described in the main text. While the model can
distinguish between crystalline order and amorphous disorder, it cannot reliably
distinguish between ASWand HGW.
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Figure A-5: Phase fitting for VD@165, the defined CI spectrum.
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APPENDIX B: SUPPLEMENTAL INFORMATION FOR CHAPTER 3
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Figure B-1: Volume density as a function of size class for all minerals, with mineral
type and average size labeled in the top left corner of each subplot. Ralé sizing was

performed by injection of each mineral solution into the Hydro EV water suspension
attachment of a Malvern Panalytical Mastersizer 3000, which uses laser diffraction
analysis. The average size listed in the top left corner of each subpletan average

over all five runs.

Table B-1: Specific surface areas for all mineral samples as measured by amount of
adsorbing and desorbing N gas. Measurements were taken with a Micromeritics
FlowSorb Il 2310, and the surface areas listed here are an average over three
measurements. All samples were heated at 200 °C for 15 hours prior to testing to
minimize atmospheric contamination.

Mi nermp| &€ a Specific Su?g¥ ace
Anorthosite 1. 32
Bronzite 4.13
l ron Silicat 1. 06
Olivine 4.96
LH3 D 2. 47
L MSL D 2.89
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Table B-2: X-Ray Fluorescence measurements taken with a SciAps260 Field X

Ray Spectrometer. Elemental iron weight percent is shown in bold. The undetected

percentage includes all elements lighter than Mg. Based on the abundance of oxides
in XRD results (Figure B-2), much of the undetected weight percent is likely to be

oxygen.

LMSL D

LHS D

Vv

Anort hBronzlron Ol

304
08:¢

4909 8.

1342.5323.49 4. 366 16.
08 0610.101

% 16 .

Al

0.

0.04¢€0.

097

324
01C

0361.93C2.57 2.90510.6485.
00 007 0.015

% 10.

Ca

00c¢0. 0.

013

o) I~
© O
— O

o m
— O
o o

oo
N~ N~

N O
oM O

o o
N O
o o

o o
)~

o O
N O

6.7613.279 6.837
018 0214

1

5.79¢€¢44.
01¢€0.

021
013

% 2.

Fe

0.0210.

06

SPRRNY
o o
© O

™ 0
o o
© O

o o
O M

~ O
— O

o o
© O
© O
o o
QRSN

o o
o o

N~ KN
© O
o o

%

(GO o |
[@]Ne))

17.513.67 17.093.542 12.
0.30€¢€0.34 0.3160.181

772
181

% 3.

Mg

174
00c¢€

0.1430.059
0050. 004

07

)

11

% 0. 029
003

Mn

0.

00

00cO0.

) N
© O
o o

N~
oo
oo

o o
O N

n o
o o

o o
o o
o o

o o
N 1

< O
o o

[SPANTP)
o O
o o

o o
™M ©

™ O
o o

o o
o o

o o
o o

o o
™ O
o o
o o
(S
o O
o O
o o
o o

o o
o o

o o

%

~ I~
~ O
MmO

— O
O

N O
n o

— O
o™ N~

o O
oM O

— O
O
~ O

— O
[SPINNE)

N O
o o

O ™~
~ O
o O

— O

%

10C



Table B-2 continued
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Figure B-2: X-ray diffraction weight percentages by mineral. Powder XRay
Diffraction was performed with the Rigaku Miniflex Powder XRD. Rietveld
refinement and whole powder pattern fitting were performed for mineral
identification 181:182and spectra were classified from the powder diffraction file phase
search hosted by the International Centre for Diffraction Data?®® Fitting did not
identify detectable amorphous material in any mineal sample: the residual weight
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percent of unclassifiable material Table B-3) represents one or more unidentified
crystalline phases.

TableB-3:6)] and residual wei ght Qiweneereristikelges f or
due to fitting of hematite abundance.

AnorthBronzlron Olivi LMSLID LHSE D
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G| 7.14879.6268.31612.145.6172.998

Resi 13.44 14.7610.1010.278.42 5. 44
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Figure B-3: Visible and Near Infrared (VNIR) spectra of all minerals taken with a
handheld spectrometer (Spectral Evolution PSK8500). Incidence and emission
angles were both 0 degrees. Each spectrum shown is an average of three scHms.
instrument stitches spectra together at ~ 1000 nm, ~ 1400 nm, ~ 1875 nm, and ~ 2175
nm. Catodos wear baseline distortions and
instrument artifacts.
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Figure B-4: Zoomed sectios of Figure 3-1 to Figure 3-3 looking at the dangling OH
bonds feature at 2.7 um (3700 crl for different weight percent mixtures of
anorthosite (A), bronzite (B), iron silicate (C), olivine (D), LHS1D (E), and LMS-1D
(F). Spectra are normalized to the maximum of the 3 pm (3300 c#) feature upon

formation.
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Figure B-5: The 3 um (3300 crt) and 6 pm (1660 cm) spectra for all 10 wt% (A-B)
and 25 wt% (C-D) mineral solutions. Like the 5wt% solutions, all ices largely
resemble amorphous ice (water inj) with mineralspecific differences in the shape of
the O-H stretch and H-O-H bend. Spectra are normalized to the maximum of the 3

um (3300 cmt) feature upon formation.

10¢






