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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 devour itself and shadow will eat light, and there will be nothing 

left but the ice and the darkness. 

Ursula K. Le Guin, The Left Hand of Darkness 
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SUMMARY  

 Water ice exists in many cold regions of the solar system, from our own Earthôs 

poles to comets far past the orbit of Pluto. On the moon, stable ice can exist for billions of 

years in the 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 from the early solar 

system. Wherever ice is found, its formation mechanism and heating history can greatly 

influence its structure. The presence and composition of minerals can also shape iceôs 

structure, and trapped volatile species can reveal even more about the iceôs provenance. 

The underlying structure of water ice can be determined remotely or in the laboratory 

through infrared absorption observations, especially at the 3 µm (3300 cm-1) O-H stretch 

and the 6 µm (1600 cm-1) H-O-H bend. 

 This thesis examines 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 5 wt% mineral is sufficient to modify the resulting ice structure 

from mineral-free water, and spectral differences depend on mineral composition. At 50 

wt% mineral, ice appears more amorphous with greater olivine weight percentage. Water 

sublimation from mineral-containing 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 explored in a mission 

concept for comet surface sample return.  
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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 the Aurora Borealis.1 Stylized comets were carved into oracle bones made 

before 600 BCE in China,2 ancient Egyptian temples were positioned in alignment with 

north polar stars, and the classical Maya predicted planetary motions with great precision.3 

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 all Earth 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 system, gaseous water occurs in the atmospheres of Earth, Venus,4 

Mars,5 Jupiter,6 and as components of the thin collisional exospheres of the Moon, 

Mercury, and the largest main belt asteroid Ceres.7 Solid water has been confirmed on 

Earth, in the polar regions of the Moon,8 the polar ice caps of Mars,9 and within the 

atmospheres of the gas giants and on their icy moons.10,11 Some of these icy moons, like 

Jupiterôs moon Europa and Saturnôs moon Enceladus, have a global ice shell and liquid 

water beneath it, and many other solar system objects may also be ocean worlds.12 In the 
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extreme cold of the outer solar system, water ice acts as stable, minimally reactive bedrock 

on places like Saturnôs moon Titan,13 Neptuneôs moon Triton,14 the dwarf planet Pluto,15 

and other Pluto-like Kuiper Belt Objects.16 Many small bodies throughout the solar system, 

like asteroids and comets, also contain water ice.17 Outside the solar system, water is frozen 

on interstellar dust particles and within the dust and gas clouds of forming solar systems.18ï

20 Additionally, water has been suspected to exist in many other places, including frozen at 

the poles of Mercury,21 as a seasonal liquid on the surface of Mars,22 and as a buried 

component of the atmosphere of Uranus.23  

1.1.2 Lunar Water 

Lunar water in particular has been and continues to be a target of interest. After 

measurements taken during the Apollo program 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 water-seeking missions.24 Missions at the moon, including the 

United States National Aeronautics and Space Administrationôs (NASA) Lunar Crater 

Observation and Sensing Satellite (LCROSS) impactor,25 NASAôs Lunar Reconnaissance 

Orbiter,26 the Indian Space Research Organizationôs (ISRO) Chandrayaan-1 orbiter,8 and 

the China National Space Administrationôs (CNSA)ôs Changôe 5 lander,27 have confirmed 

the presence of surface or near-surface lunar water in various locations.  

Theories of lunar water formation mechanisms can be grouped into three main 

categories: in situ reactions between rocky material and the solar wind,28 delivery from 

comets,29 or outgassing of magma during volcanic eruptions on the early moon.30 The solar 
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wind contains many charged particles including substantial amounts of hydrogen nuclei, 

which can react with oxygen atoms in lunar rocks to form hydroxyl (-OH) groups.31 

Additional hydrogen interactions with a hydroxyl group can produce H2O molecules.28 

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 ago).32 If this 

scenario is true, comets could have also brought water to Earth during the same timeframe. 

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 mechanisms.33 

Lunar water now mostly exists at the poles (Figure 1-1), where the moonôs small 

axial tilt prevents direct solar illumination, especially at the bottom of craters.8 Polar 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 moon.34 The greater abundance of 

deep craters in the south pole compared to the north pole means that the south pole has a 

larger area of PSRs and contains more total water.8 Water 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 to settle.35,36 

Despite the numerous possible water formation mechanisms and the ice stability within 

PSRs, even the ñwater-richò regions on the moon are rather dry: the LCROSS impact into 

the polar crater Cabeus revealed only an abundance of 5 weight percent water.25 Outside 

PSRs, NASA/German Aerospace Center (DLR)ôs Stratospheric Observatory For Infrared 
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Astronomy (SOFIA) has detected water in sunlit parts of the moon close to the south pole, 

though also at low abundances.37,38  

 

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

(M3) imaging spectrometer on the Indian Space Research Organizationôs 

Chandrayaan-1 mission, where red shows the abundant of the volcanic mineral 

pyroxene, green shows the surface brightness, and blue shows the presence of the O-

H stretch at 3 µm (3300 cm-1). Image Credit: ISRO/NASA/JPL-Caltech/Brown 

Univ./USGS. 

1.1.3 Cometary Water 
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Comets are particularly water rich for their small size. They have been observed 

remotely for thousands of years, and water ice was first definitively confirmed in comets 

from Earth observations of Comet Hale-Bopp (C/1995 O1) in 1997.39 Cometary flybys 

began with NASA/European Space Agency (ESA)ôs International Cometary Explorer in 

1985,40 and since then numerous missions have visited comets. One mission of particular 

relevance to this thesis is NASAôs Deep Impact,41 which smashed an impactor into a comet 

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 

ñdirty snowballsò or ñicy dirtballs.42 ESAôs Rosetta mission orbited Comet 

67P/Churyumov-Gerasimenko for more than a year and tracked seasonal changes in its 

composition and morphology, finding seasonal migration of water and carbon dioxide 

ice.43 Coma material was collected from Comet 81P/Wild by NASAôs Stardust mission 

and returned to Earth for more detailed analysis, which revealed that comets may contain 

material from both hot and cold parts of the early solar system.44 

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 be made with telescopes on Earth or in space,19 and infrared 

measurements can also be made from space or from areas on Earth with limited 

atmospheric water.37,45 Observations can be made of either light emission,45,46 where the 

molecule of interest produces its own light, or light absorption,37,47 where the molecule of 

interest absorbs light from another source. The first infrared spectrometers, made in the 
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1930s, were large and limited to Earth-based analysis.48 Over the next few decades, 

technological advances in both spectroscopy and satellite development enabled the launch 

of NASA/Netherlands Agency for Aerospace Programmes (NIVR)/the United Kingdomôs 

Science and Engineering Research Council (SERC)ôs Infrared Astronomical Satellite, 

which made an infrared survey of the entire night sky in 1983.49 Subsequent infrared 

observational facilities, like NASAôs Spitzer space telescope and SOFIA, have observed 

water in comets,47 exoplanet atmospheres, 50 and sunlit areas of the moon.37 The infrared 

sensitivity of the recently launched NASA/ESA/Canadian Space Agency (CSA)ôs James 

Webb Space Telescope (JWST) has enabled mapping of a water plume on Enceladus,51 the 

confirmation of crystalline ice in Saturnôs rings,52 and detection of high temperature water 

vapor in the atmosphere of an exoplanet less than twice the size of Earth.53 

1.2.2 The Infrared Spectrum of Water 

Each molecule absorbs infrared light only at specific wavelengths where the 

wavelengthôs energy matches the energy needed to excite the molecule into one or more 

motions. The infrared energy range predominantly corresponds to vibrations: the O-H bond 

in water, for example, can be excited with light at 3 µm (3300 cm-1) to cause a stretching 

motion of the bond between the hydrogen and oxygen atom. Waterôs infrared spectrum 

includes a multitude of modes: the 1.5 µm (6650 cm-1), 1.67 µm (6060 cm-1), and 2.0 µm 

(5000 cm-1) bands are often observed in astronomy, and the 1.67 µm (6060 cm-1) feature is 

especially useful as a tracer of ice crystallinity (Chapter 1.3.1).54ï56 The 1.5 µm (6650 cm-

1) and 1.67 µm (6060 cm-1) features are overtones of the O-H stretch, and the 2.0 µm (5000 

cm-1) is a combination mode of several vibrations.57 The phase-sensitive O-H stretch is at 

3 µm (3300 cm-1) and it has the strongest absorbance of all mid-infrared (MIR) features 
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(shown in Figure 1-2).58 Other molecules with an O-H group, like alcohols, also absorb at 

3 µm (3300 cm-1), but water is far more common in the universe than even methanol 

(CH3OH), the simplest alcohol.59 Disordered ice also has a small peak on the shoulder of 

the 3 µm (3300 cm-1) band at 2.7 µm (3700 cm-1).60 Another feature exists at 4.5 µm (2220 

cm-1), which can be attributed to a combination of H-O-H bending overtones and frustrated 

librational (rocking) modes. A water-specific H-O-H bend occurs at 6 µm (1660 cm-1), and 

its specificity makes it useful for distinguishing between hydroxyl groups and full water 

molecules on airless bodies like the moon and asteroids.61,62 However, the 6 µm (1660 cm-

1) feature is less easily detected than the 3 µm (3300 cm-1) absorbance. The lowest energy 

absorbance in the MIR range exists at 12 µm (830 cm-1), and it is attributed to water 

librational motion.63 
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Figure 1-2: Mid -infrared (MIR) spectrum of vapor deposited amorphous ice with 

labeled features (see text). From Hornekær et al. 2014.64 Reproduced with permission. 

1.3 Solid Water Phases 

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 in a solid can also be bonded to 

two or three other water molecules instead of a full four, and this thesis will refer to water 

molecules bonded to only two or three others as ñundercoordinatedò. Crystalline phases 
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are characterized by a regular repeating configuration of water coordination. Amorphous 

phases do not show a regular repeating configuration, though some general structural 

tendencies may exist.65 

At least twenty crystalline phases of water exist, and the majority of them are only 

stable at extremely high pressures not commonly found on Earth.66 Hexagonal ice (Ih) is 

the dominant form on Earth, though the related cubic ice (Ic) may 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 comets.67,68 Even 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 stacking.69 

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 high density amorphous ice (VHDA).70,71 These 

different categories are most stable at different pressure and temperature regimes. 

Subcategories of each density grouping have also been named based on preparation 

method: for example, a low density form of amorphous ice formed through vapor 

deposition is known as amorphous solid water (ASW).72 Some, 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 research.73  
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 Changes in temperature or pressure can cause phase transitions: amorphization 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 at vacuum pressures (Chapter Error! R

eference source not found.) and temperatures above ~ 150 K.74 Another category of phase 

transition is the glass transition, where a system transforms into a non-equilibrium solid 

state.75 Low density amorphous ice experiences a glass transition at about 136 K.76,77 Rapid 

heating and cooling can also produce non-equilibrium solid water states. Hyperquenched 

water (HGW) forms from supercooling of liquid water at constant pressures with a rate of 

more than 107 K s-1.78,79 Infrared spectroscopy can differentiate between types of 

amorphous structures, including HGW, as well as identify the presence of crystalline ice.80  

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 (UHV) chambers 

can reach lowest pressures of ~1 × 10-8 torr and 1× 10-12 torr, respectively.81 These 

pressures are less than a billionth of Earthôs average atmospheric pressure (760 torr). HV 

and UHV pressure ranges approach pressures found in space: the moon reaches a lowest 

pressure of 7.5 × 10-12 torr at night.82 Outside of the solar system, the clouds of gas and 

dust that make up the interstellar medium can reach even lower pressures of < 1 × 10-17 

torr.83 The extremely low pressures found in vacuum chambers have enabled detailed study 

of metallic surfaces, chemical reactions aided by a catalyst, and high-energy particle 



 11 

collisions. Minimal interference by Earthôs atmosphere also allows for high precision 

manufacturing without oxidization, such as thin metallic film deposition.84 

 HV and UHV chambers can also be cooled to extremely low temperatures because 

atmospheric water is prevented from condensing within the chamber. Liquid nitrogen (N2), 

which has a boiling point of 78 K, is a commonly used coolant due to its comparatively 

inexpensive price. Compressed mixtures of the helium isotopes 3He and 4He can, with 

magnetic refrigeration, attain temperatures of < 1 K.85 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.  

 Vacuum chambers have enabled formation of many space-relevant ices. ñSimpleò 

ices with one or two molecular species have been studied to reveal fragmentation patterns 

and reaction mechanisms86 or determine rate constants for physical processes such as 

sublimation.87 Other studies aim to replicate the complexity of astrophysical ice by 

combining the common interstellar species water, carbon monoxide, carbon dioxide, 

methane, methanol, and/or ammonia and irradiating the resulting ice with light or energetic 

particles.88,89 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 between ice and a reactive substrate, such as graphite.90 

1.4.2 Laboratory Infrared Spectroscopy 

Infrared spectroscopy in the laboratory can look at the same molecule-specific 

spectral features as remote sensing instruments (Chapter 1.2.1), which facilitates 

comparison between the two. Reflection absorption infrared spectroscopy (RAIRS) is used 
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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 captured by a 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 reaction.91  

Fourier Transform Infrared Spectroscopy (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 an interferometer, which uses a beam splitter to combine 

light traveling to and from a fixed mirror with light traveling to and from a moving mirror 

(Figure 1-3). 
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Figure 1-3: The style of interferometer commonly used in Fourier Transform 

Infrared Spectroscopy measurements. Light 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 to be taken quickly. 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.92 

1.4.3 Mass Spectrometry 
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Another measurement technique with vast flight heritage and many Earth-based 

applications is mass spectrometry. Mass spectrometers have flown throughout the solar 

system including on NASA/ESA/Italian Space Agency (ASI)ôs Cassini-Huygens mission 

to Saturn, ESAôs Rosetta mission to Comet 67P/Churyumov-Gerasimenko, and numerous 

Mars missions like NASAôs Mars Science Laboratory Curiosity.93 In Earth-based 

laboratories, mass spectrometers benefit from vacuum conditions (Chapter 1.4.1) to 

minimize the presence of contaminants.  

While many types of mass 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 by mass to charge ratio (m/z), 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 of the detector signal results in a plot of the number of ions as a function of 

m/z.94 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 detection, separation methods must 

minimize the presence of confounding molecules with the same mass as any relevant 

isotopologue.95  

1.5 Objectives 

This thesis will discuss the importance of formation method and mineral 

composition on laboratory icy simulants. CHAPTER 2 will demonstrate the structural 
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differences in water-only ice formed through vapor deposition and liquid aerosol injection. 

CHAPTER 3 will explore the role of the identity and abundance of minerals in flash 

freezing of mixed solutions of water and minerals. CHAPTER 4 will discuss the 

importance of volatile species trapped in ice, notably noble gases, in comet surface sample 

return. Finally, CHAPTER 5 will summarize the overall findings and outline potential 

future directions for ice-related laboratory and sample return research. 
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CHAPTER 2. IMPORTANCE OF FORMATION METHOD: 

INFRARED SPECTRA OF ICE FORMED THROUGH VAPOR 

DEPOSITION AND LIQUID AEROSOL INJECTION  

 This chapter was adapted from previously published work. Reproduced from 

Christina E. Buffo, Brant M. Jones, and Thomas M. Orlando. "Water ice formed by vapor 

deposition and liquid aerosol injection: A comparison study using reflectance absorption 

infrared spectroscopy." The Journal of Chemical Physics 162, no. 24 (2025)., with the 

permission of AIP Publishing. 

2.1 Summary 

Low temperature water ices (90-165 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 µm (3300 cm-1) and the H-O-H bend at 6 µm (1600 cm-1) indicate that the 

two deposition methods produce different ice structures, with VD producing largely 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 hyperquenched water (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 shape of the 3 µm feature is most useful, 

while the intensity of the 6 µm feature is a reliable indicator of amorphous ice and liquid-



 17 

like behavior of the ice with heating. Liquid-like phases can be produced through LAI at 

all temperatures studied and through VD at the 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 pressures.70,96 In addition to the well-ordered crystalline ice (CI) phases, 

amorphous ice can be classified as low-density amorphous (LDA), high-density 

amorphous (HDA), and very high-density amorphous (VHDA) ices. Recent studies suggest 

one or more forms of medium-density amorphous ice (MDA) may also exist,70,71,73 and that 

amorphous ices may be made of randomly oriented nanocrystalline hexagonal and cubic 

ice.97 LDA can be formed by vapor deposition at low temperature (< 150 K) and pressure 

(< 1 × 10-4 torr) conditions. Low density amorphous ice formed through vapor deposition 

has also been called amorphous solid water (ASW). Slow formation, through a ñhit-and-

stickò approach of individual gas molecules freezing in place on a cooled surface, allows 

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 areas than those formed with near normal angles.98ï100 

The LDA, HDA, VHDA, and MDA forms can be distinguished 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 Earth, in the interstellar media, vapor-

deposited LDA (ASW) may be the most common form of ice in the universe.70,101,102  
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The formation mechanism of amorphous ice can influence its properties, and these 

differences have led to the naming of specific sub-states. Hyperquenched water (HGW) is 

one such sub-state with minimal intermediate range order (beyond nearest neighboring 

molecules): it is formed by rapidly cooling liquid water at constant pressure with a rate of 

more than 107 K s-1.70,96,103,104 This supercooling prevents the formation of well-ordered 

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 pores.103,105ï108 Differences in the infrared spectra of this and other LDA 

substates are known.80 However, oxygen-oxygen radial distances from neutron scattering 

data.65,109 and XRD data for low density amorphous forms looks very similar.65,97,110ï112 IR 

spectral differences are typically probed by examining the shape of the O-H stretch feature 

between 2.77-3.22 µm (3100-3600 cm-1) since this stretch is known to be phase- and 

temperature-sensitive.58 While hexagonal (Ih) and cubic (Ic) crystalline ices have nearly 

identical spectra in the near infrared,73,113,114 non-crystalline ices can be spectrally 

distinguished from crystalline ice. Non-crystalline ice has a 3 µm band dominated by a 

higher-energy component at 2.9 µm (3400 cm-1) corresponding to 2 or 3 coordinate 

molecules with dangling bonds, while crystalline ice has a 3 µm band dominated by a 

lower-energy feature at 3.1 µm (3250 cm-1) associated with more ordered fully 4 coordinate 

states.115,116  

The H-O-H bend at 6 µm (1660 cm-1) is also phase- and temperature-sensitive.111,116 

Though the oscillator strength is much weaker than the 3 µm feature due to interactions 

with librational modes, it is particularly useful in remote observations of rocky airless 

bodies such as the moon37,61 because it is specific to molecular water, while the 3 µm band 
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is sensitive to both water and hydroxyl groups. The 6 µm feature is pronounced in liquid 

water and in flash-frozen droplets and water clusters. In the latter cases, the bending mode 

is correlated primarily to the presence of double-donor 3 coordinate surface molecules and 

is prominent for clusters sizes above 20 nm.116  

Deposition of liquid aerosols and flash freezing of water using aerosol jets have 

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. Extremely rapid cooling conditions (> 107 K s-1 ) are 

not as common in space as the slow vapor deposition processes that produce ASW in the 

interstellar medium and other low-pressure environments such as the permanently 

shadowed regions of the Moon.98,79,117,118,60,119,120 However, flash freezing conditions may 

occur during cryovolcanic eruptions or refreezing of ice following a transient heating event 

such as a micrometeorite impact.121,72 Though the two main methods of ice formation under 

low temperature and pressure, 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 temperature- 

and phase-dependent 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 in a high vacuum (HV) chamber (base pressure of < 

1 × 10-8 torr) coupled to a Fourier Transform Infrared (FTIR) spectrometer (Bruker 
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Equinox 55) equipped with an external liquid nitrogen cooled HgCdTe detector (Figure 

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 to the 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 to the incoming 

light. Differentially pumped IR-transparent 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 aerosol injection) 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 IR window before reaching the 

detector. Pumps and pressure gauges are not shown. 

The sample holder temperature was monitored by a K-type thermocouple attached 

to the copper sample holder. The coldest temperature attainable was ~ 90 K. The other 

formation temperatures (113, 135, 140, and 165 K, all Ñ 2 K) were set by a 25 ɋ 100 W 

resistive heating cartridge and chosen to represent ices formed above and below the glass 

transition at 136 K.79,103,104,107,122,123 All ices were created with HPLC-MS grade water. The 

water used for vapor deposition was freeze-pump-thawed with liquid nitrogen three 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-1 by a LakeShore 336 Temperature Controller. Reflectance Infrared Absorption 



 22 

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 average of 64 scans and has a 

spectral resolution of 1.9 cm-1. The measurements used a zerofilling factor of 2, a 

Blackman-Harris 3-Term apodization function, and a Mertz phase correction mode. 

2.3.1 Liquid Aerosol Injection 

The liquid aerosol injection (LAI) system consisted of a simple 20-gauge needle 

syringe filled with 20 µL 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 microns-size aerosol droplets.124ï126 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 sample holder cause rapid 

temperature changes and vitrification in the incident water immediately on contact.107 This 

process, also called splat cooling, occurs due to the decrease in pressure from atmosphere 

to vacuum and due to the copper sample holder temperature extraction rate which is 

estimated to be approximately 107 K s-1. Assuming an ice density of approximately 0.9 

g/cm127 and that 60-90% of the volume of the injected liquid froze on the surface, ice 

thicknesses were approximately 5500-8500 ML or about 2-3 µm. During LAI, the 

maximum pressure within the HV system was ~ 0.1 torr for the < 1 s required to inject the 

entire solution, after which the pressure immediately dropped to less than 1 × 10-3 torr. 

When not used for LAI, the septum was separated from the HV chamber by a gate valve 

(Figure 2-1). This permitted shorter exposures to increased pressures during injection and 

allowed chamber pressures of < 1 × 10-8 torr with the gate valve closed. 
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In these thick ices, incident infrared light is primarily absorbed by bulk water with 

minimal contributions from the water-copper interface and the water-vacuum interface. 

The prominence of crystalline vs amorphous IR features therefore represents primarily the 

bulk composition rather than the surface structure. Thick ices also minimize the influence 

of atmospheric water vapor that leaks into the chamber during LAI.104  

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 

ices128,129 and higher crystallization temperatures.74,130,131 However, while the spectral 

intensity in thicker ices will be more than in thinner ices, the features themselves will not 

change and phases can be assigned comparably to thinner ices. Ices up to 3 µm thick have 

been treated as comparable to 100 nm and 100 ML ices for Raman and IR absorbance, 

especially in the astrochemistry literature.132ï134  

2.3.2 Vapor Deposition 

Vapor deposition (VD) was performed by dosing water through a precision leak 

valve with a backing pressure of 1 × 10-5 torr, which translates to a dose rate of 10 ML s-

1.135 The vacuum chamber and gas line geometries (Figure 2-1) 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 µm (3300 cm-1) approached that of 

ices formed through liquid aerosol injection. Under these conditions, ice thickness was 

measured at approximately 7500 ML or about 2 µm based on HeNe laser constructive and 

destructive interference patterns (Figure A-1).136ï138 
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HeNe laser estimates were not used for LAI because changes in the interference 

patterns are sinusoidal. This sinusoidal evolution is only 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 from IR band depth, which may be misleading for RAIRS 

measurements.139 All spectra were normalized to overcome that limitation and correct for 

potential small differences in sample holder angle during ice formation and RAIRS 

measurement collection. 

2.4 Results 

2.4.1 Phases as a Function of Formation Method 

Spectra of the 3 µm (3300 cm-1) O-H stretch (left) and 6 µm (1600 cm-1) H-O-H 

bend (right) for ices formed by liquid aerosol injection (black solid line) and vapor 

deposition (gray dashed line) are shown in Figure 2-2. At 165 K, vapor deposition 

(VD@165) produces pure crystalline ice (CI), with a 3 µm O-H stretch band dominated by 

a prominent feature at 3.1 µm (3200 cm-1) (Figure 2-2A). 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 wavenumber (higher energy) component of the 

O-H stretch at 2.9 µm (3400 cm-1), consistent with less tetrahedral coordination and 

therefore more disorder. Figure 2-2B shows that VD@165 has a very weak 6 µm signal as 

expected for CI due to its more constrained molecular geometry and smaller fraction of 

water molecules capable of bending. Neither the 3 nor 6 µm 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.113 In contrast to VD, LAI@165 (i.e. rapid flash-freezing) leads 

to the formation of a disordered phase exhibiting a more intense 6 µm (1600 cm-1) feature 

relative to the size of the 3 µm (3300 cm-1) feature typical of undercoordinated (< 4 co-

ordinate) molecules.

 

Figure 2-2: Differences in the 3 µm (3300 cm-1) O-H stretch (A) and 6 µm (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 does not. Plots preserve 

the relative intensity of the features by normalizing both features to the maximum 

absorbance of the O-H stretch. 

For a more comprehensive picture of the dependence of phase on formation 

temperature, ices were formed at temperatures between 91 K and 165 K through liquid 

aerosol injection and vapor deposition (Figure 2-3 and Figure 2-4). Specifically, Figure 2-3 

shows the three main phases of ice formed: CI produced by VD at 165 K (VD@165), HGW 

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

note the similarities of ASW to the overarching category of LDA.80,140ï144 

 

Figure 2-3: Collected spectra corresponding to known phases of ice (see text). 

Normalized absorbance of the IR O-H stretch corresponding to crystalline ice (CI) 

(solid gray), amorphous solid water (ASW) ice (dashed red), and hyperquenched 

water (HGW) (dotted blue). 

These well-characterized 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 in Figure 2-4, at every formation temperature, LAI ices have a more 

prominent higher energy component of the O-H stretch at 2.9 µm (3400 cm-1). For VD 
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ices, a more prominent lower energy component at 3.1 µm (3200 cm-1) is observed. The 

entire O-H stretch feature is also broader at every temperature for LAI verses VD ices. The 

VD ice trends are consistent with previous studies,99,80,116,120,122,145ï150 though the shape of 

the O-H stretch region in this study is broader than IR features for ices formed by molecular 

beams due to molecular beamsô precise control of the deposition angle and area.80,98,100 

Additionally, the H-O-H bend feature at 6 µm (1600 cm-1) is a factor of 2-3 larger for all 

ices formed by LAI compared to ices formed at the same temperature through VD. The 

low-energy tail of the O-H bend seen at 7.1 µm (1400 cm-1) for LAI can be attributed to 

IR-active hydrated protons formed during electrokinetic charging during LAI through a 

metal orifice.151,152 No such charging occurs during VD. 
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Figure 2-4: Sections of the infrared spectra of ices formed by liquid aerosol injection 

(A-B) and vapor deposition (C-D), normalized to the maximum absorbance of the O-

H stretch at 3 µm (3300 cm-1) (left column). Ices were formed at the labeled 

temperature (91, 113, 135, 140, and 165 K), then cooled to ~ 91 K where the shown 

spectra were taken. The left column shows the normalized O-H stretch after 

formation and before heating. The right column is the molecular water H-O-H bend 

at 6 µm (1600 cm-1) for these same ices. Plots preserve the relative intensity of the 

features by normalizing both features to the O-H stretch. 

2.5 Discussion 

2.5.1 Phase Evolution with Temperature and Heating 

Differences in the O-H and H-O-H band depths and positions with deposition 

temperature (Figure 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 consistent nature of a larger band depth at 6 µm (1600 cm-1) relative to the 3 µm (3300 

cm-1) band for LAI suggests that the differences can be mainly attributed to the degree of 

disorder in the ices. All spectra were normalized at the maximum absorbance of the 3 µm 

(3300 cm-1) band to further emphasize spectral differences in band shape. Non-normalized 

spectra can be found in Figure A-2.  

The redshift and increasing broadness of the O-H stretch with increasing 

temperature has been documented for ice clusters116,145,149 and has been correlated with the 

presence of dangling bond states and double-donor three-coordinated surface molecules. 

Since spectra in this study were collected over the entire thickness of the water ice, they 

reflect both surface and subsurface structures. The 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 higher-energy 2.9 µm (3400 cm-1) component of the O-H stretch.80 This 

reflects the comparatively large amount of two- and three-coordinated water molecules, 

which can be found on both the surface of the ice and on pore boundaries within the ice.116 

The size of the H-O-H bend is also more similar between the two 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 µm (3700 cm-1) dangling bond feature (see Figure 

A-3).  

At 113K, the two ices (LAI@113 and VD@113) have 3 µm (3300 cm-1) bands that 

appear to be mirror images of each other. Most importantly, LAI@113 matches the O-H 

stretch for HGW80 whose formation typically requires cooling rates of more than 107 K s-
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1.70,96,103,104 Injected water undergoes adiabatic cooling towards the supercooled state and 

more rapid cooling upon impact, which leads to the formation of HGW. The cooling rate 

is estimated as Ó 107 K s-1. LAI with smaller cooling rates would produce ASW-like 

structures instead of HGW.144 

At approximately 136 K and at pressures < 1 × 10-8 torr, water undergoes a glass 

transition.79,103,104,107,122,123 Ices formed through both methods near this temperature 

(LAI@135 and VD@135) show a splitting between the high and low energy components 

of the O-H stretch, but VD@135 ice continues to have a larger contribution at lower 

vibrational energies due to a greater degree of tetrahedral coordination. The 6 µm 1600 cm-

1) band peak position is at slightly lower energies and has a smaller intensity for VD than 

for LAI, confirming that vapor deposition produces more crystalline ice.145 At 140 K, both 

methods produce spectra comparable to formation at 165 K, but without such a strong 

difference in the relative 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 were cooled 

to ~ 91 K, then heated at a rate of 1 K min-1 with infrared spectra collected every 1 K. The 

3 µm (3300 cm-1) feature from spectra collected during the linear temperature ramp from 

113-185 K are shown in Figure 2-5 for ices formed from LAI (left column) and VD (right 

column) at the deposition temperatures of 91 K (Figure 2-5A-B), 113 K (Figure 2-5C-D), 

and 165 K (Figure 2-5E-F). 
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Figure 2-5: Evolution of the 3 µm (3300 cm-1) 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 A-B, 113 K C-D, 165 K E-F), then cooled to ~ 91 K. 

The spectra 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 O-H stretch on formation. 

The method-dependent differences in ice structure at every temperature persist with 

heating. The onset of crystallization to form cubic ice at approximately 150 

K98,107,117,122,123,141,153 for ices formed at 91 and 113 K (Figure 2-5A-D) is indicated by the 

redshift of approximately 30 cm-1 with warming. This shift in position is not accompanied 
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by a change in shape. These low temperature ices do not change spectral shape or appear 

completely crystalline until approximately 170 K, when the spectra resemble that of CI 

(Figure 2-3) due to the combination of crystallization and desorption of the amorphous 

component. Spectral change alone is insufficient to determine whether crystallization or 

desorption is the driver of the increasing crystallinity. 

Heating-driven changes in the spectra are less visible in ices formed at 165 K 

(Figure 2-5E-F). Vapor deposition (Figure 2-5F) produces ice that stays crystalline until 

desorption, which begins at ~ 170 K. LAI@165 (Figure 2-5E) produces ice that changes 

only slightly during heating: the splitting between the two main components at 2.9 µm 

(3400 cm-1) and 3.1 µm (3200 cm-1) becomes less drastic as higher temperatures allow 

more water molecules to become tetrahedrally coordinated. The O-H 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 phase-sensitive thermal conductivity.  

2.5.2 Phase Deconvolution 

To determine the relative amounts of the well-defined CI, ASW, and HGW phases 

(Figure 2-3), a Levenberg-Marquardt fitting procedure was used to constrain each 

normalized O-H stretch to a linear combination of the three phases shown in Figure 

2-3.154,155 In this model, the shape and position of CI, 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 in Figure 2-6. This model was inspired by a fitting function that could 
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distinguish between CI, ASW, and HGW.80 This model was applied to both LAI and VD 

ices to determine if it could correctly assign HGW to only LAI ices. 
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Figure 2-6: Comparison between the normalized O-H stretch on ice formation (solid 

black) and three-phase model fitting for liquid aerosol injection (left column) and 

vapor deposition (right column). Ices were grown at 91 K (A-B), 113 K (C-D), 135 K 

(E-F), and 140 K (G-H). The contribution of each phase to the overall fit is shown 

scaled based on their relative amounts: crystalline ice (CI) 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 CI, ASW, and HGW fits) is shown in 

dot-dashed red. 

The ɢ2 value of every fit produced by this three-phase fitting model is less than 2 × 

10-3. The spectra defined as phases for ASW (LAI@91) (Figure 2-6A), HGW (LAI@113) 

(Figure 2-6C), and CI (VD@165) (Figure A-5) are correctly identified with a ɢ2 value of 

less than 5 × 10-4. For the other ices, the total fit (dot-dashed red line) accurately captures 

the peak position, but varies in its ability to match the feature shape. The relative intensity 

of the two components of LAI@140 (Figure 2-6G) does not match the model, as seen with 

the differences in the shape between the experimental data and the total fit and the larger 

ɢ2 value than the other LAI ices shown, demonstrating that this ice cannot be classified as 

a unique combination of CI, ASW, and HGW.  

Because the model is more sensitive to the peak position than to the shape of the 

µm 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 coordinated water molecules and dangling bonds,116 so ASW and 

HGW have similar peak positions.144 This similarity in position resulted in the model 

erroneously classifying all amorphous components of VD@113, for instance, as HGW. 

VD@113 should not contain any HGW due to the differences in freezing rates involved in 

vapor deposition and the formation of HGW. The three-phase fitting model applied to 

spectra collected during heating (Figure A-4) can track the increasing crystalline fraction 
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of the ice but cannot consistently distinguish between ASW and HGW. Two-phase models 

(CI and HGW, CI and ASW, HGW and ASW) did not produce fits for any ice with as small 

ɢ2 values as the three-phase model. To improve the model, narrower 3 µm phase definitions 

based on molecular beam deposition and a more constrained hyperquenching procedure 

would allow separation of HGW and ASW based on slightly different peak maxima as well 

as band shape.80,144 

Data from the same experiments examining the temperature dependence of the H-

O-H bend at 6 µm (1600 cm-1) are shown in Figure 2-7. At every temperature studied, the 

spectral shape appears different for ices formed through different methods, and the band 

depth at 6 µm (1600 cm-1) is a factor of 2-3 greater for LAI than for VD. Due to the smaller 

band depth and signal-to-noise ratio, changes in position are less prominent and changes 

in intensity are harder to determine for the H-O-H bend than the O-H stretch. In general, 

heating causes a slight redshift in peak position above 155 K and a drastic reduction in 

feature intensity by 185 K. As stated previously, the feature has a significantly smaller 

oscillator strength relative to the O-H stretch, therefore there is a smaller signal-to-noise 

ratio and a greater sensitivity to distortions induced by background subtraction. 

Additionally, the H-O-H bend varies more with amplitude rather than with shape or 

position. Therefore, a model for the 6 µm band similar to the described 3 µm band three-

phase fit model did not produce meaningful results. Perfectly crystalline bulk ice would 

have no 6 µm band, since every water molecule would be completely tetrahedrally 

coordinated. Therefore, the presence of any 6 µm feature can be attributed to amorphous 

ice components and surface water molecules that are not fully tetrahedrally coordinated.116 

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 results support the conclusions from the O-H stretch: VD produces more 

ordered structures than LAI, and more ordered structures have a smaller 6 µm feature. LAI 

shows a broader feature than VD, which is attributed to IR-active hydrated protons.151,152 

 

Figure 2-7: Evolution of the 6 µm (1600 cm-1) 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 A-B, 113 K C-D, 165 K E-F), 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 H-O-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 density.65,73,79,80,103,156,157 HGW is less 

porous and denser, and the more tightly packed water molecules cause it to have fewer 

tetrahedrally coordinated molecules than ASW. Previous experiments have demonstrated 

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 ASW.80 Similar behavior for the onset 

temperature of the cubic phase transition is also expected for similarly disordered ices72 

since differences in porosity have no impact on the kinetics or mechanism of 

crystallization.120 As predicted, ices in this study formed at a low temperature 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 positions of 8 cm-1 for HGW and ASW has 

been documented for ices formed through molecular beam deposition,80,144 but the ice 

thicknesses and less constrained VD and LAI processes in this study make that difference 

undetectable. The difference in spectral shapes, however, is still apparent, confirming that 

ASW and HGW are different phases. 

Figure 2-8 summarizes the temperature and pressure 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 ASW through vapor deposition does not undergo 
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pressure changes and instead the molecules freeze individually via a statistical ñhit-and-

stick" process. HGW and ASW occupy neighboring places in the phase diagram. With 

heating under constant pressure, both phases undergo 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 seen in Figure 

2-2, represented by open circles. 

 

Figure 2-8: Phase diagram of liquid aerosol injection and vapor deposition on 

formation and heating for ices formed at ~ 113 K. Liquid 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 heating, 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 ices formed through slow freezing from a vapor, including at temperatures warm 

enough to favor crystallinity. The phase-sensitive O-H stretch at 3 µm (3300 cm-1) and H-

O-H bend at 6 µm (1600 cm-1) show these structural differences and how they evolve with 

heating. The shape of the 3 µm feature is most useful for determining the presence of 

crystalline ice, while the intensity of the 6 µm feature compared to the 3 µm band is most 

useful for determining the presence of amorphous ice. Comparison of these two spectral 

features represents a more comprehensive treatment of phase-sensitive 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 (ASW), produced through 

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 depends upon the deposition method and temperature. 

LAI produces HGW without going through any crystallization. There is clear liquid-like 

behavior at the glass transition during VD at 135 K and LAI at 165 K which is manifested 

mainly by examining the 6 µm (1600 cm-1) band 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 compare these formation methods with mixtures more complicated 

than pure water, especially for applications to astrophysical ices such as those formed 

through cryovolcanism or other flash-freezing processes. 
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CHAPTER 3. REFLECTANCE ABSORPTION OF THE 3 AND 6 

µM BANDS OF WATER ICE AND MINERAL DUST MIXTURES  

 This chapter was adapted from a manuscript in preparation for publication. 

Christina E. Buffo, Emmy B. Hughes, Alivia Eng, Brant M. Jones, Frances Rivera-

Hernández, and Thomas M. Orlando. "Reflectance Absorption of the 3 and 6 µm Bands of 

Water Ice and Mineral Dust Mixtures." In prep. 

3.1 Summary 

The presence of water on the moon can be revealed using infrared reflection 

spectroscopy with emphasis on the O-H fundamental stretch at 3 µm (3300 cm-1) and the 

H-O-H bend at 6 µm (1660 cm-1). 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 Mare Simulant (LMS-1D) mineral mixtures were mixed with water and 

flash frozen at ~ 91 K to examine the mineral-specific infrared spectroscopic differences 

due to changes in ice structure. Solutions with 5 weight percent mineral show O-H stretch 

broadening and H-O-H intensity changes compared to mineral-free amorphous ice, and 

increasing mineral weight percent enhances mineral-specific spectral differences. At 50 

wt%, iron silicate and olivine nucleate amorphous ice, while the other minerals examined 

nucleate crystalline ice. Heating to 200 K causes complete desorption of physisorbed water, 

reduction in area of the O-H stretch, and an H-O-H bend feature indistinguishable from 

noise. Infrared absorption of the H-O-H bend on the moon must therefore be due to water 
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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 potential in 

situ resource utilization. The degree of water ice crystallinity 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 in situ formation by solar wind and micrometeorite 

bombardment,28 outgassing from volatile-rich magma during early lunar volcanism,30 and 

delivery by cometary impacts.29,158 Water ice can form with a structure, and therefore a 

corresponding infrared signature, dependent on its formation mechanism.159 

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 human exploration 

missions.159 The abundance and structure of water-containing regolith will influence 

resource extraction utility, as explored in numerous recent modeling, experimental, and 

feasibility studies.160ï162 

The cold and dark permanently 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 of PSRs 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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observation 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.25 

Orbital instruments like the Moon Minerology Mapper (M3) NIR spectrometer on 

Chandrayaan-1 and the ShadowCam optical camera on Danuri/Korea Pathfinder Lunar 

Orbiter have enabled mapping of water and hydroxyl-bearing mineral species. These 

missions have confirmed that water is preferentially trapped in cold polar regions of the 

moon, especially PSRs.8,163  

At the lunar equator, adsorbed 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.34 Even at higher latitudes, lunar regolith is subject to solar heating: 

regions polewards of 85° can experience maximum temperatures of 202 K,34 so high-

latitude areas outside of PSRs may also not retain water long-term. 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 

temperature.37  

Many of these past observations of lunar water have focused on its strong 3 µm 

(3300 cm-1) O-H stretch, which is sensitive to both water and hydroxyl-bearing minerals. 

The M3 map of lunar hydration, for example, is based on the O-H stretch.8 The O-H stretch 

has been shown to retain information on formation conditions and heating history, 

especially because its appearance differs between crystalline and amorphous ice.80,116  

Water has a weaker oscillator strength at the 6 µm (1660 cm-1) H-O-H bend 

compared to the O-H stretch, but the H-O-H bend is specific to water and also sensitive to 
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phase.116 This specificity makes it an ideal target in the search for water on rocky airless 

bodies.61,62,164 SOFIAôs observation of water on the sunlit moon was based on the 6 Õm 

(1660 cm-1) H-O-H bend, demonstrating that molecular H2O must be present rather than 

solely hydroxyl-bearing minerals.37 A water molecule rigidly hydrogen bonded to four 

other water molecules, as found in bulk crystalline ice, would not demonstrate a large H-

O-H bend because bending motion would be physically inhibited. ñFreeò H-O-H 

molecules, like those weakly bonded to the ice 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 ideally rely on the 

detection of both the O-H stretch and the H-O-H bend. In situ exploration like that planned 

for the Volatiles Investigating Polar Exploration Rover (VIPER)165 and successors to the 

Polar Resources Ice Mining Experiment-1 (PRIME-1) payload on the IM-2 mission166 will 

provide important context for remote observations through direct study of mineralogical 

compositions and their influence on water absorption features.  

Returned lunar samples, like the Changôe-5 minerals, have also been examined for 

their water content. They show water enrichment primarily in their glasses and in the rims 

of small particles.33 These samples likely experienced temperatures of up to 400 K on the 

moon, which would have removed physisorbed water, leaving only trapped water 

behind.167 

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

liquid aerosol injection and flash freezing of dust-water mixtures. Flash freezing of large 
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amounts of water may have occurred following volcanic eruptions on the early moon, 

which could have caused the accumulation of meters-deep ice deposits in shadowed 

regions.30 Subsequent impact gardening would have since buried and eroded these ice 

deposits, 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 silicate-containing water aerosol 

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 

minerals168 and may have formed from rapid freezing of liquid water.169 

3.3 Experimental Approach 

3.3.1 Liquid Aerosol Injection 

Experiments were conducted in a high-vacuum chamber with a base pressure of < 

1 × 10-8 torr and a liquid nitrogen-cooled copper sample holder capable of reaching 

minimum temperatures of ~ 90 K. Details of the experimental system have been previously 

published and described in Error! Reference source not found..170 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 Equinox 55 FTIR spectrometer after 

formation. To track evolution with heating, the sample holder was heated at a steady rate 

of 1 K min-1 from the formation temperature at approximately 90 K up to complete 
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desorption of the water by ~ 200 K. A RAIRS measurement was made 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 chromatography-mass spectroscopy (LC-MS) grade water. 

Solutions were prepared at room temperature 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 size- or mass-dependent sorting of mineral 

particles is not expected to occur: the mineral mixture is assumed to be well-mixed 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 flash-freezing in lunar conditions.  

3.3.2 Mineral Characterization 

For lunar comparison, Lunar Highlands Simulant Dust (LHS-1D) and Lunar Mare 

Simulant Dust (LMS-1D) were selected for this study as their bulk chemistry and 

minerology has been shown to be similar to that of actual lunar dust.171,172 In addition, four 

rocks made of naturally occurring lunar-relevant minerals were chosen to examine the role 

of mineral composition more closely. An anorthite-rich anorthosite was selected because 

it is a major component of the lunar crust82 and the predominant material of LHS-1D. 

Olivine is also very common on the moon82 and elsewhere in the solar system, e.g. Mars,173 

and is a component of both LHS-1D and LMS-1D. As such, an olivine with an intermediate 
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amount of magnesium and iron (13.3% forsterite, 19.4% fayalite, 49.6% unclassified 

olivine: see Figure B-2) was chosen. Olivine may be less abundant in the south polar area 

of the moon that contains large PSRs174,175 than in the equatorial mare regions visited by 

the Apollo program. An iron-rich enstatite (bronzite) was chosen to reflect the abundance 

of enstatite in the lunar south pole region.174ï177 Finally, for comparison with iron-rich 

minerals on the lunar surface, an iron silicate (mixture of fayalite and augite: see Figure 

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

to as ñiron silicateò throughout this chapter. 

All minerals were obtained from Space Resource Technologies. LHS-1D and LMS-

1D are commercially available simulants.178,179 Anorthosite, bronzite, iron silicate, and 

olivine samples were ball milled by Space Resource Technologies to particle sizes of < 40 

ɛm, a size that avoided clogging of the injection syringe during dosing. The size 

distribution and average particle sizes of 10-20 ɛm for all minerals were experimentally 

confirmed through laser diffraction analysis with a Malvern Panalytical Mastersizer 3000 

with Hydro EV (Figure B-1). Specific surface areas were determined using a Micromeritics 

FlowSorb III 2310 instrument, which calculates surface area based on adsorption and 

desorption of N2 (Table B-1).180 

Mineral and chemical compositions were characterized with x-ray fluorescence 

(XRF), powder x-ray diffraction (XRD), and visible and near infrared (VNIR) 

spectroscopy. XRF measurements were taken with a handheld SciAps X-250 Field X-Ray 

Spectrometer (full data in Table 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).181,182 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 LaB6.
183 Amorphous weight percentages were 

determined to be small enough to be undetectable for all samples. VNIR spectra from 350-

2500 nm were taken with a handheld spectrometer (Spectral Evolution PSR-3500) (Figure 

B-3). 

3.4 Results 

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

Infrared spectra at 3 µm (3300 cm-1) and 6 µm (1600 cm-1) on ice formation and 

before heating are shown by mineral in Figure 3-1, Figure 3-2, and Figure 3-3. Two 

mineral-free 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 mineral-free water 

ices formed through liquid aerosol injection and vapor deposition, see previously published 

work.170 All spectra are normalized at the maximum absorbance of the O-H stretch at 3 µm 

(3300 cm-1) unless otherwise noted. 
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Figure 3-1: Spectra on formation from flash freezing 5-50 wt% solutions of 

anorthosite at 3 µm (3300 cm-1) (A) and 6 µm (1600 cm-1) (B) and bronzite at 3 µm 

(3300 cm-1) (C) and 6 µm (1600 cm-1) (D). Solid lines are mineral-containing solutions 

with darker reds (anorthosite) and oranges (bronzite) 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 shown for comparison. Spectra are normalized to the 

maximum of the 3 µm (3300 cm-1) feature upon formation. 

Solutions containing 5, 10, and 25 wt% anorthosite showed splitting of the 3 µm 

(3300 cm-1) feature into a lower-energy tetrahedrally coordinated water component at 3.1 

µm (3200 cm-1) and a higher-energy undercoordinated water component at 2.9 µm (3400 

cm-1) (Figure 3-1A). The relative intensity of tetrahedral and undercoordinated features can 

be used to determine the relative amounts of order and disorder in the ice,116 and this 

relative intensity changed with mineral weight percent. The 3 µm (3300 cm-1) band width 

was comparable to that of mineral-free water for anorthosite-containing solutions at 5, 10, 
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and 25 wt%. In contrast, the 50 wt% anorthosite ice shows no splitting into 

undercoordinated and tetrahedral components. The 50 wt% peak width and position of the 

peak maximum are closer to that of crystalline ice than mineral-free amorphous water ice. 

In addition to the peak position, shape, and width, the 5-25 wt% solutions of anorthosite 

all show a dangling O-H bonds feature at 2.7 µm (3700 cm-1), like amorphous water ice 

(Figure B-4A). Crystalline water and 50 wt% anorthosite do not show this feature. The 

abundance of water implies a clay-like or cemented icy regolith structure with water 

surrounding and anchoring the regolith grains for all mineral weight percents.184 

The trend of amorphous ice at 5-25 wt% anorthosite and more crystalline ice at 50 

wt% is supported by the behavior of the 6 µm (1660 cm-1) band (Figure 3-1B). The relative 

intensity of the 6 µm (1660 cm-1) feature compared to the intensity of the 3 µm (3300 cm-

1) feature varies with weight percent from 5-25 wt%, but they are all more comparable to 

amorphous ice than to crystalline ice. At 50 wt% anorthosite, the 6 µm (1660 cm-1) band 

is smaller in intensity and more similar in shape to crystalline ice. This feature decreases 

in size upon desorption of the ice for all experiments, confirming its identity as a water 

absorbance rather than an olivine or pyroxene feature.185 For both the O-H stretch and the 

H-O-H bend, even 5 wt% anorthosite is sufficient to produce peak shapes different from 

that of mineral-free water injection.  

Bronzite largely follows the same trends as anorthosite (Figure 3-1C). Solutions 

with 5-25 wt% bronzite largely match amorphous ice in terms of position, peak shape, and 

presence of dangling O-H bonds at 2.7 µm (3700 cm-1) (Figure B-4B). Additionally, like 

anorthosite, solutions with 5-25 wt% bronzite also have a broader feature and lower energy 

tail than amorphous ice. 50 wt% bronzite looks more crystalline at 3 µm (3300 cm-1) in 
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terms of peak position, peak shape, and peak width, though noise at 2.7 µm (3700 cm-1) 

hides any potential dangling O-H bond feature. At 6 µm (1600 cm-1), 10 and 25 wt% 

bronzite have intensities comparable to mineral-free water ice injection (Figure 3-1D). 5 

wt% has a smaller intensity, but its spectral shape is similar to amorphous ice. 50 wt% 

appears to have a 6 µm (1600 cm-1) intensity closer to crystalline ice than amorphous ice, 

though this spectrum also has substantial noise due to bronziteôs dark color and minimal 

reflected light. 

 

Figure 3-2: Spectra on formation of 5-50 wt% solutions of iron silicate at 3 µm (3300 

cm-1) (A) and 6 µm (1600 cm-1) (B) and olivine at 3 µm (3300 cm-1) (C) and 6 µm (1600 

cm-1) (D). Solid lines are mineral-containing solutions with darker yellows (iron 

silicate) and greens (olivine) corresponding 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 normalized to the maximum of the 3 µm (3300 

cm-1) feature upon formation. 

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

not look crystalline at any of the weight percents examined (Figure 3-2A and B). The shape 

of the 3 µm (3300 cm-1) feature shows both tetrahedral and undercoordinated components 

at 5-50 wt%, and the peak width and position of maximum intensity are much closer to that 

of amorphous ice than crystalline ice. All solutions also show a dangling O-H band feature 

at 2.7 µm (3700 cm-1) (Figure B-4C and D). This same trend is supported by the H-O-H 

bend at 6 µm (1600 cm-1) (Figure 3-2C and D). All iron silicate solutions, and all olivine 

solutions except for 25 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 µm (1600 cm-1) feature for 50 wt% iron silicate 

shows noise 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 µm (3300 cm-1) and 6 µm (1600 cm-1). 

This spectral similarity can be attributed to water bonding at the mineral interface 

resembling solid amorphous water. Surface adsorbed water molecules have been known to 

bond strongly at 6 µm (1600 cm-1) on oxide surfaces like hematite (Fe2O3), goethite 

(FeO(OH)), and titanium dioxide (TiO2).
186,187 Small amounts of hematite and goethite 

exist in the olivine mixture (Figure B-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: LHS-1D and LMS-1D 
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Figure 3-3: Spectra on formation of 5-50 wt% solutions of LHS-1D at 3 µm (3300 cm-

1) (A) and 6 µm (1600 cm-1) (B) and LMS-1D at 3 µm (3300 cm-1) (C) and 6 µm (1600 

cm-1) (D). Solid lines are mineral-containing solutions with darker blues (LHS-1D) 

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 shown for 

comparison. Spectra are normalized to the maximum of the 3 µm (3300 cm-1) feature 

upon formation. 

At 3 µm (3300 cm-1) (Figure 3-3A and C), 5-25 wt% solutions of LHS-1D and 

LMS-1D match amorphous ice in terms of band position, band width, and presence of O-

H dangling bonds (Figure B-4E and F). 50 wt% LHS-1D and LMS-1D 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 of dangling O-H bonds. LHS-1D and LMS-1D 

therefore behave more similarly to anorthosite and bronzite than to iron silicate and olivine. 
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Similarly, at 6 µm (Figure 3-3B and D), 5-25 wt% LHS-1D and LMS-1D solutions 

resemble each other and amorphous ice in terms of shape, though their band strengths are 

slightly different. 50 wt% LHS-1D and LMS-1D have a shape and intensity that closely 

match crystalline ice. 

3.4.3 Mineral Comparisons 

 

Figure 3-4: A: O-H stretch at 3 µm (3300 cm-1) on formation for 5 wt% solutions of 

anorthosite (red), bronzite (orange), iron silicate (yellow), olivine (green), LHS-1D 

(blue), and LMS-1D (purple). B: H-O-H bend at 6 µm (1600 cm-1) 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 3 µm (3300 

cm-1) feature upon formation. 

At 5 wt%, all minerals look broadly like mineral-free water injection. Their peak widths 

and position of maxima more closely match amorphous ice, and all show dangling O-H 

bonds at 2.7 µm (3700 cm-1) (Figure 3-4A).  

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

corresponding to tetrahedral water molecules at 3.1 µm (3200 cm-1) and undercoordinated 
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water molecules at 2.9 µm (3400 cm-1). Anorthosite, iron silicate, and LMS-1D have a 

higher energy undercoordinated edge than water injection and the other minerals, as shown 

in Figure 3-4A. Olivine, LHS-1D, and bronzite have a shape close to that of water injection 

for both undercoordinated and tetrahedral molecules, and from here will be referred to as 

the water like group. Figure 3-4A shows that olivine has even fewer tetrahedral water 

molecules than mineral-free injection. Anorthosite, iron silicate, and LMS-1D show an 

absorbance minimum between undercoordinated and tetrahedral water molecules and have 

a larger tetrahedral feature than mineral-free water injection (Table 3-1). All 5 wt% 

solutions have the same shape at 6 µm (1660 cm-1) feature (Figure 3-4B) 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 µm (3200 cm-1) 

(tetrahedral) and 2.9 µm (3400 cm-1) (undercoordinated). 

Mineral Mixture  (5 wt%) Percentage of 

Undercoordinated Water 

Molecules 

Percentage of 

Tetrahedral Water 

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 of 

Undercoordinated Water 

Molecules 

Percentage of 

Tetrahedral Water 

Molecules 

LMS-1D 55 45 

The water-like group does not seem to have any particular similarities in physical 

or chemical properties not shared by the other minerals. LHS-1D does contain olivine 

based on XRD data (Figure B-2), but iron silicate and LMS-1D have an even larger weight 

percentage of olivine and are not in the water-like group. Anorthosite, iron silicate, and 

LMS-1D all have specific surface areas of < 3 m2 g-1 (Table B-1), but LHS-1D 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 measured (Table B-2). Anorthosite has 

the largest average size of all studied minerals at 18.8 µm (Figure B-1A) and LMS-1D has 

the smallest average size at 8.5 µm (Figure B-1E). Anorthosite is the brightest material 

from 0.5-2.5 µm, while iron silicate is the darkest (Figure B-3). Principal component 

analysis (PCA) is shown in Figure 3-5, demonstrating no clear dependence of the 

tetrahedral percentage of 5 wt% solutions on average particle 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% (Table 3-1), iron weight 

percent (Table B-2), olivine weight percent (Figure B-2), average particle size (Figure 

B-1), and specific surface area (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 µm (3300 cm-1) on formation for 50 wt% solutions of 

anorthosite (red), bronzite (orange), iron silicate (yellow), olivine (green), LHS-1D 

(blue), and LMS-1D (purple). B: H-O-H stretch at 6 µm (1600 cm-1) 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 3 µm (3300 

cm-1) feature upon formation. 

Solutions with 50 wt% mineral (Figure 3-6) show more variability in peak position 

and shape than solutions 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 amorphous-like 3 µm (3300 cm-1) and 6 µm (1600 cm-1) feature. All 

other samples appear more crystalline in their shape. Table 3-2 shows the percentage of 

undercoordinated and tetrahedral water molecules for the spectra shown in Figure 3-6.  
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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 µm (3200 cm-1) 

(tetrahedral) and 2.9 µm (3400 cm-1) (undercoordinated). 

Mineral Mixture  (50 

wt%)  

Percentage of 

Undercoordinated Water 

Molecules 

Percentage of 

Tetrahedral Water 

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 wt% or less of all other mineral 

solutions tested (Figure B-2). The olivine and iron silicate mixtures used here contain the 

olivine solid solution endmembers fayalite (Fe2SiO4) and forsterite (Mg2SiO4) 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 LHS-1D and LMS-1D (Table B-2), which preferentially 

nucleate crystalline ice. The arrangement of iron atoms must matter more than simply the 

abundance. The minerals that preferentially form crystalline ice differ in their average 

particle size and size distribution (Figure B-1), surface area (Table B-1), and elemental 

abundance (Table B-2) as well as mineralogy. A PCA plot summarizing these trends is 

shown in Figure 3-7. 

 

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 particle size (Figure 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, LHS-1D, LMS-

1D 

 

Figure 3-8: Evolution of the O-H stretch at 3 µm (3300 cm-1) (A, C, E) and H-O-H 

bend at 6 µm (1600 cm-1) (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 s-1 to 200 K, by which 
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point the spectra had stopped changing. Spectra are normalized to the maximum of 

the 3 µm (3300 cm-1) feature upon formation. 

Figure 3-8 shows the behavior of the O-H stretch and H-O-H bend with heating for 

50 wt% solutions of the two lunar simulants and olivine. A 50 wt% solution of olivine 

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 of the O-H stretch at 3 µm 

(3300 cm-1) (Figure 3-8A) and the change in shape and size of the H-O-H stretch at 6 µm 

(1600 cm-1) (Figure 3-8B). The two lunar simulants show similar but less drastic changes 

due to their crystalline nucleation (Figure 3-8C-F). Further heating of all samples above 

170 K causes ice desorption. The H-O-H feature in all solutions completely disappears and 

becomes indistinguishable from noise. However, a small O-H feature remains present even 

with heating to 200 K. This is more apparent with the LMS-1D and olivine solutions than 

the LHS-1D solution, since the LHS-1D baseline changes slope at 3 µm (3300 cm-1) which 

affects background subtraction. 
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Figure 3-9: Integrated area of the O-H stretch (A) and H-O-H bend (B) of 50 wt% 

solutions of olivine (green squares), LHS-1D (blue circles), and LMS-1D (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 O-H stretch 

does not completely go to 0 at 200 K (indicated with the horizontal gray line). Spectra 

used for integration were not normalized. 

Figure 3-9 shows the negative of the integrated area of the features shown in Figure 

3-8 for all temperatures 95-200 K. LMS-1D and LHS-1D show a slightly lower maximum 
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desorption temperature than olivine: LHS-1D at 173 K and LMS-1D at 175-177 K 

compared to olivine at 179 K. This is more easily seen in the 3 µm (3300 cm-1) feature 

(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. For the 6 µm (1600 cm-1) feature, all mineral-containing 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 the 6 µm (1600 cm-1) feature can be attributed to crystalline ice having a smaller 6 µm 

(1600 cm-1) stretch than amorphous ice (see mineral-free water spectra in Figure 3-1 to 

Figure 3-3). The relative contributions of desorption and crystallization in this change 

cannot be determined based on the collected 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 ice should 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 frozen solutions are physisorbed. The 

decreases in the integrated area of the 6 µm (1600 cm-1) feature to indistinguishable from 

noise and the 3 µm (3300 cm-1) feature to nearly zero demonstrates that the dust grains 

have lost their physisorbed water upon heating to 200 K. The small 3 µm (3300 cm-1) area 

still present at 200 K can be attributed to terminal hydroxyl groups, water molecules 

chemisorbed to the mineral surfaces,188,189 and water molecules trapped in or between 

mineral grains. 
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3.5 Discussion 

3.5.1 Implications for Lunar Water 

50 wt% mineral ices that nucleate crystalline ice still contain 50 wt% water, but 

because very ordered ice will not allow water molecules to bend freely, the signal at 6 µm 

(1600 cm-1) is much smaller relative to the 3 µm (3300 cm-1) band than for smaller mineral 

weight percent solutions. Therefore, areas of the moon and other rocky bodies that have a 

large 3 µm (3300 cm-1) band and a small but present 6 µm (1600 cm-1) may contain 

substantial crystalline water ice as well as minerals with O-H groups. This is especially 

true in regions where the 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 µm (1600 cm-1) H-O-H bend feature observed by SOFIA on the sunlit side of the 

moon must be from water molecules retained in glasses rather than physisorbed on the 

surface.37,38 Equatorial average temperatures of 215.5 K suggest that physisorbed water 

could not be retained there.34,188,189 Since lunar regions polewards of 85° can also 

experience maximum temperatures of 202 K during direct illumination,34 physisorbed 

water cannot be a major contributor to any 6 µm (1600 cm-1) H-O-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 

line with the detection of water in glass in Changôe 5 samples.33 Loss of physisorbed water 

by 200 K but not trapped molecular water is also consistent with other studies observing 

no decrease in absorption at 6 µm (1600 cm-1) upon heating of lunar material and lunar-

relevant minerals from room temperature to 473 K.190 
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If meters-thick ice deposits were created by water vapor outgassing from early lunar 

volcanism,30 they could have been subject to rapid cooling events either during formation 

or following micrometeorite impact heating. The presence of olivine-rich minerals within 

ice deposits may have prevented crystallization during cooling, while a significant 

abundance of olivine-poor minerals could have promoted crystallization. The remnants of 

ice deposits could have retained their degree of crystallinity, especially in south polar areas 

that have not seen significant heating since ice formation.191 

Differences in the shape of the 3 µm (3300 cm-1) O-H stretch and the size of the 6 

µm (1600 cm-1) H-O-H bend corresponding to differences in crystallinity can be 

distinguished based on absorbances at only four wavelengths for the O-H stretch and three 

wavelengths for the H-O-H bend. An example of such a multispectral plot is shown in 

Figure 3-10, which contains a small section of the data in Figure 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 of Figure 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 µm 

(3700 cm-1 and 2900 cm-1) and feature detection at 2.9 and 3.1 µm (3400 cm-1and 3200 

cm-1). Differences in the size of the H-O-H bend feature (B) can be resolved with two 

baseline points at 5.3 and 8.3 µm (1900 cm-1and 1200 cm-1) and feature detection at 

6.0 µm (1650 cm-1). 

3.5.2 Implications for Cryovolcanism 

Differences in spectra with 5 wt% mineral (Figure 3-4) suggest that flash freezing 

ice around small amounts of minerals will likely not show a large dependence on mineral 

composition for the minerals studied. Plume-type cryovolcanic processes as seen at 

Enceladus may involve rapid freezing of water droplets, potentially following 

condensation from supersonic flow of water vapor.192 If so, trace minerals consistent with 

the known magnesium-rich aluminum-poor silicate composition169 would not necessarily 

substantially change the morphology of ice particles from flash-frozen mineral-free water. 

Additional research could clarify whether the presence of salts and/or organics, with or 

without minerals, would substantially change the flash-freezing 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 a flash-frozen solution. This is 

shown with the differences in the spectra of 5 wt% mineral solutions compared to each 

other and to mineral-free 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 and/or enstatite preferentially 

nucleate crystalline ice for 50 wt% mineral solutions. Upon heating to 200 K, the 50 wt% 

solutions show a complete disappearance of the H-O-H bend at 6 µm (1600 cm-1) but not 

of the O-H stretch at 3 µm (3300 cm-1) which supports the idea that physisorbed water 

molecules do not contribute to the 6 µm (1600 cm-1) feature on the lunar day side. The 

composition and abundance of mineral components influence the shape and size of the O-

H and H-O-H infrared features in mixtures of minerals and water. 
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CHAPTER 4. ISOTOPIC RATIOS OF XENON, KRYPTON, AND 

ARGON IN COMET SURFACES AND THEIR CONNECTION TO 

EARTHôS VOLATILES 

This chapter was modified from sections of submitted work. Mallory J. Kincyzk, 

Christina E. Buffo, L. Miché Aaron, Spencer Boone, Eric Frizzell, 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, and William Smythe. 

ñGelato: A Mission Concept for Comet Surface Sample Return.ò In review at the Planetary 

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 volatiles to the 

early Earth. Xenon, krypton, and argon isotopic ratios can illustrate whether a cometôs 

surface composition matches that of Earthôs atmosphere, the cometôs coma, or another 

reservoir of early solar system material. Earth-based gas-specific noble gas spectrometers 

can outperform any currently available flight-ready 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/Churyumov-Gerasimenko 

and return it to Earth for analysis. Understanding the link between a cometôs surface and 
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its coma, and between cometary and Earthôs volatiles, will improve knowledge of the solar 

systemôs history. 

4.2 Background 

Comets have long been thought to contain some 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 formed.193 Earth-based 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 a cometôs surface. The coma can be readily observed from 

Earth,194ï201 from the International Space Station,202 and from space-based telescopes.203ï

205  

Orbital and flyby missions have studied the comae and surfaces of many comets 

since the first cometary flyby of Comet 21P/Giacobini-Zinner by the United States 

National Aeronautics and Space Administrationôs (NASA) International Cometary 

Explorer in 1985.40 One mission of particular interest to this chapter is NASAôs Stardust 

mission, which collected coma samples of Comet 81P/Wild and returned them to earth in 

2006.44 Analysis of Stardust mineral samples revealed meteoritic material formed in the 

warmest parts of the forming solar system,44 demonstrating that accumulation of material 

in the early solar system must involve some mixing between the inner and outer solar 

system. Another relevant mission is the European Space Agencyôs (ESA) Rosetta mission, 

which studied the coma and surface of Comet 67P/Churyumov-Gerasimenko (67P) with 

both an orbiter and lander.206 Rosetta orbited 67P from 2014 to 2016, following it through 
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perihelion and observing diurnal and seasonal changes in the evolving surface and 

coma.207ï210 Some surface measurements were also collected by the Philae lander, though 

the landing phase was cut short due to a malfunctioning harpoon.211  

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 system.212 One 

way to trace the origins of material is comparing the relative abundance of different 

isotopes. Isotopic ratios have been used to develop theories about water delivery to Earth 

and interactions between planetary bodies in general.213 However, 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. 

Mass-based properties like isotopic ratios may not be the same in the coma and the surface 

because sublimation is a mass-dependent process.87,214 The comet surface, while 

potentially not representative of the entire bulk of the comet, is less affected by 

sublimation. The Philae lander and NASAôs Deep Impact impactor at Comet 9P/Tempel 

are among the few missions that have been capable of looking at the surface or bulk of a 

comet.41 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 flight-ready instruments cannot 

match that of Earth-based high-resolution mass spectrometers, which can be fine-tuned 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 

requirements 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 Jet Propulsion Laboratory (JPL) Planetary Science Summer School 

(PSSS). The three science objectives, which were chosen based on the priorities outlined 

in the 2023-2032 Planetary Science and Astrobiology Decadal Survey (DS),215 focused on 

the three main components of a returned sample: minerals, volatiles, and organics. Science 

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 push-broom three color camera and hyperspectral imager would 

be used to characterize the cometôs surface prior to sampling. The mission timeline, cost, 

and implementation were developed in line with the guidelines set by the New Frontiers 4 

Announcement of Opportunity (NF4).216 Gelato is a non-cryogenic 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.217 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 section of science objective 2, which concerns the role of 

comets in the delivery of volatiles to Earthôs atmosphere and interior. Along with 
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deuterium/hydrogen (D/H) ratios in water and stable isotopes of nitrogen in NH3 and N2, 

the noble gases studied could determine whether volatiles were predominantly delivered to 

Earth via an early bombardment of 67P-like 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 

Solar System formed. Earthôs isotopic ratios218 differ from those of the solar wind as 

measured by NASAôs Genesis mission219 and from those measured in chondritic (stony, 

minimally modified) meteorites in both their average composition and their oxidizable ñQò 

phase gas reservoir.220 Heavier isotopes, such as 136Xe and 86Kr, are more abundant on 

Earth than in the solar wind.219 Earthôs xenon isotopic ratio also differs from the proposed 

abundance of xenon in the primordial Solar System (U-Xe), which represents the xenon 

abundance prior to contributions from radioactive decay of plutonium.221 Multiple isotopes 

of argon, krypton, and xenon were detected in the coma of 67P by the Rosetta Orbiter 

Spectrometer for Ion and Neutral Analysis double-focus magnetic mass spectrometer 

(ROSINA-DFMS) on Rosetta,222 and the isotopic ratios of both krypton and xenon showed 

marked differences from all measured bodies in the Solar System.223,224 The large error in 

the argon isotopic ratio measurement taken by ROSINA resulted in an average ratio 

consistent with either Earth or solar wind isotopic abundances.222 If measurements from 
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the coma of 67P are representative of surface samples, this comet has isotopic abundances 

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

The noble gas isotopes considered in the formation of Gelatoôs science objectives 

are 136Xe, 132Xe, 128Xe, 86Kr, 84Kr, 82Kr, 38Ar, and 36Ar. 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 by Rosetta because of its small electron impact ionization cross section,224 so 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 considered: comets 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 in Figure 4-1, Figure 4-2, and Figure 4-3. The considered 

isotopic ratios are listed in Table 4-1. 

Hypothesis 1 (H1): 67P-like comets played a major role in volatile delivery, and 

the surface isotopic ratios do not match those of the coma. Xenon, krypton, and argon 

isotopic ratios of the surface resemble Earthôs atmosphere. 

Hypothesis 2 (H2): 67P-like 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 the surface resemble the coma of 67P as measured by Rosetta. 

Hypothesis 3 (H3): 67P-like 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 ratios of the surface resemble those of the solar wind or chondrite meteorite 

reservoirs. 

Table 4-1: Values for isotopic ratios measured for Earthôs atmosphere, the coma of 

67P as measured by Rosetta, average chondritic composition (AVCC), the Q phase of 

carbonaceous chondrites, the hypothetical primordial xenon composition (U-Xe), and 

the solar wind as measured by NASAôs Genesis mission. Sources: a: Ozima and 

Podosek 2022,218 b: Marty et al., 2017,223 c: Rubin et al., 2018,224 d: Balsiger et al., 

2015,222 e: Busemann et al., 2000,220 f: Stauffer 1961,225 g: Pepin et al., 2000,221 h: 

Meshik et al., 2014.219 

 

Earthôs 

atmospherea 

67P Coma AVCC Qe U-Xeg 

Solar 

Wind h 

136Xe/132Xe 
0.33 

0.11 ± 

0.05b 

- 0.3164 0.274 

0.3001 ± 

0.0006 

128Xe/132Xe 
0.09 

0.07 ± 

0.035b 

- 0.0822 0.084 

0.0842 ± 

0.0003 

86Kr/ 84Kr  
0.305 

0.289 ± 

0.04c 

0.3052e 0.3095 - 

0.3012 ± 

0.0004 

82Kr/ 84Kr  
0.202 

0.203 ± 

0.045c 

0.1986e 0.2018 - 

0.2054 ± 

0.0002 

36Ar/ 38Ar  
5.3 5.4 ±1.4d 5.30f 5.34 - 

5.5005 ± 

0.0040 
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Figure 4-1: Comparison of 136Xe/132Xe and 128Xe/132Xe isotopic ratios in the solar 

system. Boxes (H1, H2, H3) surround the regions consistent with the three considered 

hypotheses (see text). Figure adapted from Marty et al., 2017:223 values from sources 

listed in Table 4-1. Reprinted with permission from AAAS. 
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Figure 4-2: Comparison of 82Kr/ 84Kr and 86Kr/ 84Kr 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., 2020 (Creative Commons 

CC BY license):226 values from sources listed in Table 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 in Table 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 gases are primarily trapped in CO2 ice,224 so an ideal 

surface sample would contain CO2 ice. Calculations of masses needed for detection were 

based on ROSINA estimates of abundances with respect to water.195,223,224,227ï229 The rarest 

species considered and therefore the driver of mass requirements is 128Xe. Advanced mass 

spectrometry systems specifically designed for noble gases can detect xenon isotopes with 

as few as 950 atoms,230 though detection limits of 1 × 106 atoms are more common.231,232 
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Mass spectrometry 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 × 108 atoms, a 1.1 × 10-8 kilogram sample would be 

sufficient to detect 136Xe to at least two decimal places, assuming an extreme worst-case 

scenario of 1:10 ice : regolith mass ratio.233 Like the Apollo program and other sample 

return missions, most of the returned sample would be stored for future 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 could complicate signal identification with low resolution 

detection. For example, a resolution of < 0.01 m/z (mass to charge ratio) is necessary to 

separate 128Xe from tetrasulfur (S4). Very few molecules with m/z close to those of noble 

gases were detected in the coma,223 but less volatile material will also be present in a 

returned surface sample and so must be considered. The required mass resolution of < 0.01 

m/z was determined based on the need to separate the listed species with similar mass likely 

to be found in the surface sample.  

A sample with minimal alteration would be ideal to ensure that minimal volatiles 

have been lost through sublimation. Rosettaôs morphology mapping of 67P indicates that 

cliffs, talus deposits, boulder-containing plains, and mottle pit terrains (all ñroughò terrains) 

tend to host recently exposed materials including minimally altered ice.207 These 

morphologies could be resolved with a spatial resolution of 5 m pixel-1 with Gelatoôs three-

color push broom camera. The onboard hyperspectral imager sensitive to wavelengths from 

0.4-5.0 µm would be used to understand the chemical and mineralogical composition of 
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the comet. Maps made 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 spacecraft. 

A noncryogenic sample return concept 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 long-term storage of volatiles and organics/mineral material. Further 

design of the SRC was outside the scope of the PSSS program. The full science traceability 

matrix (STM) listing all of Gelatoôs science objectives and mission reconnaissance 

requirements can be found 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 subsystems including 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 with well-known 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 mapping phase 

and sampling phase while at a comet-sun distance of > 2.5 AU. This comet-sun 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. Comet 88P/Howell was 

chosen as a backup comet because preliminary studies suggest that its composition would 

allow science closure on all objectives.196,234 Both 67P and 88P/Howell are Jupiter Family 

periodic comets with orbital periods of < 7 years and inclinations of < 3 °.196,235,236 Full 

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

Gelato would spend a year mapping the comet to choose the optimal sampling site. 

The high-altitude mapping orbit (HAMO) phase would consist of 8 months at an altitude 

of 25 km, during which Gelato would survey > 90% of the cometôs surface to select up to 

four candidate sample sites. Subsequently, the low-altitude 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 comet as a whole 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 Bennu by NASAôs Origins, Spectral Interpretation, 

Resource Identification, Security, Regolith Explorer (OSIRIS-REx) mission.237 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) 6, was chosen for sample collection.238 It uses a touch-and-go (TAG) 

sampling protocol that does not require landing on the cometôs surface. The BiBlade can 

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 concrete, which is orders of magnitude stronger than the expected surface 
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strength of 67P.239,240 Momentum-based methods for determining collected sample mass 

like those planned for OSIRIS-REx would be used.241 

Samples returned to Earth would be processed and held for long-term storage by 

the NASA Astromaterials Acquisition and Curation Office at NASAôs Johnson Space 

Center. The variety and distribution of ground-based 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. the OSIRIS-REx 

sample handling plan).242 

4.6 Conclusion 

The Gelato mission would collect a surface sample from 67P and return it to Earth for 

analysis with high-precision instrumentation. Isotopic ratios of xenon, krypton, and argon 

from the surface of 67P would be used to determine whether 67P-like comets delivered 

substantial volatiles to Earth. Comparison between the cometôs surface and its coma would 

clarify the role of mass-dependent 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 system and of 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 

trace species can influence the ice structure. 

CHAPTER 2 focused on the difference between ices formed through slow freezing 

of a gas and flash freezing of a liquid. At all formation temperatures studied (90-165 K), 

vapor deposition (VD) and liquid aerosol injection (LAI) produced ice with different 

structures as seen by the shapes and sizes of the O-H stretch at 3 µm (3300 cm-1) and the 

H-O-H bend at 6 µm (1600 cm-1). These differences persisted with heating until the onset 

of crystallization at ~ 150 K. 

Shapes of the 3 µm (3300 cm-1) O-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 cm-1), and undercoordinated water molecules, 

which primarily absorb at 2.9 microns (3400 cm-1). A linear fit of ASW, HGW, and CI was 

applied to O-H stretch spectra upon formation and with heating at a rate of 1 K min-1. This 

model was more sensitive to the presence of CI than to the difference between HGW and 

ASW. A similar model did not produce meaningful results when applied to the H-O-H 

bend because at 6 µm (1600 cm-1) CI 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. Both undergo 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 the solar system. 

 CHAPTER 3 applied similar analysis of the size and shape of the 3 µm (3300 cm-

1) and 6 µm (1600 cm-1) water IR features on formation to flash frozen solutions 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 (LHS-1D), and Lunar Mare Simulant Dust (LMS-1D) all 

demonstrated mineral-specific spectral dependence on mineral weight percent.  

 Like CHAPTER 2, solutions containing different minerals and/or different weight 

percentages were compared predominantly with the shape of the O-H stretch and the size 

of the H-O-H bend. Mineral-free ices were used to classify mineral-containing ices as more 

amorphous or more crystalline. Minerals were characterized through surface area 

measurements, particle sizing, X-ray fluorescence (XRF), X-ray diffraction (XRD), and 

visible and near infrared (VNIR) spectroscopy to confirm mineral identities. Mineral-

specific differences were most profound at 50wt%, where iron silicate and olivine 

preferentially nucleated amorphous ice and all other minerals examined nucleated 

crystalline ice.  

Upon heating, the near-complete desorption of water and reduction in peak area of 

water absorbance bands demonstrates that physisorbed water is lost from minerals by 200 
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K. Lunar regions that experience temperatures of > 200 K and exhibit an H-O-H bend at 6 

µm (1600 cm-1) must contain trapped water molecules. Differences in the composition and 

abundance of mineral components must also be considered when interpreting O-H and H-

O-H features of water in mixtures. 

 CHAPTER 4 described the importance of comet surface sample return, with a 

particular emphasis 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 

can be 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 were 136Xe, 132Xe, 128Xe, 86Kr, 84Kr, 82Kr, 

38Ar, and 36Ar, based on their detection by 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 Earth-based mass spectrometry would determine the degree of 

similarity between the isotopic ratios of a cometôs coma and surface. Additionally, 

comparison of noble gas surface isotopic ratios, along with D/H and 15N/14N, would 

establish the extent to which 67P-like comets could have delivered volatiles to the early 

Earth. 

Formulation of a volatiles 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 and with 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 remote 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 with a molecular 

beam had more constrained ice morphologies, so differences in peak maxima for HGW 

and ASW could be distinguished.80 Implementation of a molecular beam vapor deposition 

system would improve the phase fitting model. Also, a spectral fitting model based on 

relative amounts of tetrahedral and undercoordinated ice molecules was developed (not 

shown), but the broadness of the O-H stretch in ices described in CHAPTER 2 meant 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 crystallization. 

 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 such as a spray 

gun, could reduce variability between experiments. For all injection methods, measurement 

of the particle size distribution would be ideal for cooling rate calculations. A high-speed 

camera capable of distinguishing submicron water droplets from the reflective background 

of the high vacuum chamber would be ideal for characterizing aerosols. 



 88 

 Examination of other water features could provide more detailed ice structural 

information. The broad absorbance feature at 4.5 µm (2250 cm-1), attributed to a 

combination of the H-O-H bend and hindered rotation of hydrogen bonded water 

molecules, may be an important feature in determining the structure of liquid water.243 

Hyperquenched glassy water has been hypothesized to closely structurally resemble liquid 

water, and comparison between HGW, ASW, CI, and liquid water at 4.5 µm (2250 cm-1) 

could identify the degree of similarity. Examination of the lattice librational mode at 12 

µm (800 cm-1) and its evolution with temperature could provide additional information 

about structural transformations at the onset of the glass transition and of crystallization. 

Outside of the midinfrared, the shape of the 1.5 µm (6667 cm-1), 1.57 µm (6370 cm-1), 1.65 

µm (6060 cm-1), and 2.0 µm (5000 cm-1) water bands have been used to identify crystalline 

ice in remote observations of the outer solar system,244 so 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 in CHAPTER 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% would be ideal, 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 cryovolcanic-like flash freezing. Little is known about the 

identity of the minerals in Enceladusôs cryovolcanic plume particles, so a number of silicate 
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materials with high magnesium and low aluminum content169 could be compared to 

determine the minimum mineral composition required for water structures to differ. 

Addition of salts to the solution would also make the mixture more relevant to 

cryovolcanism, though the reactivity of aqueous salts with LAI system components would 

need to be considered.  

For both lunar and cryovolcanic applications, a major area of future work would be 

comparing icy regolith simulants frozen with different methods. If mineral-free water ices 

can have very different structures when formed through vapor deposition and liquid aerosol 

injection, as seen in CHAPTER 2, ice formation method must also influence the structure 

of other laboratory-prepared analog materials. Direct comparison of multiple methods, 

such as vapor deposition and flash freezing, within 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, as suggested by the work of Johnson et al 2024.184 

Additionally, the work in Error! Ref erence source not found. sought to minimize t

he differences in physical properties between the minerals to explore the role of chemical 

and mineralogical composition. Differences in mineral 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 water ï for instance, 5wt% solutions of < 45 

µm, 45-500 µm, and > 500 µm anorthosite ï would be useful. The lunar regolith is expected 

to vary in size with amount of maturity (degree of space weathering),245 so 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 µm 

(3300 cm-1), like the Moon Mineralogy Mapper (M3) at the moon8 and the Compact 

Reconnaissance Imaging Spectrometer for Mars (CRISM) at Mars.246 VNIR measurements 

of icy regolith between 0.5-2.0 µm (20000-5000 cm-1) could simultaneously observe the 1 

and 2 µm (10000-5000 cm-1) mineral features and the phase-sensitive water bands from 

1.5-2.0 µm (6667-5000 cm-1). 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 from 0.5-2.0 µm (20000-5000 cm-1) 

taken both on formation 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 mission concepts 

have been envisioned and reached further states of development. Three distinct comet 

surface sample return mission concepts were submitted to NASAôs New Frontiers 4 call, 

for instance: CAESAR, CONDOR, and CORSAIR.247ï249 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 to accomplish 

even more science within the New Frontiers cost cap, even if cost restrictions require non-

cryogenic sample return.217 

One specific area that would benefit greatly from 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. Some sample 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 return missions like OSIRIS-REx,250 Changôe 5,251 and Genesis252 

involved the SRC separating from the spacecraft prior to atmospheric 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 in frozen parts of Earth and icy regions of the 

moon as well as comets. 

  



 92 

 

APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 

2 

This appendix was adapted from the supplemental material 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 infrared spectroscopy." The Journal of Chemical 

Physics 162, 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 2-4. 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 3-micron 

feature. 
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Figure A-3: Spectra on formation as shown in Figure 2-4 zoomed in on the dangling 

bond region at ~ 2.70 microns (3700 cm-1). 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 CI, ASW, and HGW 

with temperature for ices formed by 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, see Figure 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 ASW and HGW. 

 

 

Figure A-5: Phase fitting for VD@165, the defined CI spectrum. 
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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. Particle 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 subplot is an average 

over all five runs. 

 

Table B-1: Specific surface areas for all mineral samples as measured by amount of 

adsorbing and desorbing N2 gas. Measurements were taken with a Micromeritics 

FlowSorb II 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. 

Mineral Sample Specific Surface Area (m2 g-1) 

Anorthosite 1.32 

Bronzite 4.13 

Iron Silicate 1.06 

Olivine 4.96 

LHS-1D 2.47 

LMS-1D 2.89 
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Table B-2: X-Ray Fluorescence measurements taken with a SciAps X-250 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. 

 

Anorthosite Bronzite Iron 

Silicate 

Olivine LHS-1D LMS-1D 

Al % 16.134 Ñ 

0.097 

2.532 Ñ 

0.048 

3.493 Ñ 

0.083 

4.366 Ñ 

0.061 

16.499 Ñ 

0.101 

8.304 Ñ 

0.083 

Ca % 10.036 Ñ 

0.013 

1.930 Ñ 

0.005 

2.576 Ñ 

0.009 

2.905 Ñ 

0.007 

10.648 Ñ 

0.015 

5.324 Ñ 

0.010 

Cr % 0.022 Ñ 

0.003 

0.295 Ñ 

0.007 

0.027 Ñ 

0.004 

0.327 Ñ 

0.007 

0.015 Ñ 

0.003 

0.189 Ñ 

0.007 

Fe % 2.021 Ñ 

0.013 

5.796 Ñ 

0.019 

44.175 Ñ 

0.062 

6.761 Ñ 

0.021 

3.279 Ñ 

0.018 

6.837 Ñ 

0.024 

K % 0.067 Ñ 

0.002 

0.052 Ñ 

0.002 

0.882 Ñ 

0.007 

0.176 Ñ 

0.003 

0.603 Ñ 

0.005 

0.603 Ñ 

0.004 

Mg % 3.772 Ñ 

0.181 

17.517 Ñ 

0.308 

3.674 Ñ 

0.346 

17.098 Ñ 

0.316 

3.542 Ñ 

0.181 

12.001 Ñ 

0.291 

Mn % 0.029 Ñ 

0.003 

0.113 Ñ 

0.005 

0.075 Ñ 

0.005 

0.143 Ñ 

0.005 

0.059 Ñ 

0.004 

0.174 Ñ 

0.006 

Ni % 0.007 Ñ 

0.001 

0.044 Ñ 

0.001 

0.000 Ñ 

0.000 

0.056 Ñ 

0.002 

0.007 Ñ 

0.001 

0.063 Ñ 

0.002 

P % 0.000 Ñ 

0.000  

0.000 Ñ 

0.000 

0.038 Ñ 

0.005 

0.000 Ñ 

0.000 

0.033 Ñ 

0.006 

0.053 Ñ 

0.005 

S % 1.376 Ñ 

0.007 

1.023 Ñ 

0.006 

1.703 Ñ 

0.010 

1.393 Ñ 

0.007 

1.526 Ñ 

0.008 

1.377 Ñ 

0.007 
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Table B-2 continued 

 Anorthosite Bronzite Iron 

Silicate 

Olivine LHS-1D LMS-1D 

Si % 23.650 Ñ 

0.064 

23.961 Ñ 

0.063 

14.085 Ñ 

0.073 

26.000 Ñ 

0.069 

28.188 Ñ 

0.073 

23.341 Ñ 

0.069 

Ti % 0.000 Ñ 

0.000 

0.000 Ñ 

0.000 

0.125 Ñ 

0.022 

0.000 Ñ 

0.000 

0.942 Ñ 

0.049 

2.961 Ñ 

0.057 

Total 

detected 

(%) 

57.114 Ñ 

0.383 

53.264 Ñ 

0.463 

70.853 Ñ 

0.626 

59.237 Ñ 

0.498 

65.341 Ñ 

0.463 

61.227 Ñ 

0.565 

Un-

detected 

(%) 

42.886 Ñ 

0.383 

46.736 Ñ 

0.463 

29.147 Ñ 

0.626 

40.763 Ñ 

0.498 

34.341 Ñ 

0.463 

38.773 Ñ 

0.565 
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Figure B-2: X-ray diffraction weight percentages by mineral. Powder X-Ray 

Diffraction was performed with the Rigaku Miniflex Powder XRD. Rietveld 

refinement and whole powder pattern fitting were performed for mineral 

identification 181,182 and spectra were classified from the powder diffraction file phase 

search hosted by the International Centre for Diffraction Data.253 Fitting did not 

identify detectable amorphous material in any mineral sample: the residual weight 
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percent of unclassifiable material (Table B-3) represents one or more unidentified 

crystalline phases.  

 

Table B-3: ɢĮ and residual weight percentages for XRD analysis. Olivine error is likely 

due to fitting of hematite abundance. 

 

Anorthosite Bronzite Iron 

Silicate 

Olivine LMS-1D LHS-1D 

ɢĮ 7.1487 9.6265 8.3161 12.1451 5.6176 2.9980 

Residual 

Weight 

Percent 

(%) 

13.44 14.76 10.10 10.27 8.42 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 PSR-3500). Incidence and emission 

angles were both 0 degrees. Each spectrum shown is an average of three scans. This 

instrument stitches spectra together at ~ 1000 nm, ~ 1400 nm, ~ 1875 nm, and ~ 2175 

nm. Catôs ear baseline distortions and other distortions at those locations are 

instrument artifacts. 
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Figure B-4: Zoomed sections of Figure 3-1 to Figure 3-3 looking at the dangling O-H 

bonds feature at 2.7 µm (3700 cm-1) for different weight percent mixtures of 

anorthosite (A), bronzite (B), iron silicate (C), olivine (D), LHS-1D (E), and LMS-1D 

(F). Spectra are normalized to the maximum of the 3 µm (3300 cm-1) feature upon 

formation. 
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Figure B-5: The 3 µm (3300 cm-1) and 6 µm (1660 cm-1) spectra for all 10 wt% (A-B) 

and 25 wt% (C-D) mineral solutions. Like the 5 wt% solutions, all ices largely 

resemble amorphous ice (water inj) with mineral-specific differences in the shape of 

the O-H stretch and H-O-H bend. Spectra are normalized to the maximum of the 3 

µm (3300 cm-1) feature upon formation. 

 

 

  




