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ABSTRACT.

In the Solar System, the saturnian moon Enceladus and the jovian moon Europa are potentially habitable and
the most promising candidates for space missions searching for extraterrestrial life. The subsurface oceans of these
moons constitute the long-lived presence of large amounts of liquid water, a common component of icy moons
throughout the outer Solar System. In addition, the rocky seafloors of both moons allow for rich geochemistry
in their subsurface oceans, potentially including the formation of complex organic material at hydrothermal vent
systems, which could also provide an energy source for another emergence of life. The exploration of icy ocean
moons can be performed using impact ionization mass spectrometry, a powerful technique to thoroughly analyse
the composition of ice grains ejected from both the surface ice shell and subsurface liquid reservoirs.

The Cosmic Dust Analyzer (CDA) onboard the Cassini mission detected a variety of salts, complex and
reactive organic compounds, as well as bioessential elements in ice grains ejected by the plume of Enceladus into
space. CDA mass spectra provided strong evidence for habitable conditions at the seafloor of the moon. These
discoveries greatly benefitted from laboratory analogue mass spectra complementing the CDA data, obtained
from a laboratory setup using Laser Induced Liquid Beam Ion Desorption (LILBID) as an ionisation source
coupled to time-of-flight mass spectrometry. CDA paved the way for the SUrface Dust Analyzer (SUDA), its
improved successor instrument onboard the upcoming Europa Clipper mission, which will provide a deeper
understanding of Europa’s habitability. SUDA aims to characterize the composition of the subsurface ocean or
liquid inclusions in the icy crust by analysing young endogenic surface material or possible cryovolcanic plume
material.

Preparation for SUDA’s mission and related data analysis requires considerable laboratory work. This thesis
describes LILBID experiments simulating the mass spectral signatures of both salt- and organic-rich ices, as
expected to be encountered by SUDA or similar instruments on a future mission to Enceladus.

After a description of the current state of research into the habitability and astrobiological potential of both
Europa and Enceladus in Part I, Part II details how SUDA-type instruments could detect organic molecules
embedded in salt-rich ice grains. LILBID mass spectra were recorded for several organic species with various
properties, derived from a range of functional groups, together with either NaCl, MgSO4 or H2SO4 at concentra-
tions relevant for the surfaces of icy moons. Mass spectrometric signatures of the organic species can be detected
via their molecular ions and a range of cluster species with Nat, Mg2t, Cl—, OH—, HSO4~ ions, and NaCl,
MgSO4 and H2SO4 molecules. The presence and intensity of these characteristic organic-rich peaks depends on
the inorganic matrix and its concentration. The intensities of analyte signatures decrease with increasing salt
concentrations due to suppression effects. In contrast, they are increased by the presence of sulfuric acid matrices
in cation mode. Moreover, the sensitivity to different organic species strongly depends on the instrument polarity
(cation or anion mode of the spectrometer) and on molecular properties, especially the functional groups present.
The recorded spectra are an important foundation to characterise both the organic and salt composition in ice
grains from Europa and Enceladus and, by extension, potential constituents of the subsurface oceans.

Part III reveals a previously unknown capability of SUDA-type instruments: the ability to determine the
oxidation state of iron in iron-bearing salts (or other minerals) embedded in ice grains. Such analytical capability
may, in the near future, allow the elucidation of key parameters related to the geochemistry of subsurface oceans
on icy moons, notably their redox chemistry and pH. These factors may have implications for hydrothermal
mineralogy as well as possible metabolic activity of putative microbial life.

Further ongoing projects that have been conducted in the framework of this PhD project are briefly de-
scribed in Part IV. They cover the irradiation of () icy samples containing molecular biosignatures to evalu-
ate their degradation under the harsh radiation environment of Europa’s surface, and (iz) simple compounds
(CH30H:NH3:H2O ice) leading to the synthesis of a variety of complex organic structures. Moreover, an outlook
is given on a future expedition to acquire samples in Antarctica - the best icy moon analogue on Earth - that
has been planned during this PhD project. Finally, this work concludes with a summary of the most relevant
results of this thesis (Part V).



ABSTRACT.

In unserem Sonnensystem sind der Saturnmond Enceladus und der Jupitermond Europa die aussichtsreich-
sten Kandidaten fiir Missionen, um nach extraterrestrischen Leben zu suchen. Dort verfiigen die subkrustalen
Ozeane iiber einen langen Zeitraum iiber grofie Mengen fliissigen Wassers, ein h&ufiger Bestandteil von Eis-
monden im gesamten dufleren Sonnensystem. Dariliber hinaus erlaubt der Ozeanboden aus Gestein auf bei-
den Monden eine reichhaltige Geochemie, die méglicherweise die Bildung von komplexem organischem Mate-
rial in hydrothermalen Schloten einschlieit. Solche Schlote wiirden dariiber hinaus eine Energiequelle fiir das
Entstehen von Leben bieten. Die Erforschung eisiger Ozeanmonde kann mit Hilfe der Einschlagsionisations-
Massenspektrometrie durchgefithrt werden, einer leistungsstarken Technik zur detaillierten Analyse der Zusam-
mensetzung von Eiskornern, die sowohl von der oberirdischen Eiskruste als auch aus den unterirdischen Fliissigkeit-
sreservoirs emittiert werden.

Der Cosmic Dust Analyzer (CDA) an Bord der Cassini-Mission wies eine Vielzahl von Salzen, komplexen und
reaktiven organischen Verbindungen und bioessentiellen Elementen in Eiskornern nach, die in den Eisfontédnen
von Enceladus ins All geschleudert werden. Die Daten lieferten deutliche Hinweise auf habitable Bedingungen
am Meeresboden des Mondes. Dabei profitierten diese Entdeckungen von Labormassenspektren mit Analog-
materialien, die die CDA-Daten ergénzten und im Labor unter Verwendung der Laserinduzierten Fliissigstrahl-
Tonendesorption (d. h. der LILBID-Ionisierungsmethode) in Verbindung mit Flugzeit-Massenspektrometrie
gewonnen wurden. CDA ebnete den Weg fiir den SUrface Dust Analyzer (SUDA), sein verbessertes Nachfolge-
instrument an Bord der bevorstehenden Europa Clipper Mission, das ein tieferes Verstandnis der Habitabilitat
Europas ermoglichen wird. SUDA zielt darauf ab, die Zusammensetzung des Ozeans, bzw. fliissiger Einschliisse
in der Eiskruste, durch die Analyse von jungem endogenen Oberflichenmaterial oder cryovulkanischen Auswurf-
fontdnen zu charakterisieren. Zur Vorbereitung der SUDA-Mission und der Datenanalyse sind erhebliche Lab-
orarbeiten notwendig. In dieser Arbeit werden LILBID-Experimente zur Vorhersage massenspektrometrischer
Signaturen von salz- und organik-haltigem Eis auf der Oberflaiche von Europa durchgefiihrt, wie sie von SUDA
beobachtet werden konnen oder einem &hnlichen Instrument auf einer zukiinftigen Enceladus Mission.

Nach einer Beschreibung des aktuellen Wissensstandes iiber die Habitabilitdt und das astrobiologische Poten-
zial von Europa und Enceladus in Teil I, wird in Teil II erlautert, wie Instrumente vom SUDA-Typ organische
Molekiile aufspiiren konnten, die in salzreichen Eiskornern eingebettet sind. Zu diesem Zweck wurden LILBID-
Massenspektren fiir mehrere organische Substanzen mit verschiedenen Eigenschaften aufgenommen, die von
den jeweiligen funktionellen Gruppen abgeleitet wurden. Diese Stoffe wurden zusammen mit NaCl, MgSOy
oder H2SO4 in Konzentrationen gemessen, die fiir die Oberflaichen von Eismonden relevant sind. Massenspek-
trometrische Signaturen der organischen Substanzen konnen tiber molekulare Ionen und eine Reihe von Clustern
mit Nat, Mg?*+, Cl—, OH~, HSO} Ionen und NaCl-, MgSO4- und H2SO4-Molekiilen nachgewiesen werden. Das
Vorkommen und die Intensitat dieser charakteristischen organischen Peaks hdngen von der anorganischen Matrix
und deren Konzentration ab. Die Intensitat der Analytensignaturen nimmt mit steigender Salzkonzentration auf-
grund von Unterdriickungseffekten ab. Hingegen ist sie im Kationenmodus in einer Schwefelsdure-Matrix erhoht.
Dariiber hinaus variiert die Empfindlichkeit fiir organische Substanzen oft stark mit der Polaritat (Kationen-
oder Anionenmodus des Spektrometers) und hiangt stark von deren molekularen Eigenschaften ab, insbesondere
von ihren funktionellen Gruppen. Die hier aufgenommenen Spektren stellen eine wichtige Grundlage dar, um
mit SUDA sowohl organisches Material als auch Salze in Eispartikeln von Europa und Enceladus - und damit
mogliche Bestandteile der Ozeane - zu charakterisieren.

Teil I1I zeigt eine bisher unbekannte Fahigkeit von Instrumenten des SUDA-Typs auf, namlich die Oxidation-
szahl von Eisen in im Eis befindlichen eisenhaltigen Mineralen zu bestimmen. Diese analytische Methode konnte
es in naher Zukunft ermoglichen, Schliisselparameter der unterirdischen Ozeane auf Eismonden, insbesondere
ihre Redox-Chemie und ihren pH-Wert, zu bestimmen. Diese Faktoren kénnten Auswirkungen sowohl auf die
hydrothermale Mineralogie als auch mogliche Stoffwechselaktivitdten mikrobiellen Lebens haben.

Weitere laufende Projekte, die im Rahmen dieses Promotionsprojektes durchgefithrt wurden, sind in Teil IV
kurz beschrieben. Sie umfassen die Bestrahlung von Eisproben, die zum einen biogene Substanzen enthalten, um
die Modifikation von massenspektrometrischen Biosignaturen zu erfassen, und zum anderen einfache organische
Substanzen, um die mogliche Synthese komplexerer Strukturen zu untersuchen. Dariiber hinaus wird in einem
Ausblick die anstehende Expedition zur Beschaffung natiirlicher Eisproben aus der Antarktis - dem besten irdis-
chen Analoga fiir Eismonde - beschrieben, die im Rahmen meiner Promotionstétigkeit geplant wurde. SchliefSlich
wird die Arbeit mit einer Zusammenfassung der wichtigsten Ergebnisse abgeschlossen (Teil V).



CONTENTS

List of Figures 9
List of Tables 11
Part I. Introduction 13

1. The Search For Extraterrestrial Life 13
1.1. Habitability across the Solar System and beyond 13
1.2.  Looking for life as we know it 15
1.3.  Relevance of ocean worlds for Astrobiology 17
2. Icy Ocean Moons 19
2.1. Overview of icy ocean moons 19
2.2.  Enceladus 19
2.3. Europa 26
3. Spaceborne Impact Ionization Mass Spectrometry 32
3.1. General overview of mass spectrometry 32
3.2. Impact ionization mass spectrometry: past and future space instruments 32
4. Analogue Experiments to Study Icy Moons with Impact Ionization Mass Spectrometry 37
4.1. Simulations of hypervelocity impacts: laboratory work and modelling 37
4.2. The Laser Induced Liquid Beam Ion Desorption (LILBID) technique 37
4.3. Previous LILBID experiments 39
5. Scientific Objectives and Thesis Outline 43

Part II. Analogue Experiments for the Detection of Organic Compounds in Salt-rich

Ice Grains from Ocean Worlds 45
1. Mass Spectrometric Fingerprints of Organic Compounds in NaCl-rich Ice Grains from Europa and
Enceladus 45
1.1. Summary 45
1.2. Introduction 45
1.3. Experimental Section 47
1.4. Results 47
1.5.  Discussion 59
1.6. Conclusion and Outlook 62
2. Mass Spectrometric Fingerprints of Organic Compounds in Sulfate-Rich Ice Grains: Implications for
Europa Clipper 65
2.1. Summary 65
2.2.  Introduction 65
2.3. Experimental Section 66
2.4. Results 67
2.5. Discussion 7
2.6. Conclusion and Outlook 82

Part III. Probing the Oxidation State of Ocean Worlds with SUDA: Fe (II) and Fe

(III) in Ice Grains 85
1. Summary 85
2. Introduction 85
3. Methods 87
4. Results 88

4.1. Cation mode spectra 88
4.2.  Anion mode spectra 90
5. Discussion 93
5.1. Spectral Analysis 93
5.2. Implications for Europa and Enceladus 94
6. Conclusion 95

Part IV. Complementary Analogue Experiments for the Detection of Organics and

Biosignatures on Ocean Worlds 99
1. Destruction and Modifications of Potential Molecular Biosignatures on Europa’s Irradiated Surface 99
1.1. Goals & Methods 99



1.2.  Preliminary Results & Discussion

2. Perspectives: Additional Analogue Experiments
2.1. A rich chemistry driven by irradiation on the surface of icy moons
2.2.  Experiments with natural samples from polar locations

Part V. General Conclusions and Outlook

Part VI. Bibliography and Supplementary material
1. Bibliography

References
2. Scientific publications
3. Appendix

4. Acknowledgments

100
102
102
103

104

107
107
107
121
123
182



[N R

34

35
36
37
38
39
40
41
42
43

LisT oF FIGURES

The pillars of habitability

Ranges of parameters observed for life on Earth, and on some planetary bodies in the Solar

System

Investigations roadmap to icy ocean worlds

Some ocean worlds, their structures and material exchanges between ocean and surface

Images of Enceladus and its plume
Tllustration of the interior of Enceladus
Tllustration of the geochemical model of the subsurface of Enceladus

Lost City hydrothermal vents, a terrestrial analogue to Enceladus hydrothermal vents

Overview of the scientific goals and intruments of the proposed Moonraker mission to Enceladus

View of Europa and its internal structure

Signs of geological activity on Europa: chaos terrains and possible plume detections
Science instruments onboard Europa Clipper

Science instruments onboard JUICE

Overview of mass analyzers commonly used in mass spectrometry

Overview of techniques of ionization used in mass spectrometry

The Cosmic Dust Analyser (CDA): image and technical drawing

The SUrface Dust Analyzer (SUDA) flight model

Operation principles of the SUDA instrument

Data acquisition by SUDA during a flyby of Europa Clipper

Model of a water ice particle before and during a hypervelocity impact

The Laser Induced Liquid Beam Ion Desorption (LILBID) laboratory setup
Dispersion of water beam by laser irradiation

LILBID cation mass spectrum of amino acids in a salty Enceladus ocean-like solution
LILBID cation mass spectrum of NaCl at a concentration of 0.1M

LILBID anion mass spectrum of NaCl at a concentration of 0.1M

LILBID cation mass spectrum of 5-amino-1-pentanol in a 0.01M NaCl matrix
LILBID anion mass spectrum of glucose in a 0.01M NaCl matrix

LILBID cation mass spectrum of 5-amino-1-pentanol in a 0.1M NaCl matrix
LILBID anion mass spectrum of glucose in a 0.1M NaCl matrix

LILBID cation mass spectrum of 5-amino-1-pentanol in a 1M NaCl matrix
LILBID anion mass spectrum of acetic acid in a 1M NaCl matrix

Examples of fragmentation pathways of some cation fragments of glucose.

Relative amplitudes of protonated molecular peaks and sodiated peaks in 0.01M, 0.1M and 1M

NaCl matrices for the measured organic species

Relative amplitudes of (de)protonated molecular peaks in HoO and 0.01M, 0.1M and 1M NaCl

matrices for the measured organic species

LILBID cation mass spectrum of MgSQOy4 at a concentration of 0.01M

LILBID anion mass spectrum of MgSQO, at a concentration of 0.01M

LILBID cation mass spectrum of 5-amino-1-pentanol in a 0.1M MgSO4 matrix
LILBID anion mass spectrum of 5-amino-1-pentanol in a 0.1M MgSO4 matrix
LILBID cation mass spectrum of HySOy4 at a concentration of 1M

LILBID anion mass spectrum of HySO4 at a concentration of 1M

LILBID cation mass spectrum of 5-amino-1-pentanol in a 1M HSO,4 matrix
LILBID anion mass spectrum of 5-amino-1-pentanol in a 1M H5SO,4 matrix

Schematic of possible interaction of basic organic species with sulfate ions
9

13

16
17

21
21
23
24
25
26
27
29
30
32
33
34
34
35
36
38
39
39
40
49
49
50
51
52
52
53
54
56

57

58
68
68
69
71
72
73
74
75
79



44
45
46
47
48

49

a0

LILBID cation mass spectra of iron (IT) chloride (FeCly) and iron (III) chloride (FeCls) 89

LILBID anion mass spectra of iron (IT) chloride (FeCly) and iron (III) chloride (FeCls) 91
LILBID anion mass spectra of iron (II) sulfate FeSO4 and iron (III) sulfate Fep(SO4)3 92
Example of a Pourbaix diagram of the Fe-O-H system 94
Simplified interpretations of the (non) detection and characterisation of iron in ice grains from
ocean worlds with SUDA-type instruments 96
LILBID anion mass spectrum of fatty acids irradiated in water ice, at simulated biotic
concentrations 100
Image of Blood Falls (Antarctica), an analogue location for Europa’s chaos terrains 104

10



LisT oF TABLES

1 Organic compounds measured in NaCl-rich solutions with LILBID 48
2 Detected peaks, and their respective m/z values, in cation mode for the investigated organics
at 0.01M, 0.1M and 1M NaCl concentrations 54
3 Detected peaks, and their respective m/z values, in anion mode for the investigated organics at
0.01M, 0.1M and 1M NaCl concentrations 55
4 Organic compounds measured in MgSO,4 and H3SO4 rich solutions with LILBID 67
5 Detected peaks, and their respective m/z values, in cation mode for the investigated organics
at 0.01M, 0.1M and 1M MgSOy,. 70
6 Detected peaks, and their respective m/z values, in anion mode for the investigated organics at
0.01M, 0.1M and 1M MgSO, 71
7 Detected peaks and their respective m/z values in cation mode for the investigated organics at
0.01M, 0.1M and 1M H5SO4 73
8 Detected peaks and their respective m/z values in anion mode for the investigated organics at
0.01M, 0.1M and 1M H5SO,4 75
9 Limits of detection of (de)protonated molecular peaks of the organic species in pure water
matrix with LILBID, and estimation of suppression effects in the different matrices (NaCl,
MgSO4, HQSO4) 76
10 Characteristic peaks for Fe?* and Fe3* chlorides and sulfates, highlighting distinctive spectral
appearance between the different salt solutions. 88
Nomenclature

CAB, Centre de Astrobiologia; CDA, Cosmic Dust Analyzer; DA, Dust Analyser; DNA, Deoxyribonucleic
Acid; ECM, Europa Clipper Magnetometer; ELF, Enceladus Life Finder; ELSI, Earth Life Science Institute;
ENIJA, Enceladus Icy Jet Analyzer; EOS, Enceladus Ocean Simulant; Europa-UVS, Europa Ultraviolet
Spectrograph; ESA, European Space Agency; EI, Electron Ionization; EIS, Europa Imaging System; ESI, elec-
trospray ionization; E-THEMIS, Europa Thermal Imaging System; FUB, Freie Universitit Berlin; FT-ICR,
Fourier Transform Ion Cyclotron Resonance; GC-MS, Gas Chromatography Mass Spectrometry; HIFI, High
Ice Flux Instrument; HMOC, High Mass Organic Cations; HRD, High Rate Detector; INMS, Ion and Neu-
tral Mass Spectrometer; IOM, Institut fiir Oberflichenmodifizierung; IR, Infrared; JUICE, JUpiter ICy Moon
Explorer; JWST, James Webb Space Telescope; LDI, Laser Desorption Ionization; LILBID, Laser Induced
Liquid Beam Ion Desorption; LPC2E, Laboratoire de Physique et Chimie de I’Environment et de ’'Espace;
LUCA, Last Universal Common Ancestor; MALDI, Matrix Assisted Laser Desorption Ionization; MASPEX
MAss Spectrometer for Planetary EXploration; MISE, Mapping Imaging Spectrometer for Europa; MS, Mass
Spectrometry; NASA, National Aeronautics and Space Administration; NIMS, Near-Infrared Mapping Spec-
trometer; NIST, National Institute of Standards and Technology; OLYMPIA, Orbitrap anal.Yser MultiPle
TonisAtion; PIIM, Physique des Interactions Ioniques et Moléculaires; PIMS, Plasma Instrument for Magnetic
Sounding; QLEIT, Quadro-Logarithmic Electrostatic Ion Trap; REASON, Radar for Europa Assessment and
Sounding: Ocean to Near-surface; SELINA, SELected Ice Nanoparticle Accelerator; SUDA, SUrface Dust
Analyzer; ToF, Time-of-Flight; VUV, Vacuum Ultraviolet.

11






I Introduction

1 The Search For Extraterrestrial Life

The fundamental question “Are we alone?” is as old as humankind itself. For centuries, humans have turned
their eyes towards the night sky and the stars, wondering about our place in the cosmos and if there are “others”
somewhere else. The question of whether or not life beyond Earth exists brings even more intriguing questions:
If extraterrestrial life exists, is it similar to that in our own planet? Could we detect it on other planetary
bodies? Beyond our Solar System? Where and how should we search for signs of past or present life? Is the
origin and evolution of life an inevitable and ubiquitous process? Does biology follow universal laws (such as
the laws of chemistry and physics)?

The field of Astrobiology has its roots in trying to understand the origin(s) of life, both on our own planet
Earth and potentially on other places. This cross-disciplinary field, combining biology, geology, planetology,
chemistry and astronomy, requires not only a broad-scale understanding of life and its functioning mechanisms,
but also of the environments that support it, at scales ranging from planetary systems to microscopic dimen-
sions. Astrobiology brings fundamental insights into our current understanding of the universe by connecting
the formation of stars and planetary systems, with the universal laws of physics and chemistry, and with geo-
logical processes and the evolution of life from prebiotic chemistry to complex multicellular life. Understanding
Earth, its geochemical history and coevolution with life sheds light on the necessary conditions for our planet to
be habitable. This leads to a better understanding of habitability in other worlds in the Solar System and beyond.

1.1 Habitability across the Solar System and beyond

Life and Earth have co-evolved for at least 3.7 billion years [1] (i.e., for most of the history of the planet)
and thus Earth has maintained the conditions required for planetary habitability over geological timescales. The
term “habitability” describes the potential of a particular (extraterrestrial) environment to sustain life based
on the known limits of life (that is, terrestrial life). Important aspects to consider about habitability include
the potential of an environment to generate life, the timescales over which life can be sustained and its spatial
distribution. Habitable planetary bodies are therefore defined as able to develop and maintain environments
hospitable to life. However, the exact conditions for life to emerge are highly debated [2]. Moreover, the current
definition of life is shaped, and therefore limited, by our understanding of life on Earth, and by the fact that we
know of only one example of life (i.e., life on Earth, which has evolved from a last common ancestor, LUCA [3]).
To try to go beyond this limitation, universal laws of physics and chemistry can be used as a potential way to
understand life fully, including the requirements for it to emerge.

Studying life through the prism of universality has led to the consensus that it requires three essential com-
ponents [4]: (i) an energy source to drive metabolic reactions, (ii) a liquid solvent to mediate these reactions,
(47) essential chemical elements (the so-called CHNOPS: Carbon, Hydrogen, Nitrogen, Oxygen, Phosphorus and
Sulfur) both to build biomass and catalyze metabolic reactions with enzymes. Additionally, appropriate physic-
ochemical conditions can also be regarded as a necessary component for life to emerge and perpetuate (Figure
1). The availability of the solvent is considered to be the key limiting factor for life, both on Earth (where it is
the main factor controlling the distribution of life [5]) and potentially on other planetary bodies. While other
liquid solvents could theoretically sustain extraterrestrial life [6], water is considered the most likely solvent,
because of both its high cosmic abundance and its distinct physicochemical properties that make it a highly
suitable medium for macromolecular interactions [7]. Water has the ability to act both as a solvent for polar
molecules and as a reactant in biochemical reactions; it also plays an essential role in metabolic processes such
as protein folding, enzymatic processes, and maintenance of the structural stability of proteins, DNA and RNA
[8, 9]. Liquid water’s unique physicochemical properties are thought to have profoundly shaped the emergence
and evolution of life on our planet. As a general rule, liquid water is considered as the first potential indicator
of habitability, and a main target in the search for places that may be suitable for carbon-based life [10]. This
has led Mars (due to the past presence of liquid water on its surface [11, 12, 13]) and icy ocean worlds in the
outer Solar System (due to the current presence of subsurface oceans) to be considered as prime targets of space
exploration focusing on the search for extraterrestrial life.
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FIGURE 1. The pillars of habitability. From Cockell et al. [4].

Beyond the Solar System, the definition of “habitability” is not exactly comparable to the one used in the
discussion of habitability in the Solar System. While the search for life has been driving research focusing
on the detection and characterisation of exoplanets, it is not yet technically possible to know whether liquid
water, CHNOPS, or energy sources are available on most exoplanets (or exomoons) detected so far. Instead of
“habitability”, the concept of “Habitable Zone” is typically used in the field of exoplanets and astronomy. The
circumstellar habitable zone refers to the location around a star where a planet could sustain water in its liquid
form at its surface, based on predicted temperatures (calculated from the modelled amount of energy that the
planet receives from its star); and therefore varies with parameters such as the distance to the star, the type
of star, and the size of the planet [14]. Only a few dozen exoplanets have been detected to date in habitable
zones (e.g., [15]). However, the detection of exoplanets is a rather recent but exponentially growing field: since
the first exoplanet orbiting a star was discovered in 1995 [16], over 5000 exoplanets have been detected', and
thousands of planet candidates are under consideration [17]. Due to inherent technical difficulties, the detection
of exoplanets (and exomoons) is limited to certain bodies, potentially excluding others that could possibly be
more promising for life. For example, detection bias (typically, with the transit method) can favour the discovery
of large exoplanets which are close to their star (so called “hot Jupiters”). Because of the tremendous abundance
of exoplanets, future instrumentation is likely to enable the detection and characterisation of more potentially
habitable bodies. The characterisation of exoplanetary surfaces and atmospheres in search of remotely detectable
biosignatures is now key to astrobiology research programmes [18].

While the detection of exomoons has not been confirmed yet, they are expected to be numerous and likely
to be discovered soon [19]. The concept of a habitable zone is not relevant for exomoons - or at least not the
most relevant parameter. Indeed, exomoons do not need to orbit a planet in the habitable zone of its star to be
habitable [20]. Tidal heating may allow a moon to sustain a subsurface ocean far beyond the planetary habitable
zone [21]. In fact, habitable exomoons may outnumber habitable exoplanets.

Astrobiology in the context of exoplanet research reminds us that habitability is a complex notion, which is
defined differently by astronomers, planetary scientists or biologists (e.g., [22, 23]). Combining these different
approaches is necessary to answer the difficult questions that the multidisciplinary field of Astrobiology tries to
investigate.

1According the NASA Exoplanet Archive, already 5,535 confirmed exoplanets have been detected on 24" October 2023.
14



1.2 Looking for life as we know it

The search for life in the Solar System is mostly based on the detection and characterisation of environments
where the minimal requirements for habitability (Figure 1) are present, but it also involves the direct search
for signatures of life. In Astrobiology, the term “biosignature” is of common use, although it is ambiguously
defined and used differently depending on the scientific community (e.g, morphological, molecular, chemical,
atmospheric, spectroscopic biosignatures). A widespread definition of biosignatures refers to them as an “ob-
ject, substance, and/or pattern whose origin specifically requires a biological agent” [24]. In other words, it is
a measure or feature that can be interpreted as evidence of past or present life. However, the observation of
such “object, substance, and/or pattern”, to fully qualify as biosignature, should be much more likely to be
produced by biotic processes than by abiotic processes (i.e., it cannot be produced in the absence of life). The
qualification as a biosignature therefore needs to (i) define the precise type of biosignature (e.g., structure, sub-
stance, pattern) (i7) be contextualised in the particular conditions, theories or models of a disciplinary field (e.g.,
[exo]planetary science, paleobiology, microbiology) and (i) be subjected to varying degrees of confirmation [25].

Some examples of substances that can be considered as biosignatures with a high level of confidence, and
are relevant for the instrumental technique described in this thesis (i.e., mass spectrometry), are amino acids
and fatty acids. Amino acids are considered as some of the simplest molecules that could be a biosignature
of life as we know it, because they are both ubiquitous (as the building blocks of proteins) and at the core of
terrestrial biochemistry. However, they can also have an abiotic origin (e.g., [26]), thus amino acids alone will
not be considered as rigorous evidence of life [27]. Nonetheless, a specific ratio of different amino acid concen-
trations can be considered a biosignature, since biotic processes induce an increase of the abundance of more
complex amino acids as compared to those formed by abiotic processes [28]. Lipids are generally considered as
universal biomarkers of extraterrestrial life [29] owing to their membrane-forming properties which are effective
even under geochemically hostile conditions. While most organic species would be easily degraded on many
planetary environments (e.g., by hydrothermalism or exposure to radiation), the provenance of lipid fragments
such as fatty acids could be easily recognized as biological in origin [30]. Fatty acids of biogenic origin can be
differentiated from abiotic origin owing to distribution patterns in their relative concentrations. In a biogenic
synthesis, fatty acids are generated by the addition of two carbon atoms at a time, leading to an excess of fatty
acids with an even number of carbon atoms [31]. On the contrary, in an abiotic synthesis (e.g., Fischer-Tropsch
reactions), carbon atoms are added one at a time, therefore lacking such as characteristic pattern in fatty acid
abundances. Lipids are also the only biomarkers that survived long enough to provide insights into the early
history of life on Earth (e.g., terpenoids, specifically hopanes and steranes, in the Archaean rock record) [32].
While biosignatures are detectable with a wide range of laboratory techniques, mass spectrometry appears as
one of the most relevant spaceborne technique to reach this goal: biosignatures detectable with mass spectrom-
etry include specific biosignature molecules, distribution patterns indicative of selection by biotic processes and
isotopic signatures [33]; and those are highly characteristic as compared to morphological biosignatures such as
fossils, which can be highly debatable [34].

Studying and evaluating the validity of biosignatures is crucial for detecting them on extraterrestrial worlds.
Therefore, accurately defining and identifying life on Earth is a major first step to ensure that space exploration
will not fail to detect extraterrestrial life (i.e., false negative life detection) nor detect wrong signals (i.e., false
positive). However, this is not an easy task, as “life” is a complex phenomenon and some uncertainty remains in
our understanding of what it exactly is [35]. Because of this uncertainty, the quest for extraterrestrial life mainly
focuses on signs of “life as we know it”, which is defined as a self-organized, self-replicating, and metabolically
active molecular system that is carbon-based and uses water as a solvent [36]. Alternative forms of life may be
possible e.g., using methane instead of water as a solvent, or silicon-based instead of carbon-based (e.g. [37]),
therefore introducing the need to search for agnostic biosignatures (i.e., signs of life as we do not know it) [38].
However, these potential alternative forms of life will not be explored in more details here due to their rather
speculative nature.

To know where to look for life on other planets, it seems necessary beforehand to understand the origin(s)
and the limits of life on our own planet. Several scenarios for the origin of life have been proposed, the two main
theories being an origin in oceanic hydrothermal vents (e.g., [39]) or in shallow continental pools (e.g., [40]).
While these scenarios can be further investigated, including with laboratory experiments, it may be difficult to
find a single, definitive answer, since the origin(s) of life on Earth may actually have been several distinct events,
and the geological record is limited in time. Finding a distinct, second origin of life outside of Earth (e.g., on
bodies in the outer Solar System, where life from Earth could not have been distributed by impact ejecta) would
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surely bring invaluable information for a better understanding of the origins of life in the early history of Earth.

A perhaps easier way to get hints about where to look for extraterrestrial life is to study the limits of terrestrial
life. In the last few decades, discoveries of so-called “extremophiles” have extended the boundary conditions un-
der which life can thrive in many different directions. Extremophiles can inhabit (or tolerate) environments with
high temperatures, pressures, radiation, salinity, extreme pH, and severe nutrient limitation. Extremophiles, as
opposed to extremotolerant organisms, are highly adapted for specific “extreme” conditions, which are therefore
the norm under which the organisms are able to function both metabolically and biochemically. Many envi-
ronments on Earth’s surface and subsurface exhibit extremes in one or more physical or chemical parameters.
Therefore, many extremophiles are actually polyextremophiles, enduring multiple factors simultaneously. Some
microorganisms can even survive the harsh conditions of space, an environment where they are simultaneously
exposed to extreme radiation, vacuum, highly variable temperature, and microgravity [41, 42].

The main outcome of recent extremophile research is that life can adapt to a wide range of parameters,
including previously thought insurmountable physical and chemical barriers, and that its true limits have yet to
be found. It therefore implies that life could be more common than expected - including beyond Earth, where
conditions similar to Earth’s inhabited environments are present on many bodies in the Solar System (Figure
2) and beyond, where since the discovery of exoplanets, a wide diversity of worlds is expected. Establishing
the boundaries of life as we know it could help to predict the boundaries of life in a broader context, including
on other planets. The discoveries of the most extreme organisms make more plausible the case of life beyond
Earth, and even maybe raise the possibility of panspermia (i.e., the transport of life from one planet to another).
Moreover, the search for the true limits of terrestrial life could also provide insight into the processes that have
led to its origin.
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FIGURE 2. Ranges of temperature, pressure, pH, and salinity boundaries observed for life on
Earth and estimated (from observations and models) on the environments of some potentially
astrobiology-relevant planetary bodies in the Solar System. Each edge of the polygon chart
represents the range for the specific parameter. From Merino et al. [43]

However, the definition of “extreme conditions” may be biased, as it is inherently based on anthropocentric
criteria [44]. Species currently considered as extremophiles may actually have dominated the evolutionary his-
tory of life, since the current surface conditions on Earth (such as temperature, atmospheric composition, redox
state) have only occurred for a short period of time compared to the time frame of the existence of terrestrial
life [45]. Therefore, extremophile research should be used to gain insights into the origins of life on Earth, and
possible similarities on other planetary bodies, while keeping in mind that extraterrestrial life may have evolved
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in a way that makes it extremely hard to detect with the current techniques of space exploration.

1.3 Relevance of ocean worlds for Astrobiology

In the Solar System, the only bodies which are confidently thought to currently harbour the three minimal
requirements for habitability are some of the ocean worlds in the outer Solar System. While Mars may have
fulfilled these requirements in the past, surface conditions are presently harsh (e.g., radiation, lack of liquid
water), suggesting that if life had developed on Early Mars, it may today only remains in limited areas of
the subsurface, or in protected niches [46]. Other planetary systems might also harbour similar conditions on
exoplanets (or exomoons), but our current knowledge of these systems is still very limited due to the large
distances from Earth, and the difficulties to characterise them sufficiently only with telescopic methods (and
without the possibility for investigations by spacecraft).

Some icy bodies in the outer Solar System currently host considerable amounts of liquid water, despite being
millions of kilometres away from the “habitable zone” of our Solar System. These ocean worlds (i.e. bodies with
a current, potentially global, liquid ocean) have been identified and characterised by several space missions [47]
(Figure 3). The recent characterisation of moons of gas giants has shown that tidal heating makes them some
of the most habitable environments in the Solar System (e.g., [48]), even small moons (e.g., Enceladus) which
were not expected to be able to sustain global oceans due to the cold surface temperatures. While the moons
Enceladus, FEuropa, Titan, Ganymede and Callisto are known to harbour subsurface liquid water reservoirs
[49, 50, 51, 52, 53, 54], uncertainty remains for other bodies including Triton, some icy satellites of Saturn and
Uranus [55, 56, 57]. The discovery of many ocean worlds in the outer Solar System also has implications for
extrasolar systems, where many exomoons might have liquid water oceans due to tidal heating [58, 59].
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FIGURE 3. Investigations roadmap depicting the state of knowledge for (potential) ocean worlds.
For each moon/body, the colours correspond to those of the missions that provided the majority
of information about it. While solid colours show that the target is well understood, a hashed
colour represents only a basic scientific foundation. Adapted from Hendrix et al. [47].

Ocean worlds are key to the search for traces of extraterrestrial life, due to the presence of large reservoirs of
liquid water providing high potential for the emergence and development of life. Moreover, life needs a source
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of energy to power chemical reactions, and the physicochemical gradients (e.g., redox conditions) present in icy
moons could provide it. Such non-equilibrium conditions are thought to have played an important role in the
origins, evolution, and diversity of life on Earth, with electron and proton exchanges (i.e., redox and pH gradi-
ents, respectively) initiating energy fluxes [60]. Another requirement for life as we know it, essential elements
(i.e., CHNOPS; Figure 1), have also been identified in the ocean moon Enceladus [61], further supporting the
idea that life may have all necessary components to start in ocean worlds.

In this thesis, I will focus mostly on Enceladus and Europa, as these two moons are the targets of ongoing,
future and past international space missions (Figure 3). Most importantly, they are considered to have the
greatest astrobiology potential of all extraterrestrial worlds explored to date in the Solar System. Past space
missions such as Cassini or Galileo aroused extraordinary scientific interest by revealing that both moons possess
a critical aspect for habitability, which is to have an ocean in contact with a rocky seafloor (and not sandwiched
between ice layers). To date, only these two moons are confirmed to host this particular feature in their interiors.

Enceladus fulfils the three habitability criteria: (i) liquid water, with the presence of a global subsurface
ocean [62, 63, 53]; (ii) essential elements, including the CHNOP(S?), and simple and complex organic molecules
[64, 65, 66, 61]; (iii) energy sources, with tidal heating inducing hydrothermal processes such as serpentinization,
which entail redox reactions [67, 64, 68]. The essential element Sulfur was tentatively detected as hydrogen sulfide
in Enceladus’ plume, and Sulfur is expected to be abundant in either the moon’s core (as sulfides) or in the
ocean (as sulfates).

Europa is currently less characterised than Enceladus, but is also considered to be potentially habitable,
due to its long-term global liquid water ocean [51, 69], tidal forces generating heat in its interior [70, 71] and a
high potential for water—rock interactions at the interface between its rocky core and subsurface ocean [72, 73],
possibly promoting chemical disequilibria [74]. While hydrothermal activity has been detected on Enceladus,
such process is uncertain for Europa, but predicted by modelling showing that seafloor magmatism could have
been induced during most of Europa’s history [73]. On the surface of Europa specifically, oxidants generated by
an intense radiolytic chemistry (the moon orbiting within Jupiter’s strong magnetosphere [75, 76, 77, 78]) could
reach the subsurface ocean via tectonic processes, and these exchanges could potentially enable redox reactions
with reductants in the subsurface ocean. Such exchanges may have provided the necessary ingredients for an
independent origin of life in Europa’s subsurface ocean [74].

Both Enceladus and Europa may currently host relatively evolved microbial life, originating from (poten-
tial) hydrothermal vents, as these are thought to be associated with the origin of life on Earth [79, 80]. Moreover,
both moons might host a large organic inventory, as the synthesis of organic material has been shown to be
viable in chondritic hydrothermal systems [81, 82, 83, 84]. Organic material concentrations can be enhanced in
both hydrothermal vent structures [85] and in freezing phases [86] likely to occur during cycling at Europa’s and
Enceladus’ overlying icy shell interfaces. Future space exploration might allow to determine more precisely the
organic inventory, and its formation processes, of both Europa and Enceladus, as well as potentially discover
traces of (microbial) life.
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2 Icy Ocean Moons

2.1 Overview of icy ocean moons

Multiple icy moons orbit the gas and ice giant planets in the outer Solar System (Jupiter, Saturn, Uranus,
and Neptune), and some dwarf planets such as Pluto and Eris. Their radii span a large range of values, from
2634km for the biggest (the galilean moon Ganymede) to only several tens of km for the smallest identified to
date (e.g., Puck, a moon of Uranus [87]). Those with subsurface oceans of liquid water (i.e., icy ocean moons)
rank among the most promising astrobiological targets in our Solar System. The current presence of oceans has
been confirmed on the galilean moons Europa, Callisto [51, 50] and Ganymede [49], and on the saturnian moons
Enceladus [52, 53] and Titan [88, 89, 90, 54]. More candidate planetary bodies are awaiting confirmation of
ocean detection (e.g., Pluto [91], some Uranian satellites, and Triton). The dwarf planet Ceres is also thought
to host a liquid water ocean (or at least liquid brine reservoirs), as shown by geological features and signs of
aqueous alteration globally on the surface ([92], Figure 4). However, Ceres’ ocean is likely to be in an advanced
stage of freezing, because it does not have tidal heating as a major heat source. Indeed, tidal heating, generated
by interactions between the moons and their giant planets, induces the melting of large amounts of water, thus
forming (possibly global) oceans. Tidal heating of moons results from their slightly elliptical orbits around their
planets, and is increased in the case of resonances between moons. This effect is particularly strong for the three
inner galilean moons (Io, Europa and Ganymede), since the resonance between them maintain their eccentricities
while simultaneously dissipating energy in the form of heat [94]. In the absence of resonance, dissipation leads
to the circularization of a moon’s orbit, therefore reducing its internal heat. Eccentricity of moons also varies
with time, leading to oscillations of tidal heating in their interiors and of ice shell thickness in the case of icy
moons [95]. Radiogenic elements can also heat their interiors, and dominates over tidal heating in the cases
of e.g., Ganymede, Callisto and Titan [96, 97, 98]. Due to their different sizes, internal structures (Figure 4)
and the different planets they orbit, icy ocean moons have a range of different chemistries, energy budgets and
potentials for long-term heating.

While many similarities can be found with Earth oceans (e.g., presence of hydrothermal vents, similar physico-
chemical parameters), a major difference is that the oceans of icy moons lie below several kilometres thick ice
shells, thus shielded from the outside environment. However, material exchanges between the subsurface ocean
and the surface have been observed for Enceladus (direct observations of plumes; e.g., [99]) and Europa and
Ceres (geological features). Below their ice shells, icy ocean moons have a rocky mantle and/or core, which is
either in direct contact with the ocean, or in contact with a high-pressure ice layer, itself surrounded by the
ocean (Figure 4). The latter case of a liquid ocean sandwiched between two layers of ices has been proposed
for Ganymede, Callisto and Titan [100, 101], and might induce global-scale planetary processes different from
those with one ice shell at the surface only. Among the icy moons, Titan appears as a particularly special ocean
world, as its surface is highly rich in both carbon and nitrogen, and hosts stable liquid material; it is also the
only known moon with a dense atmosphere [102]. It will be further explored soon by the Dragonfly mission [103].

2.2 Enceladus

Enceladus, with an average diameter of 504 km, is one of the five mid-sized moons of Saturn, and tidally locked
to the planet (i.e., it always presents the same face to the planet). Its libration amplitude (0.120° [53]) and ice to
rock ratio (60:40 by mass) [104] indicate that (i) Enceladus hosts a global ocean completely differentiated from
its rocky core and (%) its thick (~40 km) ice shell is decoupled from the rest of the moon’s mass [48, 105, 106].
Surface temperatures globally range from ~50 K (night) to ~80 K (day) [107], and may reach 130 to 185K
at the anomalously warmer south polar terrain [108]. Enceladus is the brightest planetary body in the Solar
System owing to its very young surface ice, showing many geological structures such as cracks and ridges, and its
cryovolcanic activity (Figure 5). While Enceladus was expected to be completely frozen shortly after accretion,
its cryovolcanic activity and heat emission at the south polar terrain (where the heat power is estimated to be
~5-18 GW [109, 110, 111]) suggest strong and continuous heating processes, potentially operating for tens of
millions to billions of years. Tidal friction in Enceladus’ unconsolidated rocky core is the main process creating
internal heat (estimated to be at least ~20-25GW) [112, 48, 106], thus inducing strong water-rock interactions
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FIGURE 4. Hlustration of some confirmed ocean worlds (the moons Europa, Enceladus and
Ganymede and the dwarf planet Ceres), including their interior structures and the putative
mechanisms of material exchange between subsurface ocean and surface. (A) Shallow melting
and formation of chaos terrains (on Europa); (B) Plume activity and ejection of oceanic water
through the ice shell to the surface (on Enceladus, possibly also on Europa); (C) Upwelling
inducing the formation of bands on the surface (on Ganymede); (D) Excavation of oceanic
water after an impact through the ice shell (observed on Ceres, but applicable to all icy bodies).
From Castillo-Rodriguez & Kalousové [93].

(at the water-core boundary and deep in the water percolated core) and the transport of hydrothermal vent
products from the ocean floor to the surface [83, 48, 113].

2.2.1 Exploration with the Cassini-Huygens mission

The Cassini-Huygens mission provided a much deeper understanding of the saturnian icy moons. A major
discovery of the mission is that Enceladus possesses a global subsurface ocean containing organic compounds
and hosting hydrothermal activity at the seafloor that sustains physicochemical disequilibria. The global, ~37
km thick [106] ocean is surrounded by an ice shell, whose thickness varies from 21 to 26km globally, with a lower
value of < 5km at the south pole [53, 114] (Figure 6).
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FIGURE 5. Left: The saturnian moon Enceladus. Right: Plume ejecting water vapour and ice
grains from the “tiger stripes” at the south pole of Enceladus. (Credits: NASA/JPL/Space
Science Institute).
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FIGURE 6. Illustration of the interior of Enceladus. From Cable et al. [115].

On July 14, 2005, the Cassini spacecraft detected a large plume of water vapour and icy particles at the
south pole of Enceladus [116, 117, 118, 119, 120] (Figures 5, 6). The plume emanates from the so-called “tiger
stripes”, four parallel linear cracks associated with surface hot spots [99, 109], where oceanic material is ejected
into space by ~ 100 high-speed narrow jets [121]. The plume is thought to be fed by evaporation of liquid water
[122], extends thousands of kilometres from Enceladus, and have complex spatial variability and dynamics [123].
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While its gaseous component has been characterised by Cassini’s Ion and Neutral Mass Spectrometer (INMS),
the icy particles have been characterised by the Cosmic Dust Analyzer (CDA) and are estimated to have sizes
in the range of nanometres to micrometres (most grains having radii of 0.2-2 pm) and include a broad range of
non-icy compounds [124, 65, 125].

Cassini’s mass spectrometers results

The INMS and CDA mass spectrometers onboard Cassini both analysed plume material ejected from the
subsurface ocean during close Enceladus flybys, as well as material in the E-ring of Saturn originating from the
plume of Enceladus [118]. Indeed, while ~68%-93% of the grains ejected in the plume fall ballistically back
onto the surface [126, 127], the rest of the plume particles reaches circumplanetary space and supply material to
Saturn’s E-ring [128], due to the low gravitional pull of Enceladus. Measurements of neutral gases by the INMS
indicated the dominance of H5O, and the presence of CHy, Ny, CO, COs, Hy, NH3, and organic compounds
ranging from CoHs to CgHg [120, 64]. CDA provided the compositional analysis of icy particles, and the iden-
tification of three main distinct classes of ice particles (type 1, 2, and 3):

e Type 1 grains are almost exclusively composed of water ice, with occasional traces of sodium and potas-
sium at the sub-ppm level [128, 124]. They are the smallest in size of all types, represent ~60-70% of all spectra
recorded in the E-ring and are thought to form by condensation of water vapour inside the icy vents [129, 122].

e Type 2 grains contain significant amounts of organic material, and, like Type 1, are salt-poor. Two
main types of organic material have been detected: (i) large macromolecular compounds with masses above 200
amu, the so-called High Mass Organic Cations (HMOC) [65] and (4) low mass (<80 amu) frozen volatile organic
compounds [66]. Type 2 grains bearing HMOC are thought to originate from an organic film on top of the ocean,
where hydrophobic complex organic compounds separate by bursting of gas bubbles. The ejected solid phase
organics are then coated by water ice, via condensation of water vapour around them, while rising through
the icy vent system [65]. Type 2 grains with volatile organics are thought to form by condensation of these
compounds together with the water vapour. They are highly reactive, bear aromatic moieties and O- and N-rich
moieties which, by comparison with INMS data, are likely to be low-mass amines (e.g., (di)methylamine and/or
ethylamine) and carbonyls (e.g., acetic acid and/or acetaldehyde) [66]. Type 2 grains are highly indicative of
water /rock interactions and current geochemical processing on the porous seafloor. Indeed, the detected of Hy
and silica nanoparticles indicate exogenic serpentinisation and ongoing hydrothermal activity at temperatures
greater than 90°C [64, 67, 130]. Such high temperatures in the interior of the moon are expected to promote
chemical reactions and the formation of complex organic molecules, as observed by the detection of the HMOC.

e Type 3 grains are rich in salts, including potassium and sodium salts [128]. They are thought to be frozen
ocean spray and formed by bubble bursting (gas exsolution of COq, CHy, or Hs). The detection of Type 3 grains
requires the presence of both present-day liquid water and water-rock interactions to leach salts [131], therefore
directly supporting the hypothesis of a subsurface ocean in direct contact with rocky material in Enceladus’
interior. Type 3 grains allowed the Na concentrations in plume particles to be inferred and thus the overall
salinity of Enceladus ocean to be estimated 3-8 g/kg, dominated by NaCl (0.05-0.2 mol/kg) [128].

The detailed characterisation of the different types of ice grains detected by CDA required laboratory analogue
experiments, performed using the Laser Induced Liquid Beam Ion Desorption (LILBID) technique (described
in detail in Section 1.4.2). Together with the ice grains’ compositions, the observed abundance of COs in the
plume indicates a pH value of 8.5 - 10.5 for Enceladus’ ocean [131, 128, 67, 68]. The current model of the
geochemistry of the interior of Enceladus, constrained by Cassini measurements, is shown in Figure 7. It also
includes water-rock interactions at hydrothermal vents on the seafloor of Enceladus.

2.2.2 A hydrothermally active ocean world

Hydrothermal vents on the seafloor of Enceladus have been inferred from the detection and quantification of
H, in Cassini’s E21 flyby by INMS [64] and the detection of nanometre-sized SiOs particles by CDA [67]. The
heat generated in the porous rocky core by tidal dissipation is transmitted to percolating fluids at the ocean-rock
interface, thus inducing hydrothermal reactions. The presence of both Hy and SiOs suggests a heterogeneous
composition of the rocky core, with both ferrous-bearing rocks and carbonates [133]. Although Hs could also be
produced by other processes, such as the radiolysis of water ice by magnetospheric particles, the large quantities
of Hs observed make hydrothermalism a favoured hypothesis, due to the large yields that aqueous oxidation of
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FIGURE 7. Tlustration of the current geochemical model of the subsurface of Enceladus (not to
scale). From Coeclho et al. [132].

reduced minerals can produce. These lines of evidence for water/rock interactions and serpentinization reac-
tions suggest that geochemical conditions are favourable for rich and complex chemistry at the bottom of the
subsurface ocean.

The evidence for complex hydrothermal systems discovered on Enceladus show that this small moon is a geo-
logically and hydrothermally active world, and its subsurface ocean bears similarities to those on Earth. Indeed,
hydrothermal environments on Enceladus are highly analogous to alkaline hydrothermal vent systems on Earth,
in particular to the Lost City Hydrothermal Field [67, 134, 135, 130] (Figure 8). The Lost City Hydrothermal
Field is located on the Atlantic seafloor at the intersection between the Mid-Atlantic Ridge and the Atlantis
Transform Fault. Carbonate chimney-like structures populate this long-lived site, where serpentinization of ul-
tramafic rocks (i.e., igneous rocks mainly composed of mafic minerals and with a very low silica content, typical
of Earth’s mantle) abiotically produce simple compounds (e.g., CHy4, Hy) which feed a rich microbial life sus-
taining complex ecosystems that include unique animals [136].

Submarine hydrothermal vents are considered to be prime locations for investigating the origin of life on
Earth, and potentially on Enceladus and other ocean worlds. Their discovery in 1977, with a first observation
along the the Galapagos Rift in the Pacific ocean [138], changed the paradigm of habitability: until then, it was
believed that all complex life on Earth was (directly or indirectly) linked to photosynthesis. The discovery of
unique life endemic to hydrothermal vents, located deep underwater in the dark, and of many different types
of hydrothermal vents (e.g., black smokers [139]), introduced a wider view of geologic, chemical, and biologi-
cal diversity powered by chemosynthetic microorganisms. Overall, they provided a terrestrial example of how
complex life might thrive on ocean worlds driven by internal heat and under a thick ice sheet which provides
shielding from radiation.

2.2.3 Future missions

Enceladus is one of the main targets being considered for future in situ life-detection missions [140, 141, 142,
115]. Although no mission directly targetting Enceladus is currently under development, several mission concepts
have been proposed to space agencies including both ESA and NASA. Among those proposed mission concepts,
the Enceladus Life Finder (ELF) [141] is a Discovery-class mission proposed to NASA, which would directly
search for evidence of life from the ocean of Enceladus. ELF’s payload would comprise two state-of-the-art
mass spectrometers, which would analyse the gas and ice grains ejected from the subsurface ocean in the plume:
the Mass Spectrometer for Planetary Exploration (MASPEX) and the Enceladus Icy Jet Analyzer (ENIJA),
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FiGURE 8. Left: Lost City hydrothermal vents, in the Atlantic ocean. Similar alkaline hy-
drothermal vents may be present on Enceladus’ seafloor. (Credits: D. Kelley & M. Elend,
University of Washington). Right: Illustration of ecosystems and microbial niches in Lost City
hydrothermal vents. (A) Subsurface: serpentinization reactions. (B) Warm interior (hot hy-
drothermal fluids): archaea biofilms play a dominant role in methane production, methane
oxidation and sulfate reduction. (C) Moderate-temperature zone: hydrothermal fluids mixed
with seawater support a diverse microbial community including archaea and bacteria. Biochem-
ical processes include the oxidation and reduction of sulfur compounds, the consumption and
production of methane, and the oxidation of hydrogen. (D) Cooler zone: carbonate-filled frac-
tures in serpentinized bedrocks, including archaea and bacterial populations. (Credits: Taina
Litwak [137]).

respectively. ENIJA would be built from the heritage of the SUrface Dust Analyzer (SUDA) instrument (itself
built from the heritage of CDA; Section 1.3.2.2), with a higher sensitivity and resolution, and be able to detect
both cations and anions [143]. Besides the higher performance of the payload, when compared to Cassini’s mass
spectrometers, ELF would be dedicated to characterising Enceladus’ habitability and geochemical evolution.
The spacecraft would conduct eight plume fly-throughs over 3 years, with closest approaches targetting the
plume over the south-polar region at 50 km altitude.

More recently, the Mooonraker mission [144] was proposed as an ESA M-class mission designed to perform
multiple flybys of Enceladus and analyse its plume and surface over 13.5 years. Its payload consists of a suite of
instruments dedicated to three major science goals (Figure 9) aiming at investigating () the habitability con-
ditions of present-day Enceladus and its subsurface ocean; (i) the mechanisms of communication between the
subsurface ocean and the surface through the south polar terrain; and (#ii) the origin and formation conditions
of Enceladus (in the context of the formation of the Saturnian system). The performances of the payload would
be significantly improved over Cassini’s instruments. Notably, it would contain a modern impact ionization
mass spectrometer, the High Ice Flux Instrument (HIFI), designed to surpass the capabilities of CDA (with a
resolution ~100 times better, and a mass range extending up to >2000 amu) and provide a significantly better
determination of the composition of the salt- and organic-rich ice grains (Figure 9). HIFI and other Moonraker’s
instruments would have the capability to quantify the abundance and isotopic ratios of key species in the plume,
and characterise physical parameters (e.g., composition) of the plume and the surface with an unprecedented
precision.
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FI1GURE 9. Overview of the scientific goals and intruments of the proposed Moonraker mission
to Enceladus. Measurement requirements of the HIFI impact ionization mass spectrometer are
highlighted in yellow. HIFI may allow the direct characterisation of oceanic composition with
an unprecedented precision, going far beyond CDA’s results. Adapted from Mousis et al. [144]

A possible future lander mission, such as the proposed Enceladus Orbilander [145], could include even
more detailed science operations, such as a suite of life detection instruments with complex sampling systems.
The proposed Exobiology Extant Life Surveyor (EELS) [146] would go even deeper and dive through the
conduits in the icy crust at the south pole of Enceladus, where the plume is erupting. This snake-like robot
would be able to explore the interior ocean of Enceladus. Future missions may reach areas of Enceladus that
were once unattainable and thus open up new science opportunities for a better understanding of this fascinating
small moon.
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2.3 Europa

Europa was discovered near Jupiter by Galileo Galilei in 1610, together with the other jovian moons Io,
Ganymede, and Callisto. While Jupiter has overall more than 90 moons, these four so-called galilean moons are
the largest moons around Jupiter, with environments ranging from the volcanic and rocky Io to the icy moons
Europa, Ganymede, and heavily cratered Callisto. Europa is the sixth closest to the planet, and the fourth
largest, with a radius of 1561 km. Most of what is known today about Europa was discovered by the Voyager 2
spacecraft, the Galileo mission and the Hubble and James Webb space telescopes. In 1979, Voyager 2 was the
first spacecraft to provide close images of Europa (captured from a distance of 250 000 km), revealing a surface
full of unexpected features such as cracks and ridges, hinting at extent geological activity. Two decades later,
the Galileo spacecraft orbiting Jupiter delivered even closer views of the surface (Figure 10) owing to 12 close
flybys of Europa. Galileo provided the most detailed surface images to date, and strong evidence of a global
subsurface ocean beneath the icy surface (e.g., [50]) containing two to three times the volume of Earth’s oceans.
Gravitational and magnetic Galileo data showed the interior ocean is in contact with a silicate core, all under
an ice shell (whose thickness is still under debate). Insights into the composition of this ice shell have been
revealed by Galileo instruments, but more recently, new data has been provided on this topic by the Hubble and
James Webb telescopes. Another major input from Hubble is the tentative detection of cryogenic plumes (e.g.,
[147]); however, the difficulties associated with these detections might suggest that cryovolcanic plume activity
on Europa may be limited in time and space.

F1GURE 10. Left: View of Europa captured by Galileo on its 14th orbit of Jupiter, in March
1998 (Credit : NASA/JPL/Ted Stryk). Right: Internal structure of Europa, as inferred from
Galileo observations, at approximately relative scales. Its metallic core is surrounded by a rocky
mantle, a shell of liquid water and an outer ice shell. (Credits: NASA/JPL).

2.3.1 A geologically active moon

With a mean radius of ~1561 km, Europa has a multi-layer internal structure (Figure 10): a metallic (iron
and nickel) core surrounded by a rocky mantle, itself surrounded by a shell of liquid water and an ice shell
estimated to be 15-30 km thick [148, 149], or less than 15 km thick [150]. Observations of the ice shell, including
(limited) crater counting, indicate a young and active surface, estimated to be only 30 — 90 Ma old on average
[61, 151, 152, 153]. Europa has one of the youngest surfaces in the Solar System, proof of active (or at last recent)
tectonic processes. Indeed, Europa’s surface bears many signs of significant geological activity, such as chaos
terrains, domes, pits (lenticulae), and bands [51, 154]. Chaos terrains (Figure 11) represent around a quarter
of the surface [155, 156] and are believed to be large-scale markers of shallow liquid water reservoirs [157, 158].
They are regions where irregular tilted plates, depressions, and discontinuous ridges form disorganized surface
features, with polygonal blocks of older material set in younger ice [156]. At a smaller scale (~10 km diameter),
lenticulae are elliptical surface features suggested to form above small and shallow (up to ~1km) bodies of liquid
water emplaced in the ice shell [159, 160]. Bands form series of dark intersecting lineae on Europa’s surface of
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up to ~1000 km in length, and ~30km in width. They correspond to zones of dilation in the ice shell, with
intrusion of crustal material inside the cracks [161].

Regions with compressional tectonic activity are thought to contribute to the downward transport of surface
material to the ocean (e.g., [162]). In contrast, ubiquitous extensional and strike-slip faulting provide possible
pathways from the interior to the surface [163]. A possible “recycling” of the surface has been suggested by
surface reconstruction work, showing local regions with missing areas and possible episodic plate-like behaviour
[162, 164]. Overall, both material exchange from the surface to the subsurface and vice-versa have astrobiological
implications: (i) exchange processes [165] could bring material of astrobiological interest to the surface, where
it could more easily be sampled than in the ocean; (ii) they could provide surface oxidants to the subsurface,
potentially supplying a rich redox chemistry in the ocean [166, 74]. Shallow liquid reservoirs may also include
potentially habitable brines pockets [167].

The high rock content of Europa’s core is thought to produce significant heat [168], inducing water-rock
interactions. Models show that Europa could produce enough energy to have extant volcanic activity at the
seafloor [73]. Geological activity has also been reported on the surface, with tentative evidence for episodic or
sporadic plume activity provided by both ground-based observations and spacecraft data [147, 169, 170, 171,
172, 173]. If those observations are confirmed, Europa would be the second moon in the Solar System found
to eject a plume of water from the icy surface; however, because of the higher gravity (1.3 m/s? for Europa, as
compared to 0.11m/s? for Enceladus), the plume is expected to be smaller in altitude than the Enceladus plume
[174]. Future measurements of the topography, gravity and surface composition (e.g., from the upcoming JUICE
and Clipper missions) will help to improve models of Europa’s ice shell and interior, and better understand its
evolution and habitability over geological times.

FIGURE 11. Left: The “Crisscrossing Bands” chaos terrains on Europa, exhibiting ridges and
large smooth features. While ridges are thought to form by the repeated opening and closing of
the icy surface, the flat smooth features might form when cracks are pulled apart horizontally
for a long time (Credits: NASA/JPL-Caltech/SETI Institute). Right: Two plume candidate
detections on Europa, located at similar areas in the southern hemisphere: (top) Transit con-
tinuum absorption image from January 2014 (Credits: Sparks et al. [169]); (bottom) Residual
Lyman-a emission in an image from December 2012 (Credits: Roth et al. [147]).

2.3.2 A complex chemical composition

Furopa’s surface composition has been partially constrained by both spacecraft measurements, including
Galileo’s Near-Infrared Mapping Spectrometer (NIMS) observations, and Hubble and James Webb Space Tele-
scope (JWST) observations. The surface is dominated by water, sulfuric acid hydrate (e.g., [151]) and a variety
of other non-icy material: SO9 [175]; CO2 [176, 177]; O2, HoO4 [178] and several salts such as NaCl [179, 180]
and sulfates (including mirabilite NaySO4-10H20, bloedite NasMg(SOy4)2-4H20, epsomite MgSO4-7TH,O [151,
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181, 182, 183, 184, 185]). Moreover, O2 was detected in the very thin atmosphere [186].

Sulfuric acid hydrate is the largest component of the non-ice material. It is a product of radiolytic chemistry
which dominates the surface composition of the heavily irradiated and sulfur-bombarded trailing hemisphere
[187, 188, 189, 184, 190, 191]. Indeed, the Io plasma torus affects the surface of Europa with sulfur ions (orig-
inating from Io’s volcanoes), combining with water to produce sulfuric acid [192, 193, 187]). The total mass
transfer of material from Io to Europa is estimated to be 10'* g/Myr [194]). Hydrogen peroxide (HyOgz) is
another product of radiation (of water ice) [76, 195]. The detection of sulfuric acid is spatially coincident with
magnesium sulfate salts, suggesting a radiolytic origin of the sulfates [184, 151]; but these may also be radiation
products of exogenic sulfur ions and magnesium salts already present on Europa’s surface [196]. Magnesium
sulfates are likely some of the major salts in Europa’s ice composition and estimated concentrations range from
0.04 to 4.2 mol/kg HoO [197, 198]; but NaCl and KCl [184] or a mixture of Mg-chloride, chlorate, and perchlorate
[190] have also been proposed to be the dominant salt material.

A better understanding of the composition of salts on Europa’s surface has been undertaken with reinter-
pretations of NIMS data, which has low spectral resolution [183, 185]. Although these studies have brought
significant constraints on the possible (combinations of) mixtures, large uncertainties remains and the data and
a variety of different composition still fits some of the data. Moreover, the origins of most surface components
are still highly debated, as the surface composition reflect both endogenic and exogenic processes (e.g., [184]).
NaCl, MgCl salts and possibly sulfate salts on Europa’s surface are believed to be endogenous salts originating
from the subsurface ocean [181, 182, 199, 200, 190, 180]. The surface might be a combination of endogenic frozen
material, including brines, and implanted surface material, with relative proportions varying spatially over Eu-
ropa’s hemispheres. The CO5 ice on Europa is thought to originate from a source of carbon within Europa’s
subsurface, probably from the ocean. While CO5 may also be produced by irradiation of organic material, so
far the lack of correlation with irradiation on the surface excludes a radiolytic production of COy [177].

Chaos terrains in the leading hemisphere may best reflect the composition of the interior ocean, since they
are geologically young regions suggested to be formed from upwelling or melt-through, [201, 202] and are
shielded from the iogenic sulfur ion implantation of the trailing hemisphere. Their high NaCl concentration
[151, 180, 203, 204] hints towards a NaCl-dominated ocean composition. However, the ocean composition is
highly uncertain as it is hidden beneath a thick ice shell and was never directly sampled. Modelling efforts have
provided estimates of its composition, based on water-rock interactions betweeen candidate silicate core compo-
sitions and volatile components that may have accreted during Europa’s formation [205]. Chondritic meteorite
composition is typically assumed to represent the silicate interior. Europa’s silicate interior is differentiated
(at least partially) [206]. The composition of Europa’s ocean also influences, and is influenced by, the seafloor
rock composition, which is only constrained by models. It may contain carbonates, phyllosilicates, Fe-sulfides,
Ca-sulfates, and organic material [205]. Although highly unconstrained, pH estimated values for Europa’s ocean
are ~6-7 units [207]. Galileo magnetic measurements suggested a salinity of ~50 g/kg [150], but this value is
still uncertain as it strongly depends on the thickness of the ocean.

Like the surface, the ocean may also be a mixture of both endogenous and exogenous materials, since it may
have incorporated products from reactions with rocky material at the seafloor, and surface material including
oxidative species from the highly irradiated surface and volcanic products from Io deposited on the surface.

Further constraining the salt composition of Europa’s ice shell is key to better understanding this moon, as
salts play a key role in the evolution of the ice shell. Indeed, they influence the colligative properties of water
and decrease its freezing point, thus changing the dynamics and longevity of liquids within the ice shell; they are
associated (in endogenic material) with geologically young surface features, and play a key role in the habitability
of salt-rich ice and brines. Moreover, identifying endogenic surface material through a good understanding of
cyrovolcanic and tectonic processes is key to determining the habitability of the subsurface ocean [208].

2.3.3 A highly irradiated moon

The surface of Europa is highly irradiated by Jupiter’s magnetosphere [209, 77|, thus creating a highly oxida-
tive surface. Magnetospheric electrons, protons, and ions constantly bombard it, with a high flux and relatively
low energies on the trailing hemisphere and with a relatively lower flux and higher energies on the leading hemi-
sphere [210, 211]. Because Europa is tidally locked to Jupiter, the global pattern of magnetospheric particle
irradiation on Europa’s surface induces a difference of colour between the leading and the trailing hemisphere:
the trailing hemisphere is much darker (higher irradiation flux) than the leading hemisphere (enhanced impact
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gardening?). Electrons are the dominant carriers of energy for radiation chemistry on Europa [209], with energies
ranging from ~10 keV to >10 MeV, and with high energy electrons (extending to >10 MeV) dominating the
surface irradiation flux. The radiation doses received on Europa’s surface ice have been estimated by Paterson
et al. [211] to be 6.6 x 1072 Gy per second for electrons up to energies >10 MeV and to be reduced by two
orders of magnitude at a depth of 1 em. A study by Nordheim et al. [210], including the variations with the
surface location and the depth in water ice, showed that the yearly global average of irradiation that ice at 1 pm
depth (~size of ejecta ice grains detectable by SUDA; Section 1.3.2.2) receives is ~60 MGy. They showed that
radiation processing of organics and potential biosignatures is strongly dependent on the surface location and
that the highest radiation doses are received by shallow material on the trailing hemisphere near the equator.
Recently, Tsareva et al. [212] modelled the dose distribution of electron radiation on the surface Europa, thus
creating accurate maps of radiation doses across the moon.

2.3.4 Europa Clipper

NASA’s Europa Clipper mission [213] will be launched in October 2024 from the Kennedy Space Center
(Florida, USA) and is designed to assess Europa’s habitability, focusing on the ice shell and ocean, the com-
position and the geology. Gravity assists with Mars and Earth will increase Clipper’s velocity, and allow it to
reach the Jupiter system in April 2030. It will then orbit Jupiter and perform ~50 flybys of Europa at altitudes
of typically 25 — 100 km, over around 3 years. The spacecraft has a complementary suite of nine dedicated
remote-sensing and in-situ science instruments (Figure 5): the Europa Ultraviolet Spectrograph (Europa-UVS),
the Europa Imaging System (EIS), the Mapping Imaging Spectrometer for Europa (MISE), the Europa Thermal
Imaging System (E-THEMIS), the Radar for Europa Assessment and Sounding: Ocean to Near-surface (REA-
SON), the Europa Clipper Magnetometer (ECM), the Plasma Instrument for Magnetic Sounding (PIMS), the
SUrface Dust Analyzer (SUDA), and the MAss Spectrometer for Planetary EXploration (MASPEX). They will
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F1cUre 12. Tlustration of the science instruments onboard Europa Clipper. In situ instruments
are labelled in yellow, and remote sensing instruments in blue. They will both scan Europa from
above and directly sample the moon’s tenuous atmosphere and ejected dust grains. (Credits:
NASA / JHUAPL)

collect remote-sensing and in situ data on Europa’s interior, surface, atmosphere, and near-space environment.
The low altitude flybys may allow Europa’s potential plumes to be sampled, as this is expected to require low

2Impact gardening is the process by which frequent small impacts stochastically excavate the uppermost regolith of planetary
surface.
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altitudes (<100 km) [214, 174].

Two mass spectrometers are included in the payload: SUDA [215] (Section 1.3.2.2), which will measure the
composition of small icy particles ejected from Europa’s surface and in potential plumes; and MASPEX [216],
a neutral gas mass spectrometer which will sample the exosphere including possible plume gases, and neutral
torus to detect and quantify major, minor, and trace compounds and isotopic ratios. Surface remote sensing
equipment includes an imaging system in the visible range (EIS) consisting of both a wide-angle camera and
narrow-angle camera; an imaging near-IR spectrometer (MISE) to probe the surface composition; a UV spec-
trograph (UVS) to look for potential plumes and characterize the composition, chemistry, and structure of the
exosphere; and a thermal imaging system to locate geological activity. The ice-penetrating radar (REASON)
will sound Europa’s ice shell from the surface to the ocean to determine its structure and identify shallow liquid
reservoirs. Both plasma and magnetometer instruments (PIMS and ECM) will help to determine the ocean
depth and salinity, as well as the thickness of the ice shell. This suite of instruments will provide highly detailed
and complementary data about Europa, which will be of great value for the determination of a potential landing
site for a future Europa lander mission [217] or other proposed mission concepts.

Besides the dedicated instruments, gravity and radio science will be achieved using the spacecraft’s telecom-
munication system (Doppler data) and antennas; and its radiation monitoring system will bring information
about the radiation environment of the jovian system. Collaborations between Europa Clipper and the JUpiter
ICy moons Explorer (JUICE) mission should provide synergistic science of high value, as both spacecraft are
expected to be in the Jovian system at the same time. Simultaneous joint observations should allow unique
scientific opportunities to enhance the science return from both missions. They might include simultaneous
measurements of the solar wind and of the jovian magnetosphere (inside and outside of the magnetosphere), but
also cross-calibrations of instruments over similar regions of Europa.

2.3.5 JUpiter ICy moons Explorer (JUICE)

Addressing key science questions about the jovian moons as an interconnected system is necessary to better
understand each of its moons individually. With this goal in mind, the JUpiter ICy moons Explorer (JUICE)
mission from ESA will open a new era of missions to the jovian icy moons [218]. JUICE was successfully launched
on 14 April 2023 from Kourou, and will be inserted in orbit around Jupiter in July 2031. During a minimum of
four years in the jovian system, it will mainly perform flybys of Europa, Ganymede and Callisto, but will avoid
Io due to the high radiation environment. Two flybys will be dedicated to Europa, focusing on characterising
the composition of the non water-ice material. JUICE’s payload includes ten instruments dedicated to charac-
terising the jovian icy satellites and the potential emergence of habitable environments. The payload (Figure
13) comprises remote sensing instruments (JANUS, MAJIS, UVS, SWI), a geophysical package (GALA, RIME,
3GM) and an in situ package (PEP, J-MAG, RPWI).

2.3.6 Mission concepts for a future exploration of Europa

A mission concept to the Jupiter system named Gan De, led by Chinese research institutes, is in development
[219]. Its main objective is to characterise and study the formation of the jovian system, with a particular focus
on its satellites. This mission has been proposed to have both a Jupiter orbiter and a Callisto lander, and its
payload could include plasma and dust instruments, imaging systems and a sampling system. While this mission
concept is still at preliminary stages, it could greatly benefit from synergies with previous missions from larger
space agencies (ESA, NASA), as international collaborations are key to successful space missions.

The proposed Europa Lander mission concept [217] would be the first landed mission to search for biosig-
natures on an extraterrestrial ocean world. The lander’s payload would include a microscope, a vibrational
spectrometer, an organic compositional analyser and a geophysical sounding system. While the Europa lander
would collect samples from ~10 cm below the surface, some other mission concepts aim to go even deeper
through the ice and cross through the ice shell [220]. However, under-ice exploration represents major technical
challenges (including communication and resistance of the instruments to e.g., cold, vacuum, unknown salinity
and porosity) which might, through several years of instrumentation development, delay their feasibility.

To conclude, many mission concepts are currently in development to orbit, land on or even dive into Europa.
Such missions are extremely challenging due to the technologies and instrumentations they require [221], but
they might become reality in the near future owing to the detailed characterisation that JUICE and Europa
Clipper will bring at the very beginning of the next decade. Although JUICE and Clipper may not be able to
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FIGURE 13. Payload of the Jupiter Icy Moons Explorer (JUICE). The full names of the instru-
ments, reflecting their functionality, are written in orange. Adapted from ESA/ATG medialab.

detect direct signatures of life on Europa, they will pave the way to that goal with a deeper understanding of
this fascinating moon, with notably the expected identification of endogenous material arising from the ocean.

31



3 Spaceborne Impact Ionization Mass Spectrometry

3.1 General overview of mass spectrometry

Mass spectrometry (MS) is a powerful analytical technique that is widely used both in laboratories, with
many fields of application (chemistry, biochemistry, pharmacy, medicine...), and in space instrumentation as an
in situ technique. It aims to identify a compound (or compounds) from the molecular or atomic mass(es) of its
constituents, and is particularly beneficial for the study of complex analytes. The basic principle of MS is to
generate ions from the analyte, separate them according to their mass-to-charge ratios (m/z) and to measure
them with their respective m/z and abundance. A mass spectrometer therefore always combines an ion source, a
mass analyzer, and a detector; and is operated in high vacuum. Many different types of mass spectrometers exist,
combining different interconnected fundamental (e.g., nature of ionization processes), and technical aspects with
instrumentation (e.g., nature of the sample, ionization technique, type of mass analyzer and detector, vacuum
systems, performance characteristics, mode of operation, data acquisition) [222]. The most common types
of mass analysers include Time of Flight (ToF), Fourier Transform Ion Cyclotron Resonance (FT-ICR), and
Quadrupole and Orbitrap 14. Combining two MS techniques in a 2-step analysis is also possible (so-called
tandem mass spectrometry), and is especially useful for analyzing complex mixtures. The principle of ToF
is that ions of different mass-to-charge ratio (m/z) are dispersed in time during their flight along a field-free
drift path of known length, with the lighter ones will arrive earlier at the detector than the heavier ones [223].
This technique is used in impact ionization mass spectrometers onboard space missions (sections 1.2.2.1 and
1.3.2.2). Mass spectral interpretation involves the identification of characteristic ions, but also potentially the

Type Acronym | Principle

Time-of-flight TOF Time dispersion of a pulsed ion beam; separation by
time-of-flight

Magnetic sector B Deflection of a confinuous ion beam: separation by
momentum in magnetic field due to Lorentz force

Linear quadrupole Q Continuous ion beam in linear radio frequency
quadrupole field: s due to instability of ion trajectories

Linear quadrupole ion LIT Continuous ion beam delivers ions for trapping:

trap storage, and eventually separation in linear radio
frequency quadrupole field by resonant excitation

Quadrupole ion trap QIT Trapped ions; separation in three-dimensional radio
frequency quadrupole field by resonant excitation

Fourier transform-ion FT-ICR Trapped ions in magnetic field (Lorentz force);

cyclotron resonance separation by cyclotron frequency. image current
detection and Fourier transformation of a transient
signal

Orbitrap Orbitrap Axial oscillation in inhomogeneous electric field;

detection of frequency after Fourier transformation of a
transient signal

FIGURE 14. Overview of different mass analyzers commonly used in mass spectrometry. Time-
of-Flight (ToF) is highlighted as the method typically used in impact ionization mass spectrom-
eters onboard spacecrafts. Adapted from [223].

identification of fragmentation (and recombination) pathways, which can provide valuable information on ionic
structures. Ionization of the analyte can be initiated using a variety of techniques of varying hardness, typically
chosen depending on the analyte’s properties (Figure 15). Among all those techniques, Matrix-Assisted Laser
Desorption and Ionization (MALDI) is highlighted as a soft ionization method that can be used to ionise organic
molecules with minimal fragmentation; and will be mentioned in more detail in Section 1.4.2. In MALDI, the
analyte is mixed in a suitable solid matrix, where it is irradiated with a pulsed laser thus creating cations, anions,
electrons, and neutral molecules. Mass spectrometry can also be combined with a separation method to target
specific material e.g., using a Gas Chromatograph Mass Spectrometer (GC-MS).
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soft ionization method suitable to ionize (large) organic molecules with minimal fragmentation.
Adapted from [223].

3.2 Impact ionization mass spectrometry: past and future space instruments

Since MS is one of the few available techniques to provide a thorough analysis of the chemical composition
of samples, mass spectrometers have both a rich history and a promising future in planetary exploration. Mass
spectrometers that are typically part of the payload of space missions include impact ionization mass spectrome-
ters. Impact ionization mass spectrometry is powerful technique for space applications, as utilised from the 1960s
onwards for micrometeroids and cosmic dust analysis (e.g., [224, 225, 226]). The principle of impact ionization
involves the hypervelocity (>1 km/s) impact of small particles (dust and icy grains) onto a target, thus produc-
ing neutral atoms, ions and electrons. The ions are subsequently analyzed with ToF-MS. The first generation of
dust detectors included the instruments onboard the Galileo [227], Ulysses [228], Helios [229], Giotto [230] and
VeGa [231] spacecrafts. The Cosmic Dust Analyser (CDA) and SUrface Dust Analyzer (SUDA) instruments,
two more recent instruments, will be described below, as well as the implications of these instruments for past
and future space exploration.

3.2.1 The Cosmic Dust Analyser (CDA)

The Cosmic Dust Analyser (CDA; Figure 16) was the impact ionization mass spectrometer onboard the
Cassini mission [232]. It characterised the dust and micrometeoroid environment in the Saturnian system, by
measuring the properties of micron and submicron dust particles at impact velocities of the order of km/s.
CDA was developed and built at the Max Planck Institute for Nuclear Physics (Heidelberg, Germany), and
operated from 1999 (even before Cassini reached the Saturnian system) until the end of the Cassini mission in
2017. The Cassini mission was extended twice, thus giving CDA more than a decade to collect cosmic dust
particles, including interstellar and interplanetary dust, E-ring and Enceladus plume particles. One of its major
achievements is that it enabled some of the most significant discoveries related to the geochemistry of Enceladus’
ocean, including the detection of salts, organic molecules and of bio-essential elements (see section 1.2.2.1). In
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fact, the detection of salts was perceived as the first real evidence for a present-day subsurface ocean in Enceladus
[128].

CDA had two independent sensor heads (Figure 16): (i) the High Rate Detector (HRD), to detect particle
impacts and their masses at very high impact rates (up to 10* particles per second); (7i) the Dust Analyser
(DA) to analyse dust particles’ properties i.e., the electric charge, impact direction, speed, and composition.
The DA was itself composed of three main subsystems: the Entrance Grid (EG), the Impact Ionization Detector
(IID) and the Chemical Analyser (CA). The included ToF mass spectrometer could measure cations with a mass
resolution m/Am of 20-50 and a mass range from 1 to >~200 u, depending on triggering [232]. The HRD and
DA subsystems functioned simultaneously, providing complementary data about populations of dust grains with
impact speeds ranging from 1 to >100 km/s [232].
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FIGURE 16. The Cosmic Dust Analyser (CDA). Figure from Srama et al. [232]. Left: Picture
of the CDA instrument. Right: Technical drawing of CDA. HRD: High Rate Detector; EG: En-
trance Grid; EMB: Electronics Main Box; MP: Multiplier; IG: Ion Grid; IIT: Impact Ionization
Target; CAT: Chemical Analyser Target

3.2.2 SUDA

The SUrface Dust Analyzer (SUDA; Figure 17) [215] is the impact ionization mass spectrometer onboard
Europa Clipper. It was built at the University of Colorado, USA. Based on the strong heritage of the CDA in-

FIGURE 17. The SUrface Dust Analyzer (SUDA) flight model. From Kempf et al. [215].
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strument, SUDA combines several state-of-the-art features. Unlike CDA, SUDA is able to measure both cationic
and anionic mass spectra (although not at the same time). While both CDA and SUDA are time-of-flight mass
spectrometers, SUDA uses a Reflectron ToF (while CDA had a linear ion path), which extends the ion path and
reduces the effects of the ions’ initial energies, leading to a better mass resolution (m/Am = 150-250). SUDA’s
high mass resolution and sensitivity will allow it to detect compounds even at trace concentrations (< 1 ppm),
in the mass range m = 1-500 u.

SUDA’s operation principle is shown in Figure 18. Incoming ejecta particles enter the instrument from the
top, go through a set of grid electrodes (e.g., velocity grid), and impact the target at the bottom of the instru-
ment. The entrance grids (located at the top) allow the mass and speed vector of the incoming particles to be
measured sensitive down to 0.3 pm particle size. The iridium target, located at the bottom of the instrument, is
held at a potential of 2.5 kV, depending on the chosen ion mode. After impact of dust particles onto the target,
ions resulting from the impact are repelled from the target, reflected by a reflecting grid (£3 kV) and focused
towards the detector (Ion Sensor). Detection of the cations’ or anions’ masses is therefore achieved via their
times of flight. The target is made with iridium, which has excellent impact ionization properties, is chemically
inert and has two isotope lines (191 u and 193 u) which don’t interfere with mass lines of interest in the mass
spectra. Decontamination of the impact target will be performed after each close Europa flyby, via heating to
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FIGURE 18. View of the SUrface Dust Analyzer (SUDA). On the right are displayed the oper-
ating principles for the different signals produced by incoming particles. From Kempf et al.
[215].

110°C for 8 hours, to eliminate molecular deposition (e.g., of salts) that could degrade SUDA’s performance.

SUDA will analyse ice grains ejected from the surface of Europa by micrometeorite bombardments [233, 234,
235] and from potential plumes [147, 169, 171, 172]. Micrometeorites impacting icy surfaces can eject a large
amount of particles, up to few thousand times their own masses [236]. Most ejecta particles have ballistic tra-
jectories, feeding a dust cloud around Europa, and will fall back to the surface. SUDA will be able to determine
the trajectories of detected ejecta particles owing to information from the entrance grids combined with the
attitude and position of the spacecraft, therefore constraining a spatial origin on the surface for each particle.
With a spatial resolution roughly equal to the instantaneous altitude of the spacecraft, back-tracking of ejecta
trajectories will enable the compositional mapping of Europa’s surface [234, 237, 238].

Geological features of interest on Europa’s surface, such as the chaos terrains Thera and Thrace Macula,
will be specifically targetted and characterised in both cation and anion modes owing to repeated flybys by the
Clipper spacecraft. SUDA will analyze up to 250 particles per second above geological features of interest during
flybys at the lowest altitude of 25km (Figure 19). Ice grain compositions measured by SUDA will be associated
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with observable surface features (i.e., geology, structures, albedo, grain sizes), as well as with compositional data
from other instruments onboard Clipper, such as MASPEX and MISE. Future results from MISE and SUDA
will be highly complementary, as SUDA will provide highly detailed composition from targeted surface features,
while MISE will provide the inventory and distribution of surface compounds in a large-scale mapping. Such
combined measurements will allow to better characterise the global composition of Europa, which is currently
poorly constrained (Section 1.2.3.2).

Ejecta Impact Rate during 25 km Europa Flyby (s-)
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sends data for transmission
FIGURE 19. Data acquisition by SUDA during a flyby of Europa Clipper. From Kempf et al. [215].

During calibration campaigns, SUDA will attempt to characterise the surface composition of both Ganymede
and Callisto, with the collection of ~200 and ~100 samples of their respective surfaces. Campaigns to characterise
galilean ring particles and the Io nanograin flux are also planned [215]. The latter campaign will be used to
determine the deposition flux of dust grains from Io on to the neighbouring galilean moons, and to monitor Io’s
volcanic activity over the duration of the Clipper mission.
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4 Analogue Experiments to Study Icy Moons with Impact Ionization
Mass Spectrometry

To reliably characterise the composition of material from icy moons with SUDA-type instruments, whether
as ejecta or plume particles, terrestrial instrument calibration is required.

4.1 Simulations of hypervelocity impacts: laboratory work and modelling

Hypervelocity impacts involve particles undergoing extreme physical and chemical conditions, including high
energies (10s to 100s of eV), extreme pressures (>MPa), and high local temperatures (>1000 K), over extremely
fast (femto to picosecond) timescales [239]. Such events are therefore challenging to reproduce using current
laboratory techniques, but this has been achieved for pm-sized siliceous, metallic and organic particles, by using
electrostatic accelerators [240, 241, 242, 243, 244, 245, 246]. Such experiments have notably shown that organic
compounds such as amino acids and peptides can be identified with ToF-MS and that they can fragment in
high velocity impacts [246]. However, for water ice grains, hypervelocity impacts are extremely challenging to
reproduce in laboratory experiments [239].

Some recent laboratory experiments have managed to accelerate water ice grains to velocities up to 7.4 km/s
[247, 248]. Such experiments can be done by using a light-gas gun firing water ice, in which organic and biogenic
material can be included [248], but these experiments present several drawbacks: (i) they are not performed in
vacuum, () the impacted grains cannot be analysed in situ, but they must be extracted from the chamber, (iii)
the size of the accelerated grains is typically much larger than the actual size of cosmic dust grains.

Another technique that can be used to accelerate particles is electrostatic acceleration. This technique works
with even smaller particles than light-gas guns (because small particles can more easily achieve a sufficient charge
to mass ratio) and allows possible velocities in the order of km/s to be reached with the use of high-voltages.
Recently, Spesyvyi et al. [249] developed the apparatus “SELINA” (SELected Ice Nanoparticle Accelerator”),
an accelerator of water ice nanoparticles, coupled to a mass spectrometer, aiming at achieving speeds of >3-4
km/s. Ice particles are produced via electrospray ionization of water and subsequent cooling when transferred
to vacuum. SELINA can select charged ice particles (50-1000 nm in diameter) based on their properties (e.g.,
mass, charge, and kinetic energy). Hypervelocity acceleration of water ice grains in laboratory experiments have
also been demonstrated recently by Adamson et al. [250] and Belousov et al. [251].

Other laboratory systems are under development to accelerate pm-sized water ice grains in vacuum at hyper-
velocities of up to >6km/s and analyze the ions produced by their impact with TOF-MS [252, 247]. Different
compositions relevant to icy moons (i.e., water ice grains rich in salts and/or organics) will be experimentally
reproduced and will try to accurately simulate sampling by a spacecraft in a plume flyby.

Modelling work can bring valuable information to complement these challenging laboratory experiments.
Recent work by Jaramillo-Botero et al. [239] has investigated atomic-scale fragmentation processes of molecules
during hypervelocity impacts. They simulated the fragmentation of small organic molecules at impact velocities
of 1-12 km/s (Figure 20). They determined that the best spacecraft encounter velocities for the measurement of
amino and fatty acids embedded in ice grains are 4-6 km /s, because the organics are protected from fragmentation
by the ice matrix. While they predict the onset of organic fragmentation at >5 km/s, a relatively high speed
range is best because the ion yield increases with speed.

While significant work has been done to reproduce hypervelocity impacts of grains in the laboratory, serious
limitations still exist to consider such experiments as accurate analogues for impact ionization in space. Notably,
most experiments do not reach the appropriate size range (i.e., pm-size) of ice grains, or can only accelerate
charged grains (and not neutral grains). To date, the only technique to accurately reproduce the hypervelocity
impacts of water-rich ice grains at speeds relevant for SUDA- or CDA-type instruments, is the Laser Induced
Liquid Beam Ton Desorption (LILBID) laboratory technique [128, 253] (Section 1.4.2). To further improve lab-
oratory hypervelocity impact experiments, comparing their results with those of LILBID should allow to better
understand the processes at play in both methods, which have their own specific limitations as analogues for
impact ionization in space. Such detailed comparisons would improve the ability to interpret measurements of
SUDA-type instruments made at hypervelocity in past and future space missions.
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FIGURE 20. Model of a water ice particle before (tg) and during (t;) a hypervelocity impact,
showing the uncompressed and compressed regions and the shock-front propagation (in the
opposite direction to the particle velocity). From Jaramillo-Botero et al. [239].

4.2 The Laser Induced Liquid Beam Ion Desorption (LILBID) technique

The LILBID laboratory technique (Figure 21) at Freie Universitédt Berlin (FUB) was used in this work. This
cost-effective method is a powerful tool for the preparation of future exploration missions to icy moons, as it
accurately simulates the mass spectra produced by the ionization process of hypervelocity impacts of ice grains
[253]. Analogue LILBID experiments have significantly improved the characterisation of cosmic water ice grains
compositions. The composition and impact speed (onto the spaceborne mass spectrometer) of ice grains are
the main parameter controlling their mass spectral appearance, and both can be simulated with LILBID. This
technique is similar to Matrix-Assisted Laser Desorption and Ionization (MALDI) and both perform a soft ion-
ization of analyte molecules, with minimal fragmentation. While MALDI is used to ionize analytes mixed in a
solid matrix, LILBID uses a similar process but with liquid matrices [254, 255, 256].

The LILBID setup comprises a vacuum chamber, where the sample (a liquid solution) is ionized, and a time-
of-flight mass spectrometer, which detects and analyses the created ions. In the vacuum chamber, the impact
ionization process is simulated by irradiating a micrometre-sized liquid water beam and dissolved substances
therein with a pulsed (20 Hz, 7 ns pulse length) infrared laser (A =2840 nm) at variable laser energies (up to 4
mJ). The laser energy is absorbed by the water molecules, creates a thermal explosion, and breaks the analyte
solution into charged and uncharged atomic, molecular and macroscopic fragments (Figure 22, [257, 258]). The
formed charged fragments usually carry a single charge. After passing through a field-free drift region, the
created ions (cations or anions, depending on the chosen polarity) are then accelerated and analyzed in the TOF
mass spectrometer with a mass resolution m/Am of 600-800 (for comparison, CDA’s resolution was 20-50, while
SUDA’s is 150-250). The principle of delayed extraction allows ions to be selected for analysis as a function of
their initial velocities. Tons cross a field-free drift region before reaching the acceleration (or extraction) region.
When the acceleration electrodes (repeller and extractor) are switched on (after a predefined delay time), fast
ions have already crossed more of the acceleration region than slow ions, so they experience a weaker potential
difference than slow ions. Ions within a defined range of initial velocities can thus be selected for analysis by
adjusting the delay time. Ions arriving later than the delay time are blocked by the repeller applying a potential
(with the opposite polarity to the selected ions) that prevents them entering the mass spectrometer. The delay
time is therefore defined as the time between the laser shot (T() and the ion acceleration. Selecting a range of
ion velocities allows the selection of ions of a specific range of masses, since ion velocities are related to their
masses and the amount of energy imparted by the laser:

v~ Eser

m

Impact speeds ranging from 3 km/s to 21 km/s can be simulated using delay time values from 3.2 to 7.5 us,
with lower delay time values corresponding to higher speeds. The conversion from TOF to m/z is performed
using a second order calibration equation. This mass calibration is done with the LabView software on the mea-
surement computer. The spectra are recalibrated to reduce possible mass shifts [259, 260] (i.e., deviances up to
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FIGURE 21. The Laser Induced Liquid Beam Ion Desorption (LILBID) laboratory setup. The
LILBID method is used to reproduce the impact ionization mass spectra of ice grains recorded
in space (figure reproduced from Klenner et al. [253]. The principle of delayed extraction of the
ions as a function of their initial velocities is shown on the bottom right insert.

>1 amu due to the delayed extraction method and variable initial ion velocities) with a Python script that calcu-
lates a polynomial function based on real peak masses and assigns the corresponding data file with this function.
Both impact ionization and the laser desorption experiment almost exclusively produce singly-charged ions.
Ion signals are amplified, digitised (Analogue-to-Digital converter) and recorded with a LabVIEW-controlled
computer. Each mass spectrum presented in Parts I, III and IV of this thesis is the average of 300 individual
spectra, which were co-added to account for variations in laser intensity and to achieve a signal-to-noise similar
to spectra from space instruments. The recorded spectra are archived in a comprehensive database containing
analogue data for impact ionization mass spectrometers, available at https://lilbid-db.planet.fu-berlin.de [259].
Thousands of LILBID mass spectra have already been recorded, for a wide range of compounds, providing valu-
able data points for past and future data from space missions.

4.3 Previous LILBID experiments

While MALDI has been used for numerous applications (e.g., biochemistry, medicine, microbiology) since
1985 [261], the optimization of laser desorption/ionization for applications in space sciences started more re-
cently. In 2009, Postberg et al. [128] showed that CDA mass spectra of Enceladean ice grains are strikingly
similar to LILBID mass spectra of salty samples. Compositional variations of Enceladus ice grains could be
understood by measuring different salt rich solutions, including sodium, potassium, chlorides and carbonates,
with LILBID. In subsequent works, several types of organic compounds were identified in CDA mass spectra
owing to LILBID analogue data: high molecular mass (> 200 u) refractory insoluble organic material [65] and
low molecular mass (< 100 u) volatiles including various moieties bearing oxygen, nitrogen, aryl groups [66] as
well as tentatively identified alkene and acyl groups [262]. Simulation of different impact speeds of ice grains
onto CDA was performed by using combinations of different delay times and laser energies (Section 1.4.2 and
Klenner et al. [253]), allowing the reproduction of spectral variations for a wide range of ice grains detected by
CDA.

Several LILBID experiments have already been performed to predict the mass spectral appearances of
astrobiology-relevant material, and could certainly help in detecting and identifying biosignatures during fu-
ture space missions. Previous work demonstrated that bioessential molecules (such as amino acids, fatty acids
and peptides [263]) including their specific abiotic and biotic mass spectral fingerprints [264], and microbial
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FIGURE 22. (a) Photograph of an IR laser irradiating a pm beam of liquid water in vacuum,
as used in the LILBID method. The liquid beam is dispersed and the charged droplets are
analyzed with mass spectrometry. (b) Schematic of the process shown in (a), depicting the
formation and dispersion of charged droplets. Adapted from Wiederschein et al. [258].

biosignatures extracted from bacteria [265] could be detected down to the ppm or ppb level. These experiments
have also included up to 0.1 mol/L of NaCl in the analytes solutions (to be representative of icy moons’ salty
ocean compositions) and notably showed that (7) the sensitivity to biosignatures decreases with increasing salt
concentration, and (i) amino acids and fatty acids form sodiated (i.e., sodium-complexed) molecular peaks in
salty solutions (Figure 23).

In a scenario for Enceladus, where microbial cells would be encased in ice grains as nucleation cores, Klenner
et al. [266] showed that the detection limits of characteristic spectral signatures (both amino acids and metabo-
lites in cation mode, and fatty acids in anion mode) correspond to low cell densities of below 107 cells/mL. Even
if only a small fraction (0.01%) of the cell’s constituents were contained in an ice grain (of typical size for Ence-
ladus as measured by CDA, i.e., 2pm in diameter), the bacterial signatures would be detectable by SUDA-type
instruments. They used Sphingopyxis alaskensis cells, a highly relevant analogue species for potential lifeforms
on Enceladus, as these are cold micotrophic marine bacteria, thriving in oligotrophic waters, and whose ultrami-
crosize [<0.1 pm3] would allow it to fit in Enceladean ice grains. These experiments emphasize the outstanding
capabilities of SUDA-type instruments to (i) detect very low levels of microbial material, without the need of
a lander or extraction techniques to increase biosignatures’ concentrations, (i) characterise the composition of
individual ice grains, rather than the entire plume where biosignatures could be scarce (i.e., higher local concen-
trations in targetted ice grains than in a diluted entire plume) and (i) assess the compositional heterogeneity of
the plume, owing to the high number of individual ice grains sampled per flyby (e.g., 10,000-100,000 grains [141]).

In their work with benzoic acid and its derivative isomers, Khawaja et al. [267] found that significant spectral
differences between the isomers can be seen, but they don’t appear for all experimental parameters (e.g., they
appear particularly in negative ion mode and at simulated intermediate and high impact velocities). Future
laboratory investigations focusing on how to characterise isomeric biosignatures with spaceborne instruments
will be highly significant for missions to ocean worlds, as the capacity to identify subtle differences in molecular
structure in isomeric species is a valuable tool for astrobiology investigations.

Recently, Khawaja et al. [268] measured with LILBID the mass spectral fingerprints of low-mass aldehydes
and ketones, and compared the obtained spectral signatures and fragmentation patterns with electron ionization
(EI) mass spectra from the National Institute of Standards and Technology (NIST). They showed that these
two different mass spectrometry techniques can complement each other’s compositional analysis, and therefore
can help constrain the structural properties of organic species in data from mass spectrometers onboard space
missions.
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F1GurE 23. Cation LILBID mass spectrum of amino acids (Gly, Ala, ABA, Ser, Val, Asp, and
Glu) in a salty Enceladus-like solution. Characteristic amino acid peaks are labelled in blue
and showed that these compounds form sodiated complexes. Unlabelled peaks correspond to
NaCl-water and NayCOz—water peaks from the matrix solution. From Klenner et al. [264].

Building on the strong knowledge from previous LILBID experiments described above, I have undertaken
several experimental projects. In this thesis, I describe the work I have performed with LILBID during my three
years of PhD, and which have led to three peer-reviewed publications (Parts II and III). Additionally, I have
taken part in additional ongoing projects, which are reported in Part V.
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5 Scientific Objectives and Thesis Outline

The main objective of this thesis is to reach a better understanding of Europa and Enceladus by improving the
performance of spaceborne mass spectrometers onboard exploration missions, via a comprehensive experimental
analysis of analogue target material. This involves providing analogue mass spectra applicable to the SUDA in-
strument onboard Europa Clipper, to be launched in less than a year, and to a possible (re)interpretation of past
results from the data of Cassini’s CDA but also future Enceladus missions. This thesis focuses on both organic
material, since this is the main target of astrobiology investigations (as some organic molecules are considered
to be the building blocks of life); and on several inorganic salts which are major components of the composition
of both the ocean and the ice shell of Europa and Enceladus, and important to consider in mass spectrometry.
This thesis is a cumulative thesis, comprising three peer-reviewed articles which have been already published or
accepted in relevant scientific journals (with the corresponding bibliographic information here below). After the
present introduction (Part I), the parts of this thesis are the following:

Part II - Analogue Experiments for the Detection of Organic Compounds in Salt-rich Ice Grains
from Ocean Worlds:

Part IT investigates the characteristic mass spectral signatures of several water-soluble organics in salt-rich and
sulfuric acid-rich ice grains reflecting the compositions of Europa and Enceladus. Data collected from LILBID
analogue experiments in which we examine the effects of sodium chloride (NaCl), magnesium sulfate (MgSQOy)
and sulfuric acid (H2SOy4) at concentrations of 0.01, 0.1 and 1M, is used to determine the spectral appearance of
organic molecules and their detectability with SUDA-type instruments. The organic species 5-amino-1-pentanol,
acetic acid, benzoic acid, butylamine, glucose, methanol, and pyridine were measured in both cation and anion
mode. The following research questions are targeted:

e What are the mass spectral signatures of a variety of representative organic compounds in salt-rich ice
grains reflecting the composition of Europa and Enceladus, as obtained with SUDA-type instruments?

e How do these signatures change with the properties of the organic compounds (e.g., functional groups)?

e What are the effects of increasing concentrations of different salts and inorganic acids on the mass spectral
features of organic compounds? Can organic material be detected through mass spectrometry despite the high
concentrations of inorganic material in the surface ice of these moons?

e What analyte suppression and matrix effects involving salts, inorganic acids and different organic species,
are expected for SUDA’s future measurements?

This Part resulted in two published manuscripts:

Napoleoni, M., Klenner, F., Khawaja, N., Hillier, J. K., & Postberg, F. (2023) Mass Spectrometric Fin-
gerprints of Organic Compounds in NaCl-Rich Ice Grains from Europa and Enceladus. ACS FEarth and Space
Chemistry, 7(4), 735-752.

Napoleoni, M., Klenner, F., Hortal Sanchez, L., Khawaja, N., Hillier, J. K., Gudipati, M. S., Hand, K.P.,
Kempf, S., & Postberg, F. (2023) Mass Spectrometric Fingerprints of Organic Compounds in Sulfate-Rich Ice
Grains: Implications for Europa Clipper. ACS FEarth and Space Chemistry, 7(9), 1675-1693.

Part III - Probing the Oxidation State of Ocean Worlds with SUDA: Fe (II) and Fe (III) in
Ice Grains:

Part I1I investigates differences in the cation and anion LILBID mass spectra of both iron (II) and iron (III)
chlorides and sulfates. We draw implications for the geochemistries of subsurface oceans, including decipher-
ing their pH values and oxidation states, but also potentially to characterise hydrothermal systems and the
metabolisms of possible lifeforms. The following research questions are targeted:

e What are the spectral signatures of iron (Fe), a metallic element, in different oxidation states in the impact
ionization mass spectra of SUDA-type instruments onboard space missions to icy ocean moons?
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e Could the oxidations states of Fe in iron-bearing minerals be determined if present in water-rich ice grains
ejected from these moons?
e What implications would such detections have for the geochemistry and habitability of subsurface oceans?

This Part resulted in one accepted manuscript:

Napoleoni, M., Hortal Sanchez L., Khawaja N., Abel, B., Glein, C., Hillier J.K., & Frank Postberg (2023)
Probing the oxidation state of ocean worlds with SUDA: Fe (II) and Fe (III) in ice grains. The Planetary Science
Journal.

Part IV - Complementary Analogue Experiments for the Detection of Organics and Biosigna-
tures on Ocean Worlds

Part TV describes additional analogue experiments using both LILBID and other analytical techniques, which
provide highly complementary information to the main objective of this thesis. New techniques and approaches
are considered, such as the use of irradiation and the collection of natural samples from analogue fields in an
expedition to Antarctica. These complementary experiments of high scientific value will surely open up new
research fields at Freie Universitéit Berlin and increase the scientific return of upcoming missions equipped with
impact ionization mass spectrometers.

In Parts IT and III, all the experimental work, data analysis and most of the writing of publications have been
done by myself, with only minor contributions from co-authors. Part IV includes collaborative projects where
the experimental work and/or data analysis are performed by myself and collaborators, with a strong personal
involvement from my side.

Part V - General Conclusions and Outlook
This work concludes with a summary of the most relevant results of this thesis, and some final perspectives

for the exploration of ocean worlds.

At the end of this dissertation, an appendix contains the supplementary material mentioned in Parts II and
ITI. A list of publications is also provided.
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II Analogue Experiments for the Detection of
Organic Compounds in Salt-rich Ice Grains
from Ocean Worlds
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Kempf, S., & Postberg, F. (2023) Mass Spectrometric Fingerprints of Organic Compounds in Sulfate-Rich Ice
Grains: Implications for Europa Clipper. ACS Earth and Space Chemistry, 7(9), 1675-1693.

1 Mass Spectrometric Fingerprints of Organic Compounds in NaCl-
rich Ice Grains from Europa and Enceladus

Reprinted with permission from [ACS Earth Space Chem. 2023, 7, 4, 735-752]. Copyright [2023] American
Chemical Society. https://doi.org/10.1021/acsearthspacechem.2c¢00342

1.1 Summary

Europa and Enceladus, respective moons of Jupiter and Saturn, are prime targets in the exploration of po-
tentially habitable extraterrestrial ocean worlds. Organic material could be incorporated from the ocean into ice
grains ejected from the surface or in potential plumes and detected via spacecraft flybys with impact ionization
mass spectrometers, such as the SUrface Dust Analyzer (SUDA) onboard Europa Clipper or the Cosmic Dust
Analyzer (CDA) onboard the past Cassini mission. Ice grains ejected from both Europa and Enceladus are
expected to contain sodium salts, specifically sodium chloride (NaCl), in varying concentrations. Consequently,
it is important to understand its effects on the mass spectrometric signatures of organic material in salt-rich ice
grains. Previous studies have only focused on the detection of biosignatures, such as amino acids, in salt-rich ice
grains. We here perform analogue experiments using the Laser Induced Liquid Beam Ion Desorption (LILBID)
technique to study how a wide variety of abiotic and potentially biotic organic molecules could be identified by
SUDA-type instruments. We investigate their mass spectral characteristics and detectability at various typical
NaCl concentrations expected for salt-rich ice grains and in both cation and anion modes. Results show that
organics in salt-rich ice grains can still be detected because of the formation of molecular ions and sodiated and
chlorinated species. However, high salt concentrations induce compound- and concentration-dependent suppres-
sion effects, depending on the chemical properties and functional groups of the analytes. Our results emphasize
the need of both ion modes to detect a wide range of organics embedded in complex matrices and to discriminate
between abiotic and potentially biotic species. This work complements a spectral reference library for Europa
Clipper and other ocean world missions.

1.2 Introduction

Ocean worlds are of growing interest for life detection missions. In particular, Jupiter’s moon Europa and
Saturn’s moon Enceladus both have a high potential to host extant biological life in their global subsurface
water oceans [50, 69, 74, 53] with uniquely hospitable chemistry[269]. Europa’s ocean is thought to be in contact
on its lower part with a rocky silicate seafloor, and on its upper part with an ice shell that may have tectonic
activity allowing reductant-oxidant cycling [270, 197]; and it might have been present for much of the history of
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the Solar System, providing a long-term stable environment with geochemical interactions, essential elements,
and energy sources for an independent origin of life [271, 168, 208, 272]. Enceladus’s subsurface ocean of salty
water [128, 124] is also thought to be long lived and hosts a variety of organic material, including compounds
made of the biologically essential elements carbon, hydrogen, oxygen, nitrogen, and phosphorus [273, 65, 66, 61]
potentially acting as building blocks or byproducts of life. The discovery of hydrothermal processes at the in-
terface between the ocean and the rocky core of Enceladus was deduced from the detections of nanometer-scale
silica particles [67] and of molecular hydrogen (Hs) [64], a product of serpentinization reactions, in a large plume
of icy particles emanating from cracks in the southern pole [99, 117]. These jets of water provide a source of
potentially life-bearing material being ejected from the subsurface ocean and emitted to space in icy particles.

Europa’s subsurface ocean may be communicating material to the surface through tectonic activity, resur-
facing or other forms of upwelling [274], rendering subsurface material analyzable by spacecraft flybys. Organic
material possibly related to bioactivity in Europa’s subsurface ocean might therefore reach the surface ice and
be sputtered to high altitudes by micrometeorite bombardment [233, 235] and by energetic heavy ions trapped in
Jupiter’s magnetosphere [275]. Organics could also be incorporated in potential plumes ejecting gas and water
ice grains from the subsurface ocean into space [147, 169, 171, 172]. The detection and identification of organics
in Enceladus plume ice grains allowed the interpretation of ice grains’ origins, their formation mechanisms, and
the presence of an organic-rich layer at the upper ocean-ice interface [65, 66]. Diverse complex organic species
including hydrocarbons, amino acids and carboxylic acids, could be geochemically synthesized in icy moons’
oceans by serpentinization reactions and reduction of inorganic precursors [276, 277, 278] in potential hydrother-
mal systems. Processes such as bubble-scrubbing may increase the concentration of organic material and lead
to enriched particles allowing the detection of organic biosignatures in ice grains at a much higher level than
expected in the bulk ocean [126].

Dust analyzers are powerful instruments for the analysis of extraterrestrial ice grains and the identification of
molecules therein. A dust analyzer detects individual particles impacting its target at hypervelocities (several
km/s), creating an impact plasma whose composition is measured via time-of-flight (TOF) mass spectrometry
(MS). Such instruments can detect chemical species embedded in ice at the ppm level, including organic com-
pounds [65, 279] and salts [128], and have revealed some of the most significant advances about the chemistry of
the plume of Enceladus [65, 133]. The Cosmic Dust Analyzer (CDA) onboard the Cassini spacecraft allowed the
discovery of complex organic macromolecules with molecular masses above 200 u [65], as well as smaller reactive
nitrogen- and oxygen-bearing molecules [66] from the ocean of Enceladus. Onboard NASA’s upcoming Europa
Clipper mission [213], the SUrface Dust Analyzer (SUDA) will capture and analyze dust particles released from
Europa’s surface by impacts and in its potential plumes [215]. During close flybys, SUDA will map the compo-
sition of encountered ejecta particles onto certain surface features of Europa [237]. The SUDA instrument is a
TOF reflectron-type mass spectrometer optimized for a high mass resolution in the mass range m=1-500u. As
compared to the CDA instrument that could only detect cations, the SUDA instrument will be able to record
both cation and anion mass spectra, aiming to target a wider range of compounds.

The search for organic material and molecular biosignatures in ice grains ejected from ocean worlds with
SUDA-type instruments might be challenged by the complex chemistry and salty composition of their ice and
oceans. The salinity of Enceladus’s ocean is assumed to be roughly similar to Earth’s ocean or lower [280],
at around 20 g/kg [281] and dominated by NaCl at a concentration of 0.05-0.2 mol/kg [128]. At Europa, the
strong magnetic induction field measured by Galileo suggested a salinity perhaps in excess of 50 g/kg [150].
Analysis of the Galileo Near-Infrared Mapping Spectrometer (NIMS) data showed that the Europa’s icy surface
is dominated by water, sulfuric acid hydrate and other non-ice material. Sulfuric acid hydrate is an expected
product of radiolytic chemistry occurring on the heavily irradiated and sulfur-bombarded trailing hemisphere
[187, 188, 189]. Its detection was confirmed on the trailing hemisphere by telescopic observations, which also
detected spatially coincident magnesium sulfate salts, suggesting a radiolytic origin of the sulfate salts [184, 151].
The non-ice material identified by NIMS has been first interpreted as endogenous sulfate salts originating from
the subsurface ocean [181, 182, 199, 200]. Ground-based spectroscopic observations have proposed sodium chlo-
ride and potassium chloride [184] or a mixture of magnesium chloride, chlorate, and perchlorate [190] as the
dominant non-ice component of the leading hemisphere. The non-ice material is likely a combination of multi-
ple materials, including frozen brines, sulfate salts and chlorides or chlorates, with relative proportions varying
spatially over Europa’s leading and trailing hemispheres. Endogenous material reflecting the composition of the
interior ocean is thought to be particularly abundant in the chaos terrains of the leading hemisphere, as these
terrains are geologically young, are potential regions of subsurface upwelling or melt-through [201, 202] and are
shielded from the sulfur ion implantation of the trailing hemisphere. Chaos terrains are rich in sodium chloride
[151, 180, 203, 204], an inorganic salt likely to be a major component of Europa’s ocean, as this salt is expected
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to dominate in an ocean with an extensive hydrothermal circulation [282]. Sodium chloride is estimated to be
present at a mean concentration of 0.1-1.2 mol/kg HoO [197], but surface ice inhomogeneities could even increase
the salt concentrations, leading the Europa lander mission concept to request that onboard instruments should
be prepared for samples containing up to 30% salt [217]. Analytical instruments aiming at investigating the
chemical composition and possible biosignature content of ocean worlds will therefore have to deal with native
samples containing significant amounts of salts.

Interpreting mass spectra acquired in space from SUDA-type instruments requires terrestrial calibration
by analogue experiments. Spaceborne impact ionization mass spectrometers analyze projectile ions from ice
grains impacting onto metal targets. It is challenging to recreate this impact process in laboratories, because
micrometer-sized ice grains cannot currently be easily accelerated at relevant speeds [251, 283]. Therefore, the
Laser Induced Liquid Beam Ion Desorption (LILBID) technique has been developed to simulate the impact
ionization mass spectra of ice grains recorded in space at impact speeds from 3 to >20km/s [255, 254, 253]
without the need of a dust accelerator. This technique has been used to reproduce compositional differences of
ice grains detected from Enceladus with the CDA instrument [128, 65, 66], and to investigate the mass spectral
characteristics and fragmentation patterns of organics between different ionization methods [268]. Klenner et
al. [263, 264] used LILBID analogue experiments to investigate the detection of amino acids, fatty acids, and
peptides in water-rich and salt-rich ice grains in an ocean world scenario, as they could be identified by future
spaceborne mass spectrometers such as SUDA or the Enceladus Ice Analyzer (ENIA)[143]. They found that
these bioessential compounds can be detected down to the micro- or nanomolar level, with optimal encounter ve-
locities of 4-6 km/s, and that these complex organic molecules remained largely intact up to encounter velocities
of 8 km/s. Moreover, characteristic abiotic and biotic fingerprints could be discriminated in the mass spectra.
Recently, the investigation of bacterial extracts showed that microbial biosignatures could be reliably identified
at the ppm level in salt-rich ice grains, and that the sensitivity to biosignatures decreases with increasing salt
concentration [265].

In impact ionization mass spectrometry, the matrix from which a sample is analyzed can increase or decrease
the ionization process, hence influencing ion formation and the resulting spectra [284, 285]. In particular, salts
in the analyte solution can cause a significant degradation of the signal-to-noise ratio and lead to ion suppression
and adduct formation, which may mask or complicate the ion signals with interferences. Matrix effects can
therefore limit the quantitative and qualitative analysis of SUDA-type instruments, which are likely to analyze
salty and oxidant-rich ice grains reflecting icy moons’ compositions. To prevent these difficulties, laboratory
analogue experiments investigating salt-rich matrices are required. A previous study by Klenner et al. [264]
investigated the spectral appearance of amino acids in salt-rich solutions. They found that, although high salt
concentrations suppress characteristic organic peaks, amino acids typically form sodiated (sodium-complexed)
molecules in which a sodium ion replaces a hydrogen ion and could be detected down to micromolar concentra-
tions.

This work investigates the characteristic mass spectral signatures of several water-soluble organics in salt-rich
ice grains reflecting the composition of Europa and Enceladus. We discuss data collected from LILBID analogue
experiments in which we examine the effects of sodium chloride (NaCl), at concentrations of 0.01, 0.1 and 1M
NaCl, on the spectral appearance of organic molecules and their detectability with SUDA-type instruments.
We focus on the mass spectral signatures of 5-amino-1-pentanol, acetic acid, benzoic acid, butylamine, glucose,
methanol, and pyridine, in both cation and anion mode, to infer general rules predicting the behavior of organic
species containing a wide range of functional groups, namely hydroxyl, azine, (aromatic) carboxylic acid, (aro-
matic) amine, and alkanolamine. Such functional groups are especially relevant for icy moons, because oxygen-
and nitrogen-bearing as well as aromatics compounds have been detected on Enceladus ice grains [65, 66]. Sugars
and N-heterocycles are especially relevant for astrobiology investigations as they are essential to biological pro-
cesses in all terrestrial life and may have played an important role in the origin and evolution of life [286, 287, 288].
The purpose of this study is to form a better understanding of peak suppression and matrix effects involving
salts and different organic species as if detected in icy moons’ ice grains by impact ionization mass spectrometers.

1.3 Experimental Section

The experimental LILBID setup (Figure 21) was used to record mass spectra of several solutions of organic
compounds in salt-rich water matrices. It has been described in detail in section 1.4.2 (and by Klenner et al.
[253]).
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Seven organic species containing a wide range of functional groups, namely hydroxyl, azine, (aromatic) car-
boxylic acid, (aromatic) amine, and alkanolamine, were investigated (Table 1): 5-amino-1-pentanol (CsH;3NO),
acetic acid (CaH403), benzoic acid (C7HgOz), butylamine (C4H11N), glucose (CgH1206), methanol (CH40),
and pyridine (C5H5N). Each compound was dissolved in distilled, deionized Milli-Q purified water and NaCl-

5-amino-1- Acetic acid Benzoic Butylamine Glucose Methanol Pyridine
pentanol o acid CH,OH
+—0, =
HN """ 0y )'l\ i 7 SNH OH HoO—CHy ]
CHy OH OH OH OH X
OH N
Formula CsHisNO C2H402 C7HeO2 C:HiN CsHi1206 CH,O CsHsN
Molecul
o catar 103 60 122 73 180 32 79
weight (u)
pKa 15 4.7 4.2 11 12 15 5
H:0 12.1 2.4 33 12.3 7.1 9.0 8.6
0.01 M 11.7 2.4 3.0 12.4 73 7.1 9.3
pHin |NaCl
solution
0.1M
NaCl 12.0 24 29 123 6.9 6.1 8.4
M

0 22 . . X 53 .3

NaCl 12.C 29 12.1 6.0 9

TABLE 1. Organic compounds investigated in this work, their molecular weight, molecular
concentrations used in the experiments, values of pKa and measured pH in the different solutions
investigated.

rich solutions at a concentration of 5wt% of the organic species, except for benzoic acid that was dissolved at
a concentration of 0.17wt% due to its low solubility in water. Each organic compound was measured in pure
water and in three solutions of different NaCl concentration (0.01M, 0.1M and 1M NaCl) with the LILBID setup.
Because of the low purity of the glucose sample, the Na ion exchange resin amberlite was added to the “pure
water” glucose solution to record cation mode spectra. The LILBID setup was checked for contamination and
cleaned between sample measurements.

1.4 Results

1.4.1 NaCl background matrix

Several salt ions and clusters were identified in the mass spectra of the NaCl background matrix without
any organics. In cation mode, the clusters [Na(H0),]*, [Na(NaOH),,]*, [Na(NaCl),|*, [Na(NaCl),,(H20),,]",
[Na(NaCl),,(NaOH),,]" were identified (Figure 24). These species were also observed by Postberg et al. [128]
in analogue LILBID data with pure salt solutions. The spectra with the lowest salt concentration (0.01M
NaCl; Figure S1) show a predominance of [Na(H30),]" clusters, whereas [Na(NaCl),|" clusters are predomi-
nant in 0.1M NaCl and 1M NaCl spectra (Figure 25 and Figure S2). In anion mode, the clusters [C1(H20),] ™,
[C1(NaOH),]~, [CI(NaCl),]~, [Cl(NaCl), (H20),,]~, and [C(NaOH)(NaCl),,|~ were identified (Figure 25). At
0.01M NaCl, [C1(H20),]~ clusters are predominant (Figure S3), whereas [C1(NaCl),]~ clusters become pre-
dominant at 0.1M and 1M NaCl (Figure 25 and Figure S4). In both ion modes, peaks corresponding to ions
containing Cl atom(s) show characteristic 37Cl isotopes.

1.4.2 Organic compounds in water matrix

We measured all the organic species in pure water matrices without any salts (Figures S37-S50). We detected
protonated molecular peaks ([M+H]") and deprotonated molecular peaks ([M-H] ™) for all organic species, except
butylamine, for which no deprotonated molecular peak was observed. We detected prominent [M-3H]~ peaks
in the anion spectra of 5-amino-1-pentanol (Figure S38). Positively and negatively charged organic fragments
were detected for all compounds except methanol, for which only positively charged fragments were observed
(Tables S1 and S2). We detected clusters of the organic species and charged fragments thereof ([M+M-x]* and
[M+M-x]~, with x a fragment of the organic species) or fragmented polymers of the organics (e.g., [2M-x|*

48



cation mass spectra
sodium chloride (0.1M NaCl)

19 Y
I
g o [Na (NaOH),J*
— =
> g‘ ® [Na (NaOH) (NaCl)]*
= 2  [Na (NaCl) (H,0),]*
= e o [Na (NaCl), (H,0),]*
@ 2 . E 5 o [Na (NaC); (H,0),]"
Q . = * [Na (NaCl), (H,0),]°
z S o [Na (NaCl)s (H,0),]*
= . =
8 2
e
. = =
- g N
T o= . of @
5 g g - .
53 . g
0.1+ s = ® s, %
2 3 ° 8y 8
S EA & g 3
M ESEI P
) E | S
] S o 22
RS gl e i 5
§ g e 3
1 | S g P
:§ Z @z £l 9% e =
N S (e 1E I Moo il 3
z (|[F B M 2 g z
t S 2 R 8 o = L
= g . . [z 2 q
3 |3 ¢ |l one z
z 2 e Il a8g 2 &
s | ollle . g . S5 g
£ ] Al 2 o =R ° z
e i R o e etle 2
2 NS SRR | 2
ol 5 g 5
| § o3 o2 s
2 . CHI. o :
0.01 g . o g

bl dubbld el .HILAUn‘ mhu“h\ L \“h Lluu” I‘\LM\D‘LJL..w“lh .m\umhlm..ul“m .nn“x. P o Y ANV ot

50 100 150 200 250 300 350 400 450
m/z

FIGURE 24. Baseline corrected cation mass spectrum of sodium chloride (NaCl) at a concen-
tration of 0.1M. The spectrum was recorded with a delay time of 6.1ps. Sodiated cations are
identified and labelled with their corresponding water clusters.
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FIGURE 25. Baseline corrected anion mass spectrum of sodium chloride (NaCl) at a concentra-
tion of 0.1M. The spectrum was recorded with a delay time of 6.1ps. Chlorinated anions are
identified and labelled with their corresponding water clusters.
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and [2M-x]~, with x a fragment of the organic species) in both cation and anion spectra of 5-amino-1-pentanol
(e.g., [M+(M-OH-NH3)]"; Figures S37 and S38) and pyridine (Figures S49 and S50), in the cation spectra of
butylamine (Figure S43) and in the anion spectra of glucose (Figure S46).

1.4.3 Organic compounds in NaCl-rich matrix

Low salt concentration (0.01M NaCl)

At a concentration of 0.01M NaCl, all the investigated organics form both protonated molecular ions ([M-+H]*,
with M the molecular mass of the organic compound) and sodiated ions ([M+Na]*) (Table 2), as well as water
clusters (+(H20),,) of these ions. The intensities of sodiated peaks are usually higher than those of protonated
molecular peaks (e.g., Figure 26 and Figures S7, S13, S26 and S31). Positively charged clusters of sodiated organic
molecules with NaCl ([M(NaCl)+Na]*) were detected for all organics. Clusters of sodiated organic molecules
with NaOH ([M(NaOH)+Na| ") were detected for 5-amino-1-pentanol, butylamine and pyridine, and tentatively
detected for both acetic acid and benzoic acid. [M(NaCl),,+H]" was detected for benzoic acid and tentatively
detected for acetic acid at high delay time (Figures S13 and S8). Disodiated molecules ([M-H+2Na|") were
detected in cation mass spectra of 5-amino-1-pentanol, acetic acid, benzoic acid and glucose, and trisodiated
species were detected for glucose ([M-2H+3Na|") and acetic acid dimers and trimers([2M-2H+3Na]*, [3M-
2H+3Na|"). Clusters of disodiated organic molecules with NaCl ([M(NaCl)-H+2Na]*) were detected only for
benzoic acid and acetic acid. Organic fragments were detected for five organics (5-amino-1-pentanol, acetic acid,
benzoic acid, butylamine and glucose) in the cation mode (table S1). An adduct of the organic molecule and a
charged fragment thereof, [M+NH,]|", was detected for 5-amino-1-pentanol (Figure 26).

19 H,N">">"0oH 5-amino-1-pentanol

0.01M Nacl

V organic fragment

b V protonated molecular peak [M(H,0),+H]*
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FIGURE 26. Baseline corrected cation mass spectrum of 5-amino-1-pentanol at a concentration
of 5wt% in a 0.01M NaCl matrix. The spectrum was recorded with a delay time of 6.2ps.
Unlabeled peaks originate exclusively from the salty matrix.

In anion mode, 5-amino-1-pentanol, acetic acid, benzoic acid and glucose were identified as deprotonated
molecular ions ([M-H] ™), and 5-amino-1-pentanol, benzoic acid, glucose, methanol and pyridine form chlorinated
ions ([M+Cl]~) (Table 3). Salt adducts were detected: [M(NaCl),,+Cl]~ for 5-amino-1-pentanol and glucose,
tentatively for both benzoic acid and methanol; [M(NaOH),,+Cl]~ tentatively for glucose; [M(NaCl),-H]~ for
5-amino-1-pentanol, acetic acid, benzoic acid, and glucose; and [M(NaOH)-H]~ and [M(NaCl)(NaOH)-H]~ for
glucose. Dichlorinated anions [M+H+2Cl]~ were tentatively identified for glucose, but this peak interferes with
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possible [2M-H-(H20)g]~ peaks. Sodiated anion dimers were detected as [2M-2H+Na]~ for acetic acid, benzoic
acid and methanol, and disodiated anion oligomers ([3M-3H+2Na] ™, [4M-3H+2Na] ™) were detected for acetic
acid. Negatively charged organic fragments were detected for acetic acid, benzoic acid, butylamine and glucose
(Figure 27; Figure S5; Figures S11, S15 and S21; and Table S2).
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FIGURE 27. Baseline corrected anion mass spectrum of glucose at a concentration of 5wt% in
a 0.01M NaCl matrix. The spectrum was recorded with a delay time of 6.1ps. Characteristic
deprotonated molecular peak [M-H]™ and chlorinated peak [M+Cl]~ are labelled in purple and
red, respectively, with their corresponding water clusters. Unlabeled peaks originate exclusively
from the salty matrix. Peaks labelled in brown correspond to glucose fragments. Peaks labelled
in all other colors were identified as salt adducts.

Intermediate salt concentration (0.1M NaCl)

At a concentration of 0.1M NaCl in the matrix solution, protonated molecular peaks ([M+H]") are much
weaker than in a 0.01M NaCl matrix (e.g., Figures 26 and 28) but are still detectable for 5-amino-1-pentanol,
butylamine and glucose (Table 2). Protonated molecular peaks are not detected anymore for acetic acid, benzoic
acid, methanol, and pyridine. Sodiated molecular ions ([M+Na|T) are detectable for all organics except acetic
acid, at intensities lower than in 0.01M NaCl matrices (e.g., Figures S18 and S19). Clusters of sodiated organic
molecules with NaCl ([M(NaCl)+Na]™) were detected for all organics except acetic acid, usually at higher
intensities than in 0.01M NaCl matrices (e.g., Figures 26 and 28). Clusters of sodiated organic molecules
with NaOH ([M(NaOH)+Na| ") were detected for 5-amino-1-pentanol, butylamine and pyridine, and tentatively
detected for benzoic acid, at roughly similar intensities as compared to 0.01M NaCl matrices. Disodiated peaks
(IM-H+2Na]*) were detected in the cation mass spectra of 5-amino-1-pentanol, acetic acid, benzoic acid and
glucose (Figure 28; Figures S9, S14 and S23), and trisodiated peak were detected for 5-amino-1-pentanol ([M-
2H+3Na| ") and acetic acid dimers ([2M-2H+3Na|"). Whereas the disodiated peaks of benzoic acid had weaker
intensities in 0.1M NaCl than in 0.01M NaCl matrices, the intensities of disodiated glucose peak were roughly
similar in both matrices, and those of 5-amino-1-pentanol and acetic acid were stronger in 0.1M NaCl matrices.
The trisodiated peak of 5-amino-1-pentanol was not present in 0.01M NaCl matrices, and that of the acetic acid
dimer is much higher in 0.1M NaCl than in 0.01M NaCl matrices. Clusters of disodiated organic molecules with
NaCl ([M(NaCl)-H+2Na| ") were detected for acetic and benzoic acids. Compared to 0.01M matrices, a smaller
number of fragments at lower intensities are usually detected (e.g. Figures 26 and 28). No [M(NaCl),+H]*
peak was detected.
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FIGURE 28. Baseline corrected cation mass spectrum of 5-amino-1-pentanol at a concentration
of 5wt% in a 0.1M NaCl matrix. The spectrum was recorded with a delay time of 6.3ps.
Unlabeled peaks originate exclusively from the salty matrix.

In anion mode, acetic acid, benzoic acid, and glucose were identified as deprotonated molecular ions ([M-H] ™),
and 5-amino-1-pentanol, glucose, and methanol were identified as chlorinated ions ([M+Cl]~) (Table 3), all at
lower intensities as compared to 0.01M NaCl matrices (Figures 27 and 29; Figures S5, S6, S11, S12, S15, S16, S29,
and S30). Salt adducts were detected for 5-amino-1-pentanol, acetic acid, benzoic acid, glucose, and methanol
at intensities roughly similar to 0.01M NaCl matrices: [M(NaCl),+Cl]~ for 5-amino-1-pentanol, glucose and
methanol; [M(NaCl),-H]~ for 5-amino-1-pentanol, acetic acid, benzoic acid and glucose; and [M(NaOH)-H]~
and [M(NaCl),,(NaOH)-H]~ for glucose. As in the 0.01M NaCl matrix, sodiated anion dimers [2M-2H+Na]~
and disodiated anion trimers [3M-3H+2Na]~ were detected in the spectra of acetic acid, at higher intensities as

compared to 0.01M NaCl. Fragments of acetic acid, benzoic acid, butylamine and glucose were detected (Table
S2).

High salt concentration (1M NaCl)

At a concentration of 1M NaCl, protonated molecular peaks ([M+H]") are detectable for 5-amino-1-pentanol
(Figure 30) and glucose despite an interference with a salt cluster (Figure S25). Sodiated molecular ions
([M+Na]*) are detected for 5-amino-1-pentanol, glucose, methanol and pyridine (Figure 26; Figures S25, S28
and S33). As compared to the 0.1M NaCl matrix, protonated molecular peaks are not detected anymore for
butylamine and sodiated peaks are not detected anymore for benzoic acid and butylamine. All detected proto-
nated and sodiated peaks have lower intensities than in 0.1M NaCl matrices (e.g., Figures 28 and 30). Clusters
of sodiated organic molecules with NaCl ([M(NaCl)+Na]*) were detected for all organics except acetic and
benzoic acid, and at lower intensities than in 0.1M NaCl matrices. In the mass spectra of butylamine (Figure
S20), [M(NaCl);_2+Na]™ clusters were detected although no [M+Na]t peaks were detected. [M(NaCl)+Na]*
clusters are the highest organic-related peaks in the mass spectra of 5-amino-1-pentanol, butylamine, pyridine,
and methanol. Clusters of sodiated organic molecules with NaOH ([M(NaOH)+Na|™) were detected for 5-
amino-1-pentanol, at lower intensities as compared to 0.1M NaCl matrices (Figures 28 and 30). Disodiated
peaks ([M-H+2Na]™) were detected in the cation mass spectra of 5-amino-1-pentanol, acetic acid, and glucose
at similar (for acetic acid) or lower intensities as compared to 0.1M NaCl matrices. As compared to the 0.1M
NaCl matrix, disodiated peaks were not detected for benzoic acid anymore. Trisodiated dimers ([2M-2H+3Na] ™)
and clusters of disodiated organic molecules with NaCl ([M(NaCl)-H+2Na| ") were detected for acetic acid, both
at lower intensities as compared to 0.1M NaCl matrices. Cationic fragments were only detected for glucose and
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FIGURE 29. Baseline corrected anion mass spectrum of glucose at a concentration of 5wt% in

a 0.1M NaCl matrix. The spectrum was recorded with a delay time of 6.2us. Unlabeled peaks

originate exclusively from the salty matrix.

5-amino-1-pentanol (Figure S2 and Table S1). Similarly to 0.1M NaCl matrices, [M(NaCl)+H|" cations were
not detected.

In anion mode, only acetic acid and benzoic acid showed characteristic organic signatures, whereas the spectra
of all other organics are similar to pure 1M NaCl spectra. For both acetic acid and benzoic acid, deprotonated
molecular peaks were detected with a high sensitivity (Figure 31 and Figure S17), but at lower intensities than
in 0.01M NaCl matrices. Salt adducts ([M(NaCl),,-H] ™) were detected for both acetic acid and benzoic acid, for
both at lower intensities as compared to 0.01M NaCl matrices. Clusters [2M-H+(NaCl),,|~, [3M-H+(NaCl),,]~,
[2M-2H +(NaCl),,+Na]~ and [3M-H+(NaCl), ], were detected for acetic acid (Figure 31). One organic frag-
ment was detected for acetic acid ([CHz]™) and benzoic acid (deprotonated benzene).

Detection limits were estimated in 1M NaCl matrices for the compounds with the highest sensitivities (i.e.,
5-amino-1-pentanol in cation mode and acetic acid in anion mode). Deprotonated molecular ions of acetic acid
were identified in a 1M NaCl matrix at a concentration as low as 0.1wt% (Figure S35). In cation mode, 5-
amino-1-pentanol and glucose were the only organics that could be surely identified at 1M NaCl as a protonated
molecular peak, at a concentration of 5wt% (Figure 30 and Figure S25). The protonated molecular peak of 5-
amino-1-pentanol could not be observed at lower concentrations than 5wt%, but the sodiated peak was detected
down to a concentration of 1wt% (Figure S36).

1.4.4 Detection of organic fragments

Organic fragments are crucial for spectral interpretation as they provide structural information and might
help to resolve ambiguities from the molecular or cluster peaks alone. In water matrices, fragments were detected
for all organic species in both ion modes, except for methanol in anion mode (Tables S1 and S2). In salt-rich
matrices, organic fragments were detected in at least one ion mode for all the investigated organics except
methanol and pyridine (Tables S1 and S2). The number of characteristic organic fragments, as well as their
intensities, decreased with increasing NaCl concentration (Tables S1 and S2). The fragments observed at high
NaCl concentrations were usually also observed at low NaCl concentrations.

Both 5-amino-1-pentanol and butylamine formed cationic fragments by losing their functional groups, typically
forming [NH4]*, [CHoNH,]" and/or [CH2O]", [M-OH-NH3]* and [M-OH]* fragments for 5-amino-1-pentanol,
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5-amino-1-pentanol Acetic acid Benzoig acid Butylamine Gltcxﬂggse Methanol Pyridine
HNTS"0op i don SN NNH, @ HO—CHy @
CHy” “OH e .
[M+H]* M+1u v v v v v 4 v
[M+Na]* M+23u v v v v v 4 v
[M(NaCl)+H]* M+59u v v
[M(NaCly+Na]* M+81u v v v v v v v
0.01m [M(NaOH)¥Nal" w63 v v v v v
Nacl
[M-H+2Na]* M+a5u v v v v
[M-2H+3Na]* M+67u v
[2M-2H+3Na]* 2M+67u v
[M(NaCl)-H+2Na]* M+103u v v
[M+H]* M+1u v v v
[M+Na]* M+23u v v v v v v
[M(NaCl)+H]* M+59u
[M(NaCl}+Na]* M+81u v v v v v v
‘:“:g [M(NaOH)+Na]* M+63u v v v v
[M-H+2Na]* M+45u v v v v
[M-2H+3Na]* M+67u v
[2M-2H+3Na]* 2M+67u v
[M(NaCl)-H+2Na]* M+103 u v v
[MH]* M+1u v v
[M+Na]* M+23u v v v v
[M(NaCl)+H]* M+59u
[M(NaCly+Na}* M+81u v v v v v
’:':/(I:I [M(NaOH)+Na]* M+63u v
[M-H+2Na]* M+45u v v v
[M-2H+3Na]* M+67u
[2M-2H+3Na]* 2M+67 u v
[M(NaCl)-H+2Na]* M+103 u v

TABLE 2. Detected peaks, and their respective m/z values, in cation mode for the investigated
organics at 0.01M, 0.1M and 1M NaCl concentrations. Blue symbols (v) represent tentative
identifications.
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in a 1M NaCl matrix. The spectrum was recorded with a delay time of 6.5pus. Characteristic
deprotonated molecular peaks [M-H]~ are labelled in purple. Unlabeled peaks originate exclu-
sively from the salty matrix. Peaks labelled in brown correspond to organic fragments. Peaks
labeled in all other colors were identified as salt adducts.

5-amino-1-pentanol Acetic acid Benzoic acid Butylamine Glucose Methanol Pyridine
o gron
HN ™ 0n CHE)LOH dOH NN, OHOHQ; . HO—CH,
[M-H] M-1u v v v v
[M+Cl) M+35u v v v v v
[M(NaCI)-H] M+57u v v v v
[M(NaOH)-H] M+39u v
Dh""a‘c"l" M(NaCl)+Cl] M+93u v v v v
[M(NaOH)+Cl} M+75u v
[M+H+2CI] M+71u v
[2M-2H+Na]: 2M+21u v v v
[3M-3H+2Na]* 3M+43u v
[M-H] M-1u v v v
[M+cl] M+35u v v v
[M(NaCl)-H] M+57u v v v v
[M(NaOH)-H] M+39u v
01M [M(NaCl)+CIJ- M+93u v v v
NaCl
[M(NaOH)+Cl} M+75u
[M+H+2Cl) M+71u
[2M-2H+Na] 2M+21u v
[3M-3H+2Na] 3M+43u v
[M-H] M-1u v v
[Msclf M+35u
[M(NaCl)-H] M+57u v v
[M(NaOH)-H] M+39u
,::"cl [M(NaCl)+Cl] M+93u
[M(NaOH)+Cl]- M+75u
[M+H+2Cl) M+71u
[2M-2H+Na] 2M#21u
[3M-3H+2Na]* 3M+43u

TABLE 3. Detected peaks, and their respective m/z values, in anion mode for the investigated
organics at 0.01M, 0.1M and 1M NaCl concentrations. Blue symbols (v') represent tentative
identifications.
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and [NHy]* and [M-NH]* fragments for butylamine.

Both acetic acid and benzoic acid formed [M-OH]| " peaks in 0.01M NaCl matrices, but different cationic fragments
are detected at higher NaCl concentrations: at 0.1M NaCl, [CO]" is detected for acetic acid and [C3H3]* for
benzoic acid. No fragments are detected at higher NaCl concentration in cation mode. In the anion mass spectra
of acetic acid, [CH3]~ fragments were detected at all NaCl concentrations at approximately similar intensities
(Figure 31 and Figures S11, S12). Deprotonated benzene ([M-COOH] ™) was detected in the anion mass spectra
of benzoic acid at all NaCl concentrations, at intensities decreasing with increasing NaCl concentrations (Figures
S15-S17).

A high number of glucose fragments were detected in cation mode at all NaCl concentrations (Table S1), and
in anion mode at 0.01M and 0.1M NaCl (Table S2). Fragments resulted from the successive loss of water from
the alcohol functional groups of the deprotonated glucose molecule and other fragmentation pathways (e.g.,
Figure 32). As other compounds containing hydroxyl (-OH) groups, glucose typically form [M-OH]" fragments.
Glucose is the only organic for which a high number of fragments was detected in 1M NaCl matrices.

Formyl cation [CHO]* m/z 29u

O H
\/ ——e—o*
. |:> 1 c=o
H——OH
[C,H50,]* cation m/z 61u HO——H
H——OH
MO He H——OH .
CLCZ0OH <:| 1 Hydroxymethyl cation [CH;0]* m/z 31u
H CHOH [

H,C-OH

F1cURE 32. Examples of fragmentation pathways of some detected cation fragments of glucose.
The arrows represent bond cleavage.

1.4.5 General trends

Our results show that organics embedded in high-salinity ice grains can still be detected because of the forma-
tion of molecular ions and sodiated and chlorinated adducts. However, the spectral appearance of the organics
fundamentally changes from relatively low (0.01M) to high (1M) NaCl matrices. The formation, and relative
intensities, of different ions and salt adducts at varying salt concentrations strongly influence the resulting spec-
tra. Organic molecular peaks but also sodiated and chlorinated organic adducts are effectively suppressed with
increasing NaCl concentrations, and the relative intensities of peaks change with varying salt concentrations.

Suppression Effects.

Effective suppression effects by the salt [264, 285] provoked a general decrease of the absolute number and
intensities of organic-related peaks, including molecular peaks, fragment peaks and sodiated and chlorinated
peaks, with increasing NaCl concentration in both ion modes (Figures 33 and 34, Tables 2 and 3, and Tables
S1 and S2). We investigated the trends of the amplitudes of protonated and sodiated peaks (Figure 33) and of
(de)protonated molecular peaks (Figure 34) in matrices of increasing NaCl concentration, by normalizing these
peaks’ integrals against the total integrated ions. This analysis showed that the degree of suppression of molec-
ular peaks as well as some sodiated and chlorinated peaks by the salt is highly dependent on the organic species
and ranges from less than a factor of 2 up to several orders of magnitude. Figures 33 and 34 should nonetheless
be treated cautiously, because they don’t represent true comparisons of ionization efficiencies between the differ-
ent organic species: multiple variables have an influence on the peak amplitudes (e.g., the organic/NaCl ratio is
decreasing in the solution as [NaCl] increases; the different organic samples have different molecular densities).
Rather than an absolute quantitative comparison, Figures 33 and 34 provide valuable trends representative of
suppression effects for a variety of organic species. The amount of water clusters, in the spectra of both pure
NaCl matrix and organic-rich salty solutions, decreased with increasing NaCl concentration. Counterintuitively,
the number and intensities of both sodiated and chlorinated peaks were also found to likewise decrease with
increasing NaCl concentration (e.g., Figures 4-8). By contrast, intensities increased with salinity for clusters of
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sodiated organic molecules with NaCl ([M(NaCl)+Na]™.

5-amino-1-pentanol acetic acid
= 0.50 0.80
e = —
= . m [M+H]+ O[M+Na]+ 2 0.70
- X 040 o
E : — ée\i 0.60
o X %]
Eg 030 2§ 050
2% ET 040
g3 o020 et
T 5% 0.30
s 25 020
E 0.10 =
| [] & oo
0.00 - 0.00 L
0.01M NaCl 0.1M NaCl 1M Nacl 0.01M NaCl  0.1M NaCl 1M Nacl
benzoic acid butylamine
e 0.09 . - 0.16
28 0.08 ° 0.14
8 <) 0.07 g —_
- © ] 58 012
”
£5 00 22 010
© .2 © O
Ewo 005 €3
52 £ET o008
2% 004 25
v & N
£2 oo 28 0.06
=7 oo 25 oo4
[=%
% 0.01 g 0.02 .
0.00 0.00
0.01M NaCl 0.1M NaCl 1M Nacl 0.01M NaCl 0.1M NaCl 1M Nacl
glucose methanol
£ 3.50 0.07
5 ] o
O — = —
S & 3.00 ‘3 0.06
w 2=
265 250 5 & 0.05
Eg a2
g2 200 s S 0.04
c® €5
wn s o
8 150 2 g 0.03
2= g P
e 1.00 R 0.02
© 050 o 2 0.01
X 0.01 0.02 ®
000 = —_ — 0.00
0.01M NaCl 0.1M NaCl 1M Nacl 0.01M NaCl  0.1M Nacl 1M Nacl
_ pyridine
(O
s 0.60
S ]
T < 050
N &
T 9
ET 040
c 2
€ ®
FT
8% o030
ER=
= 0.20
£
©
0.10
oo N M
0.01M NaCl 0.1M Nacl 1M Nacl

FIGURE 33. Relative amplitudes of protonated molecular peaks [M+H]|" and sodiated peaks
[M+Na| ™ in 0.01M, 0.1M and 1M NaCl matrices for the seven measured organic species. Peak
amplitudes were normalized to the total integrated ions.
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FIGURE 34. Relative amplitudes of protonated molecular peaks [M+H]* (top) and deproto-
nated molecular peaks [M-H]~ (bottom) in water matrices, 0.01M NaCl, 0.1M NaCl and 1M
NaCl matrices for the seven organic species measured in cation and anion mode. Amplitudes
were normalized against the integral of the whole spectra and plotted on a logarithmic scale.

Ion Mode.

Most of the organics investigated typically formed a larger number of peaks in cation mode than in anion
mode (Tables 2 and 3). Generally, we observe a trend of lower response of the organics in anion mode as
compared to cation mode. Whereas all organics formed protonated and sodiated molecular peaks (at least in
0.01M NaCl matrices), only some of the organics formed deprotonated or chlorinated peaks. The intensities of
organic peaks are usually higher in cation mode than anion mode, except for the two carboxylic acids, to which
the sensitivity was much higher in anion mode than cation mode. These two species are the only organics that
were detected at the highest NaCl concentration (1M) in anion mode, thanks to highly significant deprotonated
molecular peaks (Figure 31 and Figure S17). In anion mode, the response of the different organics varied greatly
from one organic species to another. In particular, butylamine and pyridine are not or barely detectable even
at low NaCl concentrations.

Sodiation and Chlorination Processes.

Sodiation appears to play a major role in the spectral appearance of the organics in salt-rich matrices. In
cation mode spectra, the most prevalent characteristic peaks are sodiated peaks ([M+Na]*) for all organics,
except for acetic acid and benzoic acid for which disodiated peaks [M-H+2Na]* dominate (Figures S7-S10, S13
and S14). A higher absolute number of sodiated species have been detected for acetic acid and benzoic acid (e.g.,
[M(NaCl)-H+2Na| ", [2M-2H+Na]~; Tables 2 and 3), and for acetic acid only ([3M-3H+2Na|~, [4AM-3H+2Na| ",
[xM-2H+Na]~, [tM-3H+2Na|~ and [4M-4H+3Na]~; Table 3, Figures S11 and S12), as compared to other
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organics. Disodiated cations [M-H+2Na|™ have been detected for all species containing hydroxyl (-OH) func-
tional group(s) except methanol (i.e., 5-amino-1-pentanol, acetic acid, benzoic acid and glucose), but at much
higher intensities for acetic acid and benzoic acid as compared to the other organics. Trisodiated cations have
been detected for glucose ([M-2H+3Na]™) and acetic acid dimers and trimers ([2M-2H+3Na™, [3M-2H+3Na] ™).
Chlorination processes (i.e., addition of a chloride anion) were also observed: chlorinated peaks ([M+Cl] ™) were
detected in 0.01M NaCl matrices for most organics, and dichlorinated peaks ([M+H-+2Cl]~) were tentatively
detected for glucose in 0.01M NaCl matrix.

Salt Clusters with NaCl and NaOH.

A variety of salt clusters were observed in both ion modes. Clustering of NaCl onto cations or anions was
observed more frequently, and create higher intensity peaks, than clustering of NaOH in both ion modes. This is
consistent with the spectra of the pure NaCl matrix, where clusters of [Na(NaCl),,|* and [C1(NaCl)]~ are much
more significant than [Na(NaOH),|" and [C1(NaOH), ]~ (Figures 24 and 25 and Figures S1-S4). Clustering of
NaCl onto sodiated molecules ([M(NaCl),,+Na|T) appeared to be more frequent than onto protonated molecules
(IM(NaCl),+H]T). The relative intensity of [M(NaCl),+Na]t in many cases increased with NaCl concentra-
tions (e.g., Figures 26, 28 and 30), although the intensities of [M+Na]™ peaks decreased. Conversely, clusters of
protonated organics with NaCl ([M(NaCl)+H]1) were detected only in 0.01M matrices but not at higher NaCl
concentrations. At 1M NaCl concentrations, [M(NaCl)+Na]* peaks were detected for butylamine although so-
diated peaks [M+Na|* were not detected. In anion mode, both [M(NaCl),-H]~ and [M(NaCl),,+Cl]~ clusters
were detected for many organics, but clustering of anions with NaOH was only observed for glucose.

1.5 Discussion

In this work, we performed analogue experiments for the detection of organic molecules in salt-rich ice grains
from icy moons with impact ionization mass spectrometry. A range of organic compounds were measured with
the LILBID setup in water and NaCl-rich matrices at different salt concentrations (0.01, 0.1 and 1M NaCl).
Our results show that our laboratory setup is more sensitive to the majority of the measured organics and
their fragments in the cation mode than in the anion mode. The sensitivity in negative ion mode has also
been reported to be generally lower than that in positive ion mode in both Matrix Assisted Laser Desorption
Ionization mass spectrometry (MALDI)-MS [289, 290] and electrospray ionization (ESI)-MS [291]. The lower
sensitivity in anion mode must be due to differences in mechanisms leading to the formation of charged analyte
molecules during the ionization process, which are not yet very well understood. Anions can be generated by
(¢) deprotonation from the analyte, (i) fragmentation during the ionization process, (iii) adduct formation
with anions, or (iv) simultaneous deprotonation and adduct formation with cations (e.g., [2M-2H+Na]~ ions).
Analytes with free electron pairs can be easily ionized by the attachment of protons and cations (e.g., [M+Na] ™).

Different organic species have different ionization efficiency that depends on the organic’s intrinsic properties
[292]. The organic response depends on its molecular structure and on its physicochemical properties. Using
the LILBID setup, Klenner et al. [263] found a better sensitivity to amino acids in the cation mode than in the
anion mode. Basic amino acids with high proton affinities have efficient proton transfer and therefore promote
an efficient formation of cations. Generally, basic analytes often have lower sensitivities in negative ion mode
than their corresponding protonated species in cation mode [293]. On the contrary, strong acids have higher
ionization efficiency and give higher signals in the negative mode than in the positive mode, as shown by Kruve
et al. [294] using ESI-MS. We found that the molecular structure of the organic species and the presence of
functional groups influence the ionization efficiency, the fragmentation pathways, and the formation of adducts:

e hydroxyl (-OH) functional groups increase the ionization efficiency to form molecular anions. They also
promote the formation of sodiated species, with protons from the hydroxyl functional groups being easily replaced
by Na®, and allow the formation of characteristic [M-OH]" fragments, which often have a very prominent
intensity, even higher than molecular peaks in some cases (e.g., for glucose; Figures S24 and S25).

e carboxylic acid (-COOH) functional groups greatly increase the ionization efficiency to form deprotonated
molecular anions. Such functional groups can be easily cleaved from the carboxylic acid-bearing molecule, leading
to the formation of [M-COOH]~ anions. They also promote sodiation processes, leading to the formation of
both sodiated cations and anions. In cation mode, [M-H+2Na|™ peaks are highly prominent, and much higher
than [M+Na]*. In water matrices, [M-OH]* fragments are the most prominent peaks in cation mass spectra
(Figures S39 and S41).
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e amine (-NH,) functional groups were found to decrease the ionization efficiency of molecular species in
anion mode. Similarly to hydroxyl groups, they also promote the formation of sodiated species, with protons
from the NH; being easily replaced by Na*.

e the presence of aromatic rings increases the stability of the molecular structure, inhibiting its fragmenta-
tion and the formation of respective fragment ions.

e species with a low pH show a very high signal in the anion mode and show significantly high deprotonated
molecular peaks, even at high salt concentration.

e high pH species might be better detected in cation mode than anion mode, as seen in the anion mass
spectra of 5-amino-1-pentanol, butylamine and pyridine that show very low signal.

Comparing butylamine and 5-amino-1-pentanol, i.e., two species with the same pH value of 12, we suggest
that 5-amino-1-pentanol might have a better detectability than butylamine owing to its hydroxyl functional
group. With the aim to detect specific types of organics, their pH values are a first important consideration
when preferring negative or positive mode analysis. However, we could not establish a straightforward trend
of detectability of all organics in relation to the pH, suggesting that the pH is only one important parameter
among others, such as the presence of functional groups or the ion mode. This is in accordance with a study
by Liigand et al. [295] that showed that decreasing pH can significantly increase the ionization efficiency of a
compound, although other physicochemical properties, such as the pka, the number of potential charge center
and the hydrogen bonding acceptor capacity were also found to play an important role in the analyte behavior.
In our experiments, the ionization efficiency of an organic species is related to the molecular density in the
ionization region of the sample, therefore it depends on the organic’s molecular concentration. The organics
investigated have molar masses ranging from 32 to 180 g/mol (Table 1). In a constant volume V, the molecular
density D of an organic species of mass m decreases when the molecular mass M increases (D=m/(MxV)), e.g.,
glucose (M=180 g/mol) has a lower molecular density than methanol (M=32 g/mol). Molecular densities of
the investigated organics therefore vary by a factor of ~6 between the lowest and the highest molecular masses
organics. However, we believe that this effect has a second-order significance on the sensitivity as compared to
the organics’ intrinsic properties such as the pH or some specific functional groups.

Our results emphasize the need of both ion modes for future spaceborne impact ionization mass spectrometers
because different organic families have different sensitivities in cation compared to anion mode. For example,
the sensitivity to carboxylic acids is very high in anion mode even at the highest salt concentration (Figure
31 and Figure S17); whereas butylamine, and pyridine at Cyqc; > 0.01M, could be detected in cation mode
but not in anion mode (Tables 2 and 3). Measurements in both ion mode are therefore necessary to cover the
complete range of the characteristic spectral signatures investigated here. Severe ion suppression as described
here could result in false-negative results for samples containing organics. Both SUDA and ENIA will be capable
of detecting both cations and anions [215, 143].

Whereas (de)protonated molecular peaks are the strongest peaks in pure water solutions, salt adducts instead
form the strongest signals when salts are added to the matrix. Our results indicate that uncomplexed organics
may be less stable than respective sodium complexes formed in a salt-rich solution, in agreement with previous
mass spectrometry studies showing that sodium adducts can be difficult to fragment [296, 297]. Sodiation of or-
ganic species is a well-known process in mass spectrometry [264, 298]. The presence of hydroxyl (OH) and amine
(NH;) functional groups in the organic species’ molecular structure promotes sodiation processes, as the protons
from these functional groups can easily be replaced by a sodium cation (Na'), forming disodiated cations ([M-
H+2Na|™) or in the case of several functional groups, polysodiated cations [M-mH+nNa]* with m=n-1, e.g.,
trisodiated cations [M-2H+3Na]*. Sodiated organics [M-nH+mNa](™~™* have been observed in ESI-MS and
MALDI-MS, on a number of functional groups including amines, carboxylic groups and amides [299, 300, 301].
Interestingly, we detected a disodiated monomer ([M-H+2Na|") and a trisodiated dimer ([2M-2H+3Na]™) in the
mass spectra of acetic acid, and trisodiated cations were detected also for glucose ([M-2H+3Na]™), confirming
that multiple functional groups are needed for multiple replacement of H atoms with Na™. Generally, the degree
of sodiation of organic molecules depends on the number of hydroxyl and amine functional groups available in
the organic molecule. The spectra of the two carboxylic acids show especially prominent disodiated cation peaks
([IM-H+2Na]*) as compared to other organics and sodiated anions were not detected for any other organics,
suggesting that carboxylic functional groups are even more efficient in incorporating Na™t cations than hydroxyl
groups that do not belong to carboxyl groups.

We observed chlorinated species for the first time with the LILBID, where a chloride anion is added in the
molecular structure. Chlorinated species were detected for different families of organic species, but they were
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particularly prominent for glucose and methanol. Moreover, dichlorinated peaks ([M+H+2Cl]™) were tenta-
tively identified for glucose (Figure 27), suggesting that hydroxyl functional groups may offer favorable sites for
chlorination to happen. Chlorination of organic species has also been previously observed in ESI and Orbitrap
mass spectrometry [302, 303]. The chlorinated peaks we observed were not as strong as sodiated peaks. Chloride
attachment and more generally ionization by addition of anions, is a substantially softer form of ionization than
with cations [304], because bonds between anions and molecules are usually weaker than corresponding bonds
to cations (i.e., molecular proton affinities are usually higher than anion affinities).

Organic-related peaks tend to be fewer and have smaller intensities with increasing NaCl concentrations, due
to suppression effects (so-called “salt-in” effects) [264, 285, 305]. The degree of suppression varied from one sam-
ple to another, consistent with the expectation that suppression effects by salts are compound-dependent and
concentration-dependent [306]. Severe ion suppression has led to the non-detection of some organics, especially
in anion mode and at high NaCl concentrations. We evaluated the strength of ion suppression by comparing the
signal of molecular peaks of the analytes measured in pure water to their signal in increasing NaCl concentration
matrices (Figure 34). The signal decreased by several orders of magnitude between pure water matrices and 1M
NaCl matrices in both ion modes. The signals of sodiated peaks were also found to decrease drastically with
increasing NaCl matrix concentration (Figure 33). However, the ion suppression cannot strictly be quantita-
tively estimated as in Figures 33 and 34, the decrease in amplitude is likely to be due not solely to suppression
effects, but also to other intertwined factors (e.g., the molar concentration). Suppression effects are caused by
the general inhibition of ion formation at high salinities [258] and by the formation of sodiated and chlorinated
adducts, which contributes to the reduction of signal of the (de)protonated organic species and results in loss of
resolution and sensitivity [307]. The formation of salt adducts spreads the un-sodiated molecular organic ions’
signal over multiple different masses, causing a suppression of the signal of the analyte together with reduced
detection abilities. Salt clusters can also increase the baseline noise, further lowering the signal-to-noise ratio.

Our results indicate that the detection and identification of organics in the mass spectra of salty grains are
likely to be more difficult than for the salt-poor grains. At the highest NaCl concentration investigated (1M),
most organics can only be detected as sodiated complex in cation mode, and cannot be detected at all in anion
mode. However, several organic species i.e. low pH organics can still be detected even at 1M NaCl. High
concentrations of salts as expected on Europa (0.1-1.2M NaCl) [197] or Enceladus (0.05-0.2M NaCl) [128] could
therefore degrade the spectral quality of organic-rich ice grains measured by impact ionization mass spectrome-
ters. However, salts are not expected to always be present in every ice grain that carries organics (e.g., “Type
2”7 salt-poor, organic-rich ice grains from Enceladus ocean) [308], so the salt-in effects we describe are not be
applicable to all mass spectra recorded by spaceborne mass spectrometers. Ion suppression effects influencing
the measurements of SUDA-type instruments might be stronger in cases where organic analytes are present
only in trace amounts, because the potential for ion suppression in complex matrices is higher at low organic
concentrations [309]. However, high organic concentrations, perhaps on the order of several %, are expected on
certain regions on Europa [310] i.e., chaos terrains [311]. Moreover, the SUDA instrument will have a substan-
tially higher dynamic range, together with a higher sensitivity, than the mass spectrometer of our LILBID setup
[215], meaning that detection limits can be expected to be at least 1 order of magnitude lower than the detection
limits we estimated and this might help counteracting the degradation of the spectral quality by salt-in effects.
This increase in sensitivity would be even higher for future instruments investigating ice grains in the Enceladus
plume, such as ENTA [143, 141, 312].

During impact ionization processes, kinetic energy is imparted to the molecules, and can be effectively re-
leased by the molecule breaking into fragments. Fragments have been detected for most of the investigated
organics and in some cases, even at high salt concentrations (Tables S1 and S2). This is a new result as com-
pared to previous studies by Klenner et al. [263, 264], where characteristic amino acid fragments were observed
in salt-poor solutions but not in salt-rich solutions with a similar salinity (0.1M NaCl + 0.015M NasCOg3 +
0.015M NaHCO3) as in our cases with fragment detection — but Klenner et al. [264] investigated amino acids at
concentrations < 0.1%, which might be the reason why they did not observe fragments. However, we detected
fewer characteristic organic ionic fragments with increasing salt concentrations. Judging from our results, the
effectivity of the suppression of fragment ions depends on the analyte species, on its molecular structure and
functional groups, and on the matrix salt concentration: fragmentation is inhibited for smaller organic molecules,
with few functional groups, and is less likely at high NaCl concentrations. Among the investigated organics,
glucose was found to form many fragments even at high NaCl concentrations. This may be due to its large
molecular mass allowing the cleavage of many different bonds, and to its numerous hydroxyl functional groups
that can easily be cleaved in an ionic form from the deprotonated glucose molecule. Both 5-amino-1-pentanol
and butylamine were observed to form some of the same fragments reported by Klenner et al. [263] for amino
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acids, such as [NHy]* at m/z 18 and [CHyNHz]| ™ at m/z 30. Benzoic acid formed deprotonated benzene at m/z
77, consistent with the results of Klenner et al. [263] who showed that several amino acids typically cleaved their
carboxylic group to form [M-COOH]™ anions. [M-OH]* fragments are typically detected for species containing
hydroxyl functional groups. Fragments of pyridine and methanol were not detected in any salt-rich matrices. In
the case of pyridine, the stability of its aromatic ring structure prevents fragmentation processes of the pyridine
molecule. In the case of methanol, the small size of this compound (CH3OH, 46u) does not allow the formation
of many fragments, as compared to larger molecules.

The suppression of organic fragment ions at high salinities might be because the ionization of fragments is
suppressed - alternatively, charged fragments may be neutralized by the salts, or the fragmentation process of
the organics may be suppressed. NaCl has been shown to have a stabilizing effect against fragmentation in ESI
mass spectrometry [313]. Besides, we detected more fragments in cation than anion mode (Tables S1 and S2).
This is consistent with the generally higher sensitivity to organic cations than organic anions that we observed,
which then also applies to fragments. We did not detect sodiated fragments, although we expected them to
form as results of the loss of water and functional groups from sodiated organics. Sodiated fragments have been
observed in EST mass spectrometry experiments [314]. Chlorinated fragments have also not been detected. This
may suggest that sodiated and chlorinated species are more resistant to fragmentation than protonated and
deprotonated molecular species, thanks to a stabilization by the salt that, in turn, hinder fragmentation; or
that, alternatively, they form neutral fragments that we could not detect.

The sensitivity to the signal of the organics and their detection limits vary with the simulated impact speeds
(i.e., combination of delay time and laser energy) [253], the organic species, the salt concentration, and the ion
mode. Detection limits were found to increase with increasing NaCl concentrations and were estimated at the
highest salt concentration (1M NaCl). In anion mode, the most sensitive compounds were the two carboxylic
acids, with acetic acid (the lowest pH species) forming a deprotonated molecular peak at a concentration as low
as 0.1 wt% (Figure S35). In cation mode, a save detection was established at 1wt% for 5-amino-1-pentanol.
Our estimated detection limits in 1M NaCl (1000 ppmw in best case scenario) are, as expected, higher than
those found by Klenner et al. [264] for amino acids in 0.1M NaCl matrices (between 0.5ppmw and 1000ppmw).
Whereas Dannenmann et al. [265] detected bacterial biosignatures in low concentrations in salt-rich solutions up
to 1072M NaCl, our results show that the detection of other organics and potentially other types of biosignatures
is possible at higher salt concentrations.

Our results provide insights into the behavior of organics in salt-rich solutions and therefore might help in the
potential detection of organic biosignatures from ocean worlds. In particular, we investigated a sugar, glucose,
and a N-heterocycle, pyridine, which are from important families for astrobiology investigations as they are typ-
ically found in biogenic material. Results from Dannenmann et al. [265] showed that deprotonated biomolecules
can be unambiguously detected in 0.01M NaCl solutions. Salt-complexed adducts appear as reliable biosigna-
tures that are more likely to be detected than (de)protonated biomolecules in an ocean world scenario. The wide
range of compounds that we investigated allowed for a broader characterisation applicable to other classes of
(potentially yet unknown) biosignature molecules. The salt adducts we recurrently identified (Tables 1 and 2) for
organics in NaCl-rich solutions, together with typical fragments (Tables S1 and S2), can allow the identification
of unknown species in complex salt matrices. Larger organic molecules than the species we investigated could
potentially be detected as organics contained in ice grains as they should be able to survive impact processes at
velocities comparable to Europa Clipper flybys speeds [65, 264, 239], i.e., 4-5 km/s. Thanks to the protective
effect of the ice matrix for large organics, even slightly higher impact speeds might be suitable.

Different impact speeds of ice grains onto impact ionization mass spectrometer detectors can be reproduced
by selecting appropriate laser power density and ion extraction parameters (i.e., delay time of the gating system)
on the LILBID setup 64. The experimental parameters used here (laser intensities 97-100%; delay time 5.5-6.8
ns) are compared to those required to simulate different impact speeds of water ice grains and are representative
of a speed regime of around 4-8 km/s. This range of equivalent impact speeds lies within the range matching
the maximum of detection sensitivity of amino acids, fatty acids and peptides [264, 263].

1.6 Conclusion and Outlook

Both Europa and Enceladus have perhaps the highest potential of any extraterrestrial bodies in our Solar
System to host extant biological life. Their oceans and surface ice are expected to contain sodium chloride
(NaCl) salt among their major non-water constituents [128, 180, 179], potentially complicating the search for
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organic compounds including biosignatures with mass spectrometers such as the SUDA instrument onboard the
upcoming Europa Clipper mission or a future Enceladus mission [141]. Using the LILBID setup to simulate
the process of impact ionization of organic- and salt-rich ice grains in space, we showed that a wide variety of
individual organic species could be detected by SUDA-type mass spectrometers although these samples can be
analytically demanding. The presence of functional groups and the molecular structure and physico-chemical
properties of the organics play a major role in the detectability of the organic species. The recorded mass spectra
allowed us to establish general rules for the identification of organic species in a NaCl-rich matrix:

e protonated and deprotonated molecular peaks are usually suppressed because of “salt-in” effects with
increasing NaCl concentrations, as observed in both ion mode. Organic species can still be detected by the
identification of molecular ions and sodiated and chlorinated adducts.

e carboxylic acids, due to their high acidity, have highly characteristic mass spectral signatures with signals
of high intensity especially in anion mass spectra. They tend to form [M-H]~ in the presence of water [315] and
therefore are detectable by prominent deprotonated molecular peaks [M-H]~ in anion mode even with high salt
concentrations. In cation mode, they can be detected by highly prominent disodiated [M-H+2Na]* peaks.

e organic species bearing hydroxyl (-OH) groups typically form abundant molecular anions, allowing a good
detectability in anion mode. They are usually also well detected in cation mode owing to their sodiated adducts.

e organic species bearing amine (-NHz) groups tend to have a low response in anion mode and an intermediate
response in cation mode. Other functional groups or other properties of the organic species may increase
their sensitivity (e.g. amino acids have a high sensitivity in salt-rich ice grains with impact ionization mass
spectrometry [264]).

e highly acidic compounds are expected to be highly responsive in anion analysis. However, we believe that
acidity alone cannot predict the sensitivity of anions, which is also influenced by other physicochemical factors
such as the molecular structure, its polarity or the presence of functional groups.

e polysodiated complexes formed from the substitution of carboxylic or amidic protons by Na™ are expected
for organic species containing hydroxyl and/or amine functional groups.

e organic fragments are expected to form from organic species having hydroxyl, amine and carboxylic groups
by the cleavage of these groups. Typical fragments include for hydroxyl-bearing organics [M-OH]*; for amine-
bearing organics [M-NH] T, [NH4]*, and [CHoNH;]™; and, for carboxylic acids [M-COOH]~ and [M-OH]*. On
the contrary, aromatic ring systems significantly inhibit fragmentation processes.

e the mass spectrometric signal of organics in anion mode is usually lower than that in cation mode (except
for acidic species) and greatly depends on the organics’ physicochemical properties.

Although these rules were established from investigations on a limited range of representative organic species,
we believe that they are transferrable to different organic compounds having similar pH values and functional
groups. Whereas we investigated rather “simple” samples composed of only one organic species in NaCl ma-
trix, the targets of SUDA-type instruments are natural samples from icy moons likely to be mixtures of several
compounds. On the one hand, the effects of inorganic content of the ice grains require more laboratory in-
vestigations focusing on the spectral signatures of different types of salts and other non-ice components of icy
moons’ surfaces. We currently also perform experiments with inorganic components expected to be found in
the matrix of ice grains ejected from Europa or Enceladus, including sulfates [184], sulfuric acid [187, 188], and
magnesium salts. On the other hand, definitive identification of organic species can be complicated by potential
interferences in complex mixtures. To resolve such ambiguities, comparison of isobaric masses can be performed
with the high mass resolution of mass spectrometers to establish mass differences <1u as shown in Klenner et
al. [264]. Besides, the rules established here can allow the identification of functional groups in a sample, if not
the definitive identification of an organic species. The recorded LILBID mass spectra complement a compre-
hensive spectral reference library for impact ionization mass spectrometers onboard Europa Clipper and other
ocean world missions [259], which will undoubtedly help to resolve the ambiguities encountered with complex
salt-rich ice matrices and allow a better characterisation of icy moons’ oceanic and surface composition in the
next decades.
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2 Mass Spectrometric Fingerprints of Organic Compounds in Sulfate-
Rich Ice Grains: Implications for Europa Clipper

Reprinted with permission from [ACS Earth Space Chem. 2023, 7, 9, 1675-1693]. Copyright [2023] American
Chemical Society. https://doi.org/10.1021/acsearthspacechem.3¢00098

2.1 Summary

The surface ice of Europa is known to contain high proportions of inorganic material that could heavily
influence the compositional analysis of organic compounds in ejecta ice grains by the SUrface Dust Analyzer
(SUDA) impact ionization mass spectrometer onboard NASA’s Europa Clipper mission. We previously have
analyzed the effects of NaCl [264, 316] on the mass spectral appearance of organic-rich ice grains. Here we
present analogue experiments for SUDA simulating cation and anion mass spectra of organic-rich ice grains
together with sulfates, one of the most abundant inorganic compounds on Europa’s surface. Using the Laser
Induced Liquid Beam Ion Desorption (LILBID) technique a diverse range of representative organic species in
MgSO4- and HoSOy-rich matrices at concentrations ranging from 0.01M to 1M were measured. Results show
that mass spectrometric signatures of organic species can be detected in MgSO4-rich and HoSOy-rich ice grains
via molecular ions, although the mass spectral appearance changes from molecular ions to a range of adducts
with Mg?t, OH~, HSO,~ ions, and MgSO, and H»SO, molecules depending on the matrix and the matrix
concentration. Sensitivity to the organics is typically higher in cation mode than anion mode in both matrices.
Due to suppression effects, the sensitivity to detect the organics decreases with increasing MgSO,4 concentration;
but it does not decrease in HySO,4 matrices in cation mode. We establish generic rules for the detection of
organics in Europan ice grains by SUDA, applicable to a wide range of organic species in complex ice matrices.
The recorded mass spectra complement a spectral reference database for Europa Clipper and other ocean world
missions.

2.2 Introduction

Subsurface oceans have been detected in several icy satellites in the outer Solar System, such as FEuropa
[69, 51], Enceladus [317], Ganymede [318] and Callisto [50]. As potentially habitable environments they are at
the center of attention of planetary exploration and astrobiology investigations [47, 319]. On Europa, there is
intriguing evidence of erupting plumes [147] that might eject water ice grains from subsurface reservoirs to high
altitudes. A similar plume has previously been observed at the south pole of Enceladus [116, 117, 99, 118].
Bombardment by micrometeorites also ejects ice particles from the surface, continuously supplying dust clouds
around atmosphereless bodies such as the Galilean moons of Jupiter [233, 235].

The compositional analysis of such ice grains from Europa will be accomplished by the Surface Dust Analyzer
(SUDA) [215] onboard NASA’s upcoming Europa Clipper mission [213]. SUDA is an impact ionization time-
of-flight mass spectrometer (TOF-MS) and the successor instrument of the Cosmic Dust Analyzer (CDA) [232]
which detected water [320], salts [128, 124, 61] and organic material [308, 65, 66] in dust grains from Enceladus
during the Cassini mission, thus characterising properties of an extraterrestrial water reservoir. SUDA will be
able to detect both cations and anions at a high mass resolution (m/Am =200-250) in the mass range m = 1-500
u, and will potentially sample freshly ejected plume material at Europa, enabling the compositional mapping of
geological surface features by analysis of surface ejecta [234, 321, 238, 237].

SUDA will be able to detect organic material encased in Europan ice grains. This material may originate
from the subsurface ocean and be transported to the surface by tectonic processes (e.g., resurfacing) but it
will also be exposed to surface conditions such as radiation processing and S-ion implantation and mixed with
salts and other inorganic compounds present in the subsurface ocean and ice crust. Europa’s subsurface ocean
and surface ice are rich in salts, such as NaCl e.g., [179, 180] and sulfates e.g., [181, 182, 183]. Magnesium
sulfates are likely some of the major salts in Europa’s ice composition and, although exact concentrations are
not yet constrained, estimates range from 0.04 to 4.2 mol/kg HoO [197, 198]. Whereas their distribution has
been broadly determined e.g., [184, 185], their origin is still debated. On the one hand, the Io plasma torus that
interacts with and affects the surface of Europa [192, 193] was found to lack magnesium ions [198], suggesting
that magnesium ions are likely to originate directly from the subsurface ocean [322]. Generally, sulfates could be
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formed abundantly through the differentiation of a subsurface ocean and leaching of chondritic material [323].
On the other hand, they could be a radiation product of exogenic sulfur ions and magnesium salts already
present on Europa’s surface [196, 184]. Regions experiencing sulfur radiolysis may therefore contain particularly
high concentrations of sulfate salts.

Europa’s surface ice is exposed to substantial ionizing radiation due to the strong magnetosphere of Jupiter
[209, 324]. Several studies have shown that irradiating water ice leads to the production of a variety of radiolytic
products, such as Hy and Oq [76, 325, 326, 327]. The production of strong oxidants such as HoOo and Ojg is
expected on Europa [328, 329] but so far only HoO9 has been observed on Europa’s leading hemisphere [184, 75].
Oxidation reactions are presumed to play a major role in the surface chemistry of Europa’s ice [330]. Due to
the bombardment of sulfur ions onto the surface, another expected product of radiolytic chemistry is sulfuric
acid hydrate HoSO4(H20) [75, 188, 189, 331]. Indeed, sulfuric acid hydrates mixed with water ice dominate the
surface composition in the trailing hemisphere of Europa, as they are the main product of the surface radiolysis
reactions [189, 184, 190, 191]. Recent ground-based observations at high spectral resolution have confirmed the
presence of sulfuric acid on the trailing hemisphere [184, 151]. The concentration of HoSO,4 in Europa’s ice has
been estimated to be up to 2.5-3.6 mol/kg HoO [198], but these values are strongly location-dependent [190, 332].

Laboratory experiments reproducing the impact ionization mass spectra of icy dust grains as produced by
SUDA- or CDA-type instruments have been conducted with the Laser Induced Liquid Beam Ion Desorption
(LILBID) [254, 255] technique. This technique has been used to calibrate spaceborne mass spectrometers and
reproduce the compositional variations seen in icy moons’ water ice particles [253, 128, 65, 66]. LILBID analog
experiments have also been conducted to investigate the mass spectral characteristics of different biosignatures,
such as amino acids, fatty acids, peptides and bacterial material, as if enclosed in sampled water ice grains
[263, 264, 265]. In both LILBID and impact ionization, the analyzed material is exposed to very high energy
densities and undergoes a high degree of macroscopic and molecular fragmentation, leading to the formation of
charged molecular fragment clusters detectable by time-of-flight mass spectrometry. In both cases, the chemical
composition - and not the phase, i.e., liquid or solid — is key in the formation of molecular and elemental ions due
to the very high energy density applied to the analyzed material [128, 61, 66]. The main difference between the
populations of ions created by LILBID vs by impact ionization (for a similar composition of analyzed material)
is due to differences in the electric field environment in which the ionization and the formation of molecular
clusters and fragments occurs: ions are collected and rapidly accelerated towards the detector in spaceborne
impact ionization mass spectrometers, while in LILBID ions drift through a field-free region after they are gen-
erated. The selection of ions crossing this field-free region at a certain speed therefore allows the simulation of
the speed at which the impact cloud expands in spaceborne impact ionization mass spectrometers and with that
the kinetic energy of the impact. This can be achieved by combining variations in laser power density with delay
time [253].

Recently, the LILBID technique was used to investigate the mass spectral fingerprints of a wide range of
organic compounds in NaCl-rich water ice grains [316] as present at Enceladus [128] and probably Europa [180].
We showed that despite high salt concentrations, organic material - depending on the NaCl concentration -
can be detected via molecular peaks or sodiated and chlorinated adducts [316]. Matrix effects were shown to
play an important role on the detectability of organics and were dependent on the structural and compositional
properties of the organic compounds, including the presence of functional groups, and the salt concentration.

Building on these experiments [316], we here measured LILBID spectra of the same range of organic species
(5-amino-1-pentanol, acetic acid, benzoic acid, butylamine, glucose, methanol, pyridine) in both cation and an-
ion mode, to investigate their mass spectral signatures in 0.01, 0.1 and 1M concentration MgSO4- and HoSOy-
rich matrices, i.e., concentrations representative of those expected at the surface of Europa and similar as those
used for NaCl matrices [316]. The goal of this work is to understand the interactions between salts or sulfuric
acid and organics in simulated impact mass spectra of SUDA, for organic content on the order of several %
in concentration. We here complement the general rules inferred to predict the mass spectral appearance of
organic species in salt-rich ice grains with matrix compound specifically relevant on Europa’s surface (MgSOy
and H2S0Oy) for the analysis of ice grains by SUDA-type impact ionization mass spectrometers.

2.3 Experimental Section
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The LILBID technique (Figure 21), used here to record mass spectra of the different solutions of organic
compounds in MgSO,4- and HySOy-rich matrices, is described in detail in Section 1.4.2 (and by Klenner et al.
[253]).

Solutions containing both an organic species and MgSQO4 or HoSO4 were prepared. The solutions were made
in 18.2 MQ.cm ultrapure water, to which was added either MgSO,4 or HoSO, at different concentrations (0.01M
[mol/L], 0.1M and 1M — i.e., concentrations of 1.2 g/, 12 g/L and 120 g/L for MgSOy4 and of 0.98 g/, 9.8 g/L,
and 98 g/L for HSOy, respectively). Seven organic species (Table 4), namely 5-amino-1-pentanol (C5H;3NO),
acetic acid (CaH4032), benzoic acid (C7HgOs), butylamine (C4H11N), glucose (CgH1204), methanol (CH,O),
and pyridine (C5H5N), were measured individually. Among those, four species (acetic acid, glucose, methanol,

5-amino- Acetic | Benzoic | Butylamine | Glucose | Methanol | Pyridine
1-pentanol a{:idD acid . CHﬁOH i = |
i CH3)k OH G)LOH T oHOH oH 3 SN
O
Formula CsH1aNO C2H402 | C7HsO2 | CaH11N CsH1206 | CH4O CsHsN
Molecular weight (u) 103 60 122 73 180 32 79
IAll MgS O
&?:Egﬁifarﬁons 5”_3?}3?3_% 485 833 13.9 685 278 1563 633
(mmol/L) H2804
1M H2S04 matrix | 126 833 13.9 14 278 1563 633
H20 12.1 24 3.3 12.3 7.1 9.0 8.6
0.01M MgSQOa4 11.9 2.5 3.2 12.1 55 76 8.7
0.1M MgSQ4 10.9 2.5 3.2 11.5 56 76 8.6
pH in solution 1M MgSOa4 9.3 4.16 3.3 9.4 6.2 6.7 8.8
0.01M H2S04 12.0 2.0 2.1 12.2 1.9 20 6.8
0.1M H2S04 11.0 0.9 1.2 11.2 1.3 1.2 58
1M H2S04 0.4 0.2 0.8 04 0.2 08 0.8

TABLE 4. Organic species investigated in the LILBID experiments, their molecular weights,
their molecular concentrations and the resulting pH values of the different matrix solutions
investigated.

and pyridine) were measured at concentrations of 5 wt% in both matrices; two species (butylamine and 5-
amino-1-pentanol) at reduced concentrations of 0.1wt% and 1.3wt% respectively when in 1 M HySO4 due to
the formation of precipitates; and one species, benzoic acid, measured at 0.17 wt% in all concentrations of both
matrices as it is poorly soluble in water. The organic species we investigated cover a wide range of functional
groups, namely: hydroxyl, azine, (aromatic) carboxylic acid, (aromatic) amine, and alkanolamine.

2.4 Results

We here present the results of the LILBID measurements of the organic species (Table 4) in MgSOy4- and
H5SOy4-rich matrices at 0.01, 0.1 and 1M MgSO, or H,SOy4. Due to the high number of spectra recorded, only
part of the data is presented in this manuscript and the supplementary material, with the remainder available
in the LILBID database (https://lilbid-db.planet.fu-berlin.de). The same organic compounds were previously
measured in pure water and NaCl matrices at similar concentrations [316].

2.4.1 Spectra of the MgSO, Background Matrix

The cation spectra of magnesium sulfate at 0.01M concentration (Figure 35) show a wide range of Mg-
bearing cations: [Mg(OH)|*, [nMg+(OH)a,—1]|" (i.e., [2Mg+(OH)3] ", [3Mg+(OH)5]*, [4Mg+(OH),]*, [bMg+
(OH)o]™...), [(MgSOy4)1—2+H]", [Mg(OH)(MgSO4)1_2]" and [nMg+(OH)a,,—1+(MgSOy4)]" species, with n >
1. All peaks corresponding to Mg-bearing cations show characteristic Mg isotope patterns (*Mg, Mg and
26Mg with intensities of 79%, 10% and 11% respectively). The cation mass spectra of the 0.1M MgSO, solution
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FIGURE 35. Baseline-corrected cation mass spectrum of magnesium sulfate (MgSOy4) at a con-
centration of 0.01M. The mass spectrum was generated with a delay time of 5.0 ps.

(Figure S51) show similar peaks of Mg-bearing cations, but at lower intensities and with a smaller number of
water clusters. Fewer peaks were detected in 1M MgSO, (Figure S52), but [Mg(OH)]* and [nMg+(OH)a,—1]"
peaks are still identified. In anion mode, peaks from deprotonated sulfate ions [(H2SOy4),-H]~ and a range
of magnesium-containing species were present in the mass spectra of 0.01M and 0.1M MgSO, (Figure 36 and
Figure S53): [(MgSO4),, (OH)]~, [(MgSOy4),, HSO4]~, and [(MgSOy4),, (H2SO4),, (HSO4)]~. In 1M MgSO, the
intensities of these peaks were reduced. The sulfite anion [SO3]~, or the [S2O]~ anion, was tentatively detected
at m/z 80 in the spectra of 0.1M and 1M MgSO, (Figure S53).

2.4.2 Spectra of Organic Compounds in MgSO4-rich Matrix

Cation mode
In cation mode, protonated molecular peaks [M+H]* were detected for all organic species in 0.01M MgSOy,
for all species except benzoic acid in 0.1M MgSO, and only for 5-amino-1-pentanol, methanol and pyridine in 1M

MgSO, (Table 5). These are the highest intensity peaks in the spectra of 5-amino-1-pentanol (Figure 37, Figures
S54 and S55) and pyridine (Figure S56) at all MgSO,4 concentrations, and of butylamine in 0.01M (Figure S57)
and 0.1M MgSO,4. A wide range of other organic cations containing Mg atoms were detected (Table 5, Figure
37, Figures S54-S62):

o [M-H+Mg]™ cations for all species except 5-amino-1-pentanol, methanol and pyridine;

o [M-+Mg(OH)| " cations for all species except methanol (but tentatively for butylamine);

o [M+2Mg+(OH)-2H]* (M+63u), [M+3Mg+(OH)2-H]* (M+105u), [M+4Mg+(OH)5-H]™ (M+180u) cations
in the spectra of acetic acid in 0.01M and 0.1M MgSOy;

o [M+2Mg+(OH)3]" and [M+3Mg+(OH)s5]™ cations in the spectra of benzoic acid in 0.01M MgSQy;

e [M(SO3)+3H] ", [M(SO3)+Mg+H]t, [M(SO3)(MgSO4)+Mg+H] T in the spectra of glucose in 0.01M MgSOy;

o [M-+Mg+(OH)o+H]" and [2M+Mg+(OH)2+H] ™ in the spectra of methanol in 0.01M MgSOy,.

The number and intensities of these peaks typically decreased with increasing MgSO4 concentration (Table 5;
e.g., Figures S58 and S59). Addition of MgSO,4 molecules onto organic cations was observed in 0.01M MgSO4
for all species except butylamine and methanol, with cations such as [M(MgSO4)+H]", [M(MgSO4)+Me-H]*
and [M(MgSO,4) (OH)+Mg]™ (Table 5). These species are suppressed at higher MgSO,4 concentrations and have

68



—_
|

intensity [V]

[OH]

17

0.01

50

97 ¢ [HSO,]"

115 ®

99

7

117

il i

100

i)y \“ il ‘\L.m I “

a7 133 o
<[OH(MgSO,)}-

151 o

155 o

169 ®
173 4

139

157

|

150

187 ®

1919 195 o [HSO,(H,SO,)]

200 4

200

,h”w.\J.L‘\ “L”Uhm /] ‘

250

=
g
1%}
-~ [=]
S 2
I
% S
= v
2 ]
L
v
~
]
v
0
g
o
v|&
2
g

275 4

277
[HSO,(H,S0,),I

293 ®

271 4

I un‘”h A h Al B meuul‘lm it i

300
m/z

anion mass spectra

magnesium sulfate (0.01M MgSO,)

350

449

431 4

435

400

[OH(H,0).]
e [HSO,(H,0).I
o [HSO,(H,S0,)(H,0),I
o [HSO4(H,S0,),(H0).I
o [HSO,(H;S0,)y(H,0),]
¥ [OH(MgSO,),(H,0),)
V¥ [HSO,(MgSO,),(H,0),.}-
o
1%}
o
S
I
o
v
[@)
(2]
)
= 2
o ” =
z 2 g
v <
“ £ g
3 %)
ov I
28 o7 v
Is%° v 5
S v 8 N

469

475 4

493 4

L

450

FicUre 36. LILBID anion mass spectrum of MgSO,4 at a concentration of 0.01M. The mass
spectrum was generated with a delay time of 6.3 ps. All peaks related to sulfate only are labeled

with circles whereas all species containing magnesium sulfate are labeled with triangles.

5-amino-1- Acetic acid Benmicoacid Butylamine Methanol Pyridine
entanol o 7
H,N/i/\/\on CHy” “OH O)(OH SN o @
[M+H]* M+1u v v v v v v
[M-H+Mg]* M+23u v v v v
[M+Mg(OH)]* M+41u v v v ? v v
'?A:;g: [nM+(H,S0,)+H]* M+99 u v ? ?
[M+(MgS0,)+H]* M+121u v v v v
[M+(MgS0,)+Mg-H]* M+143 u ? v v
[M+(MgS0,)+Mg(OH)]* M+161u v ? v v v
[M+H]* M+1u v v v v v v
[M-H+Mg]* M+23u v v v
[M+Mg(OH)]* M+41u v v ?
n::s"& [M+(H,50,)+H]* M+99 u v v
[M+(MgSO,)}+H]* M+121u v
[M+(MgS0,)+Mg-H]* M+143 u ?
[M+(MgS04)+Mg(OH))* | M+161u v ?
[M+H]* M+1u v v v
[M-H+Mg]* M+23u
[M+Mg(OH)]* M+41u v
M]:SAO‘ [nM+(H,S0,)+H]* M+99 u
[M+(MgS0,)+H]* M+121u v
[M+(MgSO,)+Mg-H]* | M+143u
[M+(MgS0,)+Mg(OH)]* M+161u
Figures S4, 4,55 $8,59 S10 S7 S12 S11 S6

TABLE 5. Characteristic detected peaks, and their respective m/z values, in cation mode for
the investigated organics at 0.01M, 0.1M and 1M MgSO,. In case of multiple species for a given
concentration, the most prominent species are represented by bold checkmarks (v). Question
marks represent tentative identifications.
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FIGURE 37. Cation mass spectrum of 5-amino-1-pentanol (concentration 5 wt%) in 0.1M mag-
nesium sulfate (MgSO,4).The mass spectrum was generated with a delay time of 7.0 ps.

only been observed for 5-amino-1-pentanol and tentatively for acetic acid in 0.1M and 1M MgSO,. Addition of
H,SO4 molecules onto organic cations (i.e., [nM+(H2SO4)+H] ' peaks with n > 1) was observed for 5-amino-
1-pentanol in 0.01M and 0.1M MgSO, (Figures 37, S4), for pyridine in 0.1M MgSOy4 and tentatively for acetic
acid and benzoic acid in 0.01M MgSO4. Adducts of molecular organic species and charged fragments thereof
([IM+M-z]" with z a fragment of the organic species) or fragmented polymers of the organics ([nM-z]* with
n > 1) were observed in the cation spectra of 5-amino-1-pentanol in 0.01M and 0.1M MgSO, (Figures S54, 4),
butylamine in 0.01M and 0.1M MgSO,4 (Figure S57), acetic acid in 0.01M MgSO, (Figure S58), and glucose in
0.01M MgSOy4 (Figure S62).

Anion mode

In anion mode, deprotonated molecular peaks [M-H]~ were detected for five organic species (acetic acid,
benzoic acid, glucose, methanol and pyridine) in 0.01M MgSOy,, for three organic species (acetic acid, benzoic
acid and glucose) in 0.1M MgSO,4 and only for acetic acid and benzoic acid in 1M MgSO, (Table 6; Figures S63-
S67). Deprotonated molecular peaks have highly prominent intensities in the spectra of acetic acid and benzoic
acid in all MgSO, concentrations (Figures S63 and S64), and in the spectra of glucose and methanol in 0.01M
MgSO, (Figures S65 and S66). Ionization by addition of hydrogen sulfate anion onto organic molecules was
observed with the detection of [M(HSO,4)]~ peaks in the spectra of 5-amino-1-pentanol, acetic acid, glucose and
methanol, and [M(H2SO4)(HSO4)]~ peaks for 5-amino-1-pentanol and acetic acid (Table 6; Figure 37, Figures
S63, S65, S66 and S68). The intensity of the [M(HSO4)]~ and [M(H2SO4)(HSO4)]~ peaks typically decreased
with increasing MgSO, concentration (e.g., Figure 38 and Figure S68, Table 6).

Addition of MgSO,4 molecules onto deprotonated organic anions ([M(MgSO4)-H]~ anions) has been observed
for acetic acid, benzoic acid and glucose in 0.01M MgSO,, and acetic acid, benzoic acid and glucose in 0.1M
MgSOy, and acetic acid in 1M MgSO,4 (Table 63, Figures S63-S65). Adducts of magnesium sulfate and sulfate
molecules onto the organic species ([M(MgSO4)(HSO4)]~ anions) were detected for glucose in 0.01M MgSOy
(Figure S65). Other Mg-bearing species detected in the spectra of acetic acid in 0.01M and 0.1M MgSO, include
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S18,5

S13

S14

S20

S15

S16,519

s17

[M(OH),+Mg-H]~, [M(OH)3+Mg]~, [M(OH)5+2Mg]~, [2M+(OH)+Mg-2H]~ and [2M+(OH)+(MgSO4)+Mg-
2H]~ anions (Figure S63). In the mass spectrum of glucose in 0.01M MgSOy, a peak at m/z 261 (i.e., M+81u)
anion (Figure S65). In the mass spectra of methanol in 0.1M and 1M MgSOQy,
a peak at m/z 111 (i.e., M+79u) was identified as [M(SO4)-OH]~ anion (Figure S69). Peaks at m/z 124 were

was identified as [M(HSO3)]~

TABLE 6. Characteristic detected peaks, and their respective m/z values, in anion mode for the
investigated organics at 0.01M, 0.1M and 1M MgSQO,. In case of multiple species for a given
concentration, the most prominent species are represented by bold checkmarks (v').
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detected in the mass spectra of butylamine in 0.01M and 0.1M MgSO4 (Figure S70), which correspond to
[CoH2(H2SO0y4)]~ or [CN(H2SO4)], i.e., a sulfuric acid molecule added to butylamine fragments. An adduct of
glucose and a charged fragment thereof ([M(C2H3032)]™ at m/z 239 u) in the cation spectra of glucose in 0.01M
and 0.1M MgSO, (Figure S65) was also identified.

Detection of organic fragments.

In summary, the number and intensity of fragment peaks typically decreased with increasing MgSO4 concen-
tration in both ion modes (Table S1, Figures S53, S55). Organic fragment cations (e.g., [M-OH-NH;3]*) were
detected for 5-amino-1-pentanol in 0.01M, 0.1M and 1M MgSQOy; for acetic acid, benzoic acid, butylamine and
glucose in 0.01M and 0.1M MgSOy; and pyridine in the 0.01M MgSO, (Table S3). In anion mode, organic frag-
ments were detected for 5-amino-1-pentanol in 0.01M and 0.1M MgSQy; for acetic acid, benzoic acid, butylamine
and glucose at all MgSO, concentrations; and pyridine in 0.01M MgSO, (Table S4). No fragments were detected
for methanol in any of the MgSO4 matrices investigated in neither ion mode, except a tentative fragment of
methanol with sulfuric acid [M(SO4)-OH]~ or [M(SO3)-H]~ (Figure S69).

2.4.3 Spectra of the H,SO, Background Matrix

All cation mass spectra of sulfuric acid show strong water cluster peaks [H3O(H50),] ", as well as protonated
sulfuric acid peaks [H3SO4]" and their water clusters [H3SO4(H20),|" , with n defined as n > 1 (Figures 39
and S71). In 0.01M HySOy, water cluster peaks are much higher than those from sulfuric acid (Figure S71). In
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F1cure 39. LILBID cation mass spectrum of sulfuric acid (H2SO4) at a concentration of 1M.
The mass spectrum was generated with a delay time of 6.0 ps.

0.1IM and 1M H3SOy, peaks corresponding to sulfuric acid polymers [(H2SO4),+H|™ and their water clusters
[(H2SO4),, (H20),, +H]* were detected (with m defined as m > 1), with n increasing with the HySO4 concen-
tration of the sample (Figure 39). Peaks at m/z 80, tentatively identified as [SO3]™ cations (see Discussion),
were detected in 0.01M, 0.1M, and 1M H5SO4 spectra.
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In anion mode, all mass spectra of sulfuric acid show prominent deprotonated sulfuric acid peaks [HSO4] ™, as
well as sulfuric acid polymers [(HSO4)(H2S04),] ™ and their respective water clusters [(HSO4)(H2S04),, (H20) ]~
(Figure 40 and Figure S72). The maximum number n of sulfuric acid molecules increased with the HySO4 con-
centration, whereas the maximum number m of water clusters sulfuric acid polymers decreased with increasing
H5SO4 concentration (Figure 40 and Figure S72). We did not detect any pure water cluster ions in any anion
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FIGURE 40. LILBID anion mass spectrum of sulfuric acid (H2SOy4) at a concentration of 1M.
The mass spectrum was generated with a delay time of 6.4 ps.

sulfuric acid spectrum, even at the lowest HoSO4 concentrations. The sulfite anion [SO3]~, or the [S2O]~ anion,
was tentatively detected at m/z 80 in the spectra of 0.01M H2SO,4 (Figure S72).

2.4.4 Spectra of Organic Compounds in HySO4-rich Matrix

In cation mode, protonated molecular peaks [M+H]" were detected for all organic species at all HySOy
concentrations (Table 7). Protonated molecular peaks are the highest intensity peaks in the spectra of 5-amino-
1-pentanol, butylamine, methanol and pyridine, and are highly prominent in acetic acid, benzoic acid and glucose
spectra (e.g., Figure 41 and Figures S73-S80), at all HoSO4 concentrations. We observed the addition of HoSO4
molecules onto protonated organic species ([nM+(H2SO4),,+H]), with the intensity and number (m > 1) of
H2SO4 molecules increasing with the HoSO4 concentration of the sample (e.g., Figure 41 and Figures S73 and
S74). Such [nM+(H2SOy),,+H]" peaks were detected for all organic species in 0.1M and 1M HySO,4 (Table
7), and for four species (5-amino-1-pentanol, butylamine, glucose, pyridine) in 0.01M H2SOy4, and they have
particularly high intensities for 5-amino-1-pentanol and butylamine (Figure 41, Figures S73, S74 and S80). The
spectra of both glucose and methanol in 0.01M HSO,4 (Figures S78 and S79) show similar patterns of water
clusters as those seen in the pure HySO4 matrix spectra (Figure 39 and Figure S71).

5-amino-1-pentanol and butylamine both have much higher [2M+(H2SO4)+H]" peaks than [M+(H2SO4)
+H]* peaks at all H,SO4 concentrations (Figure 41 and Figures S73, S74, and S80). This is also observed to a
lower extent for acetic acid in 1M HySO, (Figure S76), pyridine in 0.01M and 0.1M H,SO, (Figure S75), and
methanol in 0.1M H;SOy.
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5-amino-1-pentanol Acetic acid Benzoic acid Butylamine Glucose Methanol Pyridine
0 o CHOM Z
HNT"on PPN ) HO—CHy |
[M+H]* M+1u v v v v v v v
0.01M [M+H+(H,S0,)]* M+99 u v v v
HyS0, | [2M+HH(H,50,))* | 2m+99u v v
[M+H+(H,S0,),]* M+197 u v
[M+H] * M+1u v v
0.1M [M+H+(H,50,)]* M+99u v v v v v v
HySO, | [2M+H+(H,50,)) | 2M+99u v v v
[M+H+(H,S0,),]* M+197 u v
[M+H]* M+1u v v v v v v
M [M+H+(H,50,)]* M+99u v v v v
HyS04 | [aM+H+(H,50,)]* | 2m+99u v v v v v
[M+H+(H,S0,),]* | M+197u v v v v
Figures 523,524, 8 S26 S27 S30 S28 S29 S25

TABLE 7. Characteristic detected peaks and their respective m/z values in cation mode for the
investigated organics at 0.01M, 0.1M and 1M HSO,. In case of multiple species for a given
concentration, the most prominent species are represented by bold checkmarks (v').
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FIGURE 41. Cation mass spectrum of 5-amino-1-pentanol (concentration 5 wt%) in 1M sulfuric
acid (H2SOy4). The mass spectrum was generated with a delay time of 6.9 ps.

Adducts of the organic species and charged fragments thereof ([M(M-x)]* with x as a fragment of the organic
species) or fragmented polymers of the organics ([nM-x]* with n > 1) were detected in the cation spectra of 5-
amino-1-pentanol (e.g., [M(M-OH-NH3)|™; Figure 41, Figures S73 and S74), acetic acid (Figure S76), butylamine
(Figure S80), and glucose (Figure S78) at all H,SO4 concentrations, and in the spectra of methanol in 0.1 and 1M
H5SO4. Adducts of the organic species and charged fragments together with sulfuric acid ([M(M-z)(H2SO4)]™)
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were observed for 5-amino-1-pentanol in 0.1M and 1M H2SOy4 (Figure 41 and Figure S74); butylamine, benzoic
acid, and methanol in 1M H5SO,4 (Figure S77).

In anion mode, deprotonated molecular peaks [M-H|~ were detected for three organic species (5-amino-1-
pentanol, acetic acid and benzoic acid; Table 8, Figures S81-S83). A higher number of organic species can
be detected by their [M(HSO,4)]~ peaks (Table 8): in 0.01M and 0.1M H5SOy, all organics except butylamine
and pyridine; in 1M H3SOy, glucose and tentatively acetic acid. [M(H2SO4),, (HSO4)]~ peaks were detected for
5-amino-1-pentanol, acetic acid, glucose and methanol in 0.01M and 0.1M H5SO,4 (Table 8, Figures S64-S86),
and for 5-amino-1-pentanol (Figure 37) and methanol in 1M H5SOy4. The observable number, n, of polymers of
sulfuric acid [M(H2SO4),(HSO4)]~ increased with the HoSO4 concentration (e.g., Figure 42 and Figure S31).
[M(HSO4)(SO3)]~ peaks have been detected for glucose in 0.01M and 0.1M H5SO4 (Figure S85); and for 5-
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FIGURE 42. Anion mass spectrum of 5-amino-1-pentanol (concentration 5 wt%) in 1M sulfuric
acid (H2SOy4). The mass spectrum was generated with a delay time of 6.9 ps. Unlabeled peaks
originate exclusively from the HoSO4 matrix.

amino-1-pentanol and glucose in 1M H5SO, (Figure 42).

Detection of organic fragments.

Organic fragment cations were detected for 5-amino-1-pentanol, acetic acid, benzoic acid, butylamine and
glucose at all HoSO, concentrations, and for methanol and pyridine in 1M HSO,4 (Tables S3, S4). In contrast
to the observations in the NaCl and MgSO,4 matrices, both the intensity and number of detected cationic frag-
ments is usually unchanged or even increase with the HySO,4 concentration (e.g., Figure 41, Figures S73 and

S74; Table S3). In anion mode, organic fragments were only detected for 5-amino-1-pentanol and butylamine in
0.01M H5SO,4 (Table S4).

2.4.5 Summary of General Trends
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5-amino-1- Acetic acid Benzoic acid Butylamine Glucose Methanol Pyridine
pentanol o] 9 iy =
on HO—CH
HNT"0n CHg)kOH ©)J\OH NN, N—"on 3 Sy |
o
[M-H] M-1u v v v
0.01M
M(HSO,)] M+97
H,50, [M(HSO,)] +97 u v v v v
[M(H,S0,),(HSO,)I" | M+195u v v v
[M-H] M-1u
0.1M
M(HSO,)] M+97 v
H,50, [M(HSO,)] +97 u v v v v
[M(H,50,),(HSO,)] | M+195u v v v v v
[M-H] M-1u
im
M(HSO,)] M+97 ?
H,50, [M(HSO,)] u v
[M(H,S0,),(HSO,)I" | M+195u v v ? v
Figures $31,534,9 532 533 537 35 536

TABLE 8. Characteristic detected peaks, and their respective m/z values, in anion mode for the
investigated organics at 0.01M, 0.1M and 1M H5SOy4. In case of multiple species for a given
concentration, the most prominent species are represented by bold checkmarks (v'). Question
marks represent tentative identifications.

Our results show that organic species can be detected in ice grains rich in magnesium sulfate and sulfuric acid,
due to the formation of molecular ions, fragment ions and a range of adducts with Mg?*, OH~, HSO,~ ions, and
MgSO4 and H3SO4 molecules. The mass spectral appearance of the organics fundamentally changes depending
on the matrix (MgSO,4 or HySO4) and the matrix concentration. Similar to NaCl matrices, strong suppression
effects by the salt [264, 285] were observed in MgSO4 matrices in both ion modes, i.e., the absolute number
and intensities of organic-related peaks decrease with increasing MgSO, concentration (Tables 5, 6, Figure 38,
Figures S54, S55, S68). Suppression effects were also observed in HySO,4 matrices in anion mode, but to a lower
extent than in MgSO4 matrices (Table 8, Figure 42, Figures S81, S84). However, no suppression effects were
observed in HoSO,4 matrices in cation mode. The intensity of suppression effects was characterised for organics
in NaCl, MgSO,4 and H5SO4 matrices in both ion modes (Table 9). Detection limits were established in pure
water matrix (Table 9) for the (de)protonated molecular peaks of all organic species in the most sensitive ion
mode. Detection limits are estimated to be similar in pure water and in H,SO4 matrices for organics in cation
mode.

Cation mode is generally more sensitive than anion mode to organics in MgSO, solutions (Tables 5 and 6),
especially for butylamine and pyridine — two species for which the sensitivity is very low in anion mode. How-
ever, acetic acid and benzoic acid in MgSO,4 matrices are more easily detected in anion mode than cation mode.
Cation mode is preferred over anion mode for the detection of all organic species in HoSO,4 matrices because
organic species can be unambiguously detected via protonated molecular peaks even at the highest sulfuric acid
concentrations (Table 7).

In both MgSO, and HySO,4 matrices, interactions of the organic species with sulfates lead to the detec-
tion of [M(HSO4)]~ anions for four organic species (5-amino-1-pentanol, acetic acid, glucose and methanol).
[M(HSO4)]~ anions were also detected in the spectra of benzoic acid only in HySOy4 solutions. These anion peaks
are suppressed with increasing matrix concentration in both MgSO,4 and HySO,4 matrices. [M(H2SO4)n(HSO4)]~
anions (with n > 1) were detected in both MgSO, and HySO,4 matrices: for 5-amino-1-pentanol and acetic acid in
MgSO,4 matrices, and all organics except benzoic acid and pyridine in HoSO4 matrices. The maximum number,
n, of (H2SO4) molecules in [M(H2SO4),, (HSO4)]~ peaks typically increased with increasing matrix concentration.

Adducts of organics with HoSO,4 molecules were observed in both matrices and in both ion modes, although
more frequently in HySO4 matrices (e.g., [M(H2SO4)+H]™ peaks were observed for one, and tentatively for
two, organic species in MgSO,4 matrices, and for all organic species in HoSO4 matrices). In HoSO,4 matrices,
the intensities and number of [M(H2SOy),+H]|" peaks typically increased with increasing HoSO4 concentra-
tions, whereas these peaks are suppressed in MgSO, matrices with increasing MgSQO,4 concentration. We ob-
serve [nM+(H2SO4),,+H]T peaks for all species at HoSO, concentrations > 0.1M, and for most species at an
H,SO4 concentration of 0.01M. The [nM(H2SOy),,+H]" peaks are especially prominent for basic species (i.e.,
5-amino-1-pentanol and butylamine). In MgSO,4 matrices, adducts of MgSO,4 molecules with organic ions were
observed in both ion modes, with the detection of [M(MgSO4)+H]T, [M(MgSO,4)-H]~, [M(MgSO4)+Mg-H]*
and [M(MgSO,4) (OH)+Mg]* ions.
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LOD in pure H,0 Nacl Mgs0, H,50,
matrix in best Best ion suppression effects Best ion suppression effects Best ion suppression effects
ion mode
mode cation mode anion mode mode cation mode anion mode mode cation mode anion mode
. Low: High: Low: High: Intermediate:
5- -1- 1ppb [+
amine "'7’ [+] + 2 orders of >2 orders of + 1 order of >2 orders of + None 1 order of
pentanol (107 wt%) X X . R :
magnitude magnitude magnitude magnitude magnitude
<1ppb* [] Intermediate: Low: High: Low: Intermediate:
acetic acid pp’ o 2 orders of 1 order of - >2 orders of 1 order of + None 2 orders of
(<107 wt%) - ) ) ) )
magnitude magnitude magnitude magnitude magnitude
1ppb [] High: Low: High: Low: High:
benzoic acid P7P o >2 orders of 1 orders of - >2 orders of 1 order of + None >2 orders of
(107 wt%) X R . R R
magnitude magnitude magnitude magnitude magnitude
<1 ppb* [+] Intermediate: High: High: Intermediate: Intermediate:
butylamine < 1‘;"’1 wtsh) + 2 orders of >2 orders of + >2 orders of <1 order of + None <1 order of
magnitude magnitude magnitude magnitude magnitude
Low: High: High: Intermediate: Intermediate:
100 ppm [+
glucose (logF:Art‘}!)] + 1 order of >2 orders of - >2 orders of 1 orders of + None 1 order of
B magnitude magnitude magnitude magnitude maghitude
500 ppm [+] Intermediate High: Low: Intermediate Intermediate
methanol pg + 1 order of >2 orders of + 1 order of <1 order of + None 1 order of
(5%102 wt%) X X X K X
magnitude magnitude magnitude magnitude magnitude
1ppb [+] Intermediate: High: High: High:
pyridine (155‘”‘%) + 2 orders of >3 orders of + None >3 orders of + None >3 orders of
magnitude magnitude magnitude magnitude

* the exact LOD of acetic acid and butylamine in water matrix was not determined, but this value is lower than 1 ppb.

TABLE 9. Limits of detection (LOD) of (de)protonated molecular peaks of the organic species
in pure water matrix with LILBID, and the estimated intensities of suppression effects for all
organic species in the different matrices (NaCl, MgSOy4, H2SO4). The (+) or (-) in the first
column gathering the LODs indicate the ion mode in which the LOD was measured — cation
mode for (4) or anion mode for (-). No suppression effects were observed for organics in HySOy4
matrices in cation mode, and pyridine in MgSO4 matrix. For all other matrices, the suppression
effects are considered “low” when organics’ (de)protonated molecular peaks were detected in all
matrix concentrations (from 0.01M to 1M); “intermediate” when any organic ions (including
organic fragments and clusters) were detected in all matrix concentrations; and “high” when no
organic ions were detected at the highest matrix concentration of 1M. Additionally, the strength
of the suppression effects was quantified - with order of magnitude accuracy - by comparing the
ion abundances of the highest organic-bearing ion between the spectra of organics in the pure
water matrix, and in the NaCl, MgSOy, or H,SO4 matrices at 1M concentration.

Generally, a lower degree of fragmentation was observed in NaCl matrices as compared to MgSO4 and HoSOy4
matrices in cation mode for most species (i.e., 5-amino-1-pentanol, acetic acid, benzoic acid, glucose, pyridine).
The absolute number and intensities of fragment peaks are higher in cation mode than anion mode for all organic
species in all three matrices.

Comparing organic fragments detected in sulfate matrices of this work (Tables S3, S4) with fragments detected
in NaCl matrices [316], the following trends can be established:

e 5-amino-1-pentanol: the type and abundance of cationic fragments of 5-amino-1-pentanol detected in
MgSO,4 and H2SO,4 matrices were roughly similar in both matrices, but a much smaller number of fragments
were detected in NaCl matrices.

e Carboxylic acids: highly prominent [M-OH]|™ fragments were detected in the mass spectra of both acetic
acid and benzoic acid in MgSO,4 and H5SO4 matrices (at all matrix concentrations), whereas in NaCl matrices,
they were detected only at low NaCl concentrations and at much lower intensities. Such peaks were also very
prominent in the cation mass spectra of acetic acid and benzoic acid in pure water matrices [316].

o Acetic acid: more cationic fragments of acetic acid were detected in MgSO4 matrices than in HoSOy4
matrices, and very few in NaCl matrices. In the anion spectra, [CHs3]~ fragments were detected in both MgSQOy4
and NaCl matrices, but no fragments were detected in HoSO,4 matrices.

o Benzoic acid: more cationic fragments of benzoic acid were detected in HoSO,4 matrices than in MgSOy
matrices, and very few in NaCl matrices. In anion mode, deprotonated benzene was detected in both MgSQOy,
and NaCl matrices, but no benzoic acid fragments were detected in HoSO,4 matrices.

e Butylamine: a decreasing trend with matrix composition was found in the number and intensities of
cationic fragments of butylamine: MgSO4 > HySO4 > NaCl. In anion mode, only one anionic fragment was
detected in H,SO4 matrices, whereas many more anionic fragments were detected in MgSO,4 and NaCl matrices.
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Very prominent fragment peaks (e.g., [C2Hz]™ or [CN]™ at m/z 26; Figure S20) were detected in the anion
spectra of butylamine in MgSO, matrices at all MgSO,4 concentrations.

e Glucose: many cationic fragments of glucose, but no anionic fragments, were detected in HoSO,4 matrices.
Fewer cationic fragments were detected in MgSO,4 matrices than HoSO,4 matrices, and even less in NaCl matrices.
Anionic fragments were detected in MgSO4 and NaCl matrices, with more fragments and at higher intensities
in NaCl matrices.

e Methanol: the only methanol fragment detected was [CH3]™ in the 1M HySO,4 matrix, and together with
sulfate [CH5(SO4)]~ in 0.1M and 1M MgSOy.

e Pyridine: small fragment peaks of pyridine were detected in the 1M H3SO4 matrix and in 0.01M MgSOy4
matrix in cation mode, and in the 0.01M MgSO, matrix in anion mode whereas no fragments were detected in
the NaCl matrices.

2.5 Discussion

Suppression effects. Suppression effects are described as the decrease in the mass spectrometric response of
an analyte due to matrix effects [333]. In the HoSO4 matrix, no ionization suppression effects occurred in cation
mode (because the only cation species sulfuric acid releases in water is HT), whereas suppression effects were ob-
served in anion mode. The mass spectra of organics in MgSO4 matrices show suppression effects with increasing
matrix concentration, a phenomenon frequently seen for the detection of analytes in salt-rich matrices [264, 285].
This effect (in MgSO,4 matrices) is similar or stronger than that seen for the same organic compounds in NaCl
matrices [316]. While detection limits can typically drop by orders of magnitude with high concentrations of salts,
this effect is strongly compound-dependent and was mild for some organic species (e.g., for 5-amino-1-pentanol in
1M MgSOy as seen in Figure S55). The origins and mechanisms of ionization suppression in mass spectrometry
are poorly understood. King et al. [334] showed that the presence of nonvolatile solutes is the main cause of
ionization suppression in electrospray ionization (ESI) due to induced changes in the droplet solution properties.
They suggested that nonvolatile materials inhibit the formation of small droplets and therefore the release of
analytes into the gas phase. In the LILBID setup, the analyte is converted from the liquid water beam into gas
phase ions, so coprecipitation of organic molecules (before the formation of gaseous ions) with nonvolatile sample
components could be an efficient mechanism of ionization suppression. Gas phase reactions, such as acid-base
neutralization or charge transfer to another gas phase species, could also lead to a loss of charge in the total
ions created in the LILBID experiments. Both explanations are consistent with the fact that suppression ef-
fects are compound-dependent (i.e., they have different intensities for different organic species in a given matrix).

Fragmentation of the organic species. In MgSO, matrices, the number and the intensities of organic
fragment peaks typically decrease with increasing MgSO, concentration in both ion modes (Table S3, Figures
S53, S55), a trend similar to that observed in NaCl matrices [316]. This result reinforces our hypotheses that
high salinity matrices might provoke the suppression of the fragmentation process (i.e., adducts of organics and
salts are more stable than the pure organics) or the neutralization of charged fragments (or neutral fragments are
produced). Sulfuric acid does not appear to inhibit the formation of cationic fragments since (1) we detected a
high number of cationic fragments (Table S3), which in some cases increased with increasing HoSO4 concentration
(2) almost all cationic fragments detected in water matrices were also detected in HoSO4 matrices. However,
anionic fragments were only detected via infrequent, low amplitude, peaks and at low H2SO,4 concentrations,
probably due to a lower sensitivity to organic species with increasing HoSO, concentration. Comparing the
organic fragments detected in MgSO,4, HoSO,4 and NaCl matrices (Section 11.2.4.5), we observe a wide diversity
of fragments varying with the matrix’s nature and concentration. Each matrix induced different fragmentation
patterns, e.g., the cation spectra of organics in NaCl matrices show fewer fragments compared to MgSO,4 and
H5S0O,4 matrices and entirely inhibited fragmentation of hydroxyl groups in carboxylic acids (a typical cleavage
of carboxylic acids; section 11.2.4.5). Fragment peaks are also subject to suppression effects with increasing
salt concentration in MgSO, and NaCl matrices. This variability of fragmentation patterns might be due to
differences in the energetics of the fragmentation mechanisms induced by the varying matrix. For SUDA’s
analysis, many other factors than the matrix’s composition will influence the level of fragmentation of organics
embedded in ice grains, such as the impact velocity, the pH of the ice matrix and the spatial distribution
of the organic species inside the ice grain [239, 335]. Schulze et al. [335] showed that in extreme saline ice
(>1M), salting-out effects (i.e., a decrease in solubility at high salt concentrations leading to phase separation of
organics, salts, and water) shield organic species from the impact energy, therefore further limiting fragmentation
by alteration of the ice’s mechanical behavior.

We detected [M+M-x|™ and [M+M-x]~ species where x is a fragment of the organic species (e.g., [2M-OH-
NH3]*; Figure 37). They might form by fragmentation of an organic polymer rather than by addition of a
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charged fragment onto a neutral organic molecule, because we observe fragmented polymers (e.g., ([3M-OH-
NH3]" in 5-amino-1-pentanol in 0.01M MgSO,4 matrix; Figure S54) but no addition of several charged fragments
onto an organic molecule. We observed oxygen-carrying fragment ions in the spectra of 5-amino-1-pentanol,
acetic acid, benzoic acid and glucose, and nitrogen-carrying fragment ions in the spectra of 5-amino-1-pentanol,
butylamine and pyridine. Khawaja et al. [268] measured a range of aldehydes and ketones with the LILBID
technique, and showed that oxygen-carrying fragment ions (e.g., [CHO]T, [CH30]", [CoH30]T, [CoH50]*...)
were also typically produced. Some fragments were observed in MgSO,4 and/or HoSO,4 matrices, but not in
the spectra of the organic species in pure water (e.g., [CoH4N]~ was observed only for butylamine in MgSQO,
matrices, [NHy]* for pyridine in 1M H2SO4 matrix, [C3Hs]t or [HCCN]* for butylamine in HySO4 matrices,
[CHOJ™ for acetic acid in MgSQO4 matrices; Tables S3, S2). These species may therefore indicate that different
fragmentation patterns appear due to compositional differences in the matrix; or they might be products of
interactions of organic fragments with matrix compounds.

In mass spectrometry experiments, organic fragments can interact with ions from the matrix, thus forming
for example sodiated or chlorinated fragments in NaCl matrices [314]. Although we did not detect sodiated or
chlorinated fragments with LILBID (potentially because of the suppression of fragmentation processes or the
neutralization of charged fragments2), we detected a few species formed by the interaction of organic fragments
with ions from the MgSQO4 or HoSO,4 matrix:

e a species consisting of a charged butylamine fragment and a sulfuric acid molecule ([CoHa(H2SO4)]™ or
[CN(H2SO4)]™ at m/z 124) in the anion spectra of butylamine in 0.01 and 0.1M MgSO,4 matrices (Figure S70)

o [nM+(H3SO4),,-OH]" and [2M+(H2SO4),,-OH-NH3] " cations in the spectra of 5-amino-1-pentanol in 1M
H5SO,4 matrix (Figure 41) o [CoH4N+Mg+SO3]~ anions in the spectra of 5-amino-1-pentanol in 0.01M HySO4
matrix (Figure S81)

e a fragment of methanol with sulfuric acid [M(SO4)-OH]~ in MgSO, matrix.

Ion formation from organic/matrix interaction. In MgSO, solutions, we observed the addition of
Mg?* cations onto both deprotonated organic species ([M-H+Mg]*) and together with OH~ groups (e.g.,
[M(OH)2+3Mg-H| ™, [M(OH)3;+2Mg]*, [M(OH)2+Mg+H]"...). Magnesium adducts including [M+Mg-H]*
cations have previously been observed by Han et al. [336] with electrospray ionization (ESI) mass spectrom-
etry. As the LILBID ionization method tends to produce singly charged ions, and magnesium (Mg?*) and
sodium (Na™) ions have different charges, the organic cations formed in MgSQO, matrices are different from the
species observed in NaCl matrices, where sodium adducts form with organic molecules via sodiation processes
[264, 316, 298]. The replacement of structural elements by Na* cations (i.e., sodiation) seems to be more efficient
than by Mg?*t cations, as protonated organic species typically dominate the cation spectra of MgSO, matrices
whereas sodiated cations typically dominate in NaCl matrices [264, 316]. In organic molecules, it is easier to
replace H* with Nat than with Mg?* because Na* and HT have the same charge. Additionally, the larger size
of Mg?T ions compared to Na*t slows down the attachment to organic molecules by steric hindrance.

In anion mode, we observe the addition of hydrogen sulfate anions HSO4~ to organic species (i.e., bisulfate
adducts [M(HSO4)]7) in both MgSO,4 and HySOy4 solutions. Bisulfate adducts [M(HSO,4)]~ were previously
observed by other mass spectrometry methods e.g., with Matrix Assisted Laser Desorption Ionization (MALDI)
[337] and with ESI-MS [338]. The formation of bisulfate adducts is comparable to the chlorination of organics
(i.e., addition of a chloride anion) in NaCl matrices [316, 302, 303]. In both ion modes, we observed the addition
of MgS0O, and H5SO,4 molecules to organic ions in MgSO,4 matrices and the addition of HoSO,4 molecules in
H>SO4 matrices. Addition of HoSO4 molecules is therefore a common characteristic pattern in sulfate-rich
matrices. The addition of MgSO,4 molecules onto organic cations was observed for all organic species except
butylamine and methanol, suggesting that linear molecules having few functional groups might be less prone
to the addition of MgSO,4 molecules. The observed addition of NaCl and NaOH molecules in NaCl matrices
[264, 316] is consistent with these mechanisms. The number of added H,SO,4 and NaCl molecules often increased
with increasing matrix concentration. Attachment of sulfuric acid molecules onto peptides and proteins have
been previously reported by using ESI-MS [339], together with a decrease of the mass spectrometric signal.

In the cation spectra of the sulfuric acid matrix without organics (Figures 39, S71), cations at m/z 80 were
identified as [SO3]™ as seen in the electron ionization spectra retrieved from the National Institute of Standards
and Technology (NIST). The [SO3]* cation can form by the loss of water from HoSO4. Although sulfuric acid is
intrinsically different from salts, mass spectral similarities can be found in the spectra of organics in MgSO,4 and
H5SO4 matrices. This is due to the presence of sulfates in both MgSO,4 and HySO,4 matrices, therefore inducing
the formation of similar species in both matrices.

In the cation mass spectra of 5-amino-1-pentanol and butylamine in HySO4 matrices (Figures 41, S73, S74,
S80), and to a lesser extent in the spectra of 5-amino-1-pentanol in the MgSO,4 matrix (Figures 37, Sb4),
we observe [2M+(H2SO4)+H|T in higher abundance than [M+(H2SO4)+H]|T. As shown in Figure 43, this
could be because [2M+(H2SO4)+H]' cations preferentially form as [2(M+H)+(SO4)+H]" cations (i.e., two
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protonated organic molecules interact with one SO4?~ anion, and the adduct thus formed is protonated), and
[M+(H2SO4)+H]* cations are rather formed as [(M+H)+(HSO,4)+H]" cations (i.e., a protonated organic mol-
ecule interacts with HSO, , and the adduct thus formed is protonated). This formation mechanism is explained
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sulfuric acid dissociation in H,0 ( SO,* ) > ( HSO, )

- SO,% is predominant NN N

[2(M+H)+(SO,)+H]* > [(M+H)+(HSO,)+H]*

FIGURE 43. Possible interaction of basic organic species with sulfate ions, explaining the higher
intensities of [2(M+H)+(SO4)+H]* cations as compared to [(M+H)+(HSO4)+H]' cations.

by the dissociation of sulfuric acid in water into different ions including hydrogen sulfate HSO,~ and sulfate
SO4%~: the sulfate ion has two negative charges making it more likely to interact with two other positively charged
molecules. If sulfuric acid is predominantly present as SO42~- (i.e., at high pH), then [2(M+H)+(SO4)+H]*
cations are more likely to form than [(M+H)+(HSO4)+H]* cations. This mass spectral pattern was observed
for the two most basic species we measured (i.e., 5-amino-1-pentanol and butylamine; Table 1).

The differences in sensitivity to the organics between different matrices is primarily due to the organics’ prop-
erties (e.g., pH, the presence of functional groups). The molar concentration of the organic species in solution
can also play a role (since the organic species were investigated at similar weight percentages but consequently
at different molar concentrations; Table 1), but no direct correlation was observed between the sensitivity to an
organic species and its molar concentration in solution. This suggests that the difference in molecular densities
in the ionization region of the LILBID only plays a minor role in the sensitivity to the organics.

Liquid phase reactions. Liquid phase reactions can occur in solution when mixing organic species with
salts or sulfuric acid. Reactions involving high concentrations of sulfuric acid played a significant role in our
experiments, e.g., amines participated in acid-base reactions with sulfuric acid in solution and were partially
precipitated as salts in the samples of butylamine and 5-amino-1-pentanol in HySO,4 matrices (especially at
high H,SO4 concentrations). Matrices such as sulfuric acid could also induce liquid-phase fragmentation of the
organic species. Although the formation of salt crystals in solution is thought to negatively perturb the mass
spectrometric response of the analytes [334], no suppression effects were observed in cation mode despite the
strong ion pairs formed between sulfuric acid and basic organic species, and all organics could be identified even
in 1M H5SO4 matrices. High concentrations of strong acids in the matrix therefore do not restrict the detection
of organics in cation mode with impact ionization mass spectrometers at the concentrations investigated.

General rules for the mass spectral appearance of organic species in Europa-like ice grains.
In Napoleoni et al. [316], we established generic rules for the detection of organics in NaCl-rich matrices using
LILBID, and by extension, impact ionization mass spectrometry. We here summarize the list of rules established
with salts (NaCl, MgSO,4) and HoSO,4 matrices, to provide a complete set for the detection of organics in ice
grains of typical Europa composition with SUDA:

e sulfuric acid

o sulfuric acid does not inhibit the detection of organics in cation mode even at high sulfuric acid concen-
trations. Indeed, all organic species in HoSO,4 matrices show highly prominent protonated [M+H]* peaks at all
H5S0, concentrations (0.01M-1M). The cation mass spectra of all organics in HoSO4 matrices are quite similar
to the spectra of those organics in pure water matrices, with additional signatures due to the addition of HoSOy4
molecules onto organic cations with increasing HoSO4 concentration.

o organic species in HySO4 matrices typically form bisulfate adducts [M(HSO4)]~ and/or [M(HSO4)(H2S04),]~
species, whereas deprotonated molecular peaks [M-H]| ™ are only observed for a few species in low H3SO4 con-
centrations. Bisulfate adducts can also form in MgSO,4 matrices for some organic species. Generally, low pH
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matrices (i.e., having a high concentration of HT) are expected to inhibit the formation of deprotonated molecular
peaks [M-H|~.

e NaCl and MgSO, salts

o in salt-rich matrices, protonated and deprotonated molecular peaks are usually suppressed with increasing
salt concentrations, but organic species can still be detected via the presence of molecular ions and adducts with
salt ions.

o in salt-rich samples, organic species form adducts with Nat and Mg?* ions, but adduct formation with
these two ions occurs via different mechanisms and results in different ions with different mass spectral properties.
Sodiation seems more efficient than Magnesium-adduct formation and can lead to the formation of polysodiated
adducts for organic species that contain hydroxyl and/or amine functional groups (i.e., carboxylic or amidic
protons are replaced by Na't). The formation of Mg-adducts accompanies the loss of a proton or addition of a
negatively charged group (e.g., OH ™), thus forming singly charged ionic species. A wide variety of Mg-adducts
can be formed.

e Fragments.

We expect to detect a range of organic fragments in future SUDA mass spectra of Europan organic-rich
ice grains, providing valuable structural information for the identification of parent organic species. Extensive
fragmentation can be expected in sulfuric acid-rich ice grains (in cation mode), whereas the fragmentation will
be limited with increasing matrix concentration in salt-rich ice grains and in sulfuric acid-rich ice grains in
anion mode. The extent of the organic fragmentation will also be determined by the organic’s structure and the
presence of functional groups likely to be cleaved (e.g., hydroxyl, amine groups), and other parameters e.g., the
impact velocity of the ice grain, the crystallinity of the water ice, and the spatial distribution of the organics
and ions inside the water ice [239, 335].

The mass spectrometric signal of most organics is generally higher in cation mode than in anion mode.
However, the response greatly depends on the organics’ chemical family and physicochemical properties. The
pH is an important parameter that influences the formation and detectability of organic molecular ions, adducts
and fragments, together with other physicochemical factors such as the organics’ molecular structure or the
presence of functional groups. We established characteristic mass spectral signatures of different organic
families:

e carboxylic acids

o form highly prominent deprotonated molecular peaks [M-H]~ in salt-rich matrices even at high salt con-
centration. Such peaks are also detected in HoSO4 matrices but with a lower intensity. Among the investigated
compounds, this chemical family is the one to which anion polarity LILBID-MS is most sensitive in salt-rich ma-
trices, although it is only moderately sensitive in H,SO4 solutions. Generally, we expect highly acidic compounds
to be highly responsive in anion mode analysis thanks to a strong tendency to form deprotonated molecular
peaks.

o typically form highly prominent [M-OH|" fragment peaks, as observed here in MgSO4 and HySO4 matrices
and by Khawaja et al. [267] in similar experiments with pure water matrix. This differs from the case of NaCl
matrices where [M-OH| T peaks have a low intensity, but highly prominent disodiated [M-H+2Na|™ peaks are
observed [316].

o typically form a range of highly prominent Mg-adduct cations (e.g., [M-H+Mg]*, [M+Mg+OH]*...) in
MgSO,4 matrices.

e N-bearing organics

o produce abundant characteristic peaks in cation mode in MgSO, and H3SO4 matrices, with highly
prominent [M+H]' peaks, and have a moderate response in NaCl matrices.

o these compounds have a much better response in cation mode than in anion mode in all investigated
matrices (pure HoO, NaCl, MgSQOy4, HoSOy).

e high pH organics typically form highly prominent [2M+H+H5SOy4]* peaks in H,SO4 matrices.

e aromatic rings in organic species typically undergo a low degree of fragmentation, as seen for example
with benzoic acid fragmenting to form highly prominent peaks of protonated benzene in HoSO,4 matrices and of
deprotonated benzene in MgSO,4 matrices.

Implications for Europa Clipper. SUDA’s measurements will allow a compositional mapping of the
surface by trajectory reconstruction of the ejecta particles [237, 238] providing accurate locations of mea-
sured /interpreted compositions. Together with the potential identification of organics, the analogue spectra
presented here and in Napoleoni et al. [316] will help to determine the concentrations of NaCl, MgSO,4 and
H3S04 on the surface, by comparing the presence and relative abundances of ions in SUDA’s mass spectra.

As Europa’s trailing hemisphere is likely dominated by sulfuric acid hydrate (a product of surface radiolytic
chemistry e.g., [184, 188, 189]), SUDA’s measurements in cation mode in this hemisphere, with potentially lower
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salt concentrations, should undergo no suppression effects and therefore the assessment of organics on Europa’s
surface should be of high sensitivity and quality.

Europan ice grains are likely to have a more complex composition than the compositions investigated here,
i.e., they may contain a variety of salts and organics instead of a binary mixture of species. In matrices composed
of complex mixtures, information can be deduced from mass spectral characteristics such as isotope patterns
to help reduce ambiguities due to interferences. For example, for an organic species of molecular mass M, the
[M-H+Mg| " and [M+Na| T cations have the same mass (M+23u). In the case of [M-H+Mg] ", these two species
can be differentiated from each other by Mg-isotope peaks at M+24u and M+25u at characteristic intensities.
The identification of characteristic fragments could also help to constrain ambiguous identifications of organic
species, as shown in this work by the identification of fragmentation patterns for typical functional groups.

The LILBID setup simulates different impact speeds of ice grains onto impact ionization mass spectrometers’
detectors by adjustment of the laser power density and ion extraction parameters [253]. The analogue mass
spectra presented here were recorded with laser intensities of 95% to 100% and delay times of the gating system
of 5.0 us to 9.3 ps, which is representative of a speed regime of around 4 to 10 km/s. This speed regime
includes the sampling speeds previously recommended [239, 263] for a maximum sensitivity to organic species
and biosignatures (4 to 6 km/s). The speed of SUDA flybys is planned to be between 4 and 5 km/s [238].

The limits of detection (LODs) of organics in pure water matrix (Table 6) established in this work and the
inferred suppression effects are a good approximation for SUDA or similar space detectors. In fact, detection
limits of these space instruments are expected to be improved by at least one magnitude compared to our
laboratory setup by the use of more efficient ion detectors (SUDA has a much higher dynamic range and
therefore a higher sensitivity than the LILBID-ToF used here).

The results of our laboratory analogue experiments are applicable to other ocean worlds visited by Europa
Clipper. For example, the icy surface of Ganymede is thought to contain large proportions of sulfuric acid and
salts, likely sulfates [340]. Sulfates might be recurring components of icy ocean worlds, as they can be dominant
products formed through the differentiation and evolution of subsurface oceans [341]. Sulfuric acid hydrates
are thought to be generally abundant material on the surface of the Galilean moons due to their formation
mechanisms [342]. The analogue mass spectra recorded with the LILBID experiment are stored in a database
(https://lilbid-db.planet.fu-berlin.de) [259] that supports both Europa Clipper and the development of future
ocean world missions, such as the proposed mission concept Enceladus Life Finder (ELF) [141], with the Ence-
ladus Ice Analyzer (ENIA) [143] onboard.

Relevance for biosignature detection. Our analogue experiments established rules for the detection of
organic material in Europan ice grains and include organic species that are relevant to astrobiology — e.g., sug-
ars and N-heterocycles which play essential roles in all known biological processes [286, 287, 288]. The range
of investigated organic species cover relevant functional groups for astrobiological investigations of icy moons,
since oxygen- and nitrogen-bearing as well as aromatics compounds have been detected in Enceladean ice grains
[65, 66]. The experiments covered general classes of organic compounds in a generic approach, so that results are
potentially applicable to a variety of diverse agnostic biosignatures. Previous LILBID experiments targeting ter-
restrial biosignatures were conducted with bacterial extracts, amino acids, fatty acids and peptides and showed
that these materials are detectable by SUDA-type mass spectrometers even at low concentrations [264, 263, 265].
The rules established here could help the detection of more, and potentially yet unknown, organic biosignatures
of alien lifeforms.

2.6 Conclusion and Outlook

Europa’s ocean and ice crust are expected to contain high proportions of non-water constituents such as
sulfates and sulfuric acid [181, 182, 196, 183, 184, 189, 190]. In this work, we simulated the mass spectra of
organic-rich ice grains mixed with these compounds as expected to be produced by SUDA-type impact ioniza-
tion mass spectrometers. We performed analogue experiments with the LILBID technique and measured seven
organic species, representative of a wide range of chemical families, in magnesium sulfate and sulfuric acid liquid
matrices at 0.01M, 0.1M and 1M concentrations.

Our results showed that SUDA will be more sensitive to the majority of the measured organics and their
fragments in cation mode than in anion mode. The higher sensitivity in cation mode is particularly enhanced
for sulfuric acid matrices (i.e., no suppression effects were observed in cation mode and the organic signal was
as high as in pure water). The reason is that the only cation species sulfuric acid releases in water is HT,
whereas salt matrices release cations such as alkali metals (e.g., Na™) which induce suppression effects. A better
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sensitivity in cation mode than anion mode was also previously found for organics in NaCl matrices [316].

The cation mode enhanced sensitivity to organics in sulfuric acid matrices may serendipitously serve the
Europa Clipper observations well. Endogenous organics should be associated with oceanic salts, such as NaCl
and MgSOy, and thus we predict that if organics are to be found on Europa, they would likely be associated
with those salts. Conversely, sulfuric acid is an exogenous radiolytic product and there is no a priori reason
to expect a direct association with endogenous organics. In addition, the radiolytic processing that generates
sulfuric acid may also modify any organics that are present [343]. As a result, it is reasonable to predict that
lower concentrations of organics might be associated with sulfuric acid-rich regions, relative to salt-rich regions.
Thus, SUDA’s enhanced organic sensitivity in cation mode to organics associated with sulfuric acid is advanta-
geous, given the above considerations for the Europan environment. Importantly, we emphasize the necessity of
both ion modes in spaceborne impact ionization mass spectrometers to cover a wide range of organic families
(e.g., anion mode is more sensitive to non-polar compounds such lipids). Both SUDA [215] and the Enceladus
Ice Analyzer instrument (ENTA) [143], in a proposed astrobiology mission concept to Enceladus (Enceladus Life
Finder)[141], will be capable of detecting cations and anions.

Our experiments show that the detection of organic species in ice grains by SUDA can be possible despite
the potentially complex inorganic ice matrices. Suppression effects reduce the sensitivity to the organics in the
presence of Na-chlorides [316] and Mg-sulfates, but not in the presence of sulfuric acid. We established generic
rules applicable to a wide range of organic species, which may allow the discovery of organic biosignatures in
Europan ice grains. This study provides valuable experimental context for the interpretation of impact ionization
mass spectra of SUDA-type instruments at relevant impact speeds, and for space mission planning (e.g., use of
cation or anion modes, compositional locations to target). This work will also significantly enhance our ability to
interpret the origin and evolution of organic material on Europa, possibly providing insights into hydrothermal
sources in the subsurface ocean, interactions with salts and inorganic material, transport from the subsurface
ocean to the surface and lastly modification via surface processes such as irradiation by magnetospheric particles.
These processes may all be part of the pathway of organic material toward finally be detected in a dust cloud of
ice particles by the Europa Clipper mission.
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III Probing the Oxidation State of Ocean Worlds
with SUDA: Fe (II) and Fe (I1I) in Ice Grains
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1 Summary

Characterising the geochemistry of Europa and Enceladus is a key step for astrobiology investigations looking
for evidence of life in their subsurface oceans. Transition metals ® with several oxidation states, such as iron, may
be tracers of the oxidation state of icy ocean moon interiors. Their detection, and the characterisation of their
oxidation states, on the moons’ (plume) ice grains would bring valuable new information about the geochemistry
of both the subsurface oceans and surface processes. Impact ionization mass spectrometers such as the SUDA
instrument onboard Europa Clipper can analyze ice grains ejected from icy moons’ surfaces and detect ocean-
derived salts therein. Here we record mass spectra analogues for SUDA using the Laser Induced Liquid Beam
Ton Desorption (LILBID) technique for Fe** and Fe?* salts (both sulfates and chlorides). We show that impact
ionization mass spectrometers have the capability to detect and differentiate ferrous (Fe?*) from ferric (Fe3™)
ions in both cation and anion modes owing to their tendency to form distinct ionic complexes with characteristic
spectral features. Peaks bearing Fe3T, such as [Fe3t(OH)3]™ and [Fe3™(OH),Cly]~ are particularly important
to discriminate between the two oxidation states of iron in the sample. The recorded analogue spectra may
allow the characterisation of the oxidation state of the oceans of Europa and Enceladus with implications for
hydrothermal processes and potential metabolic pathways for lifeforms in their subsurface oceans.

2 Introduction

The subsurface oceans of several icy moons (e.g., Enceladus and Europa) are in direct contact with their
silicate interiors, making them some of the most likely candidates in the Solar System to support habitable
conditions (e.g., [166, 344, 345]) and therefore compelling targets in the search for life beyond Earth. A better
understanding of the geochemistry of icy moons’ subsurface oceans is needed for astrobiology investigations
looking for traces of life there. Icy moons’ surfaces hold clues to the composition of their subsurface oceans, as
they are shaped by both internal processes (e.g., resurfacing, plume activity) and external processes (e.g., space
weathering). Their characterisation is key to understanding icy moons’ evolution over geological timescales as
well as their current habitability.

The subsurface ocean of Enceladus, one of the moons of Saturn, is presently the best characterised extrater-
restrial ocean in the Solar System and accessible owing to the active plume at its south pole which ejects water
vapor and ice grains into space [120, 118, 346, 347]. Enceladus’ ocean is global, with an ice shell decoupled
from its core and heated at the ocean—core interface [348, 53], where hydrothermal reactions occur between
the porous chondritic bedrock and percolating oceanic water [67, 130, 64, 48]. The material detected from the
plume (e.g., silica nanoparticles and molecular hydrogen [130, 64]) is consistent with the presence of alkaline,
Lost city type hydrothermal vents, with exothermic serpentinization reactions between sea water and rocks [134].
The detected molecular Hy is thought to be a major species of the plume [64], suggesting an overall reducing
Enceladus ocean. The ocean is rich in salts including sodium chlorides, carbonates [128], and phosphates [61]
and has a pH estimated to be around 8.5 — 10.5 [131, 128, 67, 68, 349]. It also contains a variety of organic
molecules, including high molecular mass (> 200 u) refractory insoluble organic material [65] and low molecular
mass (< 100 u) volatiles including various moieties bearing oxygen, nitrogen, aryl groups [66] as well as tentative
alkene and acyl groups [262].

3Transition metals are the chemical elements in the d-block of the periodic table (groups 3 to 12).
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Europa, one of the Galilean moons, also possesses a global salty ocean [50, 69], which lays beneath a 3 —
47 km ice shell (e.g., [206, 350]) and may be communicating material to the surface through plume activity or
other forms of upwelling [147, 170, 171, 202, 351, 176]. Europa likely contains a solid iron-rich metal core [272].
Its subsurface ocean could be anoxic or even significantly oxygenated [74], and the surface ice is rich in salts
including chlorides (e.g., [179, 180]) and sulfates (e.g., [181, 182, 196, 183]). Its young surface age (~40 — 90 My
[352]) implies that recent endogenic resurfacing events could provide material from the subsurface ocean onto
the surface, potentially including organic material. This material may originate from hydrothermal systems,
which may be present due to the considerable heat generated by tidal interactions between Europa, Jupiter and
the other Galilean satellites, and transmitted through the liquid ocean [73, 72]. Hydrothermal plumes may be
implicated in the formation of chaos terrains by melting or by inducing convection in the ice shell [353]. Chaos
terrains such as Thrace Macula are prime targets of the Europa Clipper and JUICE missions, as they may
provide the freshest material for sampling by future spacecraft [163].

The detection and quantification of dissolved salts in icy moons’ subsurface oceans can provide information
about water-rock interactions, which are necessary for habitability, and the geochemical reactions involved.
Enceladus’ core is thought to have a composition close to CI or CM carbonaceous chondrites [130], and Europa
close to L/LL-type chondrites [354]. Both moons’ interiors should therefore host a range of iron-bearing min-
erals including phyllosilicates (e.g., serpentine), olivine, iron oxides (e.g., magnetite, ferrihydrite), pyroxene and
sulfides [130, 355, 356]. A variety of Fe?* and Fe3T bearing mineral phases are expected to be present (some
being formed by hydrothermal water-rock interactions) and their dissolution could supply Fe?T and Fe?* ions
to the ocean. The oceanic abundances of Fe?T and Fe3t ions are likely limited by both the bulk Fe content and
the precipitation of ferrous and ferric minerals (i.e., by the solubility of Fe?* and Fe®*), which is tightly linked
to key geochemical parameters of the ocean, notably its oxidation state and pH. While the oceans of Europa and
Enceladus may contain several iron species in a variety of oxidation states, concentrations are still unconstrained
[131, 130, 68]. However, under the assumed redox state of Enceladus’s ocean, Fe should always be in the form
of Fe?T [357]. Ray et al. [355] estimated the concentrations of dissolved ferrous ions in Enceladus’ ocean, as
determined by the dissolution of stable minerals, to be ~10~7 to 10~2 mol/L for oceanic pH values of 9 and 11,
respectively, and Hao et al. [358] estimated concentrations from 10~ to 10~® mol/L for pH values ranging from
8.5 to 11.

On Europa’s surface, iron (if present) would likely be in its ferric form due to the intense radiation chemistry
that oxidizes the surface ice. Iron compounds have been suggested for Europa’s surface [198], particularly ferric
oxides and ferric sulfate given the oxidizing nature of the surface, but there is currently no strong evidence for
these compounds at observable amounts. Ferrous iron could be oxidized radiolytically (by oxidants originating
from the radiation-induced dissociation of water), producing ferric iron. Exchanges between the ice shell and the
subsurface ocean (e.g., a recycling of the ice shell) could provide Fe?* to the ocean and provoke the precipitation
of ferric oxyhydroxide and/or a reduction of Fe3* to Fe?* if the ocean is sufficiently reduced.

The detection of Fe?T and/or Fe?* (in molecular complexes) in fresh material from Europa and Enceladus
would bring insight into the geochemistry of their subsurface oceans, thus constraining the concentrations of ionic
species and therefore geochemical models. It could allow the evaluation of redox disequilibria, a prerequisite for
the origin of life, and may also bring insight into potential metabolic processes that may happen in the oceans
[355].

On both Enceladus and Europa, regional heating [359, 48] hints towards chemical and thermal disequilibria
on a global scale, which is essential for the appearance of life and entails the presence of multiple physicochemical
gradients of diverse nature [360]. One example of these are redox gradients, expected to arise between a reducing
rocky core and oxidized oceanic water (and on Europa between the ocean and more oxidized surface ice), thus
potentially providing abundant chemical energy for life to develop [166, 82, 74, 361, 362]. Hydrothermal vents are
prime candidates for observing prebiotic chemistry at play, as they gather a large variety of redox gradients and
are regarded as the most likely environment for a putative origin of life both on early Earth and icy moons (e.g.,
Russell et al., 2010, 2014). Under hydrothermal conditions, iron minerals provide a rich source of both Fe?* and
Fe3*. This redox imbalance can promote chemical reactions among simple carbon-containing substrates found
in hydrothermal vents giving rise to molecules relevant for prebiotic chemistry, such as amino acids [363]. The
abundance of iron minerals in hydrothermal systems on both early Earth and presently on icy moons could in
both cases have triggered geochemical gradients perhaps driving prebiotic chemistry leading to more complex
organic reaction networks.
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On Earth, a major model for the origin of life is that life has started on a Fe?T—rich early Earth (e.g., [364, 365])
within alkaline hydrothermal vents where thin mineral walls containing catalytic Fe(Ni)S minerals offered redox
and pH gradients. Such gradients could drive prebiotic chemistry and are comparable to those needed in all cells
to function [366], which makes a very strong case for hydrothermal vents being the site for the origin of life. Fur-
thermore, inorganic cofactors utilized in ancient pathways such as the acetyl-CoA pathway (carbon fixation) and
the reverse Krebs cycle (energy transduction) in cells share the same composition as catalytic Fe(Ni)S clusters
from the redox-active minerals of the vents’ walls [367, 368, 369, 370]. Therefore iron-based metabolisms could
have been essential for the development of primitive life on early Earth and may also be of prime importance on
icy moons. Several metabolisms have been proposed to be viable in hydrothermal environments on icy moons,
such as methanogenesis [371, 372] and iron-based metabolisms [355, 373]. Iron oxidizing bacteria have also been
documented in terrestrial alkaline hydrothermal systems analogous to those expected on Enceladus [374]. The
detection of the oxidation state of metallic elements such as Fe on icy moons’ oceans could constrain potential
biogeochemical oceanic iron cycles [375] and the possible metabolic pathways of putative organisms.

Jupiter’s icy moons are the targets of the upcoming JUICE mission from ESA and Europa Clipper from
NASA. Several mission concepts have been proposed to explore Enceladus such as Moonraker [144] and Ence-
ladus Life Finder [141]. To investigate the geochemistry of extraterrestrial ocean worlds, a powerful technique is
impact ionization mass spectrometry (MS), using instruments such as the Cosmic Dust Analyzer (CDA [232])
onboard the past Cassini mission and its successor instruments, the SUrface Dust Analyzer (SUDA [215]) on-
board Europa Clipper, and the proposed High Ice Flux Instrument (HIFI [144]) onboard Moonraker. Impact
ionization mass spectrometers measure the ionized species created by the hypervelocity impact of dust grains
onto a metal plate. Around icy ocean moons, they can provide compositional analysis of ice grains ejected from
the surface ice by the ambient micrometeorite bombardment [234, 237] and of ice grains ejected from subsurface
water reservoirs by plume activity [124].

The performance and data analysis of these instruments requires laboratory calibration, which may be done
with analogue experiments such as the Laser Induced Liquid Beam Ion Desorption (LILBID) technique coupled
to time-of-flight mass spectrometry (ToF MS) [258, 253]. This will be demonstrated and showcased in the present
paper. Due to the technical difficulties linked to the hypervelocity acceleration of water ice grains in laboratory
experiments [250, 251, 247, 249], LILBID is still the only currently available method to accurately reproduce
impact ionization mass spectra of water ice grains from icy moons. Various LILBID analogue experiments have
already been performed with salts [128, 61, 316, 376], organic material [65, 66, 268, 316, 376] and biosignatures
[263, 264, 266, 265].

Here we measure the cation and anion LILBID mass spectra of iron (IT) and iron (III) chlorides and sulfates,
to investigate the spectral signatures of iron in different oxidation states as detectable by impact ionization mass
spectrometers onboard space missions to icy moons. The recorded LILBID spectra are analogue for the SUDA
instrument and complement a database [259] for Europa Clipper and future Enceladus missions which might
allow the detection and characterisation of iron on these icy moons, providing valuable information on their
geochemistry and habitability.

3 Methods

Four types of aqueous solutions were prepared at concentrations of 0.1 wt%: (a) iron (II) chloride, (b) iron
(I1I) chloride, (c) iron (II) sulfate and (d) iron (III) sulfate. Molar concentrations are [FeClg]= 7.9 x 10~2 mol/L,
[FeCl3]= 6.2 x 1072 mol/L, [FeSO4]= 6.6 x 1072 mol/L and [Fez(SO4)s3]= 2.5 x 1072 mol/L. Additionally,
iron (III) sulfate was measured at additional concentrations (1, 0.01, 0.005 and 0.0001 wt%) and its detection
limit in cation mode was determined. The solutions were prepared only a few minutes before their measurement,
to minimize oxidation reactions of Fe?t to Fe?t. The salts were measured both in solutions of argon-sparged
deionized water and non-sparged deionized water, and no major differences were observed in the mass spectra
(nor in the solutions’ colors). The spectra presented here are therefore those of salts dissolved in non-sparged
deionized water. The pH values of the solutions (measured at 20°C) are 3.9 for iron (II) chloride, 2.2 for iron
(III) chloride, 4.9 for iron (II) sulfate and 2.5 for iron (IIT) sulfate.

The solutions were measured with Liquid Ion Beam Ion Desorption (LILBID) coupled to Time-of-Flight mass
spectrometry (Figure 21) in a vacuum chamber (5 x 10~° mbar). The aqueous sample solutions were injected
a pm-sized liquid water beam irradiated by a pulsed infrared laser (A = 2840 nm, energy up to 4mJ), which
desorbs analyte molecules in a thermal explosion. This process is analogue to the impact ionization of dust
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grains in space, when those impact the metal targets of spaceborne mass spectrometers at hypervelocities (i.e.,
> 1 km/s) [128, 253]. In both cases (i.e., LILBID and impact ionization in space), a cloud of neutral and ionized
species is created from the sample/dust grain, and the fraction of ionized species is measured by ToF-MS. The
LILBID ionization method tends to produce singly charged ions. Different impact speeds of the ice grains onto
spaceborne mass spectrometers are simulated in LILBID by a delayed extraction of the ions: ions of specific
velocities are selected thanks to a repeller electrode switched on after a defined delay time, preventing ions
arriving later than the delay time to enter the mass spectrometer detector. Different impact speeds of the dust
grains, ranging from 3 to >20km/s, can thus be simulated by adjusting the extraction delay time and the laser’s
power intensity [253].

Here, the samples were measured with LILBID in both cation and anion mode, rendering complementary
mass spectra, with a mass resolution of 600-800 m/Am. Each recorded spectrum was an average of three
hundred individual spectra, co-added to improve the signal-to-noise ratio, and was both baseline-corrected and
recalibrated. The LILBID setup was calibrated before each measurement session. The recorded mass spectra
are stored in a database (https://lilbid-db.planet.fu-berlin.de [259]) in which LILBID analogue data for impact
ionization mass spectrometers are available.

4 Results

Both cations and anions bearing Fe?* and/or Fe?* were identified in the recorded LILBID mass spectra of iron
(IT) and iron (IIT) chlorides and sulfates (Figures 44, 45, 46, and S88-S91). Distinctive spectral characteristics
are highlighted in Table 10 for each type of sample in both ion modes and discussed in detail in the following
subsections. Peaks corresponding to Fe-bearing and Cl-bearing cations show respectively characteristic Fe isotope
patterns (°*Fe, ®*Fe and 5"Fe with intensities of 5.82%, 91.66% and 2.19%) and CI isotope patterns (**Cl and
37C1 with intensities of 75.87% and 24.22%). Isotopic patterns were used to resolve ambiguities in identifying
peaks (e.g., Figure 44b).

Chlorides Sulfates
Fe? Fe¥* Fe?* Fed*
(FeCl,) (FeCl,) (FeSO,) (Fe,[SO,)s)
[aFe?* (OH).J* [aFe?* (OH),I*
e.g., miz 73 [Fe2* (OH)]*, e.g., m/z 73 [Fe2* (OH)]*,
Characteristi (aFe®* (OH)] miz 163 [2Fe2* (OH),]* [aFe* (OH)] miz 163 [2Fe2* (OH),]*
aracteristic aFe2t [+ aFe?* *
3+ + 3+ +
peak(s) in e.g. miz 73 [Fe?* (OH)J* LaFe™ (OH)el e.g., miz 73 [Fe?* (OH)]", [aFe™ (OH).I
cation mode m/z 163 [2Fe2* (OH),]" e.g., m/z 90 [Fe’* (OH),]", miz 163 [2Fe’ (OH)J* e.g., m/z 90 [Fe* (OH),",
m/z 197 [2Fe3* (OH)g* 3 m/z 197 [2Fe®* (OH)s]*
[Fe?* Fe® (OH),]* [Fe?* Fe® (OH),]*
m/z 180 m/z 180
[aFe™ (SO,), (OH).I
[aFe2* (OH), 1T " ' eg., miz 186 [Fe? (SO) (OH),
R, Cl [aFe3* (OH), C1] B
2-
Characteristic &g "r::lzz 1102;[;:22'(81‘))3] o e.g., miz 124 [Fe® (OH),} [aFe?* (SO,), (OH).I 'z 24:_ [Fe™ (SO4) i
peak(s) in anion iz 143 [Fe™ (Ot - miz 142 [Fe®* (OH), CIF e.0., Mz 169 [Fe2* (SO,)(OH) [aFe™ (SOy), (OH). -H]
mode ket m/z 160 [Fe* (OH),Cl,; miz 321 [2Fe2(SO,),(OH)} _eo. )
miz 161 [Fe?* Cly] /s 231 2% (OF )] miz 168 [Fe* (SO,) (OH)-H]
miz 197 [2Fe?* (OH): r miz 275 [2Fe? (SO,) (OH), -HI
miz 337 [2Fe? (SO,),(OH), -HI

TABLE 10. Characteristic peaks for Fe?t and Fe?* chlorides and sulfates, highlighting distinc-
tive spectral appearance between the Fe?T and Fe3t salt solutions. Interestingly, in cation mode
Fe(III) salts show characteristic molecular cations related to both Fe?* and Fe?*.

4.1 Cation mode spectra
4.1.1 iron (II) chloride

In the cation mass spectrum of Fe(IT) chloride solution (Figure 44), [Fe?™ (OH)]*, [2Fe?T (OH)3]* cations
and water cluster peaks corresponding to [aFe?t (OH), (H20).]" cations are highly prominent (with a, b, and ¢
> 0). Minor peaks at m/z 90 and 108 are attributed to [Fe3™ (OH)s]™ and [Fe3™ (OH)2 (H20)]™ cations. These
peaks vanish completely in the cation mass spectra of the same solution at lower delay time (Figure S88). The
low intensities of these characteristic peaks indicate very low concentrations of Fe3t in this sample, as compared
to Fe?*.
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4.1.2 iron (IIT) chloride

In the cation mass spectra of Fe(III) chloride solution (Figure 44), ions bearing Fe?" and/or Fe3* were
detected. Both [Fe?* (OH)|* (interfering with a pure water cluster peak, as seen in Figure S2) and [Fe3*
(OH)a]™ cations are highly prominent. Cations identified as [2Fe?** (OH)3]", [2Fe?T (OH)5]" and water cluster
peaks [aFe?T (OH), (H20).]" and [aFe3T (OH), (H20).]T were detected. [aF3T (OH), (H20).]" cations are
drastically increased compared to the Fe(II) solution and - in contrast to the Fe(II) solution - are still present
at a lower delay time, indicating a much higher concentration of Fe3* in this sample. Cations including both
Fe?t and Fe?T, i.e., [Fe?tFe?T (OH), (H20),]T, were detected at lower intensity.

4.1.3 iron (II) sulfate

The cation mass spectrum of iron (II) sulfate (Figure S90) is quite similar to those of iron (II) chloride (Figure
44), in the sense that in both spectra, [Fe** (OH)]T cations show high intensities, together with [2Fe?* (OH)3] "
and [aFe?t (OH);, (H20).]* water clusters peaks, and small [Fe3* (OH)y (H20),]* peaks. In the cation mass
spectra of Fe(Il) sulfate (Figure S3), a small number of additional cations were detected at lower intensities:
[Fe?* Fe?T (OH)4]+ (m/z 180) and unidentified peaks at m/z 269 and m/z 307.

4.1.4 iron (IIT) sulfate

Similarly to the Fe (II) sulfate, the cation mass spectrum of Fe (III) sulfate (Figure S91) shares many similar-
ities with the respective chloride (Figure 44): in both spectra, (1) both [Fe?* (OH)]* and [Fe3T (OH),]* cations
are highly prominent, as well as their water cluster peaks [Fe?T (OH) (Hp0)a]™ and [Fe** (OH), (H20),]* (2)
[2Fe?t (OH)3]™, [2Fet (OH)5]™ and [Fe?t Fe3T (OH)4]™ cations are detected at lower intensities, (3) water
clusters are detected for most species (i.e., [aFe?*T (OH), (H20).]*, [aFe3t (OH), (H20) )T, [aFe*T bFe3t
(OH). (H20)4)") and (4) a peak at m/z 286 was identified as [3Fe3T (OH)s-H2O]™ cations. In the cation mass
spectra of Fe(I1I) sulfate (Figure S91), a few additional cations are detected: [2Fe3™ (OH) (SO4)2]™ at m/z 304,
[2Fe?T (OH) (SO4)2]* at m/z 321, and unidentified peaks at m/z 268 and 269. Additionally, the detection limit
of Fe(III) sulfate in cation mode was determined to be 0.0001wt% i.e., 2.5 x 1076 mol/L.

4.2 Anion mode spectra

In contrast to positive mode, the negative mode spectra show fundamentally different spectra between sulfate
and chloride solutions.

4.2.1 iron (II) chloride

In the anion mass spectra of Fe(Il) chloride (Figure 45), [Fe** (OH), Cly]~ anions are detected at very
prominent intensities, and [2Fe** (OH), Cl,]~ and [3Fe?t (OH), Cl,]~ anions at lower intensity. Peaks at m/z
125, 143 and 161 could also be a water cluster series of [Fe?* (OH)3]~ (m/z 107), but the presence of smaller
peaks at m/z 127, 145, 163 and 165 confirms the presence of chlorine atoms in those anions. A small peak
corresponding to [Fe** (OH)4]~ was detected at m/z 124 (Figure 45) but it was not detected at lower delay
time (Figure $92), indicating a very low concentration of Fe3T in this sample.

4.2.2 iron (III) chloride

In the anion mass spectra of Fe(III) chloride (Figure 45), [Fe3* (OH), Cly]~ anions are detected at prominent
intensities, and [2Fe3* (OH), Cl,]~ and [3Fe** (OH);0]~ anions at lower intensities. [Fe** (OH), Cl,]~ anions
were also detected but at lower intensities than [Fe3* (OH), Cly]~ anions.

4.2.3 iron (II) sulfate

The anion mass spectra of iron (II) sulfate (Figure 46) show prominent sulfate peaks [HSO4 (H20),]” and
Fe?" bearing anions: highly prominent [Fe?* (SO4) (OH)]™ anions as well as smaller [2Fe?T (SOy4), (OH)]~
peaks. Some smaller peaks were identified as Fe?* bearing species: [aFe3t (SO4) (OH), -cH]~ anions.

4.2.4 iron (IIT) sulfate

In the anion mass spectra of iron (III) sulfate (Figure 46), [aFe3t (SO4), (OH). -dH]~ anions are detected
at high intensity, as well as [Fe** (SO4) (OH)]™ anions at m/z 169.
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S89).
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5 Discussion

5.1 Spectral Analysis

While our work focuses on applications for spaceborne instruments, previous laboratory work by Charvat
& Abel [257] and Mayer et al. [377] performed comparable experiments and shown different applications and
mechanistic details of laser assisted liquid phase dispersion mass spectrometry when analyzing iron at different
oxidation states. Both studies have highlighted the possibility to measure oxidation states of ions in complexes
with IR laser dispersion MS. In these two papers, aqueous solutions containing Fe in different oxidation states (in
both organic and inorganic complexes) were measured. It was shown that IR laser desorption of ions combined
with TOF-MS detects the “situation” (concentrations of species) in solution, i.e., the solution concentration
with a linear response over several orders of magnitude. This result is of prime importance as it shows that
the method is suitable to measure Fe ion concentrations in solutions and/or in the condensed phase (e.g., ice),
making it a powerful technique to work in analogue experiments also for ions in different oxidation states. Other
techniques such as electrospray (ESI) and UV-MALDI change oxidation states through electrochemistry at the
ESI tip or through electron transfer and plasma chemistry during ablation. Still, other mass spectrometry
methods obtained some results comparable to ours, which must be treated with caution in the context of analog
experiments for space missions, however. Hellman et al. [378] measured FeCl; (0.1mM) in aqueous solution with
electrospray ionization (ESI) MS and identified a range of [Fe, O, (OH). Clg | ions, including species containing
both Fe?* and Fe**. In cation mode, they detected [Fe3*Cly]* (m/z 126) and [Fe?T 2(OH) Cly]™ (m/z 160)
cations. We haven’t detected these two species in every cation mass spectrum of Fe?t nor Fe?* chlorides, despite
the presence of a peak at m/z 126 (Figure 2) which has been attributed to [Fe3*(OH)2(H20)2]™ due to the lack
of characteristic 37Cl isotopologue peak at m/z 128. In anion mode, Hellmann et al [378] detected [Fe*T Cl3]~
(m/z 161), [2Fe** Cl5]~ (m/z 287), [Fe3T (OH) Cl3]~ (m/z 178) and [Fe3T Cly]~ (m/z 196) anions, species
that we also identified (Fig. 3). Radisavljevi¢ et al. [379] studied FeCls with matrix-assisted laser desorption
(MALDI) and Laser Desorption Ionization (LDI) ToF-MS and also identified [Fe?* Cl3]~ and [Fe3* Cly]~ anions.
The hydrolysis of Fe(II) in water leads to an acid solution where [Fe(H20)g)?t is the predominant species, and
another hydrolysis product is [Fe(OH)3]~ [380], which we observe at high intensity in the anion mass spectra of
Fe(IT) and Fe(III) chlorides (Figure 45).

Moreover, our present results show that it is possible to detect and discriminate Fe?+ from Fe?t with impact
ionization mass spectrometers such as SUDA. The determination of the oxidation state (II or III) of iron is done
by the identification of Fe?+ and/or Fe3* bearing ions at different relative intensities. While Fe?* and Fe3* have
practically the same mass, they form different characteristic clusters due to their different charges. While peaks
from Fe?* species appear in both Fe (II) and Fe (III) samples, major peaks bearing Fe3T, such as [Fe3™ (OH)3| ™,
[Fe3* (OH), C1°]~ and [aFe** (SOy4), (OH). -dH]~ only appear in Fe (IIT) samples and thus are particularly im-
portant to discriminate between the two oxidation states of iron (Figures 2, 3, 4). Our results, combined to those
of Mayer et al. [377] showing the complexation of iron ions in different organic complexes, suggest that organic
clusters with Fe?* or with Fe3* might also display characteristic spectral differences in SUDA-type mass spectra.

In the mass spectra of Fe(III) chlorides and Fe(III) sulfates, we observe iron in two oxidation states (Fe?*
and Fe?) although we used only Fe3T salts. This was also previously observed by Mayer et al. [377], who
observed Fe(I), Fe(II) and Fe(III) in solutions of Fe(III) with organic complex partners (e.g., oxalate). This can
be explained by the fact that Fe(III) is not very stable in solution (it is a strong oxidation agent). A reduction
of Fe3* to Fe?T upon laser-induced desorption and ionization has been previously observed in MALDI-MS with
iron (III) [379] and with other metal ions such as Cu [381]; however, contrary to our ionization method, in
MALDI the oxidation state can change through electrochemistry at the ESI tip or through electron transfer and
plasma chemistry during ablation.

We find that cation mass spectra of both Fe (IT) and Fe (III) chloride are quite similar to those from respective
sulfates (Figures 44, S90, S91). This result was expected since similar cations are present in those samples. An
important lesson for impact ionization mass spectrometers is that the anion mode is much better in discriminat-
ing sulfates from chlorides, even in small quantities (Figures 44, 45, 46 and S88-S92) — therefore SUDA’s ability
to use both ion modes provides great improvement over CDA, which only was able to detect cations. Indeed, in
contrast to positive mode, the negative mode spectra show fundamentally different spectra between sulfate and
chloride solutions. However, the detection of the oxidations state of iron can be done in both ion modes.
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Several ionic species detected in this work have been also described in previous mass spectrometry experi-
ments. In Napoleoni et al. [376], sulfate anions were identified with the LILBID technique, in the anion mass
spectra of both magnesium sulfates (MgSO,) and sulfuric acid (H2S04). We here observe similar sulfate anions,
such as [SO3]~ and [HSO4]|~ (Figures 45 and 46). We conclude that anion spectra always show characteristic
sulfate peaks, regardless of the cation these were previously bound to, together with unique molecular peaks
that allow the identification of such cations.

5.2 Implications for Europa and Enceladus

Tron could be present as soluble ions in the oceans of Europa and Enceladus over a wide range of pH (0-10)
and oxidation states (Figure 47). Soluble iron-bearing species could be transported from depths to the surface
of the ocean helped by the buoyancy of hydrothermal plumes of hot fluids [113] containing metal species and/or
upwelling bubbles of volatile gases [65]. The detection of Fe?* and/or Fe3T on Enceladus’ and Europa’ surfaces
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FI1GURE 47. Example of a Pourbaix diagram of the Fe-O-H system. The driving variables are
the pH and reduction potential Eh; the latter values are expressed relative to the standard
hydrogen electrode. Eh is a measure of the oxidation state of the system. Within a region
demarcated by black lines, the indicated species/mineral is the most stable form of iron. The
aqueous species regions are shaded in color to highlight that they are of greatest interest in the
present application of measuring soluble salts from samples of ocean water. The sizes of their
regions depends on the activity of the species. Here, they are assumed to have activities of
1075 — close to our experimentally determined detection limit for ferric sulfate. Dashed lines
show cases of strongly oxidized and reduced conditions as points of reference. This diagram was
constructed using thermodynamic data from the SUPCRT database [382, 383], together with
the Nernst equation. Note: Fe;O3 = hematite, FesO, = magnetite, Fe® = native iron.

would therefore have implications for the characterisation of their subsurface oceans, potentially including hy-
drothermal systems, but surface processes could also play an important role. Both Fe?* and Fe?t are expected
to be present on hydrothermal vents minerals and released as ions into the ocean by hydrolysis of these minerals.
While (some) Fe?T may cross the ocean and reach the surface in the same oxidation state, Fe?* would likely be
transformed to Fe3T during its journey to the exterior of the moon because the redox gradients created between
the reduced core’s interior and the more oxidized subsurface ocean entails that all ionic ferrous compounds
are subject to mildly oxidizing conditions. Thus, the detection of Fe?* ions (or simultaneous presence of both
ferrous and ferric ions) in freshly ejected material might hint at the presence of protective mechanisms taking
place at the hydrothermal vents and hydrothermal plumes, preventing the oxidation of Fe?* ions. These pro-
tective mechanisms may be achieved by complexation of Fe?* by organic compounds, as observed in terrestrial
hydrothermal systems [384, 385]. Besides, a lack of detection of Fe?* in the surface of these moons does not
imply the absence of Fe?T in the subsurface ocean of the moon.
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Generally, it is important to remember that the oxidation state of Fe in solution, including in the subsurface
oceans of icy moons, is highly dependent on the surrounding conditions such as the dissolved Os or Hy and
pH (Figure 47). Fe (III) in solution can act as an oxidizing agent, which makes both Fe (II) and Fe (III) ions
available in aqueous solution. A detection of the Fe(II) / Fe(III) ratio, combined with related modelling work,
might be an effective tool to provide information about the geochemistry of subsurface oceans.

On Europa specifically, the surface is highly oxidizing due to radiation, thus if Fe?* reaches the surface, it
would be quickly oxidized — forming Fe3*, or reacting with water or other compounds in its environment. There-
fore, if Fe?* is detected in surface ejecta by spacecraft measurement, it is an indicator that the ejecta is coming
from fresh surface deposits that have not been exposed to radiation for a long time. A ratio of Fe(II) / Fe(III)
may also bring information about the timescales of exposition of iron-bearing material to surface irradiation. In
the case of plume ejecting frozen material to high altitudes, SUDA could sample material which has been exposed
to radiation less than a few minutes, and thus it may be possible to sample Fe?* in concentrations accurately
reflecting those present in Europa’s subsurface liquid reservoirs. For Enceladus specifically, fresh plume material
- as sampled by the Cassini spacecraft in the vicinity of Enceladus - should not undergo considerable modifica-
tions of the oxidation state due to radiation. On the contrary, the E-ring of Saturn is mainly fed by Enceladus
plume [308], so its material might have been exposed to space weathering [386] for much longer timescales, up
to hundreds of years.

The detection and quantification of Fe?* and/or Fe?* in ejected ice grains could allow to constrain the geo-
chemistry of the subsurface oceans of Enceladus and Europa. The pH of oceanic water plays a decisive role in the
solubility of ferric and ferrous ions (Figure 47). Ferrous ions would have a substantial dissolved concentration
(~1pM) if the ocean water is relatively reduced and the pH is neutral to low. Ferric iron has a much lower
solubility unless the pH is quite low. The pH of Enceladus, currently thought to be mildly alkaline [133], may
therefore not allow for a high solubility of any form of iron. As shown in Figure 48, the characterisation (or a
lack of detection) of iron would have implications for the geochemistry of subsurface oceans, depending on the
origin (plume or surface) of the sampled ice grains. For example, a detection of Fe(IIT)-dominated plume ice
grains (i.e., with a direct origin from subsurface fluids) would indicate an oxidized, acidic ocean (i.e., bottom
left of Figure 47). Besides iron, a detection of aluminum ions (A13*) would hint at an acidic ocean composition,
as this ion only occurs under acidic conditions. Other ions, such as Mg-ions, could also be used similarly to get
indications about the pH range of the original liquid source.

In Figure 48, we assumed that the iron in the detected ice grains once resided in liquid water (i.e., the sampled
source material - either plume or surface ice - developed from a liquid). However, another possible scenario would
be that Fe ions have never been dissolved in a liquid and occur from the depositions of meteoritic material such
as interplanetary dust particles. In this putative case, Fe might be associated with Ni.

Currently, Fe-bearing species have not been detected in ice grains from Enceladus with the CDA instrument.
However, due to the large amount of CDA data yet to analyze, it may be that Fe-bearing species are only present
in a small number of ice grains sampled by Cassini (similarly to phosphates; [61]) and that the spectra showing
Fe-bearing species have just not been characterised yet. It may otherwise hint that iron is preferentially present
as insoluble hydroxide compounds, thus suggesting that the pH tends to more alkaline values (Figure 47). On
the contrary, a finding of Fe-bearing species in Enceladan ice grains would be an indication of lower pH values.
Even if not detected in Enceladean ice grains, establishing the detection limit of Fe?T and Fe3* bearing salts in
Enceladus ice grains would yield a lower limit for their concentrations, and therefore could allow to constrain
the solubility of these ions and thus the pH. Some complementary measurements of other elements could bring
additional constraint, such as AI** in chloride or sulfate salts (Figure 48).

While salts were thoroughly studied in previous LILBID experiments [257, 377, 316, 376, 128, 61], this is the
first time that a metallic element with multiple oxidation states was analyzed with LILBID serving as an analog
experiment relevant for Europa and Enceladus missions. We showed that Fe?t and Fe3* display characteristic
mass patterns, due to the formation of different charged clusters and molecular aggregates, and expect similar
results for other transition metals with oxidation states comparable to those of iron, e.g., nickel (oxidation state
of +2 is most common, but +3 occurs as well), which could also be relevant for the origin of life in icy moons
[387]. This work is also a first step towards further characterisation of different transition metals with a greater
number of possible oxidation states, such as manganese (oxidation states from+2 to +7).
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FIGURE 48. Simplified interpretations of the (non) detection and characterisation of iron in ice
grains from ocean worlds with SUDA-type instruments. Three scenarios are considered: (a)
detection of Fe(IT)-dominated grains; (b) detection of significant Fe(III) in ice grains; (c) no
Fe detection. In addition to iron, the detection of aluminum ions (AI**) in ice grains would
support a salt source from an acidic ocean composition. In both scenarios (a) and (b), the case
of ice grains originating from a plume, implying fresh subsurface material, is distinct from ice
grains originating from the surface, therefore probably much older material that has undergone
oxidation. In the case of surface material, the age of this material may be constrained by
investigating its surface appearance, including its color (e.g., darkened material might indicate
older ages) and geological features. In case (c), the characterisation of the pH (e.g., by detection
in the grains of other ions, like hydroxide) could bring constraints on the oxidation state in the
case of a circumneutral pH, while the case of a low pH would hint towards a non-oceanic fluid
origin (e.g., a perched melt of water and sulfuric acid) of the ice grains (as seen in Figure 47,
iron is soluble at low pH, whatever the oxidation state of the ocean). In the case of a high
pH ocean, iron would not be present as ions (but incorporated in very poorly soluble minerals;
Figure 47) therefore not detectable in ice grains.

6 Conclusion

This study indicates that impact ionization mass spectrometers - like SUDA - could be useful tools for the
characterisation of the oxidation state of subsurface oceans by quantification of iron-bearing salts in Enceladus’
and Europa’s ice grains. In both our analogue experiment and future flight-data (e.g., SUDA mass spectra), the
intensities of Fe-bearing ions of different oxidation states and the isotope distribution patterns are informative
features that can be used to determine the presence and oxidation state of iron-bearing compounds.

While Fe-rich samples have been measured with the laser dispersion MS before [257, 377], our experiments
complement these previous results showing that LILBID appears as a reliable technique to characterise the
oxidation state of the analyte (contrary to ESI and MALDI, where the oxidation state is (possibly) changed
during the ionization process). This is an especially important result as detecting oxidation states via mass
spectrometry is very challenging. Moreover, the consistency of our results with those of Charvat & Abel [257]
and Mayer et al. [377] shows that our experiments can specifically serve as relevant analogues for ice grain
analysis emitted by icy moons in future and past space missions.

The LILBID spectra recorded in this work could allow the detection of iron and the characterisation of its
oxidation state on the surface of icy moons (and potentially from their subsurface oceans in the case of ice grains
ejected by plumes). The recorded LILBID spectra are stored in a database [259] providing analogue data for
space missions targeting dust grains from icy moons, such as Europa Clipper and potential future Enceladus
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missions. Future laboratory work will investigate whether characteristic spectral differences between organic
clusters with Fe?* or with Fe3T could also be detected [377].

The characterisation of the oxidation states of Fe in icy moons’ ice grains with SUDA-type instruments may
provide major insight into the geochemistry of subsurface oceans. A quantification of the oxidation states of
iron for Enceladus or Europa may be used to constrain the concentrations of reduced iron in the ocean and thus
the likelihood of different models of redox chemistry in the ocean [355]. In perspective, such results would also
constrain potential metabolic pathways, such as iron reduction metabolisms [373], that may be used by possible
extant life in icy moons’ oceans, where the necessary ingredients and environmental conditions favorable for
sustaining life seem to be present. Future space missions to icy moons such as the upcoming Europa Clipper
may detect the chemical signatures of a biogeochemical iron cycling, providing information about extant life
that may have started in extraterrestrial hydrothermal systems.
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IV Complementary Analogue Experiments for
the Detection of Organics and Biosignatures
on Ocean Worlds

1 Destruction and Modifications of Potential Molecular Biosigna-
tures on Europa’s Irradiated Surface

In parallel of the work presented in Parts IT and IIT of this thesis, irradiation experiments were conducted
in cooperation with the Leibniz-Institut fiir Oberflaichenmodifizierung (IOM) in Leipzig, Germany. The goal of
these experiments is to provide analogue mass spectra of irradiated material for the upcoming Europa Clipper
mission, and to study the evolution of organic material and potential molecular biosignatures under the surface
conditions of Europa. Results from these experiments will be published in 2024.

1.1 Goals & Methods

1.1.1 Europa’s radiation environment: a destructive agent for biosignatures?

A powerful way to look for life on Europa involves searching for universal biochemical signatures at the
molecular level. This approach could include both specific biosignature molecules and distribution patterns
indicative of selection by biotic processes (Section 1.1.2). All known (terrestrial) lifeforms share a common
biochemistry based on an invariant set of organic molecules which includes amino acids and long-chain fatty
acids [31], making them likely targets of life detection missions. Lipids are generally considered as universal
biomarkers of extraterrestrial life. Amino acids, although not unambiguously indicative of life, are considered as
some of the simplest molecules that could constitute a biosignature. The detection and quantification of amino
acids and fatty acids on icy moons is therefore a powerful tool for the search for life there. Both have been
previously analysed with LILBID by Klenner et al. [263, 264], in analogue experiments showing that SUDA
could detect and identify these biosignatures.

However, if molecular biosignatures are exposed to surface conditions for a long time, they may undergo
chemical modifications and/or degradation due to radiation. Indeed, the survival of potential lifeforms and
preservation of chemical biosignatures on Europa’s surface is mainly limited by the sterilizing irradiation envi-
ronment, as they would be exposed to the harsh radiation of Jupiter’s magnetosphere (Section 1.2.3.3). Radiation
can break apart large molecules and could thus be a destructive agent for potential biomolecules on Europa’s
surface. For lipids specifically, it was shown that they can be destroyed by ionizing radiation due to direct
ionization or by oxidative fragmentation (e.g., by hydroxyl free radicals), and that the concentration of lipid
membrane biomarkers decreases when exposed to radiation [388]. Amino acids also undergo degradation if ex-
posed to ionizing radiation, as shown by many experimental studies studying their preservation in the context
of Mars (e.g., [389]).

The detection by SUDA of such material may therefore be complicated or reduced to the detection of degra-
dation products of these organics. Radiation-induced degradation would be mitigated in the case of plumes
ejecting ocean material directly to high altitudes, where it could be sampled during Europa Clipper’s flybys only
a few minutes after its ejection, or in the case of recent surface material where grains of fresh ice are ejected by
micrometeorites (e.g., in chaos terrains [163, 158]). However, it is currently unclear if such an opportunity can
be realised for Europa Clipper.

1.1.2 Experimental

We assessed the effects of electron irradiation on the mass spectral appearances of molecular biosignatures
embedded in ice, as detectable by SUDA-type mass spectrometers. Irradiation was performed with high energy
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(10 MeV) electrons i.e., the dominant carriers of energy for radiation chemistry on Europa’s surface [209]. We
irradiated amino acids and fatty acids in water ice with high-energy (10 MeV) electrons and recorded analogue
mass spectra using LILBID. The icy samples were prepared by mixing the biosignature compounds (amino
acids and fatty acids) with water ice powder in solid state to prevent exsolution of the compounds and assure a
homogenous repartition in each sample.

Samples consisted of:

(4) 4 amino acids - alanine, aspartic acid, glycine, lysine - at a concentration of 0.01 wt% for each amino acid;

(i) fatty acids at simulated abiotic concentrations: all fatty acids at the same concentration of 5.5x107°M;

(ii1) fatty acids at simulated biotic concentrations: odd carbon number fatty acids at the concentration of
5.5x107°M, while abundances for even carbon number fatty acids were increased to 5.5x107*M, and C16 and
C18 fatty acids increased to 2.75x1073M.

Samples were irradiated with doses from about 300 Gy to 3.5 MGy, i.e., exposure on the timescale of minutes
up to around a year on Europa’s surface at 0.lmm depth [210], with 10 MeV electrons from a linear electron
accelerator (Mevex), performed with pulsed irradiation with a dose rate of 69 Gy/pulse, a frequency of 4 Hz and
a current of 50 mA. The irradiation experiments were conducted at conditions similar to those experienced by
Europa’s surface ice (10~®mbar and temperatures between 110-130K).

1.2 Preliminary Results & Discussion

We show that characteristic signals can be identified from both amino acids and fatty acids (Figure 49) even
at the highest tested dose of 3.5MGy, indicating that these biosignatures could persist under Europan surface
conditions over at least one year and remain easily detectable by SUDA.
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FiGure 49. LILBID anion mass spectrum of fatty acids irradiated in water ice with 10MeV
electrons with a dose of 1.2 MGy, at simulated biotic concentrations: odd Carbon number
fatty acids at the concentration of 5.5x10~°M, while abundances for even carbon number fatty
acids were increased to 5.5x107*M, and C16 and C18 fatty acids increased to 2.75x1073M.
The irradiated ice was thawed, and isopropanol was added to the melted sample to ensure the
dissolution of fatty acid (a necessary step for the preparation of solution containing hydrophobic
compounds).



The intensities of peaks corresponding to high molecular mass amino acids were found to decrease with in-
creasing radiation dose, indicating that these compounds undergo destruction due to the radiation. However,
peaks’ intensities decreased to a lower degree than expected, hinting at protective mechanisms of organic com-
pounds when embedded in water ice matrix, maybe due to a ‘cage effect’ trapping organic molecules in the
matrix. Such mechanisms have been previously observed in irradiation experiments of interstellar ice analogues
[390, 391].

Future experiments at lower amino acids concentrations should allow us to correlate the destructions of these
organics with concentrations and irradiation doses. The results of ongoing spectral analysis will be discussed
in the context of surface location and depth on Europa, as radiation exposure can vary significantly with these
variables [210] - with the most critical parameter being the surface age - and will have direct implications for
the detection of organic biosignatures with missions such as Europa Clipper and future visits to other icy moons.

Although our experiments were performed with electrons at a specific energy (10MeV), Europa’s surface
is exposed to a range of particles of different nature and energies. However, our experiments are relevant to
correlate with surface locations because the type of radiation particles is not as important as the dose [392].

Further laboratory experiments will complement these results, such as irradiation of more complex samples
including different organic mixtures in a salty ice matrix of relevant composition for Europa. These experiments
including salts will be a logic continuation of Part II of this thesis. Additional samples for irradiation will
also include microbial material, either whole cells or extracted material (such as lipids, DNA or pigments),
to investigate the spectral signatures of biogenic compounds and potential microbial biosignatures exposed to
simulated surface conditions of Europa.

In particular, extremophile organisms adapted to Europa-like environments (Figure 2 & section 1.1.2) may
have distinctive spectrometric fingerprints that could be detected with LILBID. For example, the abundances
of fatty acids from psychrophilic microorganisms typically reflect a common adaptation of these microorganisms
to cold temperatures, which is an increase in the ratio of (poly)unsaturated to saturated fatty acids in the
membrane lipids [393]. Such differences in the abundances of fatty acids from psychrophilic as compared to
mesophilic bacteria have been detected with LILBID by Dannenmann et al. [265], and could be detectable even
after irradiation simulating long-term exposure on Europa’s surface.
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2 Perspectives: Additional Analogue Experiments

Further laboratory campaigns could provide great benefit to the study of icy ocean worlds. Such work can also
be coupled with - and provide essential data points for - modelling work, which is imperative to our understand-
ing of these worlds. The following sections summarize other ongoing research projects in which I participated,
or initiated, during my PhD years, and which we expect to bring interesting results in the coming months to years.

2.1 A rich chemistry driven by irradiation on the surface of icy moons

In Section IV.1, we showed that radiation (in particular, high energy electrons) is generally perceived as
a damaging agent for potential organic biosignatures. However, radiation processes can also be the driver
of complex organic chemistry, as shown by a wealth of laboratory experiments with astrophysical ices (e.g.,
[394, 395, 396, 397]). In fact, irradiation of small molecules in ice could lead to the synthesis of bigger molecules
of prebiotic interest, even at very low temperatures (e.g., [398]). Such reactions could occur on the heavily ir-
radiated surface of Europa [399, 400], thereby likely enriching the surface ice with a variety of organic compounds.

In the context of astrobiology investigations, it is vital to identify the complex organic compounds that can
form by irradiation on Europa’s surface, as those could easily be mistaken for (possibly unfamiliar) features and
chemistries of life (i.e., false-positive detection of biosignatures). Indeed, if SUDA detects organic material on
Europa, the origin of this material will have to be discriminated between possible biotic or abiotic radiolytic
chemistry. The experiments presented here are complementary to the irradiation experiments described in Sec-
tion IV.1, as they both reflect processes that are thought to affect organic material embedded in ice on Europa’s
surface.

Ongoing irradiation experiments are conducted in a collaboration with the Physique des Interactions Ioniques
et Moléculaires (PIIM) laboratory in Aix-Marseille Université, France. The goals are (7) to simulate the complex
chemistry that could be driven by radiation on Europa’s surface ice, starting from simple compounds, and (i7)
to determine how the resulting products would be observed by SUDA-type mass spectrometers. To this end,
irradiation experiments are performed with a CH3OH:NHj3:H5O ice mixture, irradiated with Vacuum Ultraviolet
(VUV) and warmed to room temperature. The warming of the ice induced the sublimation of volatile species
and the formation of a residue, which is then dissolved in water and analysed with LILBID, providing analogue
mass spectra for SUDA-type instruments.

Danger et al. [401] previously analysed a similar ice analogue with in situ infrared (IR) monitoring and
the produced residue with high resolution mass spectrometry (FT-Orbitrap). While the IR analysis mainly
showed the presence of functional groups such as alcohols and carboxylic acids, and -NH and C-N bonds, the
Orbitrap results allowed a detailed characterisation of the sample’s high organic diversity, and the detection
of a large number of molecules formed of CHNO elements including amino acids, hexamethylenetetramine and
macromolecules of molar masses >4000 Da. By comparing these results with those obtained with LILBID, we
will determine similarities and complementarity in these two mass spectrometry techniques on the same organic
residue. However, this comparison might also highlight some of the possible limitations of LILBID as compared
to higher resolution mass spectrometry. This might suggest that the highly complex composition of the residue
may be challenging to analyse with SUDA-type instruments, thus hinting at the need for superior resolution
mass spectrometers onboard space missions (e.g., Orbitrap mass spectrometry [402, 403]).
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2.2 Experiments with natural samples from polar locations

Many LILBID analogue experiments have already been conducted with a wide variety of inorganic, organic,
and biogenic compounds (Section 1.4.3). However, all these experiments were reflecting expected scenarios based
on our current understanding of icy moons, but reality is rarely as “simple” as the scenario created in the lab-
oratory, where experimental parameters can be precisely controlled (or at least monitored). Natural samples
have not yet been analyzed with LILBID, despite the fact that planetary field analogues with extreme conditions
offer the best comparable samples to icy moons. An ambitious new project, lead by Lucia Hortal Sanchez and
myself at Freie Universitat Berlin (FUB), will involve the LILBID analysis of environmental samples collected
from polar locations analogous to icy moons. The polar regions proposed for sampling include Antarctica, the
Greenland highlands and the Patagonian Southern Ice Field. These locations hold several unique characteristics
relevant to icy moons, including very dry and cold climates, high exposure to radiation, high salt concentrations,
unique biogeochemistries and the presence of extremophilic ecosystems. Ices from such locations are exposed to
extreme shifting physico-chemical conditions over long periods of time, which limits the microorganisms capable
of thriving in it to extremophiles®. Therefore, they offer a unique inventory and distribution of organics that
cannot be attained when using synthetic samples.

A first field work campaign (partially funded by a START grant from FUB) will be undertaken in February-
March 2024 on King George Island in Antarctica. A spectrum of samples will be collected in several locations
on the Collins Glacier, at different altitudes and in various terrains (e.g., cryoconite®, organic-poor ices). Deep
(~1m) ice cores will be collected, as well as surficial ice samples and several replicas to ensure the reproducibility
of our results. An extensive protocol designed to avoid and monitor contamination will be followed [404]. Part
of the collected ice samples will be submitted to intense radiation (10 MeV electrons) to simulate Europa’s high
radiation environment.

A comprehensive analysis of the samples will be performed at both FUB and the Centro de Astrobiologia in
Madrid (CAB) to characterise the organic material present in these ices, with a focus on lipid biosignatures (i.e.,
CAB’s expertise [405, 406]). Two complementary analytical techniques will be used:

(i) standard Gas Chromatography coupled to Mass Spectrometry (GC-MS) including a lipid extraction step,
to provide a highly detailed and quantitative characterisation of the organic and lipid content,

(4i) LILBID coupled to ToF-MS to provide analogue mass spectra for SUDA-type impact ionization mass
spectrometers for space missions to icy moons.

The detailed compositional data provided by GC-MS will allow a better interpretation of the LILBID mass
spectra, which might be complicated in the case of complex samples due to the limited resolution of the ToF-MS.
Indeed, environmental samples are challenging to analyze due to the unknown organics that they might contain,
and thus require a full characterisation with complementary methods. Moreover, the comparison of the results
of these two methods (GC-MS and LILBID) for the same sample will allow us to highlight possible limitations
that spaceborne SUDA-type instruments could encounter with ices of complex composition - which is likely to
be the case for the upcoming Europa Clipper mission. This project will allow the development of novel goals
and suggestion of improvements for future spaceborne dust analyzers.

Future campaigns of field work could focus on areas especially relevant for Europa, with the goal to prepare
for the upcoming Europa Clipper mission. For example, ices containing sulfur inclusions could serve as specific
analogues of the Europan chaos terrains. On Earth, this element is usually not associated with ice and the
known terrestrial locations where sulfur is present in ices are limited to the Blood Falls on Taylor Glacier in
Antarctica (Figure 50) [407] and the Borup Fiord Pass [408, 409] on Ellesmere Island in the Canadian Arctic,
where a sulfur-rich spring circulates under the glacier.

Other target areas for field work campaigns focusing on Enceladus analogues could include the ice-covered
lake Untersee (Eastern Antarctica) and the Gypsum Hill Springs in Axel Heiberg Island (Canadian Arctic). Lake
Untersee has anoxic, methane rich, stratified waters representative of Enceladus’ subsurface ocean. Gypsum Hill
Springs is adjacent to highly saline ice rich in perennial saline springs [410] that could serve as a highly relevant
analogue of the saline ice of Enceladus. All of these locations offer not only different types of environmental ices,

43ee Section 1.1.2 for a definition of extremophiles, and their relevance to the search for life on extraterrestrial environments.
5Cryoconites are dark terrains composed of rocky material, soot and microbes
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FIGURE 50. Blood Falls: a saline subglacial discharge from the Taylor Glacier (Antarctica).
Such a location is a relevant analogue for the chaos terrains on Europa. Credits: Alasdair
Turner, National Geographic.

thus providing a varied set of samples, but also a unique and extreme biochemistry that should ultimately be
reflected in the analyzed mass spectra.
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V General Conclusions and Outlook

In the last few decades, many space missions have been launched to collect information about the environ-
ments of different bodies in the Solar System and to evaluate the habitability of these places. Building on this
important knowledge, one of the main goals of contemporary planetary exploration is to find signs of extrater-
restrial life, focusing on bodies which are deemed to be potentially habitable. Icy ocean moons are some of the
most promising targets for astrobiology research, and will be explored in great detail in the near future by several
space missions, including NASA’s Europa Clipper. In this context, this thesis aims to bring valuable new results
to the field of planetary exploration with impact ionization mass spectrometry, providing relevant implications
for astrobiology investigations. The core of the thesis gathers two peer-reviewed articles and one submitted man-
uscript which describe comprehensive analogue experiments for the detection of organic- and salt-rich material
with instruments similar to the SUrface Dust Analyzer (SUDA) onboard Europa Clipper. Further analogue ex-
periments relevant for SUDA are detailed in the following Part IV, and bring complementary information on the
detectability organic material and potential molecular biosignatures on Europa and Enceladus. Such analogue
experiments are necessary tools to improve space exploration e.g., by calibrating instrumentation, improving
mission planning based on instrumental capabilities determined in terrestrial laboratories (where environmental
conditions are well-monitored), and increasing possibilities of data analysis and subsequent discoveries. Based
on supporting laboratory preparation, future space exploration missions are the ultimate approach that might
soon provide definitive answers to the questions that the field of astrobiology addresses.

Exploration of the Solar System targeting organic material brings valuable knowledge to the search for biosig-
natures beyond Earth. On Europa and Enceladus, the composition and distribution of organic material in the
ocean, or in the surface, could reveal the presence of life as we know it. The SUDA instrument onboard the
upcoming FEuropa Clipper mission could facilitate the identification and quantification of a wide range of organic
compounds originating from both the surface and subsurface liquid water reservoirs. In Part II of this thesis,
we determined the characteristic mass spectral signatures of several organic species with varied physicochemi-
cal properties, to provide key data points for similar detections by SUDA. Because Europa’s surface contains
high amounts of salts and sulfuric acid, we also evaluated the effects of these inorganic components on each
organic compound’s spectral fingerprints. We showed that, at concentrations relevant for Europa, these organic
compounds can typically be detected by the presence of their molecular ions and a range of different adducts
of the organics with inorganic ions. However, the sensitivity of SUDA to detect organic material typically de-
creases with increasing salt concentrations due to suppression effects, which may (in worst case concentration
values) prevent the detection of organic material hidden by the salts. On the contrary, sulfuric acid, one of the
most abundant non-water-ice compounds on Europa, does not at all inhibit the identification of organic cations.
The results of these analogue experiments (especially with salts) are also highly relevant for Enceladus in the
context of a possible future mission to the saturnian moon with an impact ionization mass spectrometer onboard.

While the characterisation of organic material on icy ocean moons may provide direct information about
(bio)chemistry in the subsurface, the detection of inorganic compounds can be used to derive key parameters
about the geochemistry of subsurface oceans. This was shown by the partial characterisation of the pH, salinity
and hydrothermal processes within Enceladus based on Cassini’s mass spectrometry data. Moreover, detec-
tion capabilities of SUDA-type mass spectrometers usually support higher sensitivity for salts than for organic
compounds. Salts bearing metallic elements (such as iron) which exist in different oxidation states depending
on their environmental conditions, are key tracers of the geochemistry of subsurface oceans. In Part III, we
investigated the mass spectral signatures of Fe (II) as compared to Fe (III) salts, and demonstrated that SUDA
has the capability to differentiate between these two oxidation states of iron. This valuable feature could allow
the quantification of the oxidation states of iron in both plume grains and surface ejecta on Enceladus and Eu-
ropa, thus possibly constraining the pH and oxidation state of their subsurface oceans. Such results have strong
implications for the characterisation of subsurface oceans’ geochemistry and habitability, as they would allow
to investigate the likelihood of different models of redox chemistry, as well as possible types of hydrothermal
activity and metabolic pathways (e.g., iron reduction) of putative lifeforms.

The set of experimental parameters used in this work correspond to different simulated impact speeds of ice
grains, which can be linked to spacecraft velocities. Indeed, ice grains’ impact speeds are usually estimated with
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the velocity grid (i.e., a charge sensitive grid system at the entrance of SUDA-type instruments), but this can
also be done (7) with the rise times of the charge signals on the target or the ion grids, (4) by spectral appearance
(e.g., abundance of clusters) and (7) by dynamical calculations (i.e., estimation of the orbital speed of particles
at the known spacecraft position) [253]. Mass spectra recorded for different impact speeds display significant
differences: not only different ions are formed, but also different fragments reflect characteristic fragmentation
patterns. The present LILBID analogue experiments lead to a better understanding of the mechanisms of im-
pact fragmentation of organic compounds for specific spacecraft velocities, as well as the formation of different
clusters for inorganic ions.

The large number of LILBID mass spectra presented in this thesis provide key data to an existing database
[259] gathering analogue data for space missions targeting dust grains from icy moons. Such mass spectral li-
braries are of vital importance in the interpretation of data from spaceborne instruments. They can also help to
better understand hypervelocity impacts of icy particles, including the mechanisms of impact-induced fragmen-
tation of molecules. Such results could be included in theoretical investigations for these phenomenons, obtained
by modelling efforts. This would allow to extrapolate the theory to analytes, or conditions, which are difficult
(or even impossible) to obtain in laboratory experiments. Combining theoretical work, LILBID experiments
and hypervelocity impact experiments will enable advanced science investigations to be included on flyby mis-
sions to icy ocean moons, which have the significant advantage to be cost-effective as compared to lander missions.

The analogue experiments presented in this work have direct implications for the (re)interpretation of impact
ionization mass spectra from past and future missions, and for the identification and quantification of the or-
ganic and inorganic inventory of the possible plume(s) and icy surfaces of Europa and Enceladus. Characterising
the compositional inventory of Europa and Enceladus brings valuable information about both the jovian and
saturnian systems, and can bring insight into the evolution of these systems, including the material exchanges
between their different moons.

History has showed that mass spectrometry is an invaluable tool for planetary exploration [411]. The design
of a new generation of instruments adapted for spacecraft could revolutionise space missions and would allow
an improved characterisation of icy ocean moons (e.g., [412]). In fact, instruments carried onboard missions
are considerably less performant than those currently used in terrestrial laboratories, which have low limits
of detection, are capable of measuring the abundances of molecular and elemental species, and can precisely
determine isotopic compositions.

One effective method of improving planetary exploration using mass spectrometry would be to include high-
resolution mass spectrometers on space missions, such as Orbitrap instruments. An Orbitrap mass spectrometer
combines a miniature design with analytical capabilities far exceeding those of ToF mass spectrometers [413, 414],
including a mass resolution reaching values of up to 1,000,000 [415]. In the future, state-of-the art successor
instruments to SUDA could be hypervelocity ice grain detectors using high resolution mass spectrometry. This
promising concept is currently undergoing calibration in the laboratory at FU Berlin with the Orbitrap anaLYser
MultiPle IonisAtion (OLYMPIA) [416]. Aiming for a similar goal, the CosmOrbitrap (an Orbitrap mass analyzer
coupled with a laser ablation ionization system) is currently in development as an adaptation for space exploration
[402, 403].

Spaceborne Orbitrap instruments would be of significant value in the search for biosignatures, and especially
relevant for agnostic biosignatures (i.e., life as we do not know it) [33]. In fact, it seems today necessary
to broaden the search for biosignatures outside of the framework of terrestrial biosignatures. Indeed, as life
has a high capacity for evolution (which is needed to adapt organisms to changing environmental conditions),
biosignatures may therefore be different on extraterrestrial planetary environments, and very challenging to
detect. A high resolution mass spectrometer onboard a space mission would therefore be an invaluable tool for
astrobiology investigations searching for extraterrestrial forms of life.
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Supplementary Material - Part L.

Analogue experiments for the detection of organic

compounds in salt-rich ice grains from ocean worlds.

The spectra of solutions not included in the Part II of this thesis, i.e. anion mass spectrum of 5-
amino-1-pentanol in 1M NaCl matrix, cation mass spectrum of benzoic acid in 1M NaCl, anion
mass spectrum of butylamine in 1M NaCl, anion mass spectrum of glucose in 1M NaCl, anion
mass spectrum of methanol in 1M NaCl matrix, and the anion mass spectra of pyridine in 0.1M
and 1M NaCl matrix showed no peak related to the organics and are similar to the respective
NaCl background matrix spectra. In the spectra of organics in NaCl-rich matrices (figure S5 to

S36), unlabeled peaks originate exclusively from the salty matrix.
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Figure S1. Baseline corrected cation mass spectrum of sodium chloride (NaCl) at a concentration of 0.01M, recorded
at a delay time of 6.2ps.
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Figure S2. Baseline corrected cation mass spectrum of sodium chloride (NaCl) at a concentration of 1M, recorded
at a delay time of 6.2ps.
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anion mass spectra
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Figure S3. Baseline corrected anion mass spectrum of sodium chloride (NaCl) at a concentration of 0.01M, recorded
at a delay time of 6.1ps.
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Figure S4. Baseline corrected anion mass spectrum of sodium chloride (NaCl) at a concentration of 1M, recorded
at a delay time of 6.2ps.
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Figure S5. Baseline corrected anion mass spectrum of 5-amino-1-pentanol at a concentration of 5wt% in a H20 and
NacCl (0.01M) matrix, recorded at a delay time of 5.5ps.
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Figure S6. Baseline corrected anion mass spectrum of 5-amino-1-pentanol at a concentration of 5wt% in a H20 and
NacCl (0.1M) matrix, recorded at a delay time of 6.2ps.
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Figure S9. Baseline corrected cation mass spectrum of acetic acid at a concentration of 5wt% in a H20 and NaCl
(0.1M) matrix, recorded at a delay time of 6.0ps.
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Figure S10. Baseline corrected cation mass spectrum of acetic acid at a concentration of 5wt% in a H20 and NaCl
(1M) matrix, recorded at a delay time of 6.0ps.
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Figure S11. Baseline corrected anion mass spectrum of acetic acid at a concentration of 5wt% in a H20 and NaCl
(0.01M) matrix, recorded at a delay time of 6.5ps.
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Figure S12. Baseline corrected anion mass spectrum of acetic acid at a concentration of 5wt% in a H20 and NacCl
(0.1M) matrix, recorded at a delay time of 6.5s.
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Figure S13. Baseline corrected cation mass spectrum of benzoic acid at a concentration of 0.17wt% in a H20 and
NacCl (0.01M) matrix, recorded at a delay time of 6.2ps.
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Figure S14. Baseline corrected cation mass spectrum of benzoic acid at a concentration of 0.17wt% in a H20 and
NacCl (0.1M) matrix, recorded at a delay time of 6.1ps.
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Figure S15. Baseline corrected anion mass spectrum of benzoic acid at a concentration of 0.17wt% in a H20 and
NaCl (0.01M) matrix, recorded at a delay time of 6.1ps.
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Figure S16. Baseline corrected anion mass spectrum of benzoic acid at a concentration of 0.17wt% in a H20 and
NaCl (0.1M) matrix, recorded at a delay time of 6.1ps.
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Figure S17. Baseline corrected anion mass spectrum of benzoic acid at a concentration of 0.14wt% in a H20 and
NaCl (1M) matrix, recorded at a delay time of 6.8ps.
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Figure S18. Baseline corrected cation mass spectrum of butylamine at a concentration of 5wt% in a H20 and NaCl
(0.01M) matrix, recorded at a delay time of 6.0ps.
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Figure S$19. Baseline corrected cation mass spectrum of butylamine at a concentration of 5wt% in a H20 and NaCl
(0.1M) matrix, recorded at a delay time of 6.0us. The peak at m/z 63 might have a contribution by organic species
as it has a much higher amplitude than in the NaCl (0.1M) matrix spectra (Figure 2).
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Figure S20. Baseline corrected cation mass spectrum of butylamine at a concentration of 5wt% in a H20 and NaCl

(1M) matrix, recorded at a delay time of 6.0ps.
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Figure S21. Baseline corrected anion mass spectrum of butylamine at a concentration of 5wt% in a H20 and NaCl
(0.01M) matrix, recorded at a delay time of 6.0ps. Peaks at m/z 75, 77, 133 and 135 may have a contribution by
organic species as they have much higher amplitudes than in the NaCl (0.01M) matrix spectra (Figure S3).
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Figure S22. Baseline corrected anion mass spectrum of butylamine at a concentration of 5wt% in a H20 and NaCl
(0.1M) matrix, recorded at a delay time of 6.0ps.
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Figure S23. Baseline corrected cation mass spectrum of glucose at a concentration of 5wt% in a H20 and NaCl
(0.01M) matrix, recorded at a delay time of 6.2s.
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Figure S24. Baseline corrected cation mass spectrum of glucose at a concentration of 5wt% in a H20 and NaCl
(0.1M) matrix, recorded at a delay time of 5.7 ps.
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Figure S25. Baseline corrected cation mass spectrum of glucose at a concentration of 5wt% in a H20 and NaCl (1M)
matrix, recorded at a delay time of 6.2ps. The peak at m/z 181u (0.0095 V) is assigned to both the salt cluster
[Na(NaOH)(NaCl)2]* (0.0064 V) and protonated glucose [M+H]* (0.0031 V).
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Figure S26. Baseline corrected cation mass spectrum of methanol at a concentration of 5wt% in a H20 and NacCl

(0.01M) matrix, recorded at a delay time of 5.5s.
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Figure S27. Baseline corrected cation mass spectrum of methanol at a concentration of 5wt% in a H20 and NaCl

(0.1M) matrix, recorded at a delay time of 5.9s.
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Figure S28. Baseline corrected cation mass spectrum of methanol at a concentration of 5wt% in a H20 and NaCl

(1M) matrix, recorded at a delay time of 6.2ps.
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Figure S29. Baseline corrected anion mass spectrum of methanol at a concentration of 5wt% in a H20 and NaCl
(0.01M) matrix, recorded at a delay time of 6.1ps.

14
_ methanol
OH—CH,
0.1M Nacl
V¥ chlorinated methanol [M+Cl+(H,0),]
¥ [M(NaCl),+CI]
0,1
—
=
>
=
7]
[
()
- =
= 2 5
— Q *
=3 [o] e
v v =
% & v
1E-2 - G

| | T | 1
50 100 150 200 m/z 250 300

Figure S30. Baseline corrected anion mass spectrum of methanol at a concentration of 5wt% in a H20 and NaCl
(0.1M) matrix, recorded at a delay time of 6.0ps.
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Figure S31. Baseline corrected cation mass spectrum of pyridine at a concentration of 5wt% in a H20 and NaCl
(0.01M) matrix, recorded at a delay time of 6.2ps.
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Figure S32. Baseline corrected cation mass spectrum of pyridine at a concentration of 5wt% in a H20 and NaCl
(0.1M) matrix, recorded at a delay time of 6.0ps.
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Figure S33. Baseline corrected cation mass spectrum of pyridine at a concentration of 5wt% in a H20 and NaCl (1M)
matrix, recorded at a delay time of 6.2ps.
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Figure S34. Baseline corrected anion mass spectrum of pyridine at a concentration of 5wt% in a H20 and NaCl
(0.01M) matrix, recorded at a delay time of 6.1s.
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Figure S35. Section of a baseline corrected anion mass spectrum of acetic acid at a concentration of 0.1wt% in a
H20 and NaCl (1M) matrix, recorded at a delay time of 7.5pus. Peaks labelled in black originate exclusively from the
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Figure S36. Baseline corrected cation mass spectrum of 5-amino-1-pentanol at a concentration of 1wt% in a H20
and NaCl (1M) matrix, recorded at a delay time of 6.5ys.
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Figure S37. Baseline corrected cation mass spectrum of 5-amino-1-pentanol at a concentration of 5wt% in a pure
H20 matrix, recorded at a delay time of 6.3ps. Unlabeled peaks originate exclusively from the water matrix.
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Figure S38. Baseline corrected anion mass spectrum of 5-amino-1-pentanol at a concentration of 5wt% in a pure
H20 matrix, recorded at a delay time of 5.7ps. Unlabeled peaks originate exclusively from the water matrix.
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Figure S39. Baseline corrected cation mass spectrum of acetic acid at a concentration of 5wt% in a pure H20
matrix, recorded at a delay time of 5.7ps. Unlabeled peaks originate exclusively from the water matrix.
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Figure S40. Baseline corrected anion mass spectrum of acetic acid at a concentration of 5wt% in a pure H20
matrix, recorded at a delay time of 6.3ps. Unlabeled peaks originate exclusively from the water matrix.
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Figure S41. Baseline corrected cation mass spectrum of benzoic acid at a concentration of 0.17wt% in a pure H20
matrix, recorded at a delay time of 5.7ps. Unlabeled peaks originate exclusively from the water matrix.
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Figure S42. Baseline corrected anion mass spectrum of benzoic acid at a concentration of 0.17wt% in a pure H20
matrix, recorded at a delay time of 6.3ps. Unlabeled peaks originate exclusively from the water matrix.
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Figure S43. Baseline corrected cation mass spectrum of butylamine at a concentration of 5wt% in a pure H20
matrix, recorded at a delay time of 6.0ps.
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Figure S44. Baseline corrected anion mass spectrum of butylamine at a concentration of 5wt% in a pure H20 matrix,
recorded at a delay time of 6.5ps.
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Figure S45. Baseline corrected cation mass spectrum of glucose at a concentration of 5wt% in a H20 matrix with
amberlite®, recorded at a delay time of 5.7us. Unlabeled peaks originate exclusively from the water matrix.
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Figure S46. Baseline corrected anion mass spectrum of glucose at a concentration of 5wt% in a pure H20 matrix,
recorded at a delay time of 6.3ps. Unlabeled peaks originate exclusively from the water matrix.
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Figure S47. Baseline corrected cation mass spectrum of methanol at a concentration of 5wt% in a pure H20 matrix,
recorded at a delay time of 5.7us. Unlabeled peaks originate exclusively from the water matrix.
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Figure S48. Baseline corrected anion mass spectrum of methanol at a concentration of 5wt% in a pure H20 matrix,
recorded at a delay time of 6.0us. Unlabeled peaks originate exclusively from the water matrix.

Supplementary Material - 25



+
I +
: 3 = -
= x pyridine
v S .
8 v NS H,O matrix
14 8 N
v W organic fragment
— Tf 2 + ¥ protonated molecular peak [nM+H+(H,0)]"
Z o % ¥ pyridine isotopologue and/or [aM+2H+(H,0), 1"
N b E = V¥ pyridine and charged fragment
= 5 %
2] = o
< = =
B P4
C 83 b
v <
= &
v v
@ 2
0,1 5
. v
3
. Vi
= 2 +
T v 23 v T
o = 3= N %
= o v | = -
v g8 Iy =
@ — @
- A B Y
1E-2 Bl 8

T T T T T T T T T |
50 100 m/z 150 200 250

Figure S49. Baseline corrected cation mass spectrum of pyridine at a concentration of 5wt% in a pure H20 matrix,
recorded at a delay time of 6.3ps. Unlabeled peaks originate exclusively from the water matrix.
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Figure S50. Baseline corrected anion mass spectrum of pyridine at a concentration of 5wt% in a pure H20 matrix,
recorded at a delay time of 6.3ps. Unlabeled peaks originate exclusively from the water matrix.
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Figure S51. Baseline corrected cation mass spectrum of magnesium sulfate (MgS04) at a concentration
of 0.1M, generated with a delay time of 5.0 ps.
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Figure S52. Baseline corrected cation mass spectrum of magnesium sulfate (MgS04) at a concentration
of 1M, generated with a delay time of 6.0 ps.
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Figure S53. Baseline corrected anion mass spectrum of magnesium sulfate (MgS04) at a concentration
of 0.1M, generated with a delay time of 6.0 ps.
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Figure S54. Baseline corrected cation mass spectrum of 5-amino-1-pentanol (concentration 5 wt%) in
0.01M magnesium sulfate (MgS04), generated with a delay time of 6.4 ps.
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Figure S55. Baseline corrected cation mass spectrum of 5-amino-1-pentanol (concentration 0.1 wt%) in
1M magnesium sulfate (MgS0.), generated with a delay time of 7.2 ps. Unlabeled peaks originate
exclusively from the MgS0O4 matrix.
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Figure S56. Baseline corrected cation mass spectrum of pyridine (concentration 5 wt%) in 0.01M
magnesium sulfate (MgS04), generated with a delay time of 6.0 ps. Unlabeled peaks originate exclusively
from the MgS04 matrix.
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Figure S57. Baseline corrected cation mass spectrum of butylamine (concentration 5 wt%) in 0.01M
magnesium sulfate (MgS04), generated with a delay time of 5.5 ps.
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Figure S58. Baseline corrected cation mass spectrum of acetic acid (concentration 5 wt%) in 0.01M

magnesium sulfate (MgS0.4), generated with a delay time of 5.0 ps. Unlabeled peaks originate exclusively
from the MgSO4 matrix.
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Figure S59. Baseline corrected cation mass spectrum of acetic acid (concentration 5 wt%) in 0.1M
magnesium sulfate (MgS04), generated with a delay time of 5.0 ps. Unlabeled peaks originate exclusively
from the MgSO4 matrix.
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Figure S60. Baseline corrected cation mass spectrum of benzoic acid (concentration 0.17 wt%) in 0.01M

magnesium sulfate (MgS04), generated with a delay time of 5.8 ps. Unlabeled peaks originate exclusively
from the MgS04 matrix.
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Figure S61. Baseline corrected cation mass spectrum of methanol (concentration 5 wt%) in 0.01M

magnesium sulfate (MgS04), generated with a delay time of 5.5 ps. Unlabeled peaks originate exclusively
from the MgS04 matrix.
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Figure S62. Baseline corrected cation mass spectrum of glucose (concentration 5 wt%) in 0.01M
magnesium sulfate (MgS0.), generated with a delay time of 6.0 ps.
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Figure S63. Baseline corrected anion mass spectrum of acetic acid (concentration 5 wt%) in 0.01M
magnesium sulfate (MgS04), generated with a delay time of 5.0 ps. Unlabeled peaks originate exclusively
from the MgSO4 matrix.
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Figure S64. Baseline corrected anion mass spectrum of benzoic acid (concentration 0.17 wt%) in 0.01M
magnesium sulfate (MgS04), generated with a delay time of 5.8 ps. Unlabeled peaks originate exclusively
from the MgSO4 matrix.
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Figure S65. Baseline corrected anion mass spectrum of glucose (concentration 5 wt%) in 0.01M

magnesium sulfate (MgS04), generated with a delay time of 6.0 ps. Unlabeled peaks originate exclusively
from the MgSO4 matrix.
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Figure S66. Baseline corrected anion mass spectrum of methanol (concentration 5 wt%) in 0.01M

magnesium sulfate (MgS04), generated with a delay time of 6.3 ps. Unlabeled peaks originate exclusively
from the MgS04 matrix.
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Figure S67. Baseline corrected anion mass spectrum of pyridine (concentration 5 wt%) in 0.01M

magnesium sulfate (MgS04), generated with a delay time of 5.8 ps. Unlabeled peaks originate exclusively
from the MgSO4 matrix.
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Figure S68. Baseline corrected anion mass spectrum of 5-amino-1-pentanol (concentration 5 wt%) in

0.01M magnesium sulfate (MgSO04), generated with a delay time of 6.1 ps. Unlabeled peaks originate
exclusively from the MgS0O4 matrix.
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Figure S69. Baseline corrected anion mass spectrum of methanol (concentration 5 wt%) in 1M

magnesium sulfate (MgS04), generated with a delay time of 9.3 ps. Unlabeled peaks originate exclusively
from the MgSO4 matrix.
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Figure S70. Baseline corrected anion mass spectrum of butylamine (concentration 5 wt%) in 0.01M
magnesium sulfate (MgS0.4), generated with a delay time of 5.5 ps. Unlabeled peaks originate exclusively
from the MgSO4 matrix.
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Figure S71. Baseline corrected cation mass spectrum of sulfuric acid (H.S04) at a concentration of 0.01M,
generated with a delay time of 6.0ps.
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Figure S72. Baseline corrected anion mass spectrum of sulfuric acid (H2S04) at a concentration of 0.01M,
generated with a delay time of 6.2ps.
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Figure S73. Baseline corrected cation mass spectrum of 5-amino-1-pentanol (concentration 5wt%) in
0.01M sulfuric acid (H2S04), generated with a delay time of 6.8ps.
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Figure S74. Baseline corrected cation mass spectrum of 5-amino-1-pentanol (concentration 5wt%) in
0.1M sulfuric acid (H2S04), generated with a delay time of 6.8ps.
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Figure S75. Baseline corrected cation mass spectrum of pyridine (concentration 5wt%) in 0.01M sulfuric
acid (H2S04), generated with a delay time of 6.2ps.

+
T + T
e} T + o] - .
2 E z acetic acid
v = v 1M H,S0
2724
1 : Y v Y CHy” “OH
- o
v W organic fragment
5 W protonated molecular peak [nM+H+(H,0), "
d W acetic acid and charged fragment
v ¥ [M+H+(H,S0,)*(H,0),]"
3 = YV [M+H+(H,S0,),]
- o
0
. E
5 S
3 i
T X 8
+ E '
i T
= V= ]
I = &
v iy
v 2 s
» @
0,1 . v
H ¥ ~ 8
z 2
2 ; =
4 - v v 2
— & =
~ 2 = z
s ol oF & 2
' +
= 2 = B "
D 2 v 3
S v T & T
o lo k3 E:
IS SR i v T
= “ Y & 8
A v
y !3 3
b B "
b
0,01

5

T
50 100 150 200 250 300

1
350
m/z

Figure S76. Baseline corrected cation mass spectrum of acetic acid (concentration 5wt%) in 1M sulfuric
acid (H2S04), generated with a delay time of 6.4ps.
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Figure S77. Baseline corrected cation mass spectrum of benzoic acid (concentration 0.17wt%) in 1M

sulfuric acid (H2S04), generated with a delay time of 6.0 ps. Unlabeled peaks originate exclusively from
the H,S04 matrix.
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Figure S78. Baseline corrected cation mass spectrum of glucose (concentration 5wt%) in 0.01M sulfuric

acid (H2S04), generated with a delay time of 6.0pus. Unlabeled peaks originate exclusively from the H2SO4
matrix.
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Figure S79. Baseline corrected cation mass spectrum of methanol (concentration 5wt%) in 0.01M
sulfuric acid (H2S04), generated with a delay time of 6.7us

. Unlabeled peaks originate exclusively from
the H,SO4 matrix.
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Figure S80. Baseline corrected cation mass spectrum of butylamine (concentration 1.3wt%) in 0.1M
sulfuric acid (H2504), generated with a delay time of 6.4ps.
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Figure S81. Baseline corrected anion mass spectrum of 5-amino-1-pentanol (concentration 5wt%) in

0.01M sulfuric acid (H2S04), generated with a delay time of 6.2us. Unlabeled peaks originate exclusively
from the H,SO4 matrix.
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Figure S82. Baseline corrected anion mass spectrum of acetic acid (concentration 5wt%) in 0.1M sulfuric

acid (H2S04), generated with a delay time of 6.4us. Unlabeled peaks originate exclusively from the H,SO4
matrix.
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Figure S83. Baseline corrected anion mass spectrum of benzoic acid (concentration 0.17wt%) in 1M
sulfuric acid (H2S04), generated with a delay time of 5.7 ps. Unlabeled peaks originate exclusively from
the H,SO4 matrix.
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Figure S84. Baseline corrected anion mass spectrum of 5-amino-1-pentanol (concentration 5wt%) in
0.1M sulfuric acid (H2S04), generated with a delay time of 6.8ps. Unlabeled peaks originate exclusively

from the H,SO4 matrix.
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Figure S85. Baseline corrected anion mass spectrum of glucose (concentration 5wt%) in 0.1M sulfuric

acid (H2S04), generated with a delay time of 6.9us. Unlabeled peaks originate exclusively from the H,SO4
matrix.
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Figure S86. Baseline corrected anion mass spectrum of methanol (concentration 5wt%) in 0.1M sulfuric

acid (H2S04), generated with a delay time of 6.8 ps. Unlabeled peaks originate exclusively from the H2SO.
matrix.
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Figure S87. Baseline corrected anion mass spectrum of butylamine (concentration 5wt%) in 0.1M
sulfuric acid (H2S04), generated with a delay time of 6.4 ps. Unlabeled peaks originate exclusively from
the H,S04 matrix.
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NaCl concentration m/z pure H20 0.01M 0.1M 1M
18 [NHa]* [NHa]* [NHa]*
30 [CH2NHz]* or [CH2NHz]* or [CH2NH2]* or
[CH20]* [CH20]* [CH20]*
36 [NH4 (H20)]* [NH4 (H20)]*
41 [C3Hs]*
47 Ul Ul
48 [CH2NH2 (H20)]* [CH2NH2 (H20)]*
5-amino-1-pentanol 54 Ul
57 [M-CH20-NHz]*  [M-CH20-NH2]*
66 Ul
69 [M-OH-NH3]* [M-OH-NHs]* [M-OH-NHs]*
70,72, 80,84 Ul
85 UI Ul Ul Ul
86 [M-OH]* [M-OH]*
87,88,90,102,103 Ul
28 [CO]*
Lo 42 [CsHe]*
Acetic acid 43 [M-OH]" [M-OH]"
44,57 Ul
23 Ul
39 [CsHs]*
41 [C3Hs]*
43,59,61,77 Ul
Benzoic acid 79 [CeH7]*
80 [CeHs]*
93 [C7Ho]*
95,104 Ul
105 [M-OH]* [M-OH]*
18 [NHa4]* [NH4]*
29 [CHsN]*
36 [NH4(H20)]*
41 [CsHs]*
Butylamine 54 [NH4(H20)2]*
57 [M-NH]* [M-NH;]*
58 Ul
63 Ul Ul
72 [NH4(H20)3]*
29 [CHO]* [CHO]* [CHO]*
31 [CH20H ]+ [CH20H ]+ [CH20H ]+ [CH20H ]+
43 [C2H30]* [C2H30]* [C2H30]*
45 [C2Hs0]* [C2Hs0]* [C2Hs0]* [C2Hs0]*
57 [CsHs0]* [CsHs0]*
61 [CzH502]* [C2H502]* [CzH502]*
69 [C4Hs0]*
70 [CsHio]*
73 [C3Hs02]* [C3Hs02]* [C3Hs02]* [C3Hs02]*
75,79 Ul
81 [CsHs0]*
Glucose 82,83 ul
85 [C4Hs02]* [C4Hs502]*
87 [C4H702]*
88, 89 Ul
91 [M+H-(H20)s]*
93 Ul
97 [CsHs02]*
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99 [CsH702]*

101 [CsHoO2]*
103 [C4H703]*
105 [C4Ho03]* [C4Hs03]* [C4Ho03]* [C4H903]*
109 [M+H-(H20)4]*
115 [CsH70s]*
117 [CsHeO03]*
119 Ul
121 [C4aHo04]* [C4H904]* [C4H904]*
Glucose 123 [C4H1104]* [C4H1104]* [C4H1104]* [C4H1104]*
127 [M+H-(H20)3]* [M+H-(H20)3]* [M+H-(H20)3]*
128,130, 133, 135,139 Ul
145 [M+H-(H20)2]*
146,148 Ul
163 [M-OH]* [M-OH]* [M-OH]* [M-OH]*
164 Ul
165 Ul
Methanol 15 [CHs]*
23,41 Ul
Pyridine 53 [CsH3N]*
59,77,79 Ul

Table S1. Fragment peaks, and their respective mass, detected in cation mode for the investigated
organics in pure water matrix and at 0.01M, 0.1M and 1M NaCl concentrations, at all investigated delay

times and laser power intensities. Ul stands for unidentified ion species.
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NaCl concentration m/z pure H20 0.01M 0.1M 1M
16 [NHz]-
26 [C2H2]- or [CN]-
42 [C2H4N]- [C2H4N]-
43,44, 45, 46 Ul
5-amino-1- 57 Ul
pentanol 59 Ul Ul
6061, 62,63, 64,77, Ul
78,79, 80,81, 83
86, 88 Ul
95,97,98 Ul
15 [CHs] [CHs] [CHs]- [CH3]
. . 36 Ul
Acetic acid 41 [M-H:0]-
54,58 Ul
59 Ul
77 [M-COOH]- [M-COOH] [M-COOH]- [M-COOH]-
Benzoic acid 95 [M-
COOH+(H20)]
M-
113 COOHE(HzO)z]‘
16 [NHz]"
26 [C2Hz] or [CN] [C2Hz]- or [CN]
32 [N2H4]
. 44 [C2HeN]-
Butylamine 49 Ul
57 [M-NHz]- [M-NHz]
58 Ul
61, 62,66,70 Ul
31 Ul
43,45 Ul Ul
55,57 Ul
58 [C4H1o]- [C4H1o] [C4H1o]
59 [C2H302] [C2H302] [C2H302]
62 Ul
71 [C3H302] or [M-  [C3H302]-or [M-  [C3H302] or [M-
H-(Hz0)e]- H-(Hz0)e]- H-(Hz0)6]-
73 [C3Hs02]
75 Ul
77 [C2H503] [C2H503]
Glucose 78, 83, 84, 85 Ul
87 [C4H702] [C4H702]- [C4H702]-
89 [C3H503] or [M- [C3H503] or [M- [C3Hs503] or [M-
H-(H20)s]- H-(H20)s] H-(H20)s]-
90, 95,97,99, 100 Ul
101 [C4H503] [C4H503]- [C4Hs03]
102,103, 105 Ul
107 [C3H704]  or [M-  [C3H704] or [M-  [C3H704] or [M-
H-(H20)4] H-(H20)4]- H-(H20)4]-
112 Ul
113 [CsH503]
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114 Ul
116 Ul
117 [CsH90s3] [CsH90s3]
119 [C4H704] [C4H704] [C4H704]
120 Ul
125 [M-H-(H20)3] [M-H-(H20)3] [M-H-(H20)3]
131 Ul
Glucose 135 [CsH1104] [CsH1104]
137 [C4H9Os]- [C4H9O0s]
143 [M-H-(H20)2] [M-H-(H20)2] [M-H-(H20)z]
149, 155 Ul
159 Ul Ul
161 [M-H-(H20)] [M-H-(H20)]- [M-H-(H20)]-
167 Ul
171 Ul
Methanol
22,33 Ul
42 [C2H4N]-
Pyridine 44, 45,59 Ul
61 [CsH]-
63,77 Ul

Table S2. Fragment peaks, and their respected mass, detected in anion mode for the investigated
organics at 0.01M, 0.1M and 1M NaCl concentrations, at all investigated delay times and laser power

intensities. Ul stands for unidentified ion species.
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MgS04 H2S04
m/z  pure H20 0.01M 0.1M 1M 0.01M 0.1M 1M
18 [NH4]* [NH4]* [NH4]* [NH4]* [NH4]* [NH4]*
25,29 Ul
30 [CH2NHz]* or | [CHzNHz2]* or [CH2NHz]* or [CH2NHz]* [CH2NHz]* or [CH2NH:]*
[CH20]* [CH-0]* [CH20]* or [CH:0]*  [CH20]*  or [CH20]*
31 [CH30]*
36 | [NHa (H20)]* [NHa (H20)]* (r[ltlcl){fr
41 [CsHs]* [C3Hs]* [C3Hs]* [C3Hs]* [C3Hs]*
42 Ul
43 Ul Ul Ul
44 Ul
45 [C2Hs0]*
48 [CHzNH: [CHzNH:
(H20)7* (H20)7*
54 | [NHs (H20)2]" (H[Togzr
56 Ul
c; | [M-CHO- | [M-CH:0-  [M-CHaO- [M-CH20-  [M-CH20-
. NHz]* NH2]* NH2]* NH2]* NH2]*
5-amino-1- 58 Ul Ul
pentanol 62 Ul
66 Ul
67 Ul Ul
69 | [M-OH-NHs]* | [M-OH-NHs]* [M-OH-NHs]* [II:I’[H(:]H [I;\I’[H(:]H [M-OH-NH3]* [II\\I/[HS]H
70 Ul Ul Ul Ul Ul
72,80 Ul
84 Ul Ul Ul Ul Ul
85 | [M-NH4q* | [M-NH4*  [M-NH4* [M-NHa]* [M-NH4]* [M-NH4]*
86 | [M-OH]* [M-OH]* [M-OH]* O[l;;[]'+ [M-OH]*  [M-OH]*  [M-OHJ*
87 | [M-NHJ* | [M-NHJ*  [M-NH* N[Pl\l/[z-]+ [M-NH]*  [M-NHz]*
88 Ul Ul
89 Ul Ul Ul
90 Ul Ul
98 Ul
102 Ul Ul Ul Ul
103 Ul Ul Ul
15 [CH3]* [CH3]*
24 Ul Ul
29 [CHO]* [CHOJ*
30, 34 Ul
] ] 41 CsHs]* Ul
Aceticacid ., ul %CsHe}* Ul ul
43 | [M-OHJ* [M-OH]* [M-OH]* [M-OH]*  [M-OH]*  [M-OHJ*
44 Ul Ul Ul Ul Ul Ul
57 Ul Ul Ul Ul
23 Ul
29 Ul
Benzoic 30 ul
. 41 [CsHs]*
acid 43 Ul
48 Ul
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59,61 Ul
74 Ul
76 Ul
77 Ul Ul Ul Ul
79 [CeH7]* [CeH7]* [CeH7]* [CeH7]* [CeH7]*
. 80 [CeHs]* [CeHs]* [CeHs]* [CeHs]* [CeHs]*
Benzoic 86 ul
93 [C7Ho]*
94 [CeHeO]* [CeHsO]* [CeHsO]*
95 Ul Ul Ul
104 Ul
105 [M-OH]* [M-OH]* [M-OH]* [M-OH]* [M-OH]* [M-OH]*
106 Ul Ul Ul Ul
17 [NHs]* [NHs]*
18 [NH4]* [NH4]* [NH4]*? [NH4]* [NH4]* [NH4]*
25 Ul
27 [HCN]*  [HCNJ*
28 Ul Ul
29 [CH3NT* [CH3NT* [CH3N]* [CH3N]*
30 [CH2NHz]* or [CH2NHz]* or
[CH20]* [CHz20]*
31 [CHsNT* [CHsN]*
32 Ul Ul
33 Ul
Butylamine 34 Ul
35 Ul Ul
36 | [NH4(H20)]* | [NH4(H20)]* [NH4(H20)]* [NH4(H20)]*
39 [CsH3]*or  [C3Hs]* or
[HCCN]*  [HCCN]*
41 [CsHs]* [CsHs]* [CsHs]* [C3Hs]* [CsHs]*
42 [CzH4N]* [C2H4N]*
43 Ul Ul Ul
44 [C2HeNT* [C2HeN]*
45,
46, Ul Ul
47,48
49 Ul
50,53 Ul Ul
54 | [NH4(H20)2]* | [NH4(H20)2]* [NH4(H20)2]*
56 [CsHeN]* [CsHeN]*
57 [M-NHz]* [M-NHz]* [M-NHz]* [M-NHz2]*  [M-NH2]*  [M-NHz]*
58 Ul Ul Ul Ul Ul
59 Ul Ul Ul
60 Ul Ul Ul
61-65 Ul Ul
66 Ul Ul Ul
67-71 Ul Ul
[C3H5N2]* or
68 [CsHo]*
72 | [NH4(H20)s]* | [NH4(H20)s]*
15 [CHs]*
18 Ul
Glucose 27 Ul
29 [CHOT* [CHO]* [CHOJ* [CHO]* [CHO]* [CHOJ*
31 [CH20H ]+ [CH20H J* [CH20H ]+ [CH20H ]+ [CH20H]* [CH20H]*
33 Ul
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Glucose

39
41
43
45
53
55
57
58
59
60
61
63
69
70
71
73
74
75
79
80
81
82
83
85
86
87
88
89

91

92
93
97
98
99
100
101
102
103
104
105

109

110
111
115
116
117
118
119
121
123

127

128
129
130

Ul Ul
Ul Ul Ul
[CzH30]* [C2H50]* [C2H30]* [C2H50]* [C2H30]* [C2H30]*
[CzHs0]* [C2Hs0]* [CzHs0]* [C2Hs0]* [C2Hs0]* [C2Hs0]*
Ul Ul
Ul Ul
[CsHs0]* [CsHs0]* [C3Hs50]* [CsHs0]* [C3Hs0]* [CsHs0]*
Ul Ul
Ul Ul Ul
Ul Ul
[C2Hs0-]* [C2Hs02]* [C2Hs502]* [C2HsO2]*  [C2Hs02]*  [C2Hs02]*
Ul Ul
[C4HsO]* [C4Hs0]* [C4HsO]* [C4H50]* [C4Hs0]* [C4Hs0]*
[CsH1o]* [CsH1o]* [CsH1o]* [CsHio]*
Ul Ul Ul Ul Ul
[C3HsO2]* [C3Hs02]* [C3Hs02]* [C3HsO2]*  [CsHsO2]*  [CsHsOz2]*
Ul Ul Ul Ul
Ul Ul Ul Ul Ul
Ul Ul Ul
Ul Ul Ul
[CsHs0]+ [CsHsOT* [CsHs0]+ [CsHsO]* [CsHs0]* [CsHsO]*
Ul Ul Ul Ul
Ul Ul Ul Ul Ul
[C4H502]* [C4H502]* [C4H502]* [C4Hs502]*  [C4Hs02]*  [C4Hs02]*
Ul Ul Ul Ul Ul
[C4H70,]* [C4H702]* [C4H702]* [C4H702]*  [C4H702]*  [C4H702]*
Ul Ul Ul Ul
Ul Ul Ul Ul Ul
[M+H-(H20)s]*|[M+H-(H20)s]* [M+H-(H20)s]* (%)ir (gfgir (I[{l\fg)ir
Ul Ul Ul
Ul Ul Ul Ul Ul
[CsHs02]* [CsHs502]* [CsHs02]* [CsHs02]*  [CsHsO2]*  [CsHsOz]*
Ul Ul Ul
[CsH702]* [CsH702]* [CsH702]* [CsH702]*  [CsH702]*  [CsH702]*
Ul Ul Ul
[CsHeO2]* [CsH902]* [CsH902]* [CsHo0z]*  [CsH902]*  [CsHeO2]*
Ul Ul Ul
[C4H03]* [C4H703]* [C4H703]* [C4sH703]*  [C4H703]*  [C4H,O3]*
Ul Ul Ul
[C4Ho03]* [C4H903]* [C4Ho03]*  [C4H9Os]*  [C4HoO3]*
[M+H-(H20)4]| [M+H-(H20)4]* [M+H-(H20)4]* a[ffgir (1[{“35)1} a[{hfc;ﬁr
Ul Ul Ul
Ul Ul Ul
[CsH70s]* [CsH705]* [CsH70s3]* [CsH703]*  [CsH703]*  [CsH703]*
Ul Ul Ul
[CsHoO3]* [CsHe03]* [CsH903]* [CsHoO3]*  [CsH9Os]*  [CsHeO3]*
Ul Ul Ul
Ul Ul Ul Ul Ul Ul
[C4HoO4]* [C4H904]* [C4Ho04]*  [C4HoO4]*  [C4HoO4]*
[C4H1104]* [C4H1104]* [C4H1104]* [C4H1104]* [C4H1104]*
[M+H-(H20)a]| [M+H-(H20)3]* [M+H-(H20)s]* (5:[5)};]* (I[il\fg)HsP (1[{1\:[5)1{3?
Ul Ul Ul Ul
Ul Ul
Ul Ul Ul
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133 ul ul ul ul
135 ul ul ul ul
137 ul ul ul
139 ul ul ul
141 ul ul ul ul
143 ul ul ul
144 ul
145 |[M+H-(H20)2]* [M+H-(H20)2]* [M+H-(H20):]* (5;[5)};]* U[{“fg)lir (1[{1\:[5)1{2]+
146 ul ul ul ul
147 ul
148 ul ul ul ul
151 ul ul ul
Clucose 153 ul ul ul
155 ul
157 ul ul ul
159 ul
161 ul
163 | [M-OH]' [M-OH]" [M-OH]* [M-OH]*  [M-OH]*  [M-OH]"
164 ul ul ul ul
165 ul
167 ul
173 ul
169,
175 ut
Methanol 15 [CH3]* [CHs]*
18 [NH4]*
23 ul
39 [HCz2N]* or
Pyridine [C3Hs]*
41 ul
43 [C2HsN]*
53 | [CsHsNJ* [CaHaN]*
59,77 Ul ul
79 ul ul ul ul

Table S3. Fragment peaks, and their respective mass, detected in cation mode for the investigated organics in pure water

matrix, in 0.01M, 0.1M and 1M MgS04 and 0.01M, 0.1M and 1M H2S04 matrices, at all investigated delay times and laser power

intensities. Ul stands for unidentified ion species. Species written in blue are tentative identifications.
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MgS04 H2S04
m/z pure H20 0.01M 0.1M 1M 0.01M 0.1M 1M
16 [NHaJ
[C2Hz2]- or
26 [cHl-
27 Ul
42 [C2H4N]- [C2H4N]T [C2H4N]-
43 Ul Ul
5-amino-1- 44,45, 46 Ul
pentanol >3 ul
59, 60 Ul
61 Ul Ul
62,63, 64,
77,78,79, Ul
80, 81, 83
93 Ul
95,97, 98 Ul
15 [CH3] [CH3] [CH3] [CH3]
36 Ul
Acetic acid 41 [M-Hs0] [M-Hs0]
54 Ul
58 Ul Ul Ul
59 Ul
77 [M_ [M_ [M_ [M_
COOH] COOH] COOH] COOH]
Benzoic [M-
e 95 COOH+(H
20)]
[M-
113 COOH+(H
20)2]
16 [NHa]
26 [C2Hz]-or | [CzHz]-or  [CzHz]-or  [CzHz] or
[CN]- [CN]- [CN]- [CN]-
32 [N2Ha]-
42 [C2HaN] [C2HaN]- [C2H4N]-
44 [C2H6N]- [C2H6N] [C2H6N]
49 Ul
53 Ul
60 Ul
Butylamine 61 Ul
[C2H4N [C2H4N
o2 U] o) (H0)
64 Ul Ul Ul
66 Ul Ul
67 Ul
68 Ul
69 Ul Ul
70 Ul
71 Ul
31 Ul
41 Ul
43 Ul Ul
45 Ul Ul Ul
Glucose 55,57 Ul
58 [C4H10]
59 [C2H302]- | [C2H302]  [C2H302]-  [C2H302]
62 Ul
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[C3H302]- | [CsH302] [C3H302]
71 or [M-H- or [M-H- or [M-H-
(H20)6] (H20)6] (H20)6]
73 [C3Hs502]
75 Ul
77 [C2Hs03]- | [C2Hs03]
78, 83,84 Ul
85 Ul Ul
87 [C4H702]
[C3Hs0s]- | [C3Hs03] [C3Hs0s]
89 or [M-H- or [M-H- or [M-H-
(H20)s] (H20)s] (H20)s]
90, 95, 97, Ul
99,100
101 [C4Hs03]" | [C4Hs03]
102,103,
105 Ul
[C3H704]
107 or [M-H-
(H20)4]
112 Ul
Glucose 113 [CsHs03]" | [CsHs03]
114 Ul
119 [C4H704]" | [C4H704]
120 Ul
121 Ul
[M-H-
125 (H20)3]-
131 Ul
135 [CsH1104]
137 [C4H90s]-
141 Ul
[M-H- [M-H-
143 (H:0)2] | (H20)2]
149, 155 Ul
159
[M-H- [M-H-
ol (H0)] | (H0)]
167 Ul
171
177
178 Ul
Methanol
22,33 Ul
42 [C2H4N]-
44, 45,59 Ul
Pyridine 61 [CsH]-
63 Ul
75 Ul
77 Ul

Table S4. Fragment peaks, and their respective mass, detected in anion mode for the investigated organics in pure water

matrix, in 0.01M, 0.1M and 1M MgS04 and 0.01M, 0.1M and 1M H2SO4 matrices, at all investigated delay times and laser power

intensities. Ul stands for unidentified ion species.
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Supplementary Material - Part IILI.

Probing the oxidation state of ocean worlds with

SUDA: Fe (II) and Fe (III) in ice grains
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Figure S88. LILBID cation mass spectra of iron (II) chloride (FeCl;), recorded with a delay time of 4.5 ps.
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Figure S89. Zoomed-in section of the LILBID cation mass spectra of iron (III) chloride (FeCls), recorded
with a delay time of 5.1 ps. Two distinct peaks are observed at m/z 73 at a similar intensity, corresponding
to a pure water cluster [H30(H20)3]* (m/z 73.05) and to [Fe2*(OH)]* (m/z 72.94). To resolve the two
peaks, a mass resolution of about 500 is required.
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Figure S90. LILBID cation mass spectra of iron (II) sulfate (FeSO4), recorded with a delay time of 5.0 ps.
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Figure S91. LILBID cation mass spectra of iron (III) sulfate (Fe3+,[S04]3), recorded with a delay time of 5.0
us.
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Figure S92. LILBID anion mass spectra of iron (II) chloride (FeCl), recorded with a delay time of 5.3 ps.
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