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Summary

A newly discovered chemical space of CHOSMg compounds was discovered
in olivine mineral as well as in meteorites. They are theorized to be an
intermediate form between the CHO and CHOMg compounds, as they are
similar in points of chemical structure. The newly discovered compounds
represent a thermal stable class of organic molecules, which is readily formed
by heat, but also further transform to CHOMg compounds as a most stable
form of organo metallic compounds. The presence of these compounds and
their stability can have implications towards stability of organic compounds
in harsh conditions such as the extraterrestrial environment or the properties
of the Hadean times. CHOSMg and CHOMg compounds might fuel and
catalyze prebiotic metabolism, and ultimately represent an important factor
for the emergence and sustainment of life on Earth.

Non-targeted high-resolution analytical techniques such as Fourier Trans-
form Ion Cyclotron Resonance Mass Spectrometry is a suitable method to
analyse organic compounds in olivine mineral and in meteorites. As the
presence of organic compounds in olivine mineral was up to this date barely
investigated, the organic cargo of olivine was analyzed by multiple analytical
techniques to complementarily describe the organic compounds found in
olivine. Applied techniques are Fourier Transform Ion Cyclotron Resonance
Mass Spectrometry, liquid chromatrography quadrupole time-of-flight mass
spectrometry, and nuclear magnetic resonance spectroscopy. To evaluate the
stability of these organic compounds in olivine, heating experiments were
conducted. Organic molecules in olivine are stable to 600°C and above and
especially CHOSMg compounds reflect thermal alteration within their specific
organic signature.

CHOSMg compounds were consequently found to be present in a large set
of meteorites, which were specifically analyzed for the CHOSMg compound
class. Organosulfur magnesium compounds were present in higher abundances
in fusion crust compared to the inner matrix of the same meteorite. The
systematic analysis revealed that sulfur-magnesium organic compounds allow

iv



a differentiation of hydrothermal background without short-duration heating
meteorites, meteorites with moderate short-duration heating, meteorites with
intense short-duration heating and meteorites with long duration heating.
The data allows furthermore to predict unknown samples and classify them to
one of the four groups by comparing their CHOSMg signature. Moreover, the
chemical structure and properties were analyzed by MS/MS fragmentation
experiments and computational calculations to reinforce the assumptions on
how CHOSMg compounds could be made up.
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Zusammenfassung

Eine neu entdeckte chemische Verbindungsklasse von CHOSMg-Verbindungen
wurde sowohl im Olivin-Mineral als auch in Meteoriten entdeckt. Es wird
vermutet, dass sie eine Zwischenform zwischen den CHO- und CHOMg-
Verbindungen sind, da sie in Aspekten der chemischen Struktur ähnlich sind.
Die neu entdeckten Verbindungen stellen eine thermisch stabile Klasse or-
ganischer Moleküle dar, die leicht durch Hitze gebildet werden, sich aber
auch weiter zu CHOMg-Verbindungen als stabilste Form von metallorgani-
schen Verbindungen umwandeln. Das Vorhandensein dieser Verbindungen
und ihre Stabilität kann Auswirkungen auf die Stabilität organischer Ver-
bindungen unter extremen Bedingungen, wie z.B. in der extraterrestrischen
Umgebung oder den Eigenschaften der Hadean-Zeit, haben. CHOSMg- und
CHOMg-Verbindungen könnten den präbiotischen Stoffwechsel antreiben und
katalysieren und letztlich einen wichtigen Faktor für die Entstehung und
Erhaltung des Lebens auf der Erde darstellen.

Nicht zielgerichtete hochauflösende Analysetechniken wie die Fourier-
Transform-Ionen-Zyklotron-Resonanz-Massenspektrometrie sind geeignete
Methoden, um organische Verbindungen in Olivinmineralen und in Meteo-
riten zu analysieren. Da das Vorhandensein von organischen Verbindungen
im Olivinmineral bisher kaum untersucht wurde, wurde die organischen Mo-
leküle von Olivin mit mehreren analytischen Techniken untersucht, um die
im Olivin gefundenen organischen Verbindungen komplementär zu beschrei-
ben. Die angewandten Techniken sind Fourier-Transform-Ionen-Zyklotron-
Resonanz-Massenspektrometrie, Flüssigchromatographie-Quadrupol-Flugzeit-
Massenspektrometrie und Kernspinresonanz-Spektroskopie. Um die Stabilität
dieser organischen Verbindungen in Olivin zu betrachten, wurden Erhitzungs-
experimente durchgeführt. Organische Moleküle in Olivin sind bis 600°C und
darüber stabil und insbesondere CHOSMg-Verbindungen spiegeln thermische
Veränderungen innerhalb ihrer spezifischen organischen Signatur wider.

CHOSMg-Verbindungen wurden folglich in einem großen Satz von Me-
teoriten gefunden, die spezifisch auf die CHOSMg-Verbindungsklasse ana-

vi



lysiert wurden. Schwefelorganische Magnesiumverbindungen waren in der
Schmelzkruste in höheren Abundanzen vorhanden als in der inneren Matrix
desselben Meteoriten. Die systematische Analyse ergab, dass die schwefel-
magnesiumorganischen Verbindungen eine Unterscheidung von Meteoriten
mit hydrothermalem Hintergrund ohne Kurzzeiterhitzung, Meteoriten mit
moderater Kurzzeiterhitzung, Meteoriten mit intensiver Kurzzeiterhitzung
und Meteoriten mit Langzeiterhitzung erlauben. Die Daten ermöglichen es
außerdem, die Gruppe unbekannter Proben vorherzusagen und sie durch
den Vergleich ihrer CHOSMg-Signatur einer der vier Gruppen zuzuordnen.
Darüber hinaus wurden die chemische Struktur und die Eigenschaften durch
MS/MS-Fragmentierungsexperimente und chemischen Berechnungen ana-
lysiert, um die Annahmen zu untermauern, wie CHOSMg-Verbindungen
aufgebaut sein könnten.
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Chapter 1 - Introduction and Materials and
Methods

1.1 General Introduction

1.1.1 Organic Molecules in Geological Samples

For most of the time, geological samples were regarded as abiotic stony
structures consisting of various minerals and elements. The largest proportion
of the conducted research is solely focused on these mineral features, their
evaluation, their transformation under certain conditions of their physical
and chemical properties. For many people, the fact that geological samples do
only contain and consist of inorganic molecules is irrevocable. However, over
the last decades, research showed the existence of a large variety of organic
compounds within many geological samples of different origins. At first,
elemental carbon and simple carbon containing compounds were evidenced
within rocky samples by analyzing the elemental bulk composition. Later,
more refined research was conducted to investigate chemical structures and
oxidation states of the carbon within the samples. Today it is more and more
acknowledged that geological not only consist of inorganic molecules, but
also contain a large variety of organic compounds. Nevertheless, the organic
molecules inside of geological samples are barely investigated. They make up
only a small part of the total volume of compounds and thus were overlooked
for most of the passed time so far.

1.1.2 Research Questions

This work was written in the context of the emergence and sustainment of life
on Earth. The research of this field focuses on possible ways how life in our
universe can start and how it could have evolved over time until today. Three
major topics are looked at in this field, namely early synthesis, replication
and translations, and early metabolism and cells. Replication and translation
research focuses on DNA and RNA formation and their replication as well
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as peptides and proteins with catalytic functions. Early metabolism and
cell research is focused on amplification, self-replication, and physical and
chemical conditions, which were present at early Earth and how they could
have promoted life. The research field where this work contributes to is the
early synthesis. The topic focuses on the stability of compounds and how
early synthesis could have worked in the primordial soup. The theories of
this research field either represent the hypothesis that early Earth provided
enough small molecules to start and fuel chemical reactions, or state that
small and medium sized molecules already emerged in space and were brought
to Earth by carriers. This work presents a combination from both of these
theories, that larger molecules were built on Earth, but also that they came
from outer Space. The first question to answer is "Do geological samples
contain the suitable compounds to fuel and sustain the emergence
of life on Earth?".

Moreover, the question of stability of organic compounds within the
mineral matrix of geological samples arises. Organic compounds are known to
decompose in high-energy situations such as high temperature, impact, and
high pressure incidents. Nevertheless, minerals and rocks and many times face
these situations either in outer space during their appearance and evolution,
but also inside of our Earth in the mantle and in magma chambers. It is thus
unlikely to find organic compounds in geological samples and their presence
could be seen as counter-intuitive regarding all information which is up to
this date available regarding geological samples. Against all odds, organic
compounds can survive these harsh situations within the mineral matrix. A
second question is consequently "Do organic compound survive harsh
conditions and how are these conditions influencing the molecules
within the geological samples?"

Furthermore, the questions of the localization of the organic molecules and
the properties of the geological samples arose. It can likely be assumed that
organic compounds are not evenly distributed within samples and moreover
that not all geological samples contain similar amounts of carbon containg
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compounds. Consequently a question to be answered is "Where are organic
compounds located within geological samples?" Ultimately, a differen-
tiation between geological samples from extraterrestrial origin and terrestrial
origin can be analyzed to see if processes are similar in both regimes, so a last
question to be looked at would be "Are organic compounds in geological
samples more dependent on their origin or are there others factors
which have to be considered?"

1.1.3 Applied Methods

One of the reasons that organic compounds within geological samples are
laregly unvestigated is that their abundance is low compared to inorganic
molecules. Science had to develop a certain level of sensitivity and accuracy
to detect these compounds in the first place and hereafter investigate their
chemical structure. Nowadays, instrumental analysis has come far enough
to be able to firstly detect these compounds and secondly analyze them to a
certain level of confidence. One of the most applied techniques to unknown
compounds in samples is fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS). Due to high mass resolution and sensitivity,
even smallest amounts of organic compounds can be detected with this
technique. The accuracy and resolution if this technique is high enough to
even assign precise chemical compositions to detected mass signals. Similarly
precise is the technique of nuclear resonance spectroscopy (NMR) spectroscopy,
which allows to make statements about chemical connectivity. Ultimately,
this technique allows to investigate the abundance of chemical bonds of the
organic compounds in geological samples. Moreover liquid chromatography -
mass spectrometry (LC-MS) can be applied as a method to not only separate
organic compounds in a chromatographic run, but also provides fragmentation
spectra, which allow the chemical identification of chemical compounds. These
techniques together with data analysis and computational methods were
applied to investigate organic compounds in geological samples.
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1.1.4 Aim of this Work

Organic molecules within geological samples are widely investigated. Less is
known about their chemical properties as well as about their life cycle. In
this work, approaches to analyze organic compounds in mineral samples will
be shown. The implications of organic compounds in geological samples will
be outlined and the applications of organic analysis will be discussed.

The first chapter of this work will cover introducing information regarding
the general topic, the materials and methods applied in this research field
and a small recapitulation of the state of the art.

In the second chapter of this work, the organic compounds of a large
sample set of meteorites was investigated in a comparative manner. During
this process, a up to this point investigated compound class of CHOSMg
compounds was found and further analyzed. These molecules reflect differences
in the thermal history of the samples.

During further analysis it was shown that especially olivine mineral con-
tains a large amount of diverse organic compounds compared to other com-
partiments of geological samples. Olivine is a magnesium-iron silicate mineral
that is abundantly present in the Earth’s upper mantle, [1] but also in many
chondritic meteorites [2]. In chapter three, olivine mineral was further in-
vestigated. Also the influence of temperature on organic compounds of olivine
mineral was investigated. Furthermore, the comparison of three different
analytical techniques to investigate organic compounds in olivine is presented.

An outlook will further evaluate possibilities and research gaps which
are up to date not investigated. The here presented results can be further
looked at and can be refined as the discovery of organic compounds in mineral
samples is a very young field of research. The existence of organic compounds
implies an in depth analysis of these compounds and ultimately a deeper
understanding of the formation and implication of these organic compounds
as found in olivine and meteorites.
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1.2 Organics in Meteorites

For a long time, interstellar medium, molecular clouds, comets, and meteorites
were thought to be void of organic compounds. The rough extraterrestrial
conditions were assumed to be too hostile for organic compounds. However,
astronomical spectroscopy enabled the detection of first organic compounds
in the 1970s and until now, a large number of detected extraterrestrial
compounds followed [3,4]. Optical spectroscopy, radio spectroscopy, and X-
ray spectroscopy were successfully used to unravel the broad variety of large
compounds and simple molecules, which are omnipresent in our universe [5,6].
Consequently the assumption that meteorites also bear organic compounds
was quickly made and many times proven correct [7]. In contrast to the
targets of astronomical spectroscopy however, some samples, e.g. meteorites,
can be found on earth and thus enable the investigated of extraterrestrial
organic matter with all available methods on our planet. These samples from
outer Space consequently allow a in-depth analysis of organic molecules, which
was successfully performed by a manifold of groups with a broad variety of
scientific techniques (see Material and Methods part of this work).

1.2.1 Origin of Meteorites

A meteorite is defined as a solid body coming from an interstellar object such
as comets and asteroid, which survives the atmospheric entry to earth and can
be sampled on the surface. Meteorites are theorized to have formed from the
solar nebula and are consequently approximately 4.5 billion years old [8]. As
carriers of organic compounds, meteorites can give insights into the chemical
specitation of carbon and the chemical development of our solar system.
Meteorites are classified in different categories by geological and mineral
grouping [9]. As more than 200 different mineral types have been found in
meteorites so far, an exact identification is difficult. However, meteorites
were classified in three major classes. Firstly, iron meteorites, which are
composed of mostly an iron-nickel matrix, secondly, stony meteorites, which
are composed of silicates of rocks, and thirdly, stony-iron meteorites, which
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represent a combination of various degree of the first two classes.

Figure 1: Schematic classification of meteorites, adapted from Weisberg, McCoy, and
Krot 2006 [9] and taken from [10].

Especially in the group of chondrites, the carbonaceous chondrites are of
interest as they contain the largest amount of carbon of all meteorites [11].
They consist of approximately 3% carbon in various oxidation states and
versatile molecules. Carbonaceous chondrites are grouped again into different
types depending on their composition and their degree of hydration. For
example CI chondrites (Ivuna type) do not contain chondrules (round grains),
but have a high degree of hydration. CM chondrites (Mighei type) contain
small chondrules, a fine grained matrix and abundant hydrated minerals. CV
chondrites (Vigarano type) contain large chondrules and abundant matrix [12].
Another interesting group for the research of organic compounds are ordinary
chondrites, which are divided into three groups regarding their metal content.
H chondrites are high in iron and metal content, L chondrites are intermediate
between H chondrites and LL chondrites, which have low total iron and low
metal. Moreover, a special group of achondrites are the pallasites, which
are solely composed of a iron-nickel matrix together with olivine mineral
inclusions [12].
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1.2.2 Organic Compounds in Meteorites

When speaking about organic molecules in meteorites, most literature refers to
the organic compounds of carbonaceous chondrites as this class of meteorites
contains the most carbon [13–15]. A broad variety of meteorites has been
investigated with various different methods so far. All of these studies
concluded that meteorites contain organic compounds in two different forms,
namely soluble organic matter (SOM) and insoluble organic matter (IOM).
Analyzing these two different forms of organic compounds has to be conducted
in different ways due to their different chemical properties.

The IOM is a large macromolecular polyaromatic construct of organic
structures, which are interconnected, but insoluble in solvents due to chemical
size and polarity. Most studies conclude that the IOM represents the largest
proportion of the organic compounds in meteorites [16]. IOM has been
investigated since the 1980s with spectroscopic methods and with degradative
methods [17]. Degradative methods try to demineralize and extract the organic
matter with repeated use of hydrofluoric and/or hydrochloric acid [16, 18].
Besides polyaromatic macromolecular structures, also heteroatoms such as
oxygen, nitrogen, and sulfur were detected in the IOM. Spectroscopic methods
can be used on the extracted and cleaved IOM, but also can be applied on
the intact meteorite. Examples of these methods are 1H and 13C NMR,
transmission electron microscopy, electron energy-loss spectroscopy, Raman-
spectroscopy, infrared spectroscopy, or X-ray absorption near edge structure
spectroscopy [19–21]. A possible chemical structure of the IOM of Murchison
meteorite was published and can be seen in Fig. 2 [22].

The proposed structure contains high amount of (poly)aromatic structures,
which are cross-linked by aliphatic hydrocarbon chains with incorporation
of hetero-atoms. IOM is also highly susceptible to temperature alteration
and reflects the temperature history of meteorites. This enables an improved
classification of heat history and allows an allocation of samples to geological
groups, even where geology does not provide enough information [23,24].

In contrast to the IOM, the SOM, also called free organic compounds,
7



Model of molecular structure of the insoluble organic matter isolated from Murchison meteorite

Meteoritics & Planetary Science, Volume: 45, Issue: 9, Pages: 1461-1475, First published: 01 December 2010, DOI: (10.1111/j.1945-5100.2010.01122.x) 

Figure 2: Theoretical chemical structure of IOM as proposed to be found in meteorites as
stated by Derenne et al. [22]. Polyaromatic structures are cross linked by aliphatic chains
with hetero atom contribution.

can be more easily accessed for analysis and investigation [25]. Until today,
a manifold of organic compounds has been detected in meteorites, of which
many are also important for the sustainment of life and consequently could
also be essential for the emergence of life. Already in 1983, amino acids were
detected and analyzed in meteorites [26]. As building blocks of proteins,
amino acids are essential for life. Many of the proteinogenic amino acids
were found in different meteorites [19, 26–28]. Interestingly, also many amino
acids, which are not part of proteins were found in meteorites. More than
150 different amino acids were discovered in the SOM of meteorites [29].
Also nucleobases, which are the buildings blocks of RNA and DNA, were
found in meteorites [30–32]. Differently substituted purine and pyrimidine
molecules were detected in varying amounts in multiple meteorites [31]. In
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combination to this, sugar and sugar-like compounds were identified in many
meteorites [33, 34]. Thus all compounds to generate DNA and RNA are
provided within these extraterrestrial samples. Furthermore, carboxylic fatty
acids were detected also in meteorites in large amounts [35–37]. These
compounds are essential building blocks for cellular membranes and for
prebiotic metabolism. To sum up, the SOM found in various meteorites
provides the necessary building blocks to sustain life and even might augment
chances that life emerged on Earth, as all necessary compounds for life could
have been brought by meteorites. The investigation of organic compounds
enables to have a glance at the chemistry of outer Space a few billion years
ago, and also give indications of how our biological chemistry and metabolism
evolved from simple molecules (see Figure 3).
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Figure 3: Sketching chemical evolution in terms of molecular diversity and molecular
complexity. Molecular transformation within time and space is illustrated. Simple molecules
within interstellar and circumstellar media evolve to highly-oriented, organized, complex
macromolecules on planetary systems, enabling the potential of living systems. Originally
published by Ruf et al in Life Journal - MDPI Open Access. [38]
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1.2.3 Analysis of Meteorites and Implications

The analysis of organic compounds in meteorites and extraterrestrial material
not only helps us to understand extraterrestrial chemistry and the beginnings
of our Solar System, but is also of utmost importance when it comes to the
preparation for upcoming and already launched return missions. Meteorites
were for a long time the only extraterrestrial samples, which were accessible
for the analysis of physical and chemical properties of space. Their analysis
improved our understanding of the universe and helps to set the right focus
on the research questions and analytical procedures for the returned samples,
which are pristine and unchanged as found on the interstellar object. A
famous already finished return mission is the Hayabusa 2 mission [39], an
ongoing mission is the Osiris Rex mission [40]. From both missions, we can
expect a pristine extraterrestrial probe containing organic compounds from
the beginning of the solar system which ultimately shed more light on the
physical and chemical properties of our universe. Meteorite analysis and the
understanding of the formation of organic compounds enables a in-depths
analysis and interpretation of return mission samples to a up until today
unreached level of profoundness.
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1.3 Olivine Mineral

Olivine (Mg,Fe)2SiO4 is a neo- or orthosilicate mineral wich belongs to a group
of magnesium iron silicate minerals. The names derives from its green colour,
but depending on elemental composition and oxidation state, yellow and
brown colors are also seen [41]. While olivine, which contains more magnesium
displays a green/gray to white color, iron containing olivines show brownish
color. Olivine consists of isoloated silicon tetrahedra with magnesium and
iron cations at the octahedral positions. From a coordination point of view,
olivine mineral can be seen as an array of isolated SiO4

4- tetrahedra with Me2+

ions in octahedral holes [42] (see Figure 4). The mineral mostly contains a
mixture of magnesium and iron cations but also the pure magnesium and pure
iron forms can be found in nature. The magnesium endmember (Mg2SiO4) is
called Forsterite, the iron endmember (Fe2SiO4) is called Fayalite. Forsterite
has a high melting temperatures of 1900°C while the Fayalite has a melting
temperature of about 1200°C. The melting temperature of olivine descreases
with increasing iron content. Besides oxygen, silicon, magnesium, and iron,
the mineral also can contain nickel, calcium, aluminum, chromium, manganese,
and other cations, but far fewer in amount. Also part of the olivine group
are Tephroite (Mn2SiO4), Liebenbergite (Ni2SiO4), Monticellite (CaMgSiO4),
Kirschsteinite (CaFeSiO4), and Glaucochroite (CaMnSiO4) [43,44]. A concise
description of the mineralogy of the olivine group has been published by
Smyth et al. (2000) [44].

Many studies to investigate the chemical and physical properties of olivine
have been performed, investigating abiotic features and mineral characteristics.
Recently, olivine gained new attention due to its ability to abiotically generate
methan and elemental hydrogen, and within this topic, the connection to small
organic molecules was drawn. Besides the methane production, olivine is also
discussed to fuel the formation of organic compounds by aqueous alteration
on parent bodies [45,46]. The presence of olivine could be decisive factor when
it comes to abiotical synthesis of organic compounds in terrestrial samples as
well as in meteorites [47]. This discovery has opened many questions as well

11



4

A B

C

Figure 4: A Olivine (green-yellow and shine-through) inside iron-nickel matrix of a
pallasite. B Side view of olivine crystal structures. C Top view of olivine crystal structure

as allows different possible implications for multiple research fields.
Firstly, olivine might be a contributor to the emergence and sustainment

of life on earth. The abiotic formation of methane and other small organic
compounds can play an important role to provide prebiotic molecules, more
precisely essential compounds to form early organisms or to generate molecules
fueling prebiotic reactions. Olivine has been present on Hadean Earth and
is up to today still present on Earth and in extraterrestrial systems. Its
ubiquitous presence implies its contribution to the nowadays present organic
matter as it can be found in nature.

Secondly, an important field for olivine research is the sequestration of
carbon dioxide in regards to the greenhouse effect and the climate change.
Olivine undergoes serpentinization (see chapter 1.3.3 and 1.4) reaction when
in contact with water, for example on seafloors, in the mantle with disperse
groundwater reservoirs, or at olivine beaches. During this reaction, carbon
dioxide is transformed to either methane or carbonates, which are considered as
educts for subsequently evolving organic compounds. Magnesium carbonates
serve as nourishment for coral reefs or are subject to subduction transporting

12



carbon back into the Earth’s mantle. By weathering on tropical beaches,
olivine minerals could compensate for the yearly carbon dioxide emission of
humanity. Consequently olivine mineral plays a vital role in the terrestrial
carbon cycle.

Thirdly, another research topic on olivine is the abiotic formation of
methane in order to use it as fuel to replace crude oil. Several studies
investigated ideal reaction conditions to increase the yield of methane or other
biofuels generated by the reaction of olivine with water and carbon dioxide.
Critical parameters in this process are grain size, pH conditions, abrasion,
temperatures, and time.

Fourthly, olivine might be an important factor of the synthesis and
preservation of organic compounds in meteorites. As olivine represents a
frequently encountered mineral in many meteorites, the mineral could be a
critical factor for the carbon specitation in extraterrestrial geological samples.
Preliminary experiments showed that olivine contains a richer and broader
diversity of organic compounds in meteorites compared to fusion crust, melts,
or inner matrix of the same meteorite (data not shown). It can consequently
be assumed that olivine plays an important role in the formation of organic
compounds inside of meteorites.

Besides all of these research fields however, the hitherto unknown broad
variety of diverse and complex organic compounds in olivine mineral, which
is the crucial basis for the mentioned research fields, remains uninvestigated
to this date. Besides methane, also a broad variety of organic compounds
are formed in and on olivine. These small organic molecules show specific
characteristics depending on the conditions under which the olivine has been
formed, but also reflect environmental influences such as heating incidents.
Analyzing the organic molecules of olivine not only enables to more precisely
describe geological conditions during formation, which is especially essential
for extraterrestrial samples, but also enables the comparison of samples with
unknown origin, namely abundant meteorites which have been found on earth.
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1.3.1 Olivine Mineral on Earth

Olivine is the most abundant mineral in the Earth’s upper mantle, followed
by orthopyroxene, clinopyroxene, and garnet [1,48]. It usually occurs in mafic
and ultramafic rocks, for example basalt or dunite, as well as in metamorphic
rocks. Consequently olivine can mostly be found in former or recent active
volcanic sites such as La Réunion, the Azores, Hawai’i, or Iceland. Olivine
can also be found in Ophiolites, but quickly weathers when coming into
contact with water. The mineral is thus scarce on the Earth’s surface and
only exists if close to its source [49]. With increasing pressure in the Earth’s
mantle, olivine undergoes transitions. At 300 km of depth, the formation of
wadsleyite is observed, followed by spinel, perovskite, and magnesiowüstite
with increasing depth [48]. Olivine from the mantle can be brought back to
the Earth’s surface by active volcanism. The mineral phase mixes with the
magma down in the magma chamber. Thereby, it experiences intense heat and
pressure before eruption. The olivines from Shiveluch volcano, Kamchatka,
for example, encountered temperatures of approximately 1260°C and pressure
of approximately 6 kbar [50]. These conditions can last from several days up
to several years depending on timepoint of eruption.

A famous example of olivine on Earth is the green sand beach on the Big
Island of Hawai’i. Its green colored sand is coming from volcanic olivine from
the tuff ring south of Mauna Loa by washout. Other examples of green sand
beaches are in Guam, Floreana Island, and Norway. Futhermore, one of the
largest industrial used olivine deposits can be found in Norway, for example
near Åheim.

Despite the countless amounts of possible olivines to analyze, the most
famous terrestrial sample of investigated olivine is called “San Carlos” from
Arizona [51]. Due to its large availability, the olivine has been used by many
groups as a standard olivine to conduct research on the mineral. A detailed
description of the San Carlos olivine has already been published [52]. San
Carlos olivine has been classified as a Fo90, meaning that 90% of the olivine
are forsterite. Trace amounts of calcium and manganese have been found [53].
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1.3.2 Extraterrestrial Olivine

Similar to the Earth’s mantle, olivine is also the most abundant mineral
in many chondritic meteorites, which are the biggest class of meteorites [2].
Olivine is the first magnesium mineral to crystalize from the cooling solar
nebula [54]. This can be explained due to its high melting temperatures. The
mineral has been so far found in meteorites [55,56], on asteroids [57,58], on
Mars [59,60], and on the moon [61,62]. Especially pallasites are of interest
for olivine research since they mostly consist of metal and olivine mineral.
These stony-iron meteorites are possibly coming from core-mantle boundaries
of planetesimals or now disrupted asteroids [63–66]. Olivine derived from
pallasites have been shown to display chemical gradients of elements from
diffusion during slow cooling at temperatures above 800°C [65,67–71]. Over
many different pallasites, the found olivines show differences in their chemical
composition even though the cooling temperature with 0.5° to 2.0° C per
million years is a lot slower than on Earth [64]. Consequently the history
of the organic matter in these olivines should be different from each other,
but especially different to terrestrial olivine’s temperature history. The most
famous pallasite is Krasnojarsk, which was found 1749 in Siberia. Other
famous samples are Brahin, found 1807 in Belarus, and Esquel, found 1951
in Argentina [72]. Up to this date, more than 120 different pallasite samples
have been classified and most of them were found in Antarctica and in North
West Africa [12]. Organic matter in olivines from extra-terrestrial samples are
important in an astrobiological context and may contribute to the emergence
and sustainment of life. Furthermore, the history of these pallasites shed light
on carbon specitation in space. Organic compounds could consequently not
have emerged on Earth but were brought to our planet from outer Space.

1.3.3 Serpentinization

Olivine, which comes in contact with water under 500°C undergoes serpen-
tinization reaction, thereby forming serpentinite minerals [73]. This is a
hydration reaction, during which olivine ((Mg,Fe)2SiO4) is hydrated to ser-
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pentinite ((Mg,Fe)3Si2O5(OH)4) (see Eq. 1). Furthermore, Fe2+ in the olivine
is oxidized to Fe3+ leading to the abiotic generation of molecular hydrogen [74].
Especially this process of iron oxidation is the cause for the abiotic production
of hydrogen, which is able to promote further reactions (see Eq. 2).

18 Mg2SiO4 + 6 Fe2SiO4 + 26 H2O + CO2 −−→ 12 Mg3Si2O5(OH)4 +
4 Fe3O4 + CH4 [Eq. 1]

3 Fe2SiO4 + 2 H2O −−→ 2 Fe3O4 + 3 SiO2 + 2 H2 [Eq. 2]

As one of the first building blocks of life, H2 is able to fuel reactions that
lead to a diverse and complex organic matter [73,75–78]. H2, a strong reducing
agent, is able to react with CO2 dissolved in water and from the atmosphere to
form methane, ethane, propane, and many other organic compounds [73]. This
reaction has been widely researched regarding the methane production as well
as corresponding reaction parameters. Abiotic methane production has been
observed in terrestrial as well as in extra- terrestrial context. A famous spot
for serpentinization and abiotic methane production is the hydrothermal field
of lost city [79–81]. In this area, alkaline hydrothermal vents produce simple
molecules such as methane and hydrogen, which consequently represents a
famous research side for prebiotic compound synthesis. Olivine is exposed to
seawater at the mid- atlantic ridge with high pressure and temperature as
well as alkaline conditions. The conditions are ideal for serpentinization of
olivine. Consequently Lost City has been discussed as an exemplary site for
a possible emergence of life.

Furthermore, serpentinization reactions have also been observed on celes-
tial bodies [76, 82]. In theory, many extra-terrestrial environments feature
suitable conditions for abiotic methane formation by serpentinization. A
methane cloud detected on Mars for example is assumed to derive from
the serpentinization reaction [82]. In contrast to the abiotic production of
methane, the diverse and complex amorphous organic phase created by ser-
pentinzation has been so far less investigated, but occurs besides methane
aswell.

16



1.3.4 Carbon in Olivine

Carbon incorporation in the olivine is controversially discussed in the literature.
Carbon could be a direct substitute of silicon in the tetrahedral structure of
the olivine [83, 84] or it could be later dissolved in the structure, found as
carbonaceous phases, graphite, silicon carbide, and other compounds as well
as in sub- microscopic bubbles or cracks [85,86]. Freund et al. suggested, that
H2O and CO2 are, to a certain extent, soluble in upper mantle olivine. These
elements can further be converted to form H2 and reduced carbon to then cause
the formation of C-H entities. These organic molecules either exist in the form
of carboxylic acids, dicarboxylic acids, and medium chain fatty acids or are
directly attached to the Mg-silicate matrix by bonding to two O- moieties [87].
Similar organomagnesium molecules were also evidenced in carbonaceous
chondrites such as CM2 Murchison meteorite [88]. The carbon concentration
in olivine has been investigated by different groups and methods. Depending
on the used analytical technique, the amount of carbon is approximately
between 10 ppm and 30 ppm in San Carlos olivine [85, 86, 89–91]. A more
recent approach reports a carbon solubility in olivine of 0.1 ppm to 1 ppm [92].

1.3.5 Deep Carbon

Olivine plays an important role in the storage of carbon in the Earth’s mantle
in the context of deep carbon. In this context of deep carbon, olivine is
accountable for mass and energy transfer, tectonic deformation, mineral
deposit formation, carbon sequestration, and rheological changes in the
lithosphere. By comparing the numbers of amounts of carbon in, estimates
predicted that more than 99.99% of all carbon on Earth is in the mantle
and crust, excluding the core [93, 94]. These deep carbon sources, also called
endogen carbon, are in equilibrium with exogen carbon, the carbon found on
the Earth’s Surface [94]. By degassing events, for example volcanic eruptions,
carbon is transferred from deep carbon sources to the surface. At subduction
zones, carbon in the form of for example precipitated carbonates is transferred
back into the Earth’s mantle [95]. Both processes are slow and equilibrated
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depending on the depth of the endogen carbon within a range of million
years. Nevertheless, this process functions as Earth’s thermostat. During
glacial periods, the amount of greenhouses gases such as methane and CO2

were significantly lower compared to warmer periods. While this process
nowadays is quite slow, the exchange of carbon used to be a lot faster during
Hadean Earth [96]. Because if this process, olivine contains many molecules
derived from biological sources, but also molecules which were created inside
the olivine. The organic cargo of terrestrial olivine is different compared to
olivines from extra-terrestrial sources due to the contribution of life derived
compounds. Furthermore, the organic molecules in olivine also serve as a
source of energy for the deep biospheres [97,98]. Especially anaerobic bacteria,
which have been found is depths as deep as the Earth’s mantle profit from
organic molecules in olivine as a source of local energy sources. Consequently,
the storage of carbon in olivine plays an important role regarding climate
effects and thus is of utmost importance for the terrestrial carbon cycle [93].

1.4 Synthesis of Organic Compounds in Geological
Samples

Up to this date, the processes which allows the formation of organic compounds
in geological samples is not elucidated. However, basic and well described
chemical pathways have been investigated, which present plausible scenarios
for the organic synthesis in meteorites and olivine. As seen before, olivine
and the serpentinization reaction cause the generation of elemental hydrogen,
methane, and magnetite. These together with water and carbon dioxide,
which is readily found in meteorites as well as in olivine, are vital edcuts
for the subsequent synthesis of organic compounds. Both water and carbon
dioxide are furthermore provided by the Hadean environment, which could
also have promoted the synthesis of organic compounds. It is important to
know that carbon monoxide, carbon dioxide, water, and hydrogen are in
equilibrium to a certain extent (see Eq. 3).
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CO + H2O −−⇀↽−− CO2 + H2 [Eq. 3]

One of the reactions enabling the formation of methane is the Sabatier
reaction [99,100]. The Sabatier process allows the formation of methane from
carbon dioxide and hydrogen under high temperature and pressure conditions
(see Eq. 4). Both carbon dioxide and carbon monoxide can be educts for this
reactions (see Eq. 5).

CO2 + 4 H2
400°C−−−−→pressure CH4 + 2 H2O [Eq. 4]

CO + 3 H2 −−→ CH4 + H2O [Eq. 5]

CO2 or CO and H2 together can abiotically form methane which has been
many times observed in olivine. As CO2 and CO are present in olivine mineral
from inclusion or from the atmosphere and H2 is created by oxidation of iron
in olivine, the Sabatier process is a possible reaction pathway to describe the
generation of organic compounds in olivine and meteorites.

Moreover, the Fischer Tropsch (FT) synthesis is also a plausible chemical
way to abiotically generate alkanes, alkenes, and alcohols in mineral samples
[101, 102]. FT reactions require catalytic reaction surfaces such as metal
oxides in combinations with metal catalysis as known from nickel and iron.

n CO + (2 n + 1) H2 −−→ CnH(2n+2) + n H2O [Eq. 6]
n CO + 2 n H2 −−→ CnH2n + n H2O [Eq. 7]

n CO + 2 n H2 −−→ CnH(2n+1)OH + (n – 1) H2O [Eq. 8]

Similar to the Sabatier process, CO and H2 are consumed to produce
small organic compounds (see Eq. 6-8). FT reactions can results in alkanes,
alkenes, and alcohols which then again are educts for subsequent reactions.
The setting of this reactions in a catalytic environment within the olivine
or meteorites can cause further reductions by elemental hydrogen, but also
incorporation of hetero atoms or addition reactions towards double bonds
are plausible. The Sabatier process and the FT are two chemical reactions
schemes which allow the generation of a broad variety of organic compounds
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within the mineral environment of olivine and meteorite. All components
contribute to a diverse reaction pattern and are ultimately the educts for the
complex organic matter which can be observed within the mineral of olivine
mineral and meteorites.

The question of stability of organic compounds within the mineral matrix
of olivine arises. Generally, olivine is found in mafic rocks on earth and in
pallasites within extraterrestrial samples. Mafic rocks show characteristics
of high temperature alteration. Olivine are in contact with magma of above
1000°C in temperature. Within this temperature range, organic compounds
are unlikely to be stable and quickly decompose to small compounds, to
volatile gases, or completely to their elements such as black carbon. Also,
pallasites could be generally considered as hostile environments for organic
compounds due to intense heat in the parent body. Furthermore, they witness
cosmic radiation and space weathering which terminate at atmospheric entry,
a high temperature incident. A similar harsh treatment of organic matter
can be theoretically observed in meteorites and other extraterrestrial samples.
It is thus unlikely to find organic compounds in olivine and meteorites and
their presence could be seen as counter-intuitive regarding all information
which is up to this date available regarding geological samples.

Even though organic molecules in olivine and in meteorites experience
harsh conditions, they are not destroyed completely while inside the mineral
matrix. In contrast to the assumption that organic compounds cannot survive
such temperatures or conditions, olivine and meteorites provide a suitable
matrix to protect organic compounds from external conditions and shelters
them from hostile environments. Due to this fact, organic compounds can not
only survive in olivine and meteorites, but also change within the protective
matrix. Even though organic compounds are not destroyed by external
influences, they are also not unaffected by environmental changes.

Organic compounds, which are detectable by the introduced analysis
methods belong to the so called SOM. This SOM is soluble in polar protic
solvents such a methanol and consequently can be detected in for example
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Figure 5: Schematic figure of soluble organic matter in olivine. Possible reaction pathways
are shown when under temperature influence.

FT-ICR-MS. This part of the organic compounds are detectable to the
used methods and thus can the basis for further evaluation of the data.
Temperature incidents can change the composition of the organic compounds,
especially the SOM, in olivine. Fig. 5 shows possible pathways how organic
compounds can change with temperature in the olivine. As in the introduction
part discussed, the organic matter is trapped within the olivine in so called
micro-inclusions. This represents a closed system where organic matter mainly
reacts with itself. In some cases, reaction products, which are small enough,
for example molecular hydrogen, can escape the closed system, but also can
return in matters of time.

First of all, organic matter can react with itself. The SOM is assumed to
be nonreactive until temperature increases to supply the necessary energy for
reactions. This means, on the one hand, that organic matter in an olivine
is preserved or a long period of time, but on the other hand, that organic
compounds also reflect the temperature history of the olivine or the meteorites.
By increasing temperature, fragile bonds, for example such as in hydroxy-
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groups or amines, can easily break under the formation of gaseous water or
ammonia. New carbon-carbon bonds can be formed due to high temperature
and high pressure chemistry. The formation of more temperature stable
organic structures is favored compared to less stable ones. The whole organic
matter within in the micro-inclusion undergoes a wide variety of reactions
which are vastly unpredictable due to the high temperature and pressure
environment.

The SOM can also undergo reactions which render the molecules insoluble
in methanol. This can arise for example due to increase in size from newly
formed carbon-carbon bonds, but also because of reduced polarity when loss
of polar groups occurred. Ultimately this means that strong temperature can
change organic compounds in such kind of ways to make them undetectable
for the applied methods. For carbonaceous chondrites, the SOM represents
only 30% of all organic matter in the chondrites while the IOM represents
around 70% of all organic compounds [25]. In contrast, heat can also influence
the IOM to produce SOM which wasn’t detectable before heat. Consequently,
heat incident can completely change the composition of the SOM and then
IOM in olivine.

Moreover, the SOM can undergo reactions at the catalytic iron and
magnesium mineral matrix of the olivine. Magnesium and iron itself have
catalytic properties accelerating reactions of the organic compounds inside
the olivine. Furthermore, these metal can react with the organic compounds
themselves creating organo-metallic compounds. These compounds have
been predicted and their existence has be proven [88,103,104]. The unique
environment of organic compounds trapped within a catalytic matrix enables
the formation of hitherto unknown compounds, which will be further discussed
within this work.

Lastly, the energy provided by temperature increase can cause destruction
and elementarisation of organic compounds. Carbon is not infinite stable at
high temperatures and consequently transforms into elemental carbon, also
known as black carbon. During these reactions, atoms can also form small
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gases such as NH3, CO2, H2, SH2, and many more, which are small enough to
escape the micro-inclusions through the mineral matrix. However while such
gases can escape the closed system, they also can return within certain time
frames. It was shown that heated olivine shows reduced amount of molecular
hydrogen, which returns to the system after equilibrium time at atmospheric
conditions [87].

1.5 State of the Art with FT-ICR-MS

A large amount of research has been conducted on carbon-based compounds
which are omnipresent on our earth. Natural organic matter (NOM) is a
description of all organic matter which can be found in natural or engi-
neered environments. It is a product of biological tissue decay together with
metabolism products from life [105]. A subgroup of NOM is the so called
dissolved organic matter (DOM), which refers to carbon compounds dissolved
in an environment of choice [106]. DOM is mostly investigated in aquatic
samples (either freshwater or seawater) as well as in soil samples [106–108].
Since most of the NOM molecules exist only in trace amounts, high-resolution
techniques are needed to detect and characterize these compounds. Many
studies are thus conducted with FT-ICR-MS mass spectrometry in an untar-
geted approach to describe the complexity and diversity of NOM and DOM.
Untargeted FT-ICR-MS is an ideal method for NOM and DOM research.
Primarily, fourier transform ion cyclotron resonance (FT-ICR) provides the
necessary resolution and sensitivity to detect thousands of compounds found
in NOM and DOM samples. This is especially important due to the high
diversity and complexity of the compounds in these samples. A targeted
approach, in comparison, might be blind for certain structural modifica-
tions of compounds when they are out of the analytical windows. Thus a
comprehensive analysis of all compounds is favored [109].

FT-ICR-MS was many times used to detect DOM in freshwater and sea-
water samples. Within these samples, the method is able to detect pollutants
of different origins. Of special interest are disinfection byproduct from wastew-
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ater treatment facilities and pollution of drinking water. Here, FT-ICR-MS
can detect traces of unwanted chemical compounds which reduce water quality.
This ultimately gives insights into water safety which is important for human
health [110–128]. The same approach was used to detect organic compounds
and pollutants in soil and to determine their impact. Soil organic matter
is important for understanding how soils form, how they evolve and how
they are influenced by external stimuli [129]. The organic compounds in soil
contribute to the global carbon cycle. Furthermore they mirror soil quality in
questions of agriculture and are investigated regarding the climate change
and global warming [129–138].

FT-ICR-MS also proved its application to numerous extraterrestrial ge-
ological samples to determine their organic compounds. Organic matter
in extraterrestrial samples was witnessed in comets [139], interstellar/pre-
cometary ice analogues [140] and in many meteorites [141–147]. One of the
most investigated meteorite is carbonaceous chondrite Murchison. It fell 1969
in Australia and a total of approximately 100 kg of the meteorite were found.
FT-ICR-MS analysis revealed 14197 unique soluble chemical compositions
within the meteorite in the CHNOS chemical space with CHO, CHNO, CHOS,
CHNOS, and CHOMg molecular series [141]. Furthermore the extraction sol-
vent was investigated in this study. Methanol was shown to extract the most
amount of chemical compounds and is thus further used in follow-up studies.
The results from FT-ICR-MS were later corroborated with high-resolution
nuclear magnetic resonance spectrometry [148]. A recent study of Murchi-
son meteorite illustrates the influence of different ionization techniques in
FT-ICR-MS. In the study, atmospheric pressure photoionization (APPI) (+),
electrospray ionization (ESI) (+), and ESI (-) measurements were compared
and their contribution to the soluble organic matter was elucidated [147]. An-
other meteorite very similar to Murchison is Maribo. Also here, FT-ICR-MS
was able to detect 15600 unique signals belong to organic matter [142]. In
contrast to Murchison and Maribo, the Diepenveen meteorite was also an-
alyzed with FT-ICR-MS with the same parameters. It only contained 945
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assignable mass peaks [149]. This indicates that organic matter in geological
samples is strongly influenced by temperature and shock events of respective
samples. Many other meteorites were analyzed and organic molecules are
omnipresent in all of these extraterrestrial samples [139,143–145,150–154].

1.6 State of the Art with NMR

The ability to scan a broad range of aliphatic and aromatic chemical envi-
ronments of organic matter makes NMR an ideal method to use it for NOM
and DOM research [155]. Similar to FT-ICR-MS, NMR was broadly applied
to NOM research. Mostly water samples, for example freshwater or marine
water, soil samples, and geological samples of terrestrial and extra-terrestrial
origin were analysed with NMR. Of interest are besides 1H NMR also 13C and
15N NMR analysis. The technique allows the observations of chemical environ-
ments and also allows the comparison between samples [156]. Especially two
dimensional nuclear resonance spectroscopy (2D NMR) provides information
regarding connectivity of nuclei and contribution of mayor aliphatic and
aromatic groups. NMR independently, but also in combination with other
high-resolution techniques, enables a broader and more comprehensive view on
NOM and DOM in samples [148]. NMR was broadly used to analyse DOM in
freshwater and marine aquatic samples. The technique allowed a comparison
of NOM in water resources which ultimately implications for water treatment
regarding NOM removal in drinking water [157]. NMR has also been used
for groundwater analysis [158], and marine DOM analysis, which revealed
differential changes in the amount of DOM for different sampling depth. The
research on the field shows the wide diversity and complexity of marine DOM
and helps to understand biogeochemical processes in our seas as well as biodi-
versity in marine environments [156]. NMR was also proven to be a valuable
tool for NOM and DOM research in soil geochemistry. The method is used to
characterize soil samples as well as humification processes in soil [159]. Also
here 13C and 15N NMR analysis are important for the analysis of soil and its
humin, humic acid, and fulvic acid fractions [160]. For the diverse and complex
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organic matter in soil, NMR is an ideal analysis tool [161–164]. Organic mat-
ter in terrestrial and extra-terrestrial geological samples potentially records a
succession of chemical histories. For extra-terrestrial samples this could have
started with reactions in the interstellar medium, followed by evolution of the
early solar nebula as well as hydrothermal alteration in the meteorite parent
bodies [165]. Similarly organic matter of terrestrial geological samples can
reflect their respective temperature and pressure experience as well as water
alteration and repeated subduction in the Earth’s mantle. NMR was used
already very early to detect organic compounds in carbonaceous chondrite
Murchison [16, 166]. The detection of a broad structural heterogeneity in the
sample was postulated. Most detected signals belonged to alkane structures,
either linear or branched. This was also confirmed by another study com-
paring insoluble organic matter of the meteorites Murchison, Tagish Lake,
EET92042, and Orgueil. The most striking differences were observed in the
presence of sp3-hybridized carbon atoms [165]. Tagish Lake meteorite was
also analysed with 13C NMR. Besides aliphatic structures, signals were also
assigned to aromatic carbon atoms [167]. A recent study of Murchison mete-
orite with high resolution NMR and high-resolution FT-ICR-MS corroborate
the previously found results. The organic matter found in the extra-terrestrial
sample showed a diversity of aliphatic and aromatic signals in the methanolic
extract of the meteorite. Also 2D NMR was performed for the sample to
show the interconnectivity of the nuclei in Murchison organic matter [148].
Natural organic matter, either in terrestrial or extra-terrestrial samples, is
omnipresent. High-resolution NMR facilitates the analysis or hundreds of
different chemical structures within the NOM in the various samples.

1.7 State of the Art of LC-MS in NOM Analysis

The benefits of LC-MS analysis for a variety of compounds and samples has
been shown by various groups. The method is valuable for the detection and
separation of similar compound classes. It showed its advantages in many
scientific field including analytical chemistry, life sciences, food chemistry as
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well as in NOM research [168]. LC-MS was used for the NOM analysis of
water samples investigating pollution and by-products. NOM which reacted
with chlorine or ozone during water treatment can be cause possible health
risks. Systematic investigation of water samples with LC-MS enabled the
detection disinfection byproducts in drinking water [169]. More than ever,
pharmaceutical drugs found their ways in freshwater and drinking water
sources. Their large structural differences render their separation and simul-
taneous analysis difficult. The LC-MS was successfully used to track and
quantify the pharmaceutical compounds in water samples. The research help
to better understand contamination of water samples in order to develop
better water treatment procedures [170, 171]. In the research of NOM in soil,
LC-MS was also used to detect and characterize contamination. Especially in
regards to drugs residuals in soil, which can negatively influence soil microor-
ganisms, LC-MS provided valuable insights [172]. Other soil contaminations
were also analyzed by LC-MS. Poly-and perfluoroalkyl substances are known
substances to have severe influences on human health. These compounds
are not eliminated by water treatment facilities and thus can cause potential
health risks to humans. LC-MS was able to detect and describe the extent of
this soil pollution [173].

Also extra-terrestrial geological samples were analyzed with LC-MS. In
the context of the emergence of life, building blocks of life in meteorites were
of special interest for LC-MS analysis. Several carbonaceous chondrites from
Antarctica were scanned for their amino acid content. Besides the known 20
amino acids, several other amino acids were also detected in the samples [174].
A similar study also analyzed amino acids, but in CR meteorites [175].
Furthermore some compounds of a possible prebiotic pyruvate reaction were
witnessed in meteorites [176].
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1.8 Materials and Methods

1.8.1 FT-ICR Mass Spectrometry

The measurements were carried out with a 12 T FT-ICR mass spectrometer
Solarix (Bruker Daltonics) and the parameters were optimized via software
FTMS-Control V2.2.0 (Bruker Daltonics).

FT-ICR-MS is high a resolution mass spectrometry technique. It emerged
through the combination of two separate discoveries. First, the ion cyclotron
and the second, the Fourier transformation. The ion cyclotron was invented
by Earnest Orlando Lawrence in 1929. It is able to accelerate small charged
particles to high kinetic energies within a small volume [177, 178]. In 1963
the ion cyclotron was improved with the introduction of the ion cylcotron
resonance (ICR) experiment. The keys idea is detection based on electric
field interaction of ions instead of using impact techniques which was state
of the art at that time [179–181]. This leads to the development of a clearly
defined “cell” which is the basis for nowadays technological approaches. Only
two years later, Cooly and Tukey applied to the fast fourier transform (FFT)
algorithm to ICR experiments. This is considered as the most important event
in the development of FT-ICR-MS [181–184]. The application of the FT-ICR
technology allowed the reduction of time from several minutes to one second
for a single run because all excited m/z species were measured simultaneously.
Furthermore, the resolving power increased strongly compared to impact
detection. Ultimately, the resolution of the method is either limited by
magnetic field strength and magnetic field homogeneity, or trapping voltage of
the ions. Nowadays, strong magnets for FT-ICR are a question of price, but
significantly increase the resolution power, dynamic range, and mass range
of the mass spectrometry technique for a great extant. Depending on field
strength of the magnet and the respective analyzed sample, resolution is now
more precise than the mass of a single electron [181,185].
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1.8.2 Basics of FT-ICR-MS

The fundamental basis of FT-ICR-MS is the physical behavior of charged
particles in a homogenous magnetic field. In the case of FT-ICR-MS, the
charged particles are the ionized compounds of samples which are subject
to measurement. The charged ions in the ICR move in circles while being
exposed to the homogenous magnetic field. While charged particles move
inwards under such conditions, the centrifugal force partly compensates that
effect and pushes the ions on a certain radius. To achieve a stable circulation
of the ions, the frequency must match the cyclotron frequency. The cyclotron
frequency is described by the following formula:

f = qB

2πm
(1)

B is the magnetic field strength, q is the charge of the particle and m the
relativistic mass of the ion. Consequently, the frequency of the ions is only
dependable on magnetic field strength, charge, and mass of the ion. This
facilitates physical calculations to encrypt the signals obtained by FT-ICR-MS.
To keep the ions rotating, oscillating dipolar electric fields are applied. These
also can be used to enlarge the radius of the circulation for proximity of ions
to the detecting electrodes, allowing for a longer transient time of ions at
the detector electrodes, but also create coherent motion of same m/z species.
An image current is created and recorded as sinusoidal patterns, the free
induction decay (FID). Amplitude and periodic information are indicative
for abundance and cyclotron frequency of the ions. The FID is then, with
consideration to the time domain, converted to a mass spectrum with the
FFT algorithm [186–188].

1.8.3 High Resolving Power and Mass Accuracy

High-resolution is one of the most important benefits of FT-ICR-MS compared
to other mass spectrometrical approaches [189]. The resolving power is
defined as the ability to separate two peaks from each other. The resolution

29



is defined as the ratio of the peak position (m/z value) to its full width
half maximum (FWHM) of the respective peak. The resolution is ultimately
dependent on magnetic fields strength and can be influenced by transient
duration. Recently as resolution greater than 2700000 at m/z 400 was reported
with a 21 Tesla FT-ICR-MS device [185]. Ultimately, mass accuracy depends
on mass spectral signal-to-noise (S/N) ratio and digital resolution [190].
High mass accuracy and high mass resolution enable the differentiation
of the manifold of masses behind one nominal mass as seen in Figure 6.
Consequently high resolution and high mass accuracy is of utmost importance
for the investigation of complex organic matter such as NOM, petroleum,
meteorite organic matter, and DOM samples [191] .
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Figure 6: Fourier transform ion cyclotron resonance mass spectrometry spectrum depicting
thousands of different masses. Red box shows zoomed-in spectrum of m/z 319 with several
exact masses at one nominal mass.

1.8.4 Ionization Techniques

To generate charged ions for mass spectrometry, multiple methods have been
developed over the years, all with certain advantages and disadvantages. The
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ionization techniques can be divided into soft and hard ionization techniques.
Soft techniques are ionizing molecules without breaking their chemical bonds
and structures. Typical fragmentation reactions induced by soft ionization
are rarely observed. Examples for soft ionization include ESI, APPI, fast
atom bombardment (FAB), chemical ionization (CI), atmospheric pressure
chemical ionization (APCI), desorption electrospray ionization (DESI), and
matrix-assisted laser desorption/ionization (MALDI) [192,193]. An example
for a hard ionization technique, which usually causes chemical bonds to
break, is electron ionization (EI) [188]. Figure 7 shows important ionization
techniques and their ionization capabilities [194–196]. During this thesis,
the used ionization techniques include ESI and APPI. They will be further
elaborated.

Figure 7: Common ionization techniques and their respective ionization capabilities for
polarity and molecular weight

ESI is one of the most applied ionization techniques in mass spectrometry
[197]. The sample has to be in liquid form or dissolved in a solvent of choice.
In a first step, the sample is continuously flushed into the ESI-needle. Within
the needle, high voltage is present. At the end of the needle, the sample is
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sprayed into fine droplets with the help of a nebulizing gas, mostly nitrogen.
The nebulizing gas together with increased temperature and a Taylor cone
helps to generate a mono-disperse aerosol to easily evaporate the solvent of
the sample. This leads to an increase of surface charge density of the droplets
and a decrease of the droplet radius. A droplet of a certain size can only
contain a certain amount of similar charges according to the Rayleigh limit.
By reducing the volume and thus the surface, droplets are more and more
unstable with reduced size. Ultimately the droplets fall apart and emit ionized
molecules into the gas phase (Coulomb-Explosion). Positively or negatively
charged ions in the sample, depending if the positive or negative acquisition
mode, are then further analyzed. The ions are then transported into the
mass spectrometer by a sampling skimmer cone. The exact details of the
method are extensively described in literature [197, 198]. ESI is especially
useful for polar ions and shows ideal soft ionization properties for this group
of compounds [199,200].

APPI is a modification of APCI. Similar to ESI , the sample has to be
liquid or dissolved in a solvent of choice. The continuous flow of liquid sample
is, with an inlet, directly dispersed into a nebulizing gas current. The gas
passes a heating unit which enables evaporation of residual solvent, releasing
the sample into the gas phase. The sample in the gas phase then bypasses
vacuum ultraviolet radiation which causes ionization. Similar to ESI, the ions
then pass a sampling skimmer cone with subsequent transportation to the
mass spectrometry (MS) system [201]. In contrast to ESI, APPI mostly ionizes
nonpolar species and thus represents a complementary ionization technique
to ESI to fully cover polar as well as nonpolar species in the analyzed sample
with both techniques combined [110,202].

1.9 Nuclear Resonance Spectroscopy

The physical phenomenon of NMR was discovered by Block and Purcell
in 1946 [154, 203, 204]. In the beginning, it was mostly used for analytical
chemistry and chemical structure elucidation. Starting at the end of 1970, its
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importance for the investigation of biochemical processes grew. It also found
its way into clinical practice as a diagnostic tool due to its ability to observe
morphological changes in tissues, namely magnetic resonance imaging. [204].
The technique allows to observe magnetic fields around atomic nuclei. In
early years, the analysis of substances was difficult because NMR required
a large amount of sample to receive enough signal during the measurement.
The development of stronger magnets as well as more sensitive receivers
enabled the analysis of trace amounts reducing the needed amount of sample
significantly. Furthermore, the increasing resolution of NMR also enabled the
analysis of NOM and DOM samples, where several hundreds of molecules are
overlaying each other [161]. The development of special pulse programs lead to
the development of the so called 2D NMR spectrometry. 2D NMR allows to
see the coupling of nuclei to each other within a molecule to better investigated
chemical connections between the signals. Famous 2D NMR experiments are
correlation spectroscopy (COSY), total correlated spectroscopy (TOCSY),
and heteronuclear single quantum coherence (HSQC). [205–207].

The sample is, in a first step, dissolved in solvent of choice. Also the direct
measurements of liquid samples is possible. Deuterated solvents are used in
proton NMR to suppress the signals coming from these solvents. Solid state
NMR Spectroscopy is also feasible, but not further discussed in this work.
The sample is stored in a NMR glass tube and, for measurements, placed
inside the magnet of the NMR. Similar to FT-ICR-MS, a strong homogenous
magnetic field is also needed for NMR analysis. The homogeneity of the
magnetic field is of utmost importance for correct NMR measurement. To
avoid small local disruptions of the magnetic field, so called shims are used.
They correct the magnetic field in a small scale to homogenize it within the
sample. Furthermore a lock is used on the deuterated solvent to further
compensate for inhomogeneities in the magnetic field. Besides the magnet,
there are also radio frequency emitter coils and signal detection coils inside
the NMR. To excite the nuclei in the samples, a radio frequency (RF) pulse
is emitted. The frequency of the RF pulse has to perfectly match the nuclei
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of the sample, otherwise the energy is not absorbed and no resonance can be
observed. Most NMR emit several frequencies to cover a wide range of nuclei.
When nuclei absorb the RF pulse, they get into a so called excited state. Nuclei
excited by this pulse take a certain time to relax back to their normal state.
This relaxation can be measured by the signal detection coils. If the RF pulses
are repeated several times, the average spectrum will have a better signal to
noise ratio. The received signal is measured as the frequency over time of
relaxation, the so called FID. Fourier transformation is applied to the FID,
similarly to FT-ICR-MS. The received spectrum then shows the chemical
shift, a unit to compare nuclei with each other. The higher the chemical shift
(unit: parts per million (ppm)), the more “shielded” is the nucleus (see Figure
8). Unshielded protons are for example methyl-group protons, while more
shielded protons are for example aromatic protons [203,205,208–213].
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Figure 8: Chemical proton shifts of common functional groups in 1H NMR spectrum.
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1.10 Liquid Chromatography Mass Spectrometry

LC-MS analysis was performed using a maXis instrument (time of flight
mass spectrometry (TOF-MS)), (Bruker Daltonics, Bremen, Germany) in
combination with an UHPLC system (Acquity, Waters, Eschborn, Germany)
equipped with a photodiode array detector.

Liquid chromatography (LC) is a technique in analytical chemistry to
separate and identify components of a mixture. Chromatography itself is a very
old technique and maybe was first described in 1855 by Runge who described
the separation of dye on paper [214]. The phenomenon was further investigated
and used under the term “paper chromatography”. Liquid chromatography
was first introduced in 1941 [215]. In the late 1960’s, the first reports of high
performance liquid chromatography (HPLC) were published [216–218]. In
the following years, the method was further improved, better detectors were
introduced, and HPLC became a worldwide used method for the separation
and analysis of chemical mixtures [219].

Nowadays HPLC and its further improvements like UPLC are the gold
standard to chromatographically separate molecules in samples. Under high
pressure, the liquid or dissolved sample is flushed through the chromatography
column. The most important factors here are the stationary phase (in the
column) and the mobile phase (a solvent flushing the sample through the
column). Both have significant influence on the separation of the compounds
in the sample [220]. The compounds of the samples are separated and retained
by interactions with the stationary phase and the mobile phase which causes
the segregation of different chemical compounds [168].

In normal phase high performance liquid chromatography (NP-HPLC) the
stationary phase is silica gel. The surface mostly consists of hydroxyl groups,
so called silanol groups, causing polar interactions with the analytes. For more
specified purposes, the silanol groups can be bounded with usually amino,
diol, nitro, or cyano group for different polar interactions. In NP-HPLC, the
mobile phase consists of mostly apolar solvents. Frequently used solvents are
n-hexane, n-heptane, dichloromethane, dichloroethane, diethyl ether, methyl
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acetate, ethyl acetate, acetone, isopropanol, ethanol, or methanol as well as
mixtures of the mentioned solvents [221]. NP-HPLC is mostly used to separate
polar compounds and quickly elutes apolar compounds. Reverse phase high
performance liquid chromatography (RP-HPLC) is the most important and
most widely applied version of LC [221]. Here, the stationary phase is apolar
made by covalently attaching octadecyl silica chains to the free hydroxyl
groups. This is known as C18 phase [221]. Contrary to NP-HPLC, the
solvents for RP-HPLC are mostly polar solvents such as water, acetonitrile,
ethanol, and acetone or mixtures from those. RP methods are mostly used
to separate apolar compounds while polar compounds show a quick elution
with the polar solvents. Both NP-HPLC and RP-HPLC were refined over
the years and more and more elaborated methods were developed. Besides
stationary and mobile phase, also flow rate of the sample, additional chemicals
in the mobile phase, pressure, column temperature, pH of the mobile phase,
and many more factors are influencing the chromatographic runs. For new
compounds and mixtures, method development takes a significant amount
of time to improve separation methods. However, the HPLC technique is
indispensable for modern research.
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1.11 Representation and Data Treatment

For untargeted FT-ICR-MS analysis, the organic matter is prepared with a
method of choice (e.g. solvent extraction, solid phase extraction etc.) and
then measured. Due to the development of increasing field strengths of
magnets, the resolution of measured peaks increases and error margins of
elemental assignments shrink. Up to date, mass precision is better than the
mass of an electron (< 200 ppb) [88, 141,185]. For better mass accuracy, the
FT-ICR-MS is externally calibrated with a medium choice. After acquisition,
the data is processed with a software, in the case of this work with Data
Analysis 5.0 from Bruker. The signal to noise ratio for peak detection is
applied and an internal calibration with known compounds can be applied
to the spectrum. Afterwards, the exported spectrum is further cleaned by
certain filters such as a mass defect filter, an isotope filter, and a wiggle filter
to remove satellite peaks. The cleaned spectrum is then subject to a formulae
assignment mechanism. High mass accuracy allows the precise assignment of
elemental compositions to respective signals in the mass spectrum. This can
be done by calculating elemental compositions which fit the detected masses in
a certain error range. For better annotation results, rules regarding chemical
compositions have to be applied [222]. Another method to assign masses is
mass differences networks [191,223–225] in regards to sought reactions. This
appraoch is particularly interesting in metabolomics to evidence the metabolic
pathways. Both methods have advantages and disadvantages, but both yield
chemical formulae which were to m/z values assigned in a certain mass error
range. With the chemical formulae assignments, general information about
the analyzed organic matter can be given. Usually, molecules are grouped in
specific compound classes according to their chemical composition, mostly
CHO, CHNO, CHOS, CHNOS, and CHOMg. Furthermore, ratios of certain
elements can be calculated. Most prominent are the O/C and H/C ratio. The
H/C ratio gives information regarding the saturation of the molecules. Values
around H/C = 2 are mostly saturated structures, for example saturated long
chain fatty acids, long chain alcohols, or long chain hydrocarbons. Lower
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values around H/C = 1 resemble aromatic structures, for example benzene
or polyaromatic hydrocarbons (PAH). The O/C value shows oxygenation
of molecules. Low O/C values are typical for fatty acid like structures as
well as condensed hydrocarbons. Higher values up to O/C = 1 belong to
sugar-like compounds or polyphenolic compounds such as tannins. Both O/C
and H/C value can be plotted in the so called Van Krevelen diagram [226].
In this diagram the position of the molecules allow approximations about
their biochemical class: carbohydrates, lipids, phenolics, black carbon, and
many more. Also, homologous chemical structures in the CHO space are
seen as lines in the graphs. Usually the intensity of assigned formulae of m/z
values are represented as dot size in the diagram [227]. Figure 4 shows an
exemplary Van Krevelen diagram from carbonaceous chondrite Murchison as
well as explanatory features. Furthermore, more descriptive ratios have been
developed to describe the natural organic matter. A first approximation of
the aromaticity and the presence of double bonds of organic matter is the
calculation of double bond equivalent (DBE) [228].

DBE = C − 0.5 ∗ H + 0.5 ∗ N + 1 (2)

Certain rations of elements are used to approximate the number of double
bonds a structure has. This was further developed to the aromaticity index
(AI) value to give more precise information. The AI was developed [229],
giving more precise values of aromaticity by better including heteroatoms in
the chemical formulae. The aromaticity index was calculated by the following
formula:

AI = 1 + C − O − S − 1/2H

C − O − S − N − P
(3)

The aromaticity equivalent (Xc) is a value which allows precise differentiation
of aromatic compounds [230]. It describes especially aromatic compounds
more precisely than the aromaticity index or DBE. The aromaticity equivalent
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was calculated by the following formula:

Xc = 2C + N − H − 2mO

DBE − mO
(4)

The values of m in this formula can vary and usually are either 0, 0.5 or 1
depending on the class of compounds. For untargeted compounds in the CH
and CHO spaces, m=0 was chosen as a value in this work.

Regarding the oxidation of molecules, the carbon oxidation state (Cos)
can be calculated [231]. It is especially useful to determine the oxidation of
CH and CHO compounds, but can de challenging for heteroatom containing
molecules. The following formula was used to calculate the Cos. This is an
approximation which only works for CH and CHO compounds.

Cos = 2O

C
− H

C
(5)

The calculation needs respective oxidation state of heteroatoms which is
hardly feasible for NOM samples. All of these ratios allow the comparison
and description of NOM samples and their respective classes. Furthermore,
supervised and unsupervised methods such as principal component analysis
(PCA), partial least squares regression (PLS), partial least squares regression
discriminant analysis (PLS-DA), heat map analysis, and many more are viable
techniques for data evaluation [232,233].
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Figure 9: Exemplary Van Krevelen Diagram. O/C vs. H/C is plotted. Data taken from
carbonceaous chondrite Murchison – methanolic fraction analysed with FT-ICR-MS in
ESI(-) mode. Dot color represents chemical spaces – CHO (blue), CHNO (orange), CHOS
(green) and CHNOS (red). Dot size represents intensity in the spectrum. Characteristic
lines and areas are marked in the diagram.

1.12 Python

To facilitate the data evaluation, some computational calculations and figure
designs were automated via several Python scripts. The used input files for
Python are the generated output files from NetCalc 2017 [223]. Calculations
and figures were performed in Python 3.8.5 within the Jupyter Notebook
environment of Anaconda (Version 1.9.7).

Loaded packages include Pandas, Math, and Numpy for dataframe man-
agement and computations. Seaborn and Matplotlib were used for visual
design of figures. Imported files include the annotation file and the loaded
spectrum for NetCalc. Both files are used to create a dataframe on which
all further calculations are running. Edge and node files were also imported
and expanded with additional information like chemical space. Both files
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ultimately can be used to create mass difference networks.
Since the NetCalc 2017 output only contains calculated amounts of each of

the elements, Python was used to facilitate and accelerate the data evaluation.
The function "assign_class" is used to assign each chemical composition a
respective chemical space (see Listing 1).

Listing 1: Function to assign chemical spaces
1 # Crea t e s a f u n c t i o n to a s s i g n the d i f f e r e n t chem i ca l s pac e s
2 def a s s i g n _ c l a s s ( Frame ) :
3 i f Frame .H > 0 and Frame . C > 0 and Frame .O > 0 and Frame .N ==

0 and Frame . S == 0 and Frame . P == 0 and Frame .Mg == 0 and
Frame . Br == 0 :

4 return "CHO"
5 e l i f Frame .H >0 and Frame . C > 0 and Frame .O == 0 and Frame .N

== 0 and Frame . S == 0 and Frame . P == 0 and Frame .Mg == 0 and
Frame . Br == 0 :

6 return "CH"
7 e l i f Frame .H >0 and Frame . C > 0 and Frame .O == 0 and Frame .N

> 0 and Frame . S == 0 and Frame . P == 0 and Frame .Mg == 0 and
Frame . Br == 0 :

8 return "CHN"
9 e l i f Frame .H >0 and Frame . C > 0 and Frame .O == 0 and Frame .N

== 0 and Frame . S > 0 and Frame . P == 0 and Frame .Mg == 0 and
Frame . Br == 0 :

10 return "CHS"
11 e l i f Frame .H >0 and Frame . C > 0 and Frame .O > 0 and Frame .N

> 0 and Frame . S == 0 and Frame . P == 0 and Frame .Mg == 0 and
Frame . Br == 0 :

12 return "CHNO"
13 e l i f Frame .H >0 and Frame . C > 0 and Frame .O > 0 and Frame .N

== 0 and Frame . S > 0 and Frame . P == 0 and Frame .Mg == 0 and
Frame . Br == 0 :

14 return "CHOS"
15 e l i f Frame .H >0 and Frame . C > 0 and Frame .O > 0 and Frame .N

> 0 and Frame . S > 0 and Frame . P = = 0 and Frame .Mg == 0 and
Frame . Br == 0 :

16 return "CHNOS"
17 e l i f Frame .H >0 and Frame . C > 0 and Frame .O >= 3 and Frame .N

== 0 and Frame . S == 0 and Frame . P == 0 and Frame .Mg == 1 and
Frame . Br == 0 :

18 return "CHOMg"
19 e l i f Frame .H >0 and Frame . C > 0 and Frame .O >= 3 and Frame .N

== 0 and Frame . S == 0 and Frame . P == 0 and Frame .Mg == 2 and
Frame . Br == 0 :

20 return "CHOMg"
21 e l i f Frame .H >0 and Frame . C > 0 and Frame .O >= 3 and Frame .N

41



== 0 and Frame . S > 0 and Frame . P == 0 and Frame .Mg == 1 and
Frame . Br == 0 :

22 return "CHOSMg"
23 e l i f Frame .H >0 and Frame . C > 0 and Frame .O >= 3 and Frame .N

> 0 and Frame . S == 0 and Frame . P == 0 and Frame .Mg == 1 and
Frame . Br == 0 :

24 return "CHNOMg"
25 e l i f Frame .H >0 and Frame . C > 0 and Frame .O >=3 and Frame .N

> 0 and Frame . S > 0 and Frame . P == 0 and Frame .Mg == 1 and
Frame . Br == 0 :

26 return "CHNOSMg"
27 e l i f Frame .H >0 and Frame . C > 0 and Frame .O >=3 and Frame .N

== 0 and Frame . S == 0 and Frame . P == 0 and Frame . Br > 0 and
Frame .Mg == 1 :

28 return "CHOBrMg"
29 e l i f Frame . i C l > 1 :
30 return " Not u s e f u l "
31 e l s e : return " Not u s e f u l "

By simply comparing if numbers of certain elements are higher than or
equal to zero, the function assigns all of the needed chemical spaces. If a
composition has no valid chemical composition, for example only H and Mg
are larger than zero, these mass peaks are assigned to the chemical space
"Not useful". Those chemical composition which are not useful are removed
from the table in a later step. Also the function already detects if a chlorine
adduct would be possible for a structure, which is only possible in negative
mode. Depending on the desired compounds, the families to assign can be
adjusted. For biological samples, also phosphorus can be included in this
function. Also possible is a in-depth analysis of all compounds, where already
the amounts of hetero atoms are specified, for example CHOS1, CHOS2 and
so on.

Similar to the assignment of the chemical composition, another function
was written to calculate the chemical composition in a sum formula kind
of way. The function reads out every chemical space as defined before and
calculates the chemical sum formula. The result of this function would be
C6H12O6 for the CHO compounds glucose. These sum formulae are especially
useful to compare measured compounds between different measurements,
especially when negative and positive ionization mode were used. By adding
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a proton to [M-H]- species from negative ionization mode and by subtracting
a proton from [M+H]+ from positive ionization mode, both sum formulae
are in the neutral form and are thus similar for the same compounds. In
this function, also the possibility to differentiate between adducts is given.
[M-H]- adducts and [M+Cl]- adducts could be considered as different chemical
formulae regarding their atoms. The subtraction of chlorine for [M+Cl]-

adducts is possible which renders both adducts to the same chemical formula.
Thus similar molecular structures are not considered as different compounds
in the analysis. The underlying code for this function can be seen in Listing
2.

Listing 2: Function to assign chemical composition
1 # Crea t e s a f u n c t i o n to c a l c u l a t e the c o m p o s i t i o n a l f o rmu lae
2 def as s i gn_Compos i t i on ( Frame ) :
3 i f Frame . Fami ly == "CHO" :
4 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "O" +

s t r ( Frame .O) )
5 e l i f Frame . Fami ly == "CHNO" :
6 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "O" +

s t r ( Frame .O) + "N" + s t r ( Frame .N) )
7 e l i f Frame . Fami ly == "CH" :
8 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) )
9 e l i f Frame . Fami ly == "CHN" :

10 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "N" +
s t r ( Frame .N) )

11 e l i f Frame . Fami ly == "CHS" :
12 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "S" +

s t r ( Frame . S) )
13 e l i f Frame . Fami ly == "CHOS" :
14 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "O" +

s t r ( Frame .O) + "S" + s t r ( Frame . S) )
15 e l i f Frame . Fami ly == "CHNOS" :
16 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "O" +

s t r ( Frame .O) + "N" + s t r ( Frame .N) + "S" + s t r ( Frame . S) )
17 e l i f Frame . Fami ly == "CHOMg" :
18 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "O" +

s t r ( Frame .O) + "Mg" + s t r ( Frame .Mg) )
19 e l i f Frame . Fami ly == "CHOSMg" :
20 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "O" +

s t r ( Frame .O) + "S" + s t r ( Frame . S) + "Mg" + s t r ( Frame .Mg) )
21 e l i f Frame . Fami ly == "CHNOMg" :
22 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "O" +

s t r ( Frame .O) + "N" + s t r ( Frame .N) + "Mg" + s t r ( Frame .Mg) )
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23 e l i f Frame . Fami ly == "CHNOSMg" :
24 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "O" +

s t r ( Frame .O) + "N" + s t r ( Frame .N) + "S" + s t r ( Frame . S) + "Mg"
+ s t r ( Frame .Mg) )

25 e l i f Frame . Fami ly == "CHOBrMg" :
26 return ( "C" + s t r ( Frame . C) + "H" + s t r ( Frame .H) + "O" +

s t r ( Frame .O) + " Br " + s t r ( Frame . Br ) + "Mg" + s t r ( Frame .Mg) )
27 e l s e :
28 return " Not P o s s i b l e "

Both functions are readily applied on the dataframe and new columns are
added with the additional information. Also the "not useful" rows are deleted
from the data which is a first cleaning step in data analysis.

Furthermore, basic calculations can be performed to add descriptive
numbers to the data frame. The algorithm can easily perform calculations to
get H/C and O/C ratios as well as the AI. For plots to visualize Kendrick mass
defects, calculations are performed to receive the Kendrick mass, the nominal
mass, and lastly the Kendrick of all compounds. Further calculative numbers
which are computed here are DBE, DBE per carbon, Xc with different values
of O, and some weighted averages of values. The exact calculations of all of
these values can be found in the Materials and Methods part of this work.
Easier calculations such as the ratios between carbon and hydrogen or oxygen
and carbon are also calculated via script (not shown in code). The weighted
averages have to be summed and divided but the sum of all intensities to
receive valuable information. The code for all the calculations can be seen in
Listing 3.

Listing 3: Calculation of descriptive values
1 H_C = ( df .H/ d f . C)
2

3 O_C = ( df .O/ d f . C)
4

5 # Accord ing to Koch 2006
6 AI1 = 1 + df . C − d f .O − d f . S − 0 .5 ∗ d f .H
7 AI2 = df . C − d f .O − d f .N − d f . S
8 A_I = AI1/AI2
9

10 DBE = ( d f . C) − ( d f .H ∗ 0 . 5 ) + ( d f .N ∗ 0 . 5 ) + 1
11

12 DBE/C = df .DBE / d f . C
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13

14 Xc(m=0) = ( ( ( d f . C∗2) + ( d f .N) − d f .H − ( d f .O ∗2 ∗0) ) / ( ( d f .DBE)
− ( d f .O ∗0) ) ) + 1

Furthermore, Python allows the automatic scaling of date, which can be
necessary in mass spectrometry data. Since intensities of many peaks can
differ by large amounts (sometimes up to 106), a scaling of the intensities
yields better data evaluation and visualization results. Intensities are scaled
by calculating the n-th root of the original intensities or by using logarithmic
transformation. Depending on the data set, the n-th root has to be set to
different values of n. Intensities are afterwards more uniform, show smaller
ranges in between, but still reflect important differences in intensities. Another
possibility is to cut high intensities to a certain value. This method however
neglects the ratio between the intensities of different peaks.

Listing 4: Van Krevelen Diagram
1 Van_Kreve l en_scat te r = sns . s c a t t e r p l o t ( data = data_Van_Krevelen ,
2 x="OC" , y="HC" ,
3 s i z e = data_Van_Krevelen . I n t e n s i t y ,
4 s i z e s = (0 . 01 , 500 ) ,
5 l e g end = Fa l s e ,
6 a lpha = 0 . 5 ,
7 e d g e c o l o r = " b l a c k " ,
8 l i n e w i d t h = 0 . 1 ,
9 hue = " Fami ly " ,

10 p a l e t t e=d i c t (CHO="#000080" , CHNO="#FF6600 " , CHOS=
"#008000" , CHNOS ="#FF0000 " ) )

11

12 Van_Kreve l en_scat te r . set ( x l im =(0 ,1) , y l im = ( 0 , 2 . 5 ) )
13 Van_Kreve l en_scat te r . s e t _ x l a b e l ( "O/C" , f o n t s i z e = 14)
14 Van_Kreve l en_scat te r . s e t _ y l a b e l ( "H/C" , f o n t s i z e = 14)
15 Van_Kreve l en_scat te r . s e t _ t i t l e ( "Van Kreve l en Diagram " )
16 Van_Kreve l en_scat te r . x a x i s . s e t_t i ck_params ( l a b e l s i z e =14)
17 Van_Kreve l en_scat te r . y a x i s . s e t_t i ck_params ( l a b e l s i z e =14)

Listing 5: Mass-edited H/C Diagram
1 MZ_edited_scatte r = sns . s c a t t e r p l o t ( data =

data_MZ_edited_scatter ,
2 x=" mz_value_x " , y="OC" ,
3 s i z e = data_MZ_edited_scatter . I n t e n s i t y ,
4 s i z e s = (0 . 01 , 500 ) ,
5 l e g end = Fa l s e ,
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6 a lpha = 0 . 5 ,
7 e d g e c o l o r = " b l a c k " ,
8 l i n e w i d t h = 0 . 1 ,
9 hue = " Fami ly " ,

10 p a l e t t e=d i c t (CHO="#000080" , CHNO="#FF6600 " , CHOS=
"#008000" , CHNOS ="#FF0000 " ) )

11

12 MZ_edited_scatte r . set ( x l im =(100 ,750) , y l im = ( 0 , 0 . 5 ) )
13 MZ_edited_scatte r . s e t _ x l a b e l ( "m/z v a l u e " , f o n t s i z e =14)
14 MZ_edited_scatte r . s e t _ y l a b e l ( "O/C" , f o n t s i z e =14)
15 MZ_edited_scatte r . s e t _ t i t l e ( "O/C Diagram " )
16 MZ_edited_scatte r . x a x i s . s e t_t i ck_params ( l a b e l s i z e =14)
17 MZ_edited_scatte r . y a x i s . s e t_t i ck_params ( l a b e l s i z e =14)

As one of the most preferred figures for visualization, mass-edited H/C
diagrams and Van Krevelen diagrams are used in NOM and DOM research.
An explanation of these diagrams can be found in the materials and methods
part of this work. Both diagrams can be readily computed and visualized
in Python. By scaling the x-axis and y-axis to certain ranges, using color
codes for different chemical spaces and applying and alpha-value to make
bubbles in the diagrams see-through, the understanding and interpretation of
the diagrams is facilitated. The code which was used to generate mass-edited
H/C diagrams is shown in listing 5 and Van Krevelen diagrams is shown in
listing 4. This code can be adapted to specific chemical spaces and further
adapted for enhanced visualization of data. To show relationships of the
relative and absolute amounts of different compound classes, pie charts and
bar plots can be applied in a comparative way. While pie charts show the
relative amount of compounds compared to the total amount, bar charts can
easily visualize absolute amounts of counts of compounds. To compare the
amounts of different elements in different chemical spaces, a comparative bar
chart can be the solution. Either chemical spaces as well as the analyzed
element can be changed readily. This comparison is also possible with relative
amounts of compounds which ultimately facilitates comparison of samples
with a large difference in absolute amounts of compound classes. This is
especially valuable to compare amounts of sulfur and nitrogen in compounds
which do and do not contain magnesium.
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All shown code is exemplary for the used code to conduct this work.
Scripts were adapted to different tasks and output figures were enhanced for
better understanding of the underlying message and information. Python is a
highly diverse programming language also enabling statistical approaches for
example multivariate analysis. Automated scripts facilitate and accelerate
data evaluation, data treatment, and figure design to a great extant compared
to older techniques. Most of the underlying calculations and the data analysis
during this work was performed with these kinds of scripts. Programming
with languages like Python is influenced highly by day to day developments.
By the time this work is published, the stated code might already outdated.
Nevertheless, Python served as a utile analytic tool during this work.
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Chapter 2
Thermal History of Asteroid Parent Bodies is Reflected in Their
Metalorganic Chemistry

Matzka, M., Lucio, M., Kanawati, B., Quirico, E., Bonal, L., Loehle, S., and
Schmitt-Kopplin, P. (2021). Thermal History of Asteroid Parent Bodies Is Re-
flected in Their Metalorganic Chemistry. The Astrophysical Journal Letters, 915(1),
L7.

Organo-magnesium compounds were shown to contribute significantly to the
soluble carbon molecular complexity and diversity of meteorites, and their anal-
ysis increases our knowledge on carbon stabilization/sequestration processes in
the asteroidal parent body. Here we present a new group of sulfur-magnesium-
carboxylates detected using ultra–high-resolution mass spectrometry in a
variety of meteorites. These novel compounds show increased abundance
correlated with the thermal history of the asteroid parent bodies. By compar-
ing the soluble organic extracts of 44 meteorites having experienced variable
post-accretion history, we describe distinct organic compound patterns of
sulfur-magnesium-carboxylates in relation to their long- and short-duration
thermal history. It is shown that the exceptional stability of these molecules
enables survival of carbon under harsh thermal extraterrestrial conditions,
even in the vitrified fusion crust formed during entry into the Earth’s atmo-
sphere. Sulfur-magnesium-carboxylates augment our understanding of parent
body proceedings with regard to carbon sequestration and speciation in space.

Reprint permitted under the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/).
Contribution: M.M. designed and performed research, analyzed the data and built
models. M.M. wrote the paper.
Impact factor 2020: 7.413
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2.1 Introduction

Meteorites not only consist of mineral and inorganic metal phases but also
embody an immense diversity of carbon-based chemistry. These organic
compounds were reported in many extraterrestrial samples, including vari-
ous carbonaceous, ordinary chondrites, as well as achondrites, such as HED
(howardite- eucrite-diogenite) meteorites [86,234–236]. Various life-relevant
organic compounds such as the high variety of amino acids [28,237], nucle-
obases [32,238], carbohydrates [239], fatty acids [36], and inorganic gases [240]
have generally been detected and analyzed in meteorites. The CM2 meteorite
Murchison, a carbonaceous chondrite breccia from the Mighei type with
alteration by water-rich fluids on its parent body, is still being intensively in-
vestigated since its fall in 1969 and considered as a well-known extraterrestrial
sample for abiotic organic complexity [156,241]. Recently, nontargeted organic
spectroscopy involving ultra-high- resolution methods in mass spectrometry
and nuclear magnetic resonance spectroscopy expanded the structure descrip-
tion of the soluble organic matter of such valuable meteorites [27,242]. The
access to high-resolution analytical information using these novel technologies
enables fundamentally new ways to identify and characterize the organic
variety in extraterrestrial samples, containing not only carbon (C), hydrogen
(H), and oxygen (O) but also a continuum of heteroatoms such as nitrogen
(N) and sulfur (S) and metal ions [141,147,148].

Over the past decade, metal-containing organic molecules have been
proven to be important in meteorites. These molecules are, for example, an
iron-cyanide compound with similarity to the active side of hydrogenases
[103,104] and a new class of dihydroxymagnesium carboxylate compounds,
found in relation to strong metamorphic events in meteorites [88]. Light
elements such as nitrogen (N) or sulfur (S) were detected in extraterrestrial
meteoritic samples in different quantities and qualities in the form of gas
to more complex molecular compounds [14]. Sulfur is especially known to
be available in relatively high amounts as minerals such as pyrrhotite and
pentlandite, as metal sulfides, and as organic molecules in various meteorites
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[141, 243, 244]. This element was found under different oxidation states, as
well as in different compound classes such as sulfides (e.g., H2S), mono-
and disulfides, heterocycles, sulfoxides, sulfites, sulfones, sulfo- nates, and
sulfates [245]. Water alteration can mobilize sulfur from the mineral phases
and from metal sulfides, which then can be subject for subsequent reactions
[141]. Furthermore, heating and shock can also release sulfur-containing
structures from the insoluble organic matter. Under high pressure and
temperature conditions, sulfur in its various oxidation states can interact
with metals and carbonaceous phases to form thermodynamically stable
com- pounds, which will be thermodynamically stable and survive the harsh
extraterrestrial conditions. Discussed reactions to geo- synthesize organic
compounds in meteorites are Fischer–Tropsch- type (FTT) reactions [102]
or Sabatier processes [99,100], which use CO and H2 in which can undergo
further reactions.

In this study, we demonstrate the existence of a yet unrecognized and
novel organic compound class bearing the elements carbon, hydrogen, oxygen,
sulfur, and magnesium— CHOSMg compounds. CHOSMg compounds are
molecules with the general formula CxHyMg1-2Oz with x,y,z ∈ N. In the
first part, we present structural and chemical properties of these CHOSMg
compounds. We show that their formation is strongly dependent on the
heating history of the fragment. This result is derived from the comparison
of the inner matrix with crust material of the same meteorite. Finally, we
show a correlation of CHOSMg compounds and the asteroid parent body
temperature histories within a larger set of meteorite samples.

2.2 Results and Discussion

2.2.1 Description of the CHOSMg Space

We analyzed the methanol soluble fraction from 44 meteorites from different
classes using direct injection electrospray ionization Fourier transform ion
cyclotron resonance mass spectrometry (ESI-FT-ICR-MS). Besides the known
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compositional organic content of the chemical families CHO, CHNO, CHOS,
CHNOS, and CHOMg as described previously in meteoritic organic material
[141], many signals were not covered by these compositional assignments.
Using a combination of the elements C, H, O, S, and Mg enables the assignment
of these signals to a new chemical family never described to date, CHOSMg.
These CHOSMg compounds, together with their isotopic signature, ESI-FT-
ICR-MS, and mass spectra of four representative meteorites, are illustrated in
Figure 10 an ordinary chondrite (LL5, Chelyabinsk; [144]), a magnesian mafic
silicates-rich ungrouped achondrite (NWA 7325; [88]), a heated anomalous
CM2 chondrite (CM2-an, Diepenveen; [149]), and a moderately altered CM2
(CM2, Aguas Zarcas; [35]; see also Figure A.1 in the Appendix).

NWA 7325 (achondrite-ungrouped) presents 12% CHOSMg compounds in
the SOM (Figure 1(A)). In Chelyabinsk (LL5), which experienced a heating
history, CHOSMg compounds account for 15% of all assigned mass signals.
Also, Diepenveen meteorite (CM2-an), which experienced extensive heating as
seen from its petrology and organic molecules [149], constitutes 17% CHOSMg
peak. In Diepenveen, the most intensive signals in the spectra could be
assigned to CHOSMg compounds. Even though Diepenveen shows a similar
profile of organic compounds to thermal stressed Y793321 (CM2; [149]),
the amounts of CHOSMg compounds in Y793321 are only 4.6%. Aguas
Zarcas (CM2, which fell in 2019) saw only low temperatures, similar to CM2
Murchison [35,246]. Even though Aguas Zarcas contains an above-average
amount of sulfur compared to other CM2 meteorites, with a diverse and
complex CHOS chemical space (data not shown), only 1% of all annotations
are CHOSMg compound.

To unambiguously assign CHOSMg elemental compositions from exact
mass values, ultrahigh mass resolution techniques like FT-ICR-MS were
needed. The combined resolving power of R >400.000 at m/z 400 and a mass
precision of <200 ppb allow for an unambiguous chemical formula assign-
ment owing to high mass accuracy, which can distinguish compounds by the
precision of half a milli-atomic mass unit (mass of an electron; [141, 185]).
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Furthermore, this high mass accuracy enables the detection of isotopologues
of compounds if the natural abundance of the monoisotopic signal is sufficient.
The isotope patterns as seen in the mass spectra are used to qualitatively
confirm the assigned chemical composition by comparing the experimental re-
sults to a theoretical isotope pattern (Figures 10(C) and (D)). Mass peak m/z
375.16969 with the assignment C16H32MgO6S shows characteristic 25Mg and
26Mg isotope signatures and 34S, 13C, and 18O peaks, as well as signals of their
combinations with the intensity representative of their natural abundance.

2.2.2 Chemical Structure of CHOSMg Compounds

The profiles of CHOSMg compounds in the ungrouped achondrite NWA 7325
were further visualized in adapted van Krevelen diagrams (Figure 11). The
complex and ordered chemical space of CHOSMg compounds covers a wide
mass range between 200 and 700 m/z with H/C values between 2.5 and 1
(Figure 11(A)). Most of the CHOSMg compounds contain one sulfur atom and
show mostly complete methylene-based homo- logous CH2-series. Intensities
are fairly similarly distributed over even and uneven carbon numbers, which
validates an abiotic origin [247, 248]. Figure 11(B) displays a zoomed-in
area from panel (A). Most of the CHOSMg compounds belong to series that
elongate by CH2 units and differ by the amounts of oxygen, hydrogen, and
sulfur. The theoretical pathway to obtain CHOSMg compounds thus involves
a step either to formally add MgO4S to CHO compounds or to formally add
SO2 with loss of H2 to CHOMg compounds. By comparing the fatty acid
chains of CHO, CHOMg, and CHOSMg compounds in NWA 7325, it can be
seen that more than half of the CHOSMg compounds share their fatty acid
chains with either CHO compounds, CHOMg compounds, or both (Figure
11(C)). CHOSMg compounds are closely related in their chemical structure
to CHO and CHOMg compounds and may represent either an endpoint or
an intermediate product in the chemical evolution and stabilization of carbon
in asteroid parent bodies. Most detected CHOSMg molecules contain six
oxygen atoms as seen in Figure 11(D), two oxygens more than the CHOMg
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previously described by Ruf et al. (2017) They account for more than 1/3 of
all CHOSMg compounds and are closely followed by CHOSMg molecules with
five or seven oxygen atoms. As also seen in CHOMg compounds, principal
chemical structures that exist in larger numbers than the others are probably
the most stable ones [88]. Thus, it is to be expected that CHOSMg compounds
with six oxygen atoms have characteristics that lead to the highest stability.

The CHOSMg compounds seem closely related in composi- tion to CHO
and CHOMg compounds and need some form of sulfur and magnesium to be
generated. Sulfur is ubiquitous in its various oxidation states and is readily
available in meteorites in mineral, (poly)sulfates/(poly)sulfides, and organic
sulfurized molecules [245]. Magnesium ions from the magnesium silicates
matrices have been hypothesized to be involved in CHOMg compounds in
interaction with existing carboxylic aliphatic acids [88]. Equally likely is
the formation of coordination complexes with liberated sulfur from sulfate
minerals attached to magnesium ions before or after the complexation with
the carboxylate group of CHO compounds. Oxidation reactions to form an
H2MgO6S head group from lower oxidized sulfur species are plausible.

Both the emergence of CHOSMg compounds from CHO and CHOMg
compounds are chemically achievable. A mass difference network analysis
(see Figures 12(A) and (B)) shows a close connectivity between the CHO,
CHOMg, and CHOSMg compounds, as they are systematically linked to each
other with the same mass transitions. CHOMg compounds and CHOSMg are
proposed to have structural similarities (see Figures 12(C) and (D)) because
they share similar chemical stability to that in fragmentations by tandem
mass spectrometry experiments, as well as in their rapid degradation at low
pH. The common moiety of all organosulfur magnesium fragments detected
in tandem mass spectrometry was found to be MgO6S as a head group
after various aliphatic chain fragmentation (see Figure A.2 in the Appendix).
The investigated peak of m/z 263.04448 shows decreasing intensities with
increasing fragmentation energy. Detected fragments contain the stable sulfur-
magnesium head group and a shortened carbon backbone. Ultimately, the
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Figure 10: Detection of the CHOSMg compounds. (A) Negative electrospray ionization
(ESI) Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) mass
spectrum of ungrouped achondrite NWA 7325 is shown. The donut plot shows the distribu-
tion over all chemical spaces, including the newly detected CHOSMg compounds in light
green. The red box is enlarged in panel (B) under the name NWA 7325. (B) Compari-
son of the mass peak m/z 375.16969 assigned to monoisotopic formula [C16H31MgO6S]-
in ordinary chondrite Chelyabinsk (LL5), in ungrouped achondrite NWA 7325, and in
carbonaceous chondrites Diepenveen (CM2-an) and Aguas Zarcas (CM2). Green color
represents a chosen CHOSMg peak. The red box is the enlarged region from panel (A). (C)
Comparison between the experimental and theoretical isotope pattern of m/z 375.16969
from panel (B) as the monoisotopic peak (12C, 25Mg, 32S, 16O, 1H). The given m/z value
is from the respective highest isotope peak of each nominal mass. (D) Zoomed-in view
of panel (C). Experimental and theoretical masses of isotope peaks are given. Isotope
composition is specified in the experimental (upper) section of panel (D). Intensity scaling
of spectra with shared x-axis is similar and thus allows comparison.

shortest possible fragment of solely the sulfur-magnesium head group without
hydrocarbon chain attached was also detected through the fragmentation
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experiments. To confirm the proposed structural formula, the stability of
CHMgO6S was calculated on the B3LYP/6–31+G(d,p) level of theory and
given in Hartrees as seen in the Appendix (Figure A.3). Harmonic frequency
analysis calculations performed on two anionic optimized structures confirm
that both shown anions represent energy minimums. The proposed structure
from Figure 12(D) represents the more likely isomer and also shows similar
geometrical features to those observed in CHOMg compounds. Due to its
noticeable stability, it is not possible to observe MgO2, SO2, SO4, or MgSO4

losses in fragmentation experiments (see Figure A.2).

2.2.3 Temperature-induced Formation and Stability of CHOSMg

In contrast to many thermally altered meteorites, Murchison (CM2) barely
contains compounds belonging to the CHOSMg class. By heating Murchison
under secondary vacuum ( 10-5 mbar) to elevated temperatures for several
hours, an increase of CHOSMg and CHOMg compounds was observed. At
lower temperatures (lower 250°C), Murchison developed a large and complex
chemistry regarding CHOSMg and CHOMg compounds. The CHOSMg
compounds show a wider variation regarding aromaticity and oxygenation.
Consequently, they are more easily generated and show higher abundance
than CHOMg compounds (see Figure A.4(C)). At high temperatures (600°C
and above), the CHOSMg compounds reduced in number and complexity
compared to lower 250°C samples, whereas CHOMg compounds stay fairly
similar. Numbers of CHO, CHOS, CHOMg, and CHOSMg compounds (see
Figure A.5) show that short-time heating, e.g., triggered by impacts, reduces
the amount of CHOS compounds that goes along with a liberation of, e.g.,
sulfates. These sulfates, as well as those from sulfur-containing minerals,
allow the formation of CHOSMg compounds. However, at high temperatures,
the sulfur from CHOSMg compounds is not stable enough to withstand the
temperatures, but the more stable CHOMg compounds remain in the system.
This can also be observed by the ratios of these compound families as seen
in Figures A.6 and A.7. In a first step at 250°C, CHOSMg compounds are
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Figure 11: Characteristics of CHOSMg compounds of ungrouped achondrite NWA 7325
soluble organic matter analyzed with (-)ESI-FT-ICR-MS. (A) Mass-edited—H/C ratio
diagram of CHOSMg compounds. Bubble size represents the intensity in the mass spectrum;
color represents the amount of sulfur per CHOSMg compound according to the legend.
The donut plot shows the total amount of CHOSMg compounds and shares of each of
the five colored groups according to the legend. (B) Zoomed-in area from panel (A) with
annotated homologous series and mass differences between the compounds. Methylene-
based mass differences are marked by dotted lines. Examples for other mass differences
than methylene-based ones are shown. Suggested chemical assignments of homologous
series are depicted next to panel (B). (C) Venn diagram comparing the composition of
fatty acid chain groups ("R") of CHO (blue), CHOMg (magenta), and CHOSMg (green)
compounds. Numbers in the Venn diagram are counts of fatty acid chains with unique
composition (CxHyOz with x, y, z ∈ N). The chemical structure of head groups of CHO,
CHOMg, and CHOSMg is displayed in their respective color with fatty chain marked as
"R" in the structure. (D) Plot with m/z values vs. number of oxygen. Bubble size and
color according to panel (A). Density plot on the right side displays relative abundance of
compounds with specific number of oxygen.

increasing over CHO compounds but decrease again at 600°C to 1000°C.
CHOMg compounds behave fairly similar in terms of variation of abundances
along temperature compared to CHOSMg compounds, but they increase at
the highest temperature. Consequently, it can be assumed that CHOSMg
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compounds are intermediate products during the formation of CHOMg out
of CHO compounds regarding heat. This trend can also be observed by
comparing the fusion crust and inner matrix of meteorites.
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Figure 12: (A) Mass difference network of a heated Murchison sample (Murchison
250°C 3.5 hr) with (B) a zoomed-in view of a chosen position. Colored dots represent
experimental masses and calculated elementary compositions of selected chemical spaces,
CHO (blue), CHOSMg (green), and CHOMg (magenta). Lines between the dots present
the mass differences H2, H4, CH2, C2H4, O, H2O, MgSO4, MgH2O2, S, S2, and Mg from
a mass difference network analysis. (C) Proposed structure of CHOMg compounds as
published [88]. (D) Proposed structure of CHOSMg compounds according to MS/MS
experiments (see Figure A.2) and stability calculations (see Figure A.3). Colored dots
represent carbon (dark gray), hydrogen (light gray), oxygen (red), magnesium (black), and
sulfur (yellow).

During atmospheric entry, the outer shell of meteorites reaches temper-
atures of more than 2000°C, resulting in melting and evaporation of the
material. It is reported that the inner matrix stays relatively cold [249]. We
compared the fusion crust and the core matrix of three different meteorites
to assess the effect of temperature exposure on CHOSMg compounds. The
separation between fusion crust and inner matrix was performed by physical
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force in an agate mortar. The heating during atmospheric entry eventually
causes alteration of the carbon-containing compounds within the crust, which
is seen in Figure 12. It is noteworthy that atmospheric entry is considered as
heating only, neglecting the influence of pressure from the shock wave [250].
The analyzed meteorites were Aba Panu, a highly shocked (S4) L3 ordinary
chondrite [251], and the CM2s Aguas Zarcas, as well as Murchison. Panel (A)
of Figure 12 shows the CHOSMg compounds in the respective inner matrix
(top row) and the fusion crust (bottom row) of each of the three analyzed
meteorites. Aba Panu contains a higher amount of CHOSMg compounds
compared to Aguas Zarcas and Murchison. This might be related to higher
extents of shocks of this meteorite. The CHOSMg compounds in Aguas
Zarcas contain several sulfur atoms, which reflects the diverse sulfur chemistry
in this meteorite. For Murchison, the amount of CHOSMg compounds is
scarce, similarly to CHOMg compounds. All three meteorites show higher
abundances of CHOSMg compounds in their fusion crusts than in their inner
matrices. In the Aba Panu fusion crust, more than 75% of all CHOSMg
compounds contain one sulfur atom. Compared to the Aba Panu inner matrix,
the newly formed homologous series of CHOSMg compounds can be observed
in the Aba Panu fusion crust (see Figure 12(A)). Aguas Zarcas also exhibits
new homologous series in the fusion crust compared to its inner matrix. In
the Aguas Zarcas fusion crust, a significant loss of sulfur atoms in CHOSMg
can be observed in comparison to the Aguas Zarcas inner matrix. While the
Aguas Zarcas inner matrix contained only 10% of CHOS1Mg compounds, the
amount of CHOS1Mg rose to closely 75% in the fusion crust. The Murchison
matrix contains hardly any CHOSMg com- pounds. And again, similarly to
Aba Panu and Aguas Zarcas, a wide diversity and complexity of new CHOSMg
homologous series are increased in the Murchison fusion crust compared to
the inner matrix. The boxplots of Figure 13(B) show the amount of CHOSMg
compounds in the matrix and crust of the three meteorites. Compared to the
matrix, the average amount of CHOSMg compounds is higher in the fusion
crust. Furthermore, the distribution of oxygen (Figure 13(C)) and of sulfur
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(Figure 13(D)) is different in the meteoritic fusion crust compared to the inner
matrix. CHOSMg molecules in the matrix contain mostly six to eight oxygen
atoms with only small differences to lower and higher amounts of oxygen.
The amount of sulfur is similarly distributed over one to three sulfur atoms
and shows a decrease beginning at four sulfur atoms. In fusion crust analysis,
it was shown that the abundances of CHMgO6S, CHMgO7S, and CHMgO8S
are significantly increased compared to all other CHOSMg compounds. For
sulfur in CHOSMg compounds in the crust, it can be seen that especially
CHOS1Mg compounds are strongly increased and show a steady decrease
with higher amounts of sulfur.
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Figure 13: Difference between meteoritic matrix and fusion crust of three different
meteorites. (A) Comparison between meteoritic matrix (top row) and meteoritic fusion
crust (bottom row) of ordinary chondrite Aba Panu (L3) and carbonaceous chondrites
Aguas Zarcas (CM2) and Murchison (CM2). Depicted are mass-edited H/C ratio diagrams
(left side of each of the three panels) and O/C ratio vs. H/C ratio (van Krevelen) diagrams
(right side of each of the three panels). Bubble size represents the intensity in the mass
spectrum; color represents the amount of sulfur per CHOSMg compound according to the
legend. The donut plot shows the total amount of CHOSMg compounds and shares of each
of the five colored groups by count according to the legend. (B) Boxplot of the amount
of CHOSMg compounds in the three meteorite samples, for crust (red, left side) and for
matrix (blue, right side). (C) Average amount of oxygen per CHOSMg compound for crust
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(red) and matrix (blue). See also Figure A.8.
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2.2.4 CHOSMg Compounds as a Surrogate Parameter for Tem-
perature Incidents

We investigated a large number of meteorites (44) using partial least-squares
discriminant analysis (PLS-DA) to describe struc- tural correlations between
thermal history and CHOSMg compounds. To assess the reliability of the PLS-
DA, we tested the cross-validated predictive residuals through the analysis
of variance. We observe a separation in three different groups, namely, a
group with hydrothermal background without short- duration heating - T I
(e.g., CM2 Paris), moderate short-duration heating-T II (e.g., C2 ungrouped
Tagish Lake) and intense short- duration heating - T III/T IV (e.g., CR2
GRO 03116), and long- duration heating - LDH in meteorites (e.g., L6
Novato) [23,24,252]. The plot in Figure 14(A) shows a thermal gradient from
T I meteorites over T II, T III, and T IV meteorites to LDH meteorites going
from left to right. Three regions in the plot were determined (see Figure
14(B)) and further used to evaluate the values of loadings that characterize
all of those regions. Examples of the CHOSMg signature of each region
are depicted in the Appendix (see Figure A.9). Hydrothermal backgrounds
without short-duration heating T I meteorites are mostly described by oxygen-
rich CHOSMg compounds. Molecules with one sulfur are equally frequent
as those with several sulfur atoms. Oxygen distribution (see Figure 13(C))
shows the highest amounts between seven and nine oxygen per CHOSMg
compound. Notably, the O/C ratio of CHOSMg is very high compared to
other compound classes owing to the fact that the magnesium-sulfur head
group mostly incorporates six or more oxygen atoms, which results in high
O/C ratio at low aliphatic acid chain lengths. CHOSMg compounds of more
heated T II meteorites show higher contribution of sulfur atoms compared
to the other regions. The oxygen numbers of T II meteorites are distributed
similarly to the ones of T I meteorites. However, the number of sulfur atoms
in T III/IV meteorites is strikingly high, which is also reflected in the low C/S
ratio. Meteorites that experienced long-duration heating show a characteristic
pattern of CHOSMg compounds. Approximately 75% of all compounds
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belong to CHOS1Mg, 25% containing more than one sulfur atom. The
CHOSMg compounds of this region are mostly carbon saturated compounds,
and most of the compounds contain six or seven oxygen atoms, which has been
shown to be a highly stable form of CHOSMg compounds (see Figure A.3.
Overall, the CHOSMg compounds show distinct characteristics according
to the thermal history of the meteorite. Noteworthy is the fact that the
amount of sulfur in CHOSMg compounds decreases with increasing heat. Our
approach enables the discrimination between thermally stressed meteorites
accord- ing to their CHOSMg signature, involving their information in carbon
saturation and oxidation and the number of sulfur atoms. Some examples
in predictions can be found in Figures A.10 and A.11 in the Appendix for
Maribo CM2; low-temperature meteorites Orgeil CI, Ivuna CI, Mundukpura
CM2, and heated Diepenveen CM2; and DHO1988 CY in validation of our
approach. This motivates us to consider many more meteorites and their
whole CHNOSMg chemical space to set up heating prediction models that
can find their application in the analysis of novel meteorite falls and return
mission samples.

2.2.5 Conclusion and Outlook

In this work, we show the presence of a new and hitherto- undescribed
carbon-based chemical compound class called CHOSMg compounds. These
compounds are readily formed during temperature incidents. As their amount
and chemical characteristics are different when looking at the inner matrix
and the fusion crust of the same meteorite, we conclude that heat is an
important factor of the formation of these magnesium organosulfur compounds.
Moreover, by investigating a large set of meteorites, we describe that CHOSMg
compounds follow meteorites according to their thermal history. Our research
reveals that hydrogen, carbon, oxygen, and magnesium, together with sulfur,
are sequestered in thermostable metalorganic compounds in meteorites and can
thus contribute to long-term astrochemical organic diversity. The extent of this
formation is highly dependent on the thermal exposure of the asteroid parent
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body. The organic footprint in CHOSMg compounds in meteorites allows us
to draw conclusions regarding the thermal history of the analyzed meteorites.
While meteorites having witnessed only low-temperature exposures mostly
contain CHOSMg compounds with higher amounts of oxygen and sulfur per
molecule, the ones in more heated meteorites converge to a six-oxygen-bearing
form (CHMgO6S), which represents the most stable form of this compound
class. We show that the carbon-based CHOSMg molecules survive not only
the harsh conditions of the asteroid parent body (extreme temperatures,
pressures, and radiation) but also the atmospheric entry conditions where the
material is heated to temperatures well above 2000°C in the meteorite crust.
This illustrates the astrobiological impact of our study because these organic
compounds in meteorites were continuously delivered to the early Earth’s
surface through meteoritic impacts and still are. Due to their stability, the
pool of CHOSMg compounds might have contributed significantly to the
organic diversity found on Earth today. These might have played a significant
role in the emergence of life on Earth as well. The organics in meteorites
might have contributed to prebiotic chemistry and the formation of protocell
membranes with their extreme chemical diversity and resilience toward heat
more than thought so far, particularly in very primary hot periods on early
Earth such as the Hadean.

Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)—Project-ID 364653263—TRR 235 (CRC 235).
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Chapter 3
Diversity of Organic Molecules in Olivine Mineral Detected with
High-Resolution Analytical Techniques

Matzka, M. and Schmitt-Kopplin,P.
Unpublished manuscript

Olivine mineral contains a broad variety of organic compounds, which are
widely uninvestigated to this point. In this study we present a method to
analyze the variety of carbon containing molecules in olivine mineral and
show their stability towards elevated temperature within the mineral matrix.
Fourier transform ion cyclotron mass spectrometry was applied to evaluate
the methanolic extracts of olivine rocks from Åheim, Norway. The olivines
contain a complex and diverse mixture of organic molecules containing car-
bon, hydrogen, oxygen, nitrogen, sulfur, and magnesium. Furthermore the
compounds are detectable after exposing the olivine to 600°C showing the
protective characteristics of the mineral matrix. The same metalorganic
compounds as already found in meteorites were detected in olivine with the
same heat resistant properties. Consequently olivine mineral represents an
important medium to store organic compounds in the terrestrial carbon cycle.
Both olivine from outer space but also from the Earth mantle could have
significantly influenced the emergence and sustainment of life on Earth. The
mineral contains enough small molecules to start and fuel prebiotic chemical
reactions on early Earth.

Contribution: M.M. designed and performed research, conducted experiments,
analyzed the data and made figures. M.M. wrote the paper.
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3.1 Introduction

Olivine (Mg,Fe)2SiO4 is a neo- or orthosilicate mineral belonging to a group of
magnesium iron silicates. It is the most abundant mineral in the Earth’s upper
mantle, followed by orthopyroxene, clinopyroxene, and garnet [1, 48]. Olivine
consists of isoloated silicon tetrahedra with magnesium and iron cations at the
octahedral positions. From a coordination point of view, olivine mineral can
be seen as an array of isolated SiO4

4- tetrahedra with Me2+ ions in octahedral
holes [42]. The mineral mostly contains a mixture of magnesium and iron
cations but also the pure magnesium and pure iron forms can be found in
nature. The magnesium endmember (Mg2SiO4) is called Forsterite, the iron
endmember (Fe2SiO4) is called Fayalite. Besides oxygen, silicon, magnesium,
and iron, the mineral also can contain nickel, calcium, aluminum, chromium,
manganese, and other cations, but far fewer in amount. Also carbon was
detected in different oxidation states and forms within olivine mineral.

Carbon incorporation in the olivine is controversially discussed in the
literature. Carbon was discussed to be a direct substitute of silicon in the
tetrahedral structure of the olivine [83, 84] or it could be dissolved in the
mineral matrix, found as carbonaceous phases, graphite, silicon carbide, and
other compounds as well as in sub- microscopic bubbles or cracks [85, 86].
Freund et al. suggested that H2O and CO2 are, to a certain extent, soluble
in upper mantle olivine. These ´molecules can further be converted to form
H2 and reduced carbon, which then can cause the formation of C-H entities.
These C-H entities either exist in the form of carboxylic acids, dicarboxylic
acids, and medium chain fatty acids or are directly attached to the Mg-silicate
matrix by bonding to two O- moieties [87]. Depending on the used analytic
technique, the amount of carbon is suggested to be approximately between 10
ppm and 30 ppm in San Carlos olivine [85,86,89–91]. A more recent approach
reports a carbon solubility in olivine of 0.1 ppm to 1 ppm [92].

Many studies to investigate the chemical and physical properties of olivine
have been performed, looking into abiotic features and mineral characteristics.
Recently, olivine gained new attention due to its ability to abiotically generate
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methan and elemental hydrogen, and within this topic, the connection to
small organic molecules was drawn. Olivine, which comes in contact with
water under 500°C undergoes serpentinization reaction, thereby forming ser-
pentinite minerals [73]. This is a hydration reaction, during which olivine
((Mg,Fe)2SiO4) is hydrated to serpentinite ((Mg,Fe)3Si2O5(OH)4). Further-
more, Fe2+ in the olivine is oxidized to Fe3+ leading to the abiotic generation
of molecular hydrogen [74]. Especially this process is able to promote further
reactions. One of the reactions enabling the formation of methane is the
Sabatier reaction [99, 100]. The Sabatier process allows the formation of
methane from carbon dioxide and hydrogen under high temperature and
pressure conditions . Both carbon dioxide and carbon monoxide can be
educts for this reactions. Moreover, the Fischer Tropsch synthesis is also a
plausible chemical way to abiotically generate alkanes, alkenes, and alcohols
in mineral samples [101, 102]. Fischer Tropsch reactions require catalytic
reaction surfaces such as metal oxides in combinations with metal catalysis
as known from nickel and iron. Olivine is consequently a suitable matrix to
help abiotic organic compound synthesis and might have contributed to the
emergence of life on Earth.

In this work, we want to present the large diversity of organic compounds
found in olivine mineral. In the first part of the paper, we present the method
of analysing olivine mineral with Fourier transform ion cylcotron resonance
spectroscopy. The second part will cover the analysis of organic compounds
in olivine with LC-MS and the third part shows the analysis of organic
compounds with the NMR technique.

3.2 FT-ICR-MS Analysis

3.2.1 Materials and Methods

For ESI measurements, five milligrams of olivine and for APCI and APPI,
four milligrams of olivine were used respectively. The rocks were washed
three times with methanol in an agate mortar. Before crushing, methanol
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was added to the mortar. The olivine mineral was finely powdered and
together with methanol formed a homogeneous suspension. After 30 seconds
of ultrasonic bath and centrifuging, the supernatant was used for ESI-FT-
ICR-MS acquisition. To ensure cleanness of the mass spectrometer, methanol
blanks were acquired before measurement. The full material and methods
can be found in the appendix.

3.2.2 Organic Compounds in Olivine

Most of the research regarding organic compounds within meteorites was
conducted to characterize the molecules within the meteorite matrix [88, 141,
148,253]. During the investigation of Tissint meteorite, several compartments
of the meteorite were investigated to specify their respective contribution to the
organic matter within meteorites. Tissint meteorite is an aluminium depleted
ferroan basaltic rock, which depicts internal mineral diversity of four mayor
regions. It contains (1) a fine-grained main matrix composed of pyroxene-
maskelynite, chromite, ilmenite and pyrrhotite, (2) a black fusion crust
resulting from the atmospheric entry, (3) a black vitrified part originated from
heating and pressure during shock events, and (4) olivine mineral [254,255].

After investigation of these four regions with FT-ICR-MS the results
showed that different fractions of Tissint meteorites contained alternating
amounts and characteristics of compounds. The olivine mineral of the Tissint
meteorite contained by far the most amount of assigned formulae and thus the
highest diversity of organic molecules. Especially CHOMg compounds were
detected, which were shown to be formed from CHO compounds in proximity
to magnesium mineral [88].

Olivine mineral seems to be an important factor for the formation of
organic compounds within minerals. To better understand the carbon specita-
tion in olivine mineral, a broad investigation of an olivine mineral is conducted
within this work.
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Figure 15: Total amount of assigned chemical formulae for the four different regions of
Tissint meteorite. Depicted are Tissint main matrix, Tissint crust, Tissint vitrified matrix
and Tissint olivine crystals. The darker the color, the more formulae are contained.

3.2.3 Comparison of Ionization Modes

Since the FT-ICR-MS measurements of organic compounds in olivine are
widely uninvestigated, a systematical approach to find an ideal ionization
method was conducted. The Åheim olivine extracts were measured in ESI
positive and negative mode, in APPI positive and negative mode, and in
APCI positive mode. The ionization methods were briefly described in the
material and method section of this work. While APPI and APPI are ideal
methods to ionize more lipophilic and aromatic chemical structure, the ESI
ionization method is more suitable to ionize hydrophilic compounds.

The results of the ionization experiments can be seen in Fig. 16 and their
respective numbers in Table 1. APPI and APCI ionization mode primarly
ionized CHO and CHNO compounds. In positive mode, even some CH, so
partly unsaturated and aromatic hydrocarbons were ionized and measured.
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APPI positive mode was also able to ionize some CHOS compounds. The
distribution of the mass as seen in Figure 16 is quite similar in both APPI
positive mode and APCI positive mode, while APPI negative mode shows
a reduced amount of compounds and doesn’t show compounds in high m/z
values over 400 m/z. The compounds are low in oxygen as seen by the average
weighted O/C value of 0.09 for CHO compounds in APCI (+), 0.15 for APPI
(-) and 0.1 for APPI (+). Also for CHNO compounds the average weighted
O/C values are in similar ranges (0.05 for APCI (+), 0.08 for APPI (-) and
0.1 for APPI (+)), which shows that these ionization methods mostly ionize
lipophilic compounds. A notable fact is also that magnesium containing
compounds were not at all ionized in APPI and APCI and are only visible
in ESI ionization mode. ESI shows besides a wide range of CHO, CHNO,
CHOS, and CHNOS compounds also many magnesium containing compounds.
The m/z range of ESI is not as high as with APPI and APCI, but stops at
approximately 500 m/z. However, more oxygen containing compounds were
detected. Average weighted O/C ratios of CHO compounds are 0.17 for ESI
(-) and 0.26 for ESI (+) and thus significantly higher than APPI and APCI.
For CHNO compounds, the average weighted O/C values are 0.1 for ESI (-)
and 0.11 for ESI (+). Notably is the average weighted H/C value of CHNO
compounds, which is with a value of 1.56 significantly lower than the values
of all other methods.
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APCI (+) APPI (-) APPI (+) ESI (-) ESI (+) Combined
CH 124 0 310 0 0 322

CHO 522 471 1556 607 459 1972
CHS 2 0 27 0 0 27

CHOS 5 5 97 110 90 293
CHN 26 0 35 0 0 55

CHNO 124 28 378 163 61 592
CHNOS 0 0 1 61 55 116
CHOMg 0 0 0 480 618 795
CHOSMg 0 0 0 93 93 183
CHNOMg 0 0 0 96 163 253
CHNOSMg 0 0 0 33 35 68

Sum 803 504 2404 1643 1574 4676
Average H 0.63 0.6 0.63 0.59 0.58 0.59
Average C 0.34 0.35 0.34 0.32 0.32 0.33
Average O 0.03 0.05 0.03 0.07 0.08 0.06
Average N 0 0 0 0 0.01 0.01
Average S 0 0 0 0 0 0

Average Mg 0 0 0 0.01 0.01 0.01
HC 1.84 1.73 1.82 1.84 1.84 1.79
OC 0.08 0.14 0.09 0.3 0.28 0.27
CN 248.77 195.35 368.42 82.52 54.19 49.97
CS 7459.67 2647.91 1938.99 86.91 72.12 75.64

mass 448.11 278.95 493.06 289.46 347.22 407.49
DBE 3.25 3.39 3.7 2.17 2.62 3.4

OC CHO 0.09 0.15 0.1 0.17 0.26 0.14
OC CHOMg 0 0 0 0.6 0.3 0.47
OC CHOS 0.09 0.17 0.07 0.24 0.22 0.23

OC CHOSMg 0 0 0 0.76 0.29 0.48
OC CHNO 0.05 0.08 0.1 0.1 0.11 0.12

OC CHNOMg 0 0 0 0.32 0.32 0.32
OC CHNOS 0 0 0.13 0.16 0.27 0.25

OC CHNOSMg 0 0 0 0.41 0.34 0.35
HC CHO 1.86 1.73 1.83 1.91 1.73 1.79

HC CHOMg 0 0 0 1.86 1.91 1.82
HC CHOS 1.67 1.83 1.71 1.73 1.81 1.79

HC CHOSMg 0 0 0 1.43 1.7 1.59
HC CHNO 1.95 1.77 1.94 1.56 1.98 1.82

HC CHNOMg 0 0 0 1.62 1.82 1.8
HC CHNOS 0 0 1.94 1.67 1.88 1.84

HC CHNOSMg 0 0 0 1.81 1.93 1.91
HC CH 1.64 0 1.57 0 0 1.59

HC CHN 1.44 0 1.77 0 0 1.52
HC CHS 1.55 0 1.59 0 0 1.67

Table 1: Numbers from all Ionization techniques which were used to analyse Åheim
olivine.
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Overall, this all ionization methods, the organic matter of Åheim olivine
can be nicely analyzed and described with different ionization methods and
FT-ICR-MS. The combined picture shows a full and diverse spectra of
compounds.

However, the analysis of a broad range of geological and mineral samples
with all of these ionization method is hardly feasible. For one reason, the
amount of sample to be used to make extracts is extremely high. This is
especially problematic for meteorite analysis where material is scarce. Further-
more, the deconstruction and installation of the different sources takes time,
also for the FT-ICR-MS system to adjust and for the subsequent calibration
after installation. Consequently, one methods which mostly represents the
samples has to be found and applied for further analysis. Figure 17 shows
the comparison of the different ionization techniques.
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and CHOMg compounds for all five ionization techniques as well as the average values of
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On the left side of the figure, a Venn diagramm [256] of the five different
ionization modes can be seen. Of all ionization methods, only 92 compounds,
which are only CHO compounds, are common to all. For APCI (+) mode,
only nine percent of the compounds detected are unique to this mode of
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ionization. For APPI (-), 10.5% of the compounds are unique to this methods.
Most of the with these methods measured compounds consequently can be
also found in other ionization modes. 58.2% of the compounds of APPI (+)
are unique to this method. These are mostly CH and CHO compounds, which
were too lipophilic for ionization with ESI mode. However there is a large
amount of unique compounds to APPI (+), the lack of magnesium containing
compounds renders the method not useful as a standard ionization method if
not used in combination with an ESI ionization mode. ESI (-) and ESI (+)
mode both ionize a wide range of compounds and also have more than 42%
overlap with other methods. The right side of Fig. 17 shows average weighted
O/C and H/C values for CHO, CHNO, CHOS, and CHOMg compounds
(only for ESI (+) and ESI (-)). Clearly visible are that APCI (red) and
APPI(+) (yellow) do not cover a large area of the Van Krevel diagram. Both
ionization methods show all their weighted averages in the left top corner,
which again shows they mostly ionize oxygen-deprived compounds. APPI (-)
mode features few more compounds in the region between O/C values of 0.1
and 0.2, which are slightly higher O/C values compared to APCI (+) and
APPI (+). ESI (+) mode (dark blue) covers a wider range of compounds
with higher O/C values up to 0.3 for CHOMg compounds. The largest area is
covered by ESI(-) mode (light blue). Its O/C values for CHOMg compounds
reach up to 0.6 and also H/C values below 1.6 for CHNO compounds are
visible in this ionization mode. By looking at the combined values (in black),
it can be seen that ESI (-) shows the largest coverage of the black area in the
diagram. Consequently, for a facilitated analysis of the geological samples
and also for reasons of the best coverage of all compound classes, the ESI
(-) ionization mode was chosen to describe the samples within this work. It
has been shown to combine the ionization of a wide range of compounds and
compound classes with variable O/C and H/C values and is a readily used
method at the FT-ICR mass spectrometer for an investigation of organic
compounds in mineral samples such as Åheim olivine.
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3.2.4 ESI Analysis of Unheated Åheim Olivine

With a S/N ratio of ≥ 3, a total of 35360 peaks were picked (117454 with
a S/N ratio of ≥ 2). At the nominal mass of m/z 319 (between m/z 318.8
and m/z 319.3 ), 98 resolved signals were detected with a maximal resolution
of 1.4 million. At the nominal mass of 350 m/z (between 349.8 m/z and
350.3 m/z), 70 resolved signals were detected with a maximal resolution of
0.8 million. The spectrum was calibrated internally with fatty acids from
the CHO fraction and some organomagnesium compounds. The calibration
resulted in an error with a standard deviation of 0.095 ppm. In the final data
table, the average error of the assignment is -0.017 ppm. After cleaning steps,
a total of 1774 organic compounds were assigned to a chemical formula in the
sample of the olivine from Åheim, Norway. They belong to the chemical spaces
of CHO (683 / 38.5%), CHOS (111 / 6.2%), CHNO (166 / 9.4%), CHNOS
(62 / 3.5%), CHOMg (512 / 28.9%), CHOSMg (97 / 5.5%), CHNOMg (95
/ 5.4%), CHNOSMg (32 / 1.8%), and CHOMgBr (16 / 0.9%) compounds.
The smallest and largest assigned m/z value is 136.96 and 721.12 respectively.
The H/C values range from 0.5 to 2.5 and the values of O/C range from
0.033 to 2 in total. 386 signals (22%) were detected as [M+Cl]- adducts in
the spectrum. 115 different organic compounds were detected as [M+Cl]- and
[M-H]- adduct. Consequently, a total of 1659 unique chemical formulae have
been find in the olivine sample.

A total of 683 CHO compounds were detected in ESI (-) mode in the
olivine extract. The average weighted O/C value is 0.17, the average weighted
H/C value is 1.91 for this compound class. The Figure 18 shows a descriptive
visualization of the CHO compounds in Åheim olivine. Fig. 18A shows the
Van Krevelen diagram. Most CHO compounds are situated in the left top
corner of the diagram, with H/C values mostly between 2 and 1.4 and O/C
values mostly below 0.5 in total. As seen in Fig. 9, these compounds largely
belong to lipid like structures. Fig. 18C represents a zoom version of Fig.
18A with assigned compositions. Homologous series of CHO compounds can
be seen which follow different lines of theoretical mass differences. Horizontal
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Figure 18: ESI(-) mode results for the CHO compounds of Åheim olivine. Size of bubbles
represent intensity in the spectrum. A Van Krevelen diagram. B Mass-edited H/C diagram.
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certain lines of mass differences. D Zoomed-in area of the mass-edited H/C diagram with
annotations. Grey lines represent certain lines of mass differences. E Amount of carbon
atoms vs. amount of oxygen atoms for H/C = 2. E Amounts of oxygen per compound vs.
amount of compounds.

lines in the Van Krevelen diagram represent the change of one oxygen atom as
for example seen from the assigned compositions of C18H32O4 and C18H32O5,
which both lie on a horizontal line. The descending lines going from the top
left corner to the bottom right edge of the graph represent changes in CH2,
for example the sequence of C24H44O5 going down to C16H28O5 in methylene-
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steps. Dots on the same vertical line represent similar composition with the
difference of H2, as for example seen in the line of C21H40O6 followed by
C21H38O6 with similar O/C ratio, but lower H/C ratio. Fig. 18B represents a
mass-edited H/C diagram, with shows the properties of m/z values compared
to H/C values. Similar to the Van Krevelen diagram, homologous series
can be observed. The m/z range is approximately 100 m/z - 500 m/z, with
highest intensities between 250 m/z and 300 m/z. To better understand the
structure of this diagram, a zoomed version of the mass-edited H/C plot
can be seen in Fig. 18D. Homologous series are observable from the left
bottom to the right top side of the diagram. Similar to the Van Krevelen
diagram, these characteristic series are coming from CH2 mass differences, for
example from C13H22O2 to C18H32O2 in steps of CH2 units. Also visible are
horizontal lines of assigned compositions, represented by the mass difference
of one oxygen. Similar to the Van Krevelen diagram, the mass difference
of H2 can be seen as a slightly askew line due to the mass loss of 2 m/z.
Furthermore, interesting sequences in the form of the loss of CH2, but the
gain the of O can observed going from left top to right bottom side of the
diagram. The gap in between the two formations of compounds is explained
for a mathematical reason, as CH2 is chemically seen the mathematical
mass difference of these types of diagrams. The space in between cannot
be filled because a single H atom was a not permitted mass difference in
this setting. Fig. 18E represents only compositions with a H/C value of
2. It can be seen that few compounds contain one oxygen atom, probably
hydroxy structures or ether compounds. Most of the compounds contain two
to four oxygen compounds, which like represents carboxyl acids and hydroxy
carboxyl acids, which can be found in the top left corner of the Van Kevelen
Diagram. Fig. 18F shows the distribution of the amounts of oxygen over
all CHO compounds. Most compounds contain two to five oxygen atoms
with a maximum at three. This could signify that, carboxylic acids, hydroxy
carboxylic acids and dicarboxylic acids are the most prevalent structures in
the olivine samples as these compounds have matching O/C and H/C values
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as well as oxygen amounts. However mass spectrometry alone cannot confirm
the presence of these structures as assigned sum formulae allow only an
assumption of chemical structures, which ultimately would need confirmation
from MS/MS side. Amounts of oxygen go up to 12 where already sugar-like
compounds and structures could be imaginable in mineral samples. Overall,
the amount and diversity of CHO compounds in Åheim olivine represents the
variety of organic molecules found. Furthermore, the presence of homologous
series as well as the sequence of intensities corroborated the theory that indeed
FT like reactions and Sabatier-processes can be plausible reactions pathways
for the formation of organic compounds in olivine.
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Figure 19: ESI(-) mode results for the CHNO compounds of Åheim olivine. Size of
bubbles represent intensity in the spectrum. A Van Krevelen diagram. B Mass-edited
H/C diagram. C Zoomed-in area of the mass-edited H/C diagram with annotations. D
Amounts of oxygen per compound and amounts of nitrogen per compound vs. amount of
compounds.

A total of 163 CHNO compounds was discovered in the extract of Åheim
olivine. The results of the CHNO compounds can be seen in Fig. 19. The
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weighted average H/C and O/C value is 1.56 and 0.1 respectively for this
compound class. The Van Krevelen diagram as seen in Fig. 19A shows that
the most compounds have very low amounts of oxygen and only few ones
tend to go to higher O/C values of up to 0.5, but only with low intensities.
Homologous series of CHNO compounds can already be detected in this
Van Krevelen diagram.Fig. 19B shows the mass-edited H/C diagram, which
reveals, that only a few compounds have H/C values around two and most of
the CHNO compounds are located around 1.5 in the diagram. The m/z is
going from approximately 200 m/z to 500 m/z and shows related compound
structures forming rows of similar chemical composition. A zoomed-in version
of the mass-edited H/C diagram as seen in Fig. 19C reveals that most
structures belong to either the series of CxH2x-8ON2,of CxH2x-10ON2 or of
CxH2x-10ON2.Visibly, the H/C value is lower compared to CHO compounds.
The underlying chemical structures with a low H/C value could derive from
aromatic nitrogen containing compounds such as pyridine or pyrimidine
with attached hydrocarbon chains. Also amine or amide groups are possible
structures to be present in the organic matter. Fig. 19D shows that most
CHNO compounds contain one or two nitrogen atoms. This could also
indicate the presence of nitrogen containing aromatic rings or amine and
amide structures. Most CHNO compounds contain one oxygen atom, but
but up to seven oxygen atoms were found in CHNO compounds which could
explain the ESI (-) ionization of aromatic nitrogen structures, which usually
hardly ionize in ESI (-) mode.

A total of 110 CHOS compounds were detected in the extract of Åheim
olivine. With an H/C value of 1.73 and O/C value of 0.24, the CHOS
compounds are slighly less aromatic than CHNO compounds, but not as
aliphatic as CHO compounds. Also their O/C value is higher than those
of CHNO and CHO compounds. Fig. 20 shows the visualization of the
CHOS compounds. The Van Krevel diagram (Fig. 20A) and the mass-
edited H/C diagram (Fig. 20B)show that the spread of compounds is larger
compared to CHNO and CHO compounds, but still homologous series can
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Figure 20: ESI(-) mode results for the CHOS compounds of Åheim olivine. Size of
bubbles represent intensity in the spectrum. A Van Krevelen diagram. B Mass-edited
H/C diagram. C Zoomed-in area of the mass-edited H/C diagram with annotations. D
Amounts of oxygen per compound and amounts of sulfur per compound vs. amount of
compounds.

be seen. Most compounds have a m/z value between 200 and 400 m/z
with few larger compounds. Fig. 20C shows a zoomed in version of the
mass-edited H/C diagram. The four largest signals seen are always present
due to contamination of the methanol. Other CHOS compounds are high in
oxygen and sulfur, which could come from the presents of disulfige bridges,
which add two sulfur atoms to a molecule in combination with the presence
of organic sulfates and sulfites, which add sulfur and many oxygen atoms
to compounds. Low H/C values of some compounds allow the assumption,
that sulfates attached to aromates or thiophene rings might be present in the
organic matter. The distribution of sulfur and oxygen in Fig. 20D shows that
most compounds contain one sulfur atom, but compounds with up to eight
sulfur compounds were also detected. Oxygen numbers are higher compared
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to CHNO compounds with a maximum at four oxygen atoms. This could be
another hint that organic sulfates might be present in the organic matter of
Åheim olivine.

2.0

1.5

1.0

0.5

2.0

1.5

1.0

0.5

H
/C

H
/C

0.2 0.4 0.6 0.8 200 300 400 500 600 700

200 250 1 2 3 4 5 6 7 8H
/C

m/z

m/zO/C

#
#

A B

C D

400

C5H9O2N3S2

C6H11O2N3S2

C9H15O3N3S2

C5H9ON3S2

C11H19O2N3S2

C6H11ON3S2

C12H21O2N3S2

C14H25O2N3S2

C8H15ONS2
C8H15ON3S2

C9H17ON3S2

C10H19ON3S2

C10H17ON3S2

C11H21ON3S2

C11H19ON3S2

C12H23ON3S2

C13H25ON3S2

C14H27ON3S2

C15H29ON3S2

C17H33ON3S2

C18H35ON3S2

C19H37ON3S2

C20H39ON3S2

C21H41ON3S2

1.7

1.8

1.9

300 350

Class
O in CHNOS
S in CHNOS
N in CHNOS

35

25

15

5

Figure 21: ESI(-) mode results for the CHNOS compounds of Åheim olivine. Size of
bubbles represent intensity in the spectrum. A Van Krevelen diagram. B Mass-edited
H/C diagram. C Zoomed-in area of the mass-edited H/C diagram with annotations. D
Amounts of oxygen per compound, amounts of nitrogen per compound and amounts of
sulfur per compound vs. amount of compounds.

CHNOS compounds in Åheim olivine organic matter are scarce, only
61 different chemical composition were found. Their average weighted H/C
value is 1.67 and their average weighted O/C value is 0.16, so both val-
ues lie in between those of CHNO and CHOS compounds. The results
of the CHNOS compounds are visualized in Fig. 21. The Van Krevelen
diagram and the mass-edited H/C diagram show a diffuse spread of the
CHNOS compounds with only one homologous series. The series is shown
in Detail in Fig. 21C. The compounds of the series follow the structure of
CxH2x-1ON3S2. Possible structures for such compounds are for example methyl
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N-[(3-oxoindol-2-yl)amino]carbamodithioate or 5,8-bis(ethylsulfanyl)octanoyl
azide, so structures with a diverse range of functional chemical groups. Only
few compounds were detected in the area of amino acids. Fig. 21D shows
that most compounds contain one oxygen atom, two sulfur atoms and three
nitrogen atoms, but also variable numbers of heteroatoms were detected in
CHNOS compounds.

A similar large group as CHO compounds are the CHOMg compounds
in Åheim olivine. 480 different chemical structures from this compounds
class were detected. Their average weighted H/C is 1.86 and their average
weighted O/C value is 0.6, which is a lot higher than the O/C value of CHO
compounds. In Fig. 22, the properties of CHOMg compounds are depicted.
The Van Krevelen diagram in Fig. 22A shows, that the CHOMg compounds
similar to CHO compounds demonstrate very structured homologous series.
Due to the fact that CHOMg compounds have a calculated mass difference
of MgO2H2 to CHO compounds, they naturally have higher O/C values
compared to CHO compounds. Most CHOMg compound series follow the mass
difference of CH2 and are barely found in aromatic areas. They were assumed
to mostly contain aliphatic hydrocarbon chains attached to a magnesium-
oxygen head group, which is corroborated within Åheim olivine. A zoomed-in
version of the Van Krevelen diagram can be seen in Fig. 22C. Similar to
the CHO compounds, also the CHOMg compounds follow certain lines of
mass differences. Horizontal lines are represented by the addition of oxygen,
for example as seen at C14H26O3Mg and C14H26O4Mg. Falling lines are
represented by the loss of CH2, for example as seen by the homologous series
of C23H42O5Mg going down to C16H28O5Mg. Similar to CHO compounds,
CHOMg compounds form close to flawless series. Fig. 22B shows the mass-
edited H/C diagram, which shows that the mass range of CHOMg compounds
lie in between 150 m/z and approximately 500m/z. It can be seen that
CHOMg also reach higher H/C values compared to CHO compounds, and
most of them follow homologous series. A zoomed in version of this diagram
can be seen in Fig. 22D. Notably, there are also compounds presents which
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contain two magnesium atoms and not only one. This goes along with an
additional intake on oxygen, as most of these compounds contain 7 or more
oxygen atoms. Approximately 39% of the CHOMg compounds contain two
magnesium ions. This is probably due to the fact that dicarboxylic acids
formed magnesium head groups during shock and heat events. In the zoomed-
in diagram, parallel lines are again containing alike structures with varying
amount of oxygen or magnesium as this goes along with an increased m/z
value. Falling lines from the left top to the bottom right are created by the
mass difference of CH2 and one oxygen, for example C12H22O4Mg goint to
C8H14O8Mg. Lines from the left bottom to the right end signify the addition
or loss of CH2, for example seen at C10H18O6Mg going to C16H30O6Mg. Fig.
22E shows the distribution of oxygen atoms in CHOMg compounds with an
H/C value of 2. The magnesium compounds start at a minimum of three
oxygen atoms. As they are formed from CHO compounds by the formal
addition of MgO2H2, it explains this increase in oxygen. Most CHOMg
compounds contain four and five oxygen. CHOMg compounds with four
oxygen are probably carbon chain structures with one magnesium head group
attached, while compounds with five oxygen atoms contain additional hydroxy
groups or ether structures. Fig. 22F displays the number of of oxygen in
all CHOMg compounds. As similar progress was already seen in Fig. 18E,
but shifted to the left by two oxygen atoms. The distribution of CHOMg
compounds has a comparable shape to CHO compounds, which corroborates
their chemical evolution out of CHO compounds. Most CHOMg compounds
contain four to seven oxygen compounds, but also CHOMg compounds with
12 oxygen atoms were detected.

A total of 96 CHNOMg compouds were detected within the extract of
Åheim olivine. Their average weighted O/C value is 0.32, which is a lot
higher compared to CHNO compounds, and their average weighted H/C
value is 1.62, which is near to the H/C value of CHNO compounds. The
results depicted in Fig. 23. The CHNOMg compounds show two distinct
areas of compounds, once at the region of H/C = 2 and once a series which
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Figure 22: ESI(-) mode results for the CHOMg compounds of Åheim olivine. Size of
bubbles represent intensity in the spectrum. A Van Krevelen diagram. B Mass-edited
H/C diagram. C Zoomed-in area of the Van Krevelen diagram with annotations. Grey
lines represent certain lines of mass differences. D Zoomed-in area of the mass-edited
H/C diagram with annotations. Grey lines represent certain lines of mass differences. E
Amount of carbon atoms vs. amount of oxygen atoms for H/C = 2. E Amounts of oxygen
per compound vs. amount of compounds.

is evolving into a more unsaturated area of the Van Krevelen diagram (Fig.
23A). These two groups of compounds can also be observed in the mass-
edited H/C diagram (Fig. 23B). The m/z values of CHNOMg compounds
range from 200 m/z to approximately 450 m/z. In Fig. 23C, a zoomed-in
version of the mass-edited H/C diagram can be seen. Besides some diffuse
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compounds, a striking homologous series can be observed with the pattern
of CxHx-10N2O3Mg, ranging from 11 to 25 carbon atoms. The chemical
composition lets one assumed that a magnesium head group with nitrogen
incorporation is a possible structure for these compounds. It is also feasible
that CHNOMg compounds do not incorporate nitrogen on the magnesium
head group, but contains aliphatic and aromatic amines or amide groups. Fig.
23D shows that most CHNOMg compounds contain two nitrogen, followed
by one nitrogen, which was also seen at CHNO compounds. Oxygen amounts
start at three, similar to CHOMg compounds, but show a quick decrease in
amounts.
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Figure 23: ESI(-) mode results for the CHNOMg compounds of Åheim olivine. Size of
bubbles represent intensity in the spectrum. A Van Krevelen diagram. B Mass-edited
H/C diagram. C Zoomed-in area of the mass-edited H/C diagram with annotations. D
Amounts of oxygen per compound and amounts of nitrogen per compound vs. amount of
compounds.

For CHOSMg compounds, a total of 93 different chemical structures were
detected in Åheim olivine. Their average weighted O/C value is 0.76, which
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is the highest O/C value of all compound classes, and their H/C value is 1.43,
which is lowest H/C value of all compound classes. The results of CHOSMg
compounds are depicted in Fig. 24. The Van Krevelen diagram shows a diffuse
picture of CHOSMg, which spread over a wide range of H/C and O/C values
(see. Fig. 24A). In the mass-edited H/C diagram of Fig. 24B, some series
of CHOSMg compounds can be observed. Their m/z range goes from 200
m/z to 400 m/z with few exceptions. Fig.24C shows the zoomed-in version of
the mass-edited H/C diagram, which shows the chemical compositions of the
CHOSMg compounds. Some homologous series can be observed, but visibly
most of the CHOSMg are not ordered or follow only a short homologous series.
Furthermore, these are very spread out as the difference of an oxygen or sulfur
results in a big mass shift over the diagram due to the mass of these atoms.
Many compounds contain several sulfur and oxygen compounds. These are
probably similar to CHOS compounds also organic sulfates or sulfites, and
polysulfur structures such as disulfide bonds and thiol structures. Also very
high amounts of oxygen can be observed, which go along with the presence
of oxidized sulfur atoms. Figure 24D show that most CHOSMg compounds
contain one sulfur atom with decreasing frequency at increasing amount of
sulfur. Amounts of oxygen start at three oxygen with a maximum at six,
while values around six are approximately equally distributed. Consequently,
the most frequent CHOSMg structure should contain six oxygen atoms and
one sulfur, which then is also probably the most stable structure.

The last and smallest compounds class are CHNOSMg compounds, as
see in Fig. 25. 33 CHNOSMg compounds were detected in the extract of
Åheim olivine, with an average weighted O/C value of 0.41 and an average
weighted H/C value of 1.62 for this compounds class. The Van Krevelen
diagram shows are very diffuse picture with most compounds at an H/C value
of approximately two with some compounds having lower H/C values (Fig.
25A). The mass-edited H/C diagram shows one homologous series (see Fig.
(Fig. 25B) which ranges from 50 m/z to 400 m/z. Only few compounds
show higher m/z values than 400. In Fig. 25C, a zoomed-in version of the
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Figure 24: ESI(-) mode results for the CHOSMg compounds of Åheim olivine. Size of
bubbles represent intensity in the spectrum. A Van Krevelen diagram. B Mass-edited
H/C diagram. C Zoomed-in area of the mass-edited H/C diagram with annotations. D
Amounts of oxygen per compound and amounts of sulfur per compound vs. amount of
compounds.

mass-edited H/C diagram can be seen. The displayed homologous series with
the chemical composition of CxHx+1N3O3S2Mg ranges from six to 14 carbon
atoms. Is is likely that this serie evolved from the CHNOS compounds as their
amount of nitrogen and sulfur is similar to the amount of the largest series
of CHNOS compounds. Fig. 25D shows that most CHNOSMg compounds
contain three oxygen atoms, which probably results the addition of two oxygen
together with the magnesium atom. Most CHNOSMg compounds contain two
or three nitrogen and and or two sulfur which is slighly different to CHNOS
compounds and shows that some chemical alteration took place between the
transition from CHNOS compounds to CHNOSMg compounds.

The ESI (-) ionization mode enabled the detection and annotation of a
broad variety of different compounds with different degrees of oxygenation,
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Figure 25: ESI(-) mode results for the CHNOSMg compounds of Åheim olivine. Size
of bubbles represent intensity in the spectrum. A Van Krevelen diagram. B Mass-edited
H/C diagram. C Zoomed-in area of the mass-edited H/C diagram with annotations. D
Amounts of oxygen per compound, amounts of nitrogen per compound, and amounts of
sulfur per compound vs. amount of compounds.

saturation, and incorporation of hetereo- and metalatoms. This variety of
organic compounds within mineral samples such as olivine was hitherto not
described and analyzed in such depth. The presence of such a diversity of
organic matter has implications for all geo-sciences and many questions arise
from this newly discovered fact. It is now the task to find exact pathways of
their emergence and factor which influence the formation, stability, alterations,
and destruction of such compounds in mineral. Åheim olivine is one the first
olivine samples which has been investigated and such depth, but by analyzing
more olivine samples terrestrial and extraterrestrial origin, the knowledge
about organic compounds in mineral will expand in the upcoming years.
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3.2.5 Heated Åheim Olivine and CHOSMg Compounds

As previously described, Åheim olivine was heated to 200°C, 400°C, and
600°C degrees respectively. The mineral was heated outside its stability
field, which causes alteration in surface mineralization and consequently also
changes in organic cargo. The three temperatures and the non-heated olivine
were analyzed with ESI (-) FT-ICR-MS in triplicates to analyze and describe
the chemical evolution of the organic compounds within the olivine. The
material and method part of this chapter describes the exact conditions for
extraction and measurements of the olivines. The results of the measurements
of all triplicates can be seen in Table 2. Give are numbers regarding amount
compounds in each chemical class, percentages of elements within the samples
according to the chemical classes, average weighted ratios for the whole sample
and average weighted ratios for each chemical class respectively.
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Figure 26: Average amounts of compound classes from the triplicate measurements of
Åheim olivine. Left barplot: Lowest bar are CHO (blue), next are CHNO (orange), next
are CHOS (green) and last are CHNOS (red). Right barplot: Lowest bar are CHOMg
(magenta), next are CHNOMg (yellow), next are CHOSMg (light green) and last are
CHNOSMg (light red).

The average amounts of the different chemical families are displayed in
Fig. 26, where magnesium-containing are separated from non-magnesium-
containing compound classes. The left barplots shows compounds which are
not containing any magnesium atoms, so CHO, CHNO, CHOS and CHNOS
compounds. It can be seen that the total amount of soluble organic compounds
in olivine is reduced by heat. All four colored bars are less compared to the
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not-heated olivine. CHO compounds are the most abundant compounds in
the organic matter of Åheim olivine. By heating the mineral to 200°C, the
amount of CHO compounds is barely redcued. The relative amount is thus
increased at this point. However, at 400°C, CHO compounds experience a
drop in amount, and features even less CHO compounds in 600°C sample.
However, their relative amount decreases strongly at 400°C as heteoroatom
containing compounds remain present and even increase in number. At 600°C
the relative amount of CHO increases again, as heteromatom containing
compounds are not withstanding the heat exposure and decrease in amount.
Nitrogen containing compounds make up only a small share of the organic
compounds in Åheim olivine. Compared to t0 olivine, their amount is
reduced at 200°C, but increases again at 400°C. At 600°C, they are basically
absent, only few compounds are left. A possible explanation is that nitrogen
containing compounds are destroyed by increasing temperature, as for example
aliphatic amines are thermolabile. At 400°C, CHNO and CHNOS compounds
can increase because they released nitrogen from the disintegration at lower
temperatures plus the energy, which is left during cooldown from 400°C allows
the formation of new CHNO and CHNOS compounds by integrating nitrogen
in oxygenated carbohydrate structures. At 600°C most nitrogen either has
left the system by diffusion or reacted with the now also very reactive IOM
and thus is removed from the system of soluble compounds. Sulfur containing
CHOS compounds are very stable over a wide range of temperature. Their
amount slowly decreases at lower temperatures, and show also reduced amount
at 600°C compared to t0 olivine. However, their numbers are only slowly
decaying with increasing temperature. Similar reactions of compounds without
magnesium can be observed with their magnesium containing pendants.
Looking at CHOMg compounds, they behave similar to CHO compounds. At
200°C, they are barely affected by increasing temperatures. A larger reduction
can be seen at 400°C and even more reduced amounts of CHOMg compounds
at 600°C. CHNOMg and CHNOSMg compounds also behave similar to CHNO
and CHNOS compounds. At 200°C, their amounts is reduced compared to
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t0, at 400°C, they can be again observed in the mass spectra. At 600°C, they
basically completely disappear from the extract of Åheim olivine.

However, a quite unique behavior can observed for CHOSMg compounds.
Compared to t0 olivine, their amount increases with heat at 200°C and even
more at 400°C, but ultimately also disappear at high temperatures outside
of the stability field of the olivine. This observation is quite unique for the
organic compounds of Åheim olivine, as all other compounds classes either
show similar or strongly reduced numbers at increasing temperature. The
CHOSMg compounds in mineral samples constitute a particular compound
class which reacts different towards temperature incidents compared to all
other compounds classes. Consequently, they will be further investigated
within this work.
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Figure 27: CHOSMg compounds of Åheim olivine. Van Krevelen diagram (left) and
mass-edited H/C diagram (right) with differently colored bubbles. The color represents
the temperature at which a compound appeared the first time. Bubble size represents the
intensities in the spectra.

The number of CHOSMg compounds in Åheim olivine varies at different
temperatures. Fig. 27 shows the different CHOSMg compounds of Åheim
olivine and which CHOSMg compounds appeared first at different tempera-
tures. The measured amount of CHOSMg compounds in the triplicates is 104
(s = 50) in t0 olivine, 132 (s = 13) in 200°C olivine, 113 (s = 24) in 400°C
olivine, and 33 (s = 33) in 600°C olivine. For the triplicates, the O/C value is
0.68 (s = 0.11) for t0 olivine, 0.45 (s = 0.03) for 200°C olivine, 0.71 (s = 0.03)
for 400°C olivine and 0.74 (s = 0.23) for 600°C olivine. The H/C value is 1.64
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(s = 0.19) for t0 olivine, 1.77 (s = 0.12) for 200°C olivine, 1.66 (s = 0.15) for
400°C olivine and 1.72 (s = 0.07) for 600°C olivine for the triplicates. For t0
olivine, the average amount of oxygen per CHOSMg compound is 5.80 (s =
1.77) and the average amount of sulfur per CHOSMg compound is 2.16 (s
= 1.61). For 200°C olivine, the average amount of oxygen is 5.91 (s = 1.33)
and the average amount of sulfur is 1.61 (s = 0.90). For 400°C olivine, the
average amount of oxygen is 6.07 (s = 2.49) and the average amount of sulfur
is 2.21 (s = 1.36). For the highest temperature of 600°C, the average amount
of oxygen is 6.79 (s = 2.58) and the average amount of sulfur is 1.73 (s =
0.93). Overall, the amount of CHOSMg compounds increases compared to t0
olivine, and only decreases at 600°C. The standard deviation of the amount
of CHOSMg first drops at 200°C, but then continuously increases showing
that heat causes a diffuse reaction of CHOSMg resulting in a wider range of
amounts of chemical compositions of CHOSMg compounds. At 200°C, the
most new CHOSMg species are formed. Over the temperature gradient, the
average amount of oxygen steadily increases for CHOSMg compounds. The
average oxygen amounts are passing 6 oxygen, which is the most stable form
of CHOSMg compounds, and is reaching numbers below seven. The average
amount of sulfur is moving between 2.21 and 1.61 for all of the temperatures.
The most stable form of CHOSMg compounds is supposed to be a form
with one sulfur atom, but higher amounts of sulfur atoms in other CHOSMg
compounds moves this average to higher numbers. Overall, the CHOSMg
compounds represent a class of compounds which is highly influenced by
temperature incidents.
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3.3 LC-MS Analysis

The strength of the analysis with LC-MS is its ability to give chromatographic
information besides the information of time of flight (TOF) mass spectrome-
try. Compounds are not only described with a m/z value, but also with a
retention time, which is specific for compounds in defined conditions regarding
eluents and columns. Another big advantage is the automated tandem mass
spectrometry (MS/MS) function which automatically fragmentates high m/z
values to give structures information for these peaks. Besides these benefits,
LC-MS with a TOF mass spectrometer lacks high-resolution and is not able
to differentiate between for example CHO and CHOMg compounds as they
have only small mass differences [88].

To optimize the output of LC-MS measurements, Åheim olivine was
analyzed by two different methods. The first method used is a protocol
especially used for metabolite screening with an apolar stationary phase
and water and acetonitrile as eluents. The method has been developed to
screen for small compounds with polar and apolar functional groups. A
second method uses a protocol especially developed for lipidomics. With
water, acetonitrile, and isopropanole as eluents, a run time of 25 minutes, and
an apolar stationary phase, the method is able to separate lipid structures
with variable carbon chains. Both methods combined were used in this
work to give a structural insight into the organic compounds of olivines. In
general, TOF-MS does not provide similar high-resolution as FT-ICR-MS.
Thus compounds measured in TOF-MS are general higher in abundance in
the olivines are a good representation over organic compounds found in the
mineral.

3.3.1 Metabolite Method Results

Two olivine samples were measured and compared to two blank samples. The
samples were measured in positive mode and in negative mode. In all four
positive mode measurements, a total of 58309 mz-rt (m/z - retention time)
pairs were counted. Of all of these, 5068 peaks were assigned with an adduct
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and thus also with a neutral mass. 4845 mz-rt pairs were assigned to [M+H]+

adducts, 58 mz-rt pairs were assigned to [M+K]+ adducts, and 165 mz-rt
pairs were assigned to [M+Na]+ adducts. A total of 1132 mz-rt pairs were
absent in blanks or had a three times higher intensity in the samples . By
looking at the MS/2 level, a total of 607 mz-rt pairs in sample 1 and 610
mz-rt-pairs in sample 2 were fragmentated. By checking all possible neutral
mass differences, only specific ones were chosen for further evaluation. 180
interesting MS/MS spectra in sample 1 and 185 interesting MS/MS spectra
in sample 2 were further considered. A total of 148 MS/MS spectra showed
similar patterns, 110 MS/MS spectra were finally chosen to be further looked
at.

For the negative mode, a total of 4933 mz-rt pairs were detected. 733 of
those were found to have an adduct. Most of these mz-rt pairs (725) were
assigned to [M-H]-, a small amount of seven mz-rt pairs were assigned to
[M+Cl]- and once a [M+HAc-H]- adduct was found. A total of 329 mz-rt
pairs had 3x higher intensities in the samples than in the blanks or were
completely absent in the blanks. At the MS/MS level, 115 and 114 different
MS/MS spectra were found in both measurements. 14 of them were present
in both samples.
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Figure 28: LC-MS chromatogramm of Åheim olivine in (+)-ESI mode. White dots
represent m/z-rt pairs(features). Background reflects the density of features in white.

Since an untargeted approach was used to describe the organics compounds
of Åheim olivine, also the search of interesting mass differences was performed
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in an untargeted manner. To search for interesting and unknown mass
differences, every MS/MS spectrum was used to calculate all differences
between the MS/MS peaks to the respective parent ion. These mass differences
were then compared to all possible mass differences within a certain range
of elements. By using this approach, the possibility to miss important mass
differences by not knowing them in the beginning is excluded.

The most common mass differences were then further evaluated. The
first common mass differences belonged to carbon chains, which show the
characteristic loss of a CH3, followed by subsequent losses of CH2. These are
possibly present as fatty acid structures, but can also be present as esters or
ethers. 28,2% of all MS/MS spectra showed a loss of CH3. Losses of larger
carbon chain fragments were also present in the samples. C2H5 were present in
26.4% of the samples, C3H7 in 22.7% and C4H9 in 20.0% of the samples [257].
The decrease of prevalence of larger carbon chain fragments is explained
either due to less commonness in the compounds as well as the higher energy
needed to fragment those structures. Overall, the loss of one of the mentioned
carbon chain fragments was found in 43.6 % of all of the MS/MS spectra,
making it the largest group of found mass losses. Approximately every second
fragmented ion shows some kind of a mass loss typical for carbon chain, ester,
or ether structures. Ester structures were also confirmed by the presence of
C1H4O1 and C2H6O1 losses, which are typical for methyl and ethyl esters. The
most common mass loss in all spectra is the loss of isobutene - C4H8 followed
by the loss of H2O. Isobutene loss is mostly occurring due to McLafferty
rearrangement of carbon chains next to a carbonyl group such as aldehydes,
ketones, carboxylic acids, amides, and esters [258]. Furthermore, it is possible
to find Mc Lafferty rearrangements next to benzene structures [259]. The
mass loss of water further corroborates the presence of hydroxyl- or carbonyl
groups. Other losses found were acetone - C3H6O1 which is a marker for
ketone structures in the compounds, ethanol - C2H6O1 which could derive
from aldehydes, and formic acid - C1H2O2. The mass differences of C2H5O1N1

and C2H3N1 corroborate the presence of amide structures and thus nitrogen
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in the organic compounds. Approximately 25% of the compounds showed
mass losses containing nitrogen. Moreover, carbon monoxide and carbon
dioxide were detected as present losses, which corroborate the presence of
aldehyde/ketone and carboxylic acids respectively. However, basically no
mass losses confirming sulfur in the compounds was detected. This could
be either due to absence of sulfur containing compounds, but also due to
impeded ionization of sulfur compounds in positive ESI mode. Overall, the
organic compounds of Åheim olivine detected by this method show mostly
carbon chain structures with carbonyl groups with contribution of nitrogen.
This is in agreement with LC-MS results or FT-ICR results analyzing abiotic
geological samples [141,260].
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Figure 29: Exemplary MS/MS spectra from the positive mode metabolites measurements
from Åheim olivine. Three masses an their fragmentation patters with neutral mass losses
are given. The precursor ion is marked in red, other peaks are depicted in black.

In Fig. 29, some examples of MS/MS spectra from the metabolites
methods are given. Figure 29A shows the typical fragmentation pattern of
aliphatic carbon chains which loose variable amounts of carbon and hydrogen
during fragmentation. The also before mentioned peaks of C1H3 and C2H5

are present in the spectrum. The peak of 331.2165 m/z is putatively assigned
to the chemical formula C23H27N2, which could have a structure such as
1-[(Z)-Stilbene-4-yl]-3-hexyl-1H-imidazole-3-ium. Besides aromatic features,
also aliphatic carbon chains are present which show characteristic MS/MS
fragments as seen in Figure 29A. In 29B, the peak of 131.9745 m/z showed a
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mass loss of water which indicates the presence of carboxylic acids, aldehydes
or esters. The subsequent neutral loss of C2H3N1 is a typical loss for nitrile
groups. In 29C, a more complex MS/MS spectrum is depicted. The mass of
345.1945 m/z is assigned to the chemical formula C23H25N2O. The neutral
losses of C1H3, C3H7, and C6H8 indicate the presence of an aliphatic carbon
chain in the structure. Moreover, two large neutral losses were observed in
the MS/MS spectrum. The loss of C11H9N is present. A possible neutral
loss would be a sort of 2-Phenylpyridine or 2-Vinylquinoline. The presence
of benzene rings is also likely due to the H/C value of 1.1 for the suggested
chemical compositon, which would be a highly aromatic one. The neutral
loss of C9H9NO could structurally be seen as the loss of cinnamic acid amide.
A possible fragmentation pathway is the cleavage in alpha position of the
amide. Subsequent losses to these neutral losses are C3H4 which could be
propine. The neutral loss of C5H3N could be a loss of 3,4-Didehydropyridine.
Overall the chemical structure of the mass 345.1945 m/z shows a variety of
features and represents the diversity of chemical compounds which are present
in olivine samples.

In negative mode, the MS/MS spectra were mostly empty not showing
many mass differences of interest. The most common mass difference found
in the spectra was the mass difference of SO2, which is only observed in
negative mode coming from sulfonic acids and sulfonates. Moreover, the
typical mass differences of H2O, CO, CO2, and CH2O were detected. Overall
the olivine samples did not show many fragmented m/z-rt pairs and thus an
evaluation is difficult. The compounds present in the mineral samples are
likely more ionizable in positive mode with the applied LC-MS method. In
contrast to nitrogen containing compounds, organic species containing sulfur
are readily ionized in negative mode which also explains the higher abundance
of fragments coming from organic sulfur species.
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3.3.2 Lipid Method Results

Similar to the metabolites method, two olivine samples were measured in
positive and negative and compared to two blank samples. In all 4 measure-
ments, a total of 87110 mz-rt pairs were counted. A total of 18419 peaks
were assigned with an adduct and thus neutral masses for these adducts
were given. 17820 mz-rt pairs were assigned to [M+H]+ adducts, 209 mz-rt
pairs were assigned to [M+K]+ adducts, and 390 mz-rt pairs were assigned
to [M+Na]+ adducts. A total of 5276 mz-rt pairs were absent in blanks or
had a three times higher intensity in the olivine samples. At the MS/MS
level, a total of 1266 mz-rt pairs in sample 1 and 1285 mz-rt-pairs in sample
2 were fragmentated. By checking all mass differences, only specific ones for
lipids positive mode were chosen. Within the two measurements, a total of
537 MS/MS spectra showed similar patterns and 174 MS/MS spectra were
finally chosen to be further looked at.

For the negative mode, 1771 mz-rt pairs were found in the spectra. 281
adducts were assigned, all of them as [M-H]- adducts besides one, which
was found as a [M+Cl]- adduct. 130 of these mz-rt pairs were 3x higher in
intensities of absent in the blanks. The MS/MS level showed but five MS/MS
spectra in both samples.
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Figure 30: LC-MS chromatogramm of Åheim olivine with the lipid method in (+)-ESI
mode. White dots represent m/z-rt pairs(features). Background reflects the density of
features in white.

The most common mass difference in the lipids positive mode is reduction
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seen as a loss of H2. This is a typical reaction for carbon chains as found
in fatty acids in ESI positive mode fragmentation [261]. A similar frequent
neutral loss is the loss of NH3, which is observed in the presence of aliphatic
amines and oximes. Similar to the metabolites method, also many neutral
losses in connection with aliphatic carbon chains were detected such as C1H3,
C2H5, and C3H7 were detected in large amounts. Also the mass loss of C4H8,
which is the most abundant neutral loss from the metabolites method, was
detected. Furthermore, Isobutanol (C4H10O), Propen (C3H6), Butanolate
(C4H9O), Ethan (C2H6), and Ethen (C2H4) mass losses were detected. Besides
the loss of H2O and CO2, also the mass loss of CH4 was detected, which is
a sign of the conversion from Isopropene to Ethene. Moreover, the neutral
loss of methanesulfinic acid (CH4O2S) and of H2S were detected as sign of
the presence of sulfur containing organic compounds. Other mass differences
and in different amounts were detected by the lipids positive method, which
shows, that both metabolites and lipids methods are complementary to each
other and reveal a broad set of compounds in the olivines samples.

Some MS/MS spectra from the lipids method were chosen to visualize the
fragmentation of the compounds (see Fig. 31). In Fig. 31A, the fragmentation
mass 209.1550 m/z is shown, which is annotated to C12H21HO. The loss
of water is probably coming from a carboxylic acid or alcohol group, the
mass losses of CH2 and CH4 are probably resulting from a carbon chain
fragmentation. The pattern let’s one suggest that this compounds probably
has a fatty acid like structure, which is branched or unsaturated. A similar
pattern is seen in Fig. 31B, where C4H8 losses are frequent as well as H2O,
which suggest the presence of carboxylic acid, and CH2O2, which is a know
mass loss of alpha hydroxy acids. A possible structure could contain a
carboxylic acid group with one or two hydroxy groups attached to a long
carbon chain. Fig. 31C shows a even larger compound at mass 427.3801 m/z
which is putatively annotated as C26H51O4. Interestingly, the neutral loss
of C8H16 with subsequent loss of H2O is observed two times, which could
suggest the presence of two similar chemical structures attached to a fatty
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Figure 31: Exemplary MS/MS spectra from the positive mode lipids measurements from
Åheim olivine.Six masses an their fragmentation patters with neutral mass losses are given.
The precursor ion is marked in red, other peaks are depicted in black.

acid chain body. In Figure Fig. 31D, a rather small nitrogen compound
has been analyzed. The loss of NH3, which is often observed in amino acid
analysis, suggests the presence of aliphatic nitrogen compounds. Besides,
also aliphatic carbon chains are suggested to be present. In Fig. 31E, a
similar thing to Fig. 31C can be observed. The feature of 399.2514 m/z
has a putatively assigned chemical composition of C21H31N6O2. Here, the
neutral loss of C6H12O can be observed two times with very high intensities.
Two similar structures, supposedly Capronaldehyde, are attached to this
molecule, probably as amides due to the high number of nitrogen in this
compound. The last analyzed MS/MS spectrum (Fig.31F) contains probably
an aliphatic amine due to the high intensity of a signal after the neutral loss
of NH3. From that peak, several other neutral losses can be observed, mostly
alcohol, carbonylic acids or aldehyde losses. The remaining nitrogen atoms
are probably incorporated into a aromatic structure as no other neutral loss
containing nitrogen were observed in the MS/MS spectrum. Overall, the
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lipids methods revealed a broad variety of different chemical structures in
the organic matter of Åheim olivine. Especially carbon chains and nitrogen
containing compounds are readily analyzed with the lipids method in positive
mode.

In lipids negative mode, basically no usefull ms/ms spectra were generated.
Most of the compounds detected were contamination from the methanol and
preprocessing steps. The organic compounds in Åheim olivine are supposedly
hampered in ESI negative ionization and thus do not show good intensities
compared to positive mode. A further evaluation of the lipids negative mode
was not performed.

3.3.3 Discussion of the LC-MS Results

LC-MS is a suitable method to detect and analyze the broad variety of
organic compounds which can be found in olivine mineral. The here pre-
sented methods revealed a large amount of versatile compounds with different
fragmentation patterns, retention times and m/z values. The liquid chro-
matography separation allows a refined analysis of the organic compounds
and - in combination with MS/MS fragmentation - revealed many details
over their underlying chemical structures.

The LC-MS method is able to analyze the SOM of olivine mineral, in
this case the Åheim olivine. The detection of a broad variety of chemical
structures from various chemical compounds classes is indicating towards
the theory that olivine harbors carbon containing compounds. This fact
was hitherto not properly investigated. Further, the organic matter can be
assumed to contain aliphatic structures, various functional groups in different
oxidation states, and also heteroatoms to a certain amount. To sum up,
this discovery implies that geological samples have to be investigated with
different analytical techniques to not only describe mineral features, but also
to report the complex and diverse chemistry within the mineral.

The fact that carbon in different oxidation states can be readily detected
in olivine changes given facts about the carbon cycle of our planet. If only
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trace amounts of carbon is stored in olivine, the pure mass of terrestrial
olivine would contain more carbon than all living creatures combined. Also,
the organic signature can be analyzed and further used for classification of
mineral samples regarding their origin and their temperature history on earth
and also in space.

However in this work, only standardized methods were used to investigated
the SOM of Åheim olivine. As NOM is a special kind of organic compound
mixture, the amelioration of the LC and the MS parameters and settings
could possibly reveal an even larger amount of compounds to ultimately
unravel more of the exact chemical structures behind NOM in olivine. The
here presented compounds are just exemplary for the broad variety which
is yet to discover. With column settings, choice of solvent, gradients and
refined detection parameters, it is to expected that olivine contains even more
compounds which are hitherto undiscovered. Furthermore, many compounds
are insoluble, so the here presented results can just speak for the SOM, which
is directly measurable in this LC-MS approach. Consequently it can be said
that LC-MS is a viable method to investigated the SOM of a broad variety of
mineral samples, and, with more refined and adapted methods, the yield of
qualitative and quantitative data can be improved by a lot.

Future research should follow the line of these experiments to develop
methods especially created to evaluate the soluble organic matter in an
untargeted matter, but the probability of targeted analysis could be given as
well after refined analysis has been performed. Methods have to be validated
and tested on many different olivine samplesm to obtain a reliable data set on
organic compounds in olivine. Furthmore, metabolomic data bases could be
used to evaluate the possible structures of compounds on MS and MS/2 level
to shed light on the chemical complexity and diversity of organic compounds
in olivine.

102



3.4 NMR Analysis

3.4.1 NMR Spectrum of Åheim Olivine

The 1H NMR spectrum of unheated Åheim olivine shows a broad variety
of organic compounds in different regions of the spectrum which represents
different chemical structures within the mineral (see Fig. 32). The integrals
of the NMR spectrum were normalized to 100 %. From high to low field
(from right to left), the first dominant signals can be found at δH ∼ 0.72
ppm - 0.97 ppm. Signals in this area indicate the presence of abundant ethyl
groups (-C-CH2-CH3) as well as less abundant -C-C(C)H-CH3 units. With
13 % of all integrals, this represents are large class of protons in the organic
matter within the olivine. At δH ∼ 1.05 ppm - 1.13 ppm methyl groups
within aliphatic chains (-C-(HC-CH3)-CH) show a small abundance of 2.4
% of all organic compounds. The largest group of proton signals is coming
from methylene groups or other pure aliphatics with sp3 hybridized carbon
(R-CH3) at δH ∼ 1.14 ppm - 1.44 ppm. 44.9 % of all signals in the organic
matter of Åheim olivine derive from this chemical structure. Alicyclic rings
with or without attached methyl groups can be seen between δH ∼ 1.4 ppm
and 1.7 ppm. With 8.1% these chemical structures fairly abundant. Acetate
derivates (H3CC(=O)-O-) are seen as three separated groups between δH ∼
2.0 ppm and 2.4 ppm. They make up 5.7 % of the extracted organic matter.
The following signals from δH ∼ 3.2 ppm and 4.8 ppm belong to different
units, namely carbohydrates, alcohols, esters, ethers, and others. In this
region, the solvent MeOD and its contamination MeOH show intese peaks
between δH ∼ 3.2 ppm and 3.45 ppm. This area was left out due to the
solvent. However, the proton peaks around still accounted for 23.7 % of all
compounds. Between δH ∼ 5 ppm and 7.8 ppm, only 1.6% of all signals were
detected. This area shows olefinic protons as well as aromatic protons. Above
8 ppm, carboylic acid peaks can be observed, but were left out for evaluation
is they usually belong to contamination.

The results of the 1H NMR spectrum of Åheim olivine corroborates the
103



[ppm]8 6 4 2

0.0163 0.0163 0.1760 0.
05
72

0.
08
09

0.
44
89

0.
02
42

0.
13
00

abcdef

Figure 32: 1H NMR spectrum of Åheim olivine. The blue spectrum serves as an overview
while the black spectrum is a zoomed-in version. Red numbers represent the size of the
integrals normalized to 100%. Colored areas represent (a) aliphatics, (b) acetate analogues,
(c) carbonyl-rich alicyclic materials, (d) carbohydrate-like and methoxy, (e) olefinic and
aromatic, and (f) carboxyl acids.

results as already seen in FT-ICR-MS and LC-MS. A large proportion of
the SOM of the olivine mineral belongs to aliphatic structures with different
degrees of saturation and branching within the compounds. Organic structures
largely consist of hydrocarbon chains with contribution of heteroatoms. The
majority of the hydrogen atoms belong to methyl groups or branched aliphatics,
which was also seen in the fragmentation pattern of the LC-MS fragmentation
results. Also FT-ICR-MS showed mostly aliphatic structures with only
minimal content of aromatic compounds, similar to the 1H NMR spectrum.
The abundance of different compounds classes as seen in the 1H NMR
spectrum was similar to the MS/MS fragmentation patterns as the distribution
of the organic compounds in the Van Krevelen Diagram. Consequently, 1H
NMR spectroscopy sheds more light on the organic compounds of Åheim
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olivine and furthermore allows a more distinct description of the underlying
organic structures.

2D NMR techniques enable a refined analysis of the underlying molecules
because they reveal couplings and inter connectivity between protons in a
molecule. For the 200°C Åheim olivine, a TOCSY and a J-resolved Spec-
troscopy (JRES) 2D NMR spectrum were acquired. Parts of the spectra can
be seen in Fig. 33. In panel A, the aliphatic protons up to 2.4 ppm can be
observed in this JRES spectrum. JRES allows to observe the couplings of
protons. Triplets can be seen as three equidistant signals in the areas of A1
and A3 while doublets are visualized as two equidistant signals in the area of
A2. Fig. 33 Aa shows the proton attached to carbonyl groups, for example
COOH groups. Panel Ab shows shows a broad signal, which belongs to formic
acid. Panel Ac and Ad represent signals from proton further away from a
carbonyl group. Besides singlets, doublets and triplets, also couplings can
be observed which cause even more differentiated patterns. Panel Ae mostly
shows the triplet as observed by a methyl group next to a CH2 unit.

Fig. 33B shows the aliphatic region of a TOCSY spectrum. The signals
show a large range of different proton signals. Signal 1 is a methyl group
attached to a carbon hydrogen chain, which can be more or less branched.
However, signal 1 is at the end of this possible chain. Signal 2,3,4, and 5
represent signals with in the carbon chain and shows interactions between
the different protons from the main molecule body and its branches. Signal
6,7,8, and 9 are signals resulting from an α carbon proton and its coupling
with nearby protons from the main chain or the branches. However, these
couplings are differently shielded compared to protons at the end of a carbon
hydrogen chain.

Fig. 33C represents a TOCSY spectrum of the aromatic protons in Åheim
olivine. However their amount is scarce, some signals can be observed. Fig.
33 C1 shows the signals from para substituted aromatic structures. Their
abundance compared to aliphatic features is relatively scarce. Also mono-
and ortho-substituted aromatic structures are sparse in the organic matter of
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Figure 33: A JRES NMR spectrum. A1: CH3-CH2/q-C, A2: CH3-CH-C, A3: CH3-
CH2-C, a: α carbon protons, b: formic acid, c: β carbon protons, d: γ,δ,ϵ carbon protons,
e: CH3 protons; B 1H,1H TOCSY NMR spectrum. Aliphtic protons are marked with
numbers. 1: 3J ζCH3 ζH , 2: 3J ϵCH3 ϵH and 5J ζCH3 ϵCH3, 3: 3J βH γCH3, 4: 3J ϵH
δCH3 and 4J ϵCH3 δH, 5: 4J γH βCH3, 6: 4J γH αH, 7:3J αH βH, 8: 3J αH δH, 9: 4J
αH βCH3; C 1H,1H TOCSY NMR spectrum with aromatic protons. C1: para-substituted
aromatic system (e.g. Terephthalic acid), C2: ortho-substituted aromatic system (e.g.
Phthalic acid), C3: mono-substituted aromatic system (e.g. Benzoic acid).

Åheim olivine. These results were already shown by FT-ICR-MS and thus
confirmed by NMR.

While the application of 2D NMR techniques is only shown in a concise
manner for this work, the application possibilities, especially in targeted
approaches and chemical structure elucidation is immense. For targeted
approaches, 2D NMR techniques can give an overview over abundant chemical
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couplings and may allow to assume chemical properties of the analyzed sample.
However, the possibilities are limited as many signals are overlaying each
other and a precise analysis of compounds groups or even single compounds is
hampered. To improve the possibilities in this area, a pre-processing methode
such as preparative HPLC would be beneficial to separate compounds classes
from each other in order to achieve more precise results over specific chemical
compound groups in the NOM sample.

3.4.2 NMR Spectra of Heated Olivine

Similar to FT-ICR-MS and scanning electron microcopy (SEM), also the
heated Åheim olivine samples were measured with 1H NMR spectroscopy. The
extraction is described in the material and methods chapter of this section. All
four different olivine samples were measured similarly to ensure comparability.
For most of the signals, no difference could be observed within the samples.
However, some of regions showed significant differences in signal intensity as
well as in integral area. In Fig. 34, some areas with different peak intensities
are depicted. Fig. 34A shows the abudance of CH3 groups. The unheated
t0 olivine has the highest intensity in this group, which decreases with heat.
Also the integral has a high value compared to the other temperatures.

Region t0 200°C 400°C 600°C
0.80 - 1.00 ppm 0.1286 0.1045 0.1163 0.1131
1.00 - 1.15 ppm 0.0306 0.0324 0.0262 0.0344
1.20 - 1.45 ppm 0.4574 0.2897 0.4689 0.3519
1.50 - 1.70 ppm 0.0765 0.0623 0.0939 0.0637
1.90 - 2.37 ppm 0.0641 0.0639 0.1233 0.0685
2.40 - 3.10 ppm 0.1786 0.3439 0.0410 0.2900
3.46 - 4.75 ppm 0.0549 0.0543 0.0759 0.0597
5.12 - 7.91 ppm 0.0093 0.0489 0.0544 0.0187

Table 3: Integrals of eight distinct regions normalized to 100%. Share of the integral to
100% is given for t0, 200°C, 400°C and 600°C olivine.
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Figure 34: Comparison of 1H spectra of t0 olivine (blue), 200°C olivine (red), 400°C
olivine (green) and 600°C olivine (purple). Four panels represent different areas of the
spectra between A 1.22 and 1.36 ppm, between B 3.42 and 3.43 ppm, between C 4.63 and
4.64 ppm and between D 3.45 and 3.70 ppm.

Two examples at 3.424 ppm (Fig. 34B) and at 4.636 ppm (Fig. 34C) show,
that the effect of temperature exposure can be even more drastic, as peaks in
the heated samples nearly disappeared compared to the t0 olivine. In this
region, mostly protons of carbohydrates, alcohols, esters, and ethers generate
signals. An opposite trend can be observed in Fig. 34D. In this region,
especially the signals of the 200°C spectrum are higher and more distinct
compared to other temperatures. By looking at Table 3, the ratios of the
different integrals at different temperatures can be seen. The first to regions
between 0.80 ppm and 1 ppm as well as between 1.00 ppm and 1.15 ppm shows
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highest numbers in t0 olivine an decreases with higher temperature. Region
three (1.20 ppm to 1.45 ppm), region four (1.50 ppm to 1.70 ppm), and region
six (2.40 ppm to 3.10 ppm) show no real trend in the data, the ratio of the
integral is ambiguous. However, the trend of the last three regions, region five,
seven, and eight, shows that the integral increases until 400°C and then drops
in amount at 600°C. A similar trend for some compounds could be observed
in the FT-ICR-MS data, where some compounds classes showed and increase
in numbers at 400°C, whereas 600°C depleted those organic compounds.
Consequently, also NMR can provide information regarding the evaluation of
organic compounds in olivine samples. Furthermore, temperature differences
could be observed within the data showing that the organic molecules in
olivine are sensitive to temperature alteration and that this alteration can be
measured and qualitatively evaluated by NMR spectroscopy.

3.4.3 Discussion of the NMR Results

Both 1H NMR and 2D NMR techniques have been shown to be suitable
methods for analyzing the organic matter embodies in olivine mineral. In
this untargeted approach, NMR spectroscopy revealed a variety of organic
compounds and also allowed to make assumptions regarding their chemical
structure. Especially 2D NMR methods such as TOCSY and JRES spectra
allowed to see couplings between hydrogen atoms and thus revealed possible
chemical connections of organic matter found in olivine. Furthermore, the
comparison of differently heated olivines showed that organic compounds
are susceptible for heating incidents and changes in chemical functionality
can be observed. Ultimately, also meteorite extracts can be suspect to
NMR spectroscopy [148]. Solely or in combination with other high-resolution
techniques, the analysis of NOM and the identification of organic compounds
in the pool of molecles in NOM and DOM is highly improved by the use of
NMR.

In the case of NOM and DOM, NMR is especially valuable as the tech-
nique not only enables the detection of various chemical structures, but also
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facilitates chemical structure elucidation as hydrogen couplings can be seen
in the spectra. The information of how carbon and hydrogen atoms are
chemically connected will be a key technology in the compound identification
process of the mass of organic compounds which is found in olivine.

However, the broad mass of organic compounds impedes also the investi-
gation of the chemical structures as many signals overlap. Previous refined
samples preparation such as LC fractionation with subsequent NMR analysis
of these fractions can be a solution to overcome overlapping signals.

The results shown here are just valid for the Åheim olivine and its heated
specimen. Different olivines from different origin will probably show a partic-
ular distribution of signals depending on its emergence and heating history.
It is to be expected that olivine from volcanic origin contains a distinctive
signature which distinguishes it from Åheim olivine, as it is a mantle olivine.
For precise statements of what exactly happens with organic compounds while
heating, the experiments should be repeated with many kinds of olivines in
multiple measurements. However the extraction of two grams of olivine gives
an optimal average over the alteration of organic matter in the sample, the
repetition of experiments could outrule variance cause by measurements inac-
curacies. Ultimately, also sample preparation methods will have to be refined
to enable reproducible and meaningful results from the NMR spectroscopy.
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3.5 Discussion and Conclusion

Olivine mineral, which is highly abundant on earth, but also present in many
meteorites, contains a diverse matrix of organic matter. FT-ICR-MS revealed
the high abundance and complexity of organic compounds contained in olivine.
The method is able to not only measure a broad variety of these organic
compounds, but also assign elemental formulae to the measured peaks for
a better elaboration of the organic matter. However, an exact structure
elucidation with FT-ICR-MS is not possible. Complementary techniques
such as LC-MS to perform MS/MS experiments and NMR spectroscopy to
elaborate the chemical connectivity would be necessary to better describe the
organic compounds and to ultimately be able to annotate specific chemical
compounds. Organic matter is enclosed within olivine and not directly
available to nature, but also protected from heat combustion and other harsh
environments. The olivine mineral itself can change in a high temperature
environment, which also enables the organic matter to change accordingly.
Nevertheless FT-ICR-MS showed the broad variety of compounds which are
present in olivine despite heat incidents. These stable molecules could have
contributed to prebiotic chemistry and might be a missing link in regards to
questions of the emergence and sustainment of life on Earth.
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Chapter 4 - Conclusion and outlook

4.1 Implications for the Emergence of Life

This work was written in the context of the emergence and sustainment of life
on Earth. The research of this field focuses on possible ways how life in our
universe can start and how it could have evolved over time until today. Three
major topics are looked at in this field, namely early synthesis, replication
and translations, and early metabolism and cells. Replication and translation
research focuses on DNA and RNA formation and their replication as well
as peptides and proteins with catalytic functions. Early metabolism and
cell research is focused on amplification, self-replication, and physical and
chemical conditions, which were present at early Earth and how they could
have promoted life. The research field where this work contributes to is the
early synthesis. The topic focuses on the stability of compounds and how
early synthesis could have worked in the primordial soup. The theories of
this research field either represent the hypothesis that early Earth provided
enough small molecules to start and fuel chemical reactions, or state that
small and medium sized molecules already emerged in space and were brought
to Earth by carriers.

The presented results of this work are a combination from both theories,
that larger molecules were built on Earth, but also that they came from
outer Space. Meteorites and olivines were shown to be carriers of organic
compounds of various size with contribution of heteroatoms like nitrogen
and sulfur. These organic compounds survive the atmospheric entry and are
released to the surrounding environment after the meteorite lands on Earth
and maybe was destroyed during this process. Consequently, landing sites of
meteorites are in a way destroyed due to the large amounts of energy which is
released by the impact, but also bear the potential of the emergence of new life
as this abundance of organic compounds facilitates metabolism and synthesis
nearby. It was also shown that organic compounds can intrinsically arise from
Sabatier-processes and FT reactions in olivine. As olivine was already present
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in Hadean times, the mineral matrix of olivine could have provided shelter
and protection for organic compounds from the harsh exterior environments
of Hadean Earth. Furthermore, olivine acclimates the surrounding water
for improved survival of organic compounds, explicitly for the survival of
CHOMg and CHOSMg compounds as these are easily degenerated at acidic
pH values. A group showed the effects of olivine degradation and erosion
in tap water [262]. Differently grained olivine was eroded in tap water by
movement and the pH value was measured as an indicator of the reaction
of olivine with water. During the process of degradation, the pH value of
tap water increase over time. Naturally, tap water decreases its pH at air
exposure, so it can be assumed that erosion of the olivine is the reason for the
pH increase. Reactions of olivine with water are described by the following
equations.

(Mg, Fe)2SiO4 (olivine) + 4 H2O −−→ 2 (Mg, Fe)2+ + 4 OH– + H4SiO4

4 OH– + 4 CO2 −−→ 4 HCO–

To corroborate these findings, the experiment was reproduced in this work.
Four Erlenmeyer flasks were filled with 250 mL tap water and 30 g of Åheim
olivine. The flasks were shaken for 1 d, 4 d, 7 d, and 10 d respectively and the
pH value of all water samples was measured. Furthermore, 1 mL of the water
was sampled after experiment, centrifuged and mixed with 5 mL of methanol.
This extract was then subject to FT-ICR-MS measurements. The results of
the pH measurements and the results of the FT-ICR-MS measurements can
be seen in Table 4. The picture of the Erlenmeyer flasks after the experiment
can be seen in Fig 35C.

Similar to the experiment as published in the paper of Schuiling et al. [262],
the pH value of the water increased the more, the longer the olivine was
present in the water samples. The increase of the pH value was explained
by two reactions as shown before. Therefore it can be assumed that olivine
when exposed to water in combination with erosion can increase the pH value
of water locally. This allows the creation of a less hostile environment, both
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Days of Final New New New
Experiment pH CHO formulae CHOMg formulae CHOSMg formulae
One 8.98 124 6 2
Four 9.23 2 2 0
Seven 9.28 111 10 1
Ten 9.36 198 64 11

Table 4: Results of the erosion experiments with olivine in tap water

for living creatures, but also for organic compounds. Furthermore, the water
samples showed an increase of CHO, CHOMg, and CHOSMg compounds
over time (Figure 35A and B). While at first, the amount of compounds is
variable and not notably increasing, the compounds show a strong increase
in the water at seven and ten days. It is possible that the erosion of the
olivine liberated organic compounds to their surroundings. Furthermore,
these compounds were stable long enough to be measured with FT-ICR-MS
which shows their stability at higher pH values towards degradation.

Olivine when in contact with water can create a local environment, even on
Hadean Earth, which is locally more suitable to harbor life and stable organic
compounds. The crater of a meteorite or local spots in the ocean can be more
suitable to promote the development of life and organic compounds than
other spots on the same planet. A widely investigated example of this may be
the lost city underwater field of black and white smokers. The shown results
indicate that organic matter could have survived on the harsh conditions on
Early Earth and therefore it is possible that olivine and meteorites together
promoted the emergence of life. Not only does olivine provide an friendly
environment towards organic compounds, but also liberates compounds due
to the erosion of the material. The shown data is only a small section of the
reactions schemes happening of olivine when in contact with water. Especially
CHO compounds are also prone to be added through air. Therefore, CHNO
compounds were not looked at as they can easily enter the open system and
thus cannot be seen as reliable markers for olivine degradation. However,
CHOMg and CHOSMg compounds are unlikely to be added by air and thus
allow the conclusion that olivine itself provides necessary organinc compounds
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Figure 35: Results from the water erosion experiment with olivine. A Van Krevelen
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to its surrounding to create life. Further research should include a larger
dataset of more olivines, more water types, atmospheres, and reactions
conditions. It can be assumed that the degradation of olivine follows certain
rules and that also serpentinization plays an important role in the processes
of olivine in contact with water.

4.2 Further Research on Metalorganic Compounds

Until now, especially the class of CHOMg and CHOSMg compounds has
been described as important proxies for heat incidents, shock, and thermal
alteration in meteorites. Due to the fact that meteorites contain a far larger
number of hetero atoms and metal ions as yet described in literature, it can
be expected that more compounds will be discovered in the upcoming periods.
Especially selenium and tellurium can be assumed to be incorporated in
organic compounds as these elements share similar chemical properties like
sulfur. The whole class of CHNOMg and CHNOSMg is also not yet described.
Their appearance and absence might as well be an important marker for
meta data. It could be assumed that nitrogen especially could be a marker
for comet ice models as these often are closely related to compounds with
nitrogen contribution.

The existence of halogen atoms within these kinds of molecules is also
plausible as chlorine, bromine, and iodine can chemically easily replaced
with chemical groups such as OH groups. As halogens are also available in
meteorites and show a characteristic isotope pattern, some olivine samples
were searched and some compounds containing bromine were detected in the
FT-ICR-MS in the sample of Kilauea 1959 eruption olivine. The isotopic
pattern of this peak of mass 735.13907 Da was investigated and assigned
to the chemical formula C16H33O3MgBr. The isotopic pattern as seen in
Fig. 36 confirms the presence of a brombine atom as its isotope of 81Br
(abundance 50 %) shows equally high intensity as the monoisotopic peak.
Also some combinations of bromine peaks together with other isotopes can
be observed. The presented peak thus includes besides magnesium also a
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bromine atom, which was hitherto not reported. The depicted chemical
structure is an assumption which is drawn from the chemical properties of
CHOMg compounds, where one OH group was replaced by bromine. This
structure however is not confirmed, but seems plausible due to the chemical
structure of CHOMg and CHOSMg compounds.
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Figure 36: Isotopic pattern of the peak of m/z 375.13907 , to which the chemical formula
of C16H33O3MgBr was assigned. Isotopic pattern of this peak is depicted. A suggested
chemical structure is given.

This finding and the presence of CHNOMg and CHNOSMg compounds
confirms that more metal containing compounds from meteorites can be
expected to be found in the upcoming future. However, it is noteworthy
that size and shape of these compounds can vary to a great extent. More
organo metallic compounds signify their importance to the carbon specitation
in geological samples such as meteorites and olivine. These compounds
furthermore also may have contributed to the emergence of life on Earth
and provided chemical environments for catalysis of chemical reactions. At

117



this point the scope of what we know about these compounds is small and
what we do not know about them is large. Future research will use further
high-resolution techniques to identify more unknown compound classes and
also can correlate them to chemical processes on Earth and Space. It is
likely that in the upcoming twenty year, a manifold of more compounds are
detected in meteorites as well as in the many return missions which have been
launched in the recent years and will bring back pristine samples to Earth
from Mars, from Asteroid, and other celestial bodies.

4.3 High Content Screening

High content screening (HCS) is a technique which combines automated
microscopy with quantitative image analysis [263]. It is used to address
biological questions in the fields of academia or pharmaceutical industry
especially in the context of toxicology including all of its sub fields such as
genotoxicity or neurotoxicity. By exposing relevant systems such as stem cells
to chemical agents followed by application of cell dyes, antibodies, or proteins,
cell characteristics data can be acquired by analyzing and measuring image
parameters [263]. Critical cell alterations can be compared to known effects
of drugs on cells and furthermore can be compared to zero controls of cells to
display relevant changes. HCS enables a quick and broad method to test also
complex systems for biological activity in cells and allows to choose for drug
candidates without resolving biological pathways in the first step.

HCS is consequently a suitable platform to test for biological activity of
compounds is a mixture of molecules as it is present in the SOM of meteorites
and olivines. Extracts from the meteorites and olivines can be directly applied
to the HCS cell models to check for biological activity within these geolog-
ical samples. As the SOM of geological samples is mostly not investigated
regarding chemical structures and composition, it is feasible to discover new
relevant molecules for drug discovery in geological samples as these function
as a novel chemical library with unknown chemical characteristics.

To test the hypothesis that meteorites and olivine contain biological active
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organic compounds, the Kilauea 2018 olivine was tested for HCS. The extract
of the SOM of Kilauea 2018 was applied to three plates with sufficient number
of zero controls to compare the effects of the organic matter from the olivine.
To improve the validity, triplicates were measured and compared to all blanks.
Some important results of the HCS analysis can be seen in Figure 37.
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Figure 37: Important results from the HCS screening of Kilauea 2018. Analysed are A
Nucleus DNA Mean Intensity, B Cytoplasm Mito Contrast, C Cell Actin-Golgi Mean, and
D Nucleus Actin-Golgi Mean.

The SOM of Kilauea 2018 Olivine shows some changes compared to the
blanks which are untreated cell lines. The DNA mean intensity of the olivine
treated cells is lowered compared to most blanks (37A). A similar effect
was seen in cells after methotrexate exposure, which is a potent inhibitor
of the dihydrofolate reductase. Furthermore the drug inhibits the enzyme
aminoimidazolecarboxamidoadenosineribonucleotide (AICAR) transformylase,
which is involved in the purine biosynthesis, and causes apoptosis. Also PFI-1,
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a highly selective BET (bromodomain-containing protein) inhibitor for BRD4,
which is researched for cancer therapy, causes this effect on cells. Cytoplasm
mito contrast (37B) is also lowered in the cells treated with Kilauea 2018
extract. This effect can also be seen in the cells treated with Exemestane,
which is an aromatase inhibitor. Besides that, the Kilauea 2018 extract
also shows activity towards the actin-golgi structures in the cell (37C) and
also in the nucleus (37D). A similar effect was observed in the Entacapone
treated cells, which is a potent inhibitor of alpha-syn and beta-amyloid
oligomerization and fibrillogenesis, and also in cells which were treated with
PI-1840, a chymotrypsin-like inhibitor.

The Kilauea 2018 olivine contains organic compounds which show biologi-
cal activity in the HCS cell models. The SOM of olivine and possibly also
the SOM of meteorites can function as a chemical library for new biological
active chemical structures or compounds which can be used as blueprints for
drug discovery. The data shown is recorded in triplicates and shows changes
compared to blank measurements. However, the cells show less intense cellular
response towards the Kilauea 2018 extract as they do for most drugs. As the
drugs are highly purified chemical agents with a defined metabolic pathway, it
is likely that Kilauea 2018 extract shows a milder effect compared to the drugs.
Nevertheless, some effects in the olivine extract can be observed which implies
that the organic matter of Kilauea 2018 olivine contains some biological
active compounds. To investigate these chemical active compounds, a method
such a solid phase extraction and subsequent preparative chromatographic
separation could increase the chances to firstly enrich the biological active
substances and secondly to isolate them from not biological active substances.
By this methods, olivine and meteorites can serve as novel chemical libraries
to discovery new potent chemical agents for the pharmaceutical industry.

4.4 Research Questions

"Do geological samples contain the suitable compounds to fuel and
sustain the emergence of life on Earth?" Geological samples contain
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suitable compounds to have a significant influence on the emergence of life on
Earth. The vast variety of organic compounds, especially those one containing
nitrogen and sulfur can act as organic precursors for life on earth.

"Do organic compound survive harsh conditions and how are
these conditions influencing the molecules within the geological
samples?" Organic compound within a mineral matrix can survive harsh
conditions for a long period of time without largely changing their composition.
Although high temperature influences the organic compounds within the
geological samples, organic compounds never completely disappear.

"Where are organic compounds located within geological sam-
ples?" The most likely answer to this are microinclusions which bear the
of the organic compounds within geological samples. Olivine represents a
suitable matrix to contain and protect organic compounds from harsh external
conditions and thus constitute a suitable place for organic compounds within
geological samples.

"Are organic compounds in geological samples more dependent
on their origin or are there others factors which have to be consid-
ered?" The research concludes that both the origin of the geological sample
as well as their temperature history influences that organic cargo. Organic
compounds within the samples give give clues about the origin of the samples,
but also allow assumptions to be made about their temperature history.
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Appendix

A.1 Material and Methods to Chapter 2

A.1.1 FT-ICR-MS Five milligrams of each meteorite sample were washed
three times with methanol in an agate mortar. Before crushing, 750 µl
methanol was added to the sample. The meteorite was further crushed until
meteorite powder and methanol formed a homogeneous suspension. The
suspension was transferred to an Eppendorf vial and left in an ultrasonic
bath for 30 s. After centrifuging, the supernatant was transferred to another
Eppendorf vial and ultimately used for ESI-FT-ICR-MS acquisition. The
system was calibrated with L-Arginine clusters in negative mode. To ensure
cleanness of the system, pure methanol blank spectra were acquired before
measurement of samples. Relevant peaks for this study are absent in methanol
blanks.

A.1.2 Data Treatment Spectra were internally calibrated with common
fatty acids. Peaks were picked with signal-to-noise ratio of 3. All picked
peaks were aligned respective to their m/z value with a 1 ppm error window.
Assignment of elemental compositions was conducted with an in-house built
software, NetCalc (Marianna et al. 2011). Only CHOSMg compounds were
considered for further evaluation, which were present in more than 5

A.1.3 FT-ICR-MS Five milligrams of each meteorite sample were washed
three times with methanol (Merck-Nr.106009) in an agate mortar. The
washing methanol was disposed after each wash step to reduce contamination
from handling. Before crushing, 750 µL methanol was added to the sample.
The meteorite was further crushed until meteorite powder and methanol
formed a homogeneous suspension. The suspension was transferred to an
Eppendorf tube (3810X; 1.5 mL) and left in an ultrasonic bath for 30 s.
Subsequent to the ultrasonic bath followed centrifugation with a small table
centrifuge. After centrifuging, the supernatant was transferred to another
Eppendorf tube and ultimately used for ESI-FT-ICR-MS acquisition. The
measurements were performed on a high-field Fourier Transform Ion Cyclotron
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Resonance mass spectrometer from Bruker Daltonics—Solarix. The magnet
is a 12 T magnet from Magnex. Parameters were optimized with FTMS-
Control V 2.2.0 from Bruker Daltonics. The mass spectra were acquired
with a 4 megaword (MW) time domain. The system was calibrated with
L-Arginine clusters in negative mode (5 mg/L L-Arginine solved in methanol).
To ensure cleanness of the system, pure methanol blank spectra were acquired
before measurement of samples. Relevant peaks for this study are absent in
methanol blanks. For each sample, scans were accumulated in the mass range
of 122–1000 amu. Ions were accumulated for 300 ms in normal measurements
mode and 1 s for MS/MS measurements. The pressure in the hexapole was
3 × 10-6 mbar, and the pressure in the ICR vacuum chamber was 6 × 10-6
mbar. As the source, we used the Apollo ii (Bruker Daltonics), which is
an ESI source. The supernatant from the extraction was directly injected
via a microliter pump system (flowrate: 120 µL/h). The source heating
temperature was 200°C.

A.1.4 Data Analysis All spectra were internally calibrated with a mass
list of common fatty acids. Average errors of calibration were below 0.5
ppm. Peaks were picked with a signal-to-noise ratio of three. All peaks were
aligned in a 1 ppm error window according to their m/z value. The elemental
composition of all m/z values was calculated with an in-house built program,
NetCalc (Marianna et al. 2011). Assignments were computed with an average
accuracy window of +/- 0.2 ppm. Only compounds that contain one Mg atom
and one or more S atom were considered as CHOSMg compounds for further
evaluation. CHOSMg compounds have to be present in at least 5% of the
samples to delete unique annotations. The representation of the van Krevelen
diagram and H/C-edited m/z diagram was used to visualize the data. From
the exact elemental compositions, the O/C and H/C ratio was calculated for
each of the CHOSMg compounds. By plotting and comparing the O/C, H/C,
and m/z values, the compounds can be characterized regarding saturation
and oxidation levels (Van Krevelen 1950; Hertkorn et al. 2008).

A.1.5 Computations The electronic structure calculations were per-
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formed on a server computer by running ab initio quantum mechanical
computations, based on density functional theory (DFT), as implemented
in Gaussian 09. The hybrid DFT-functional B3LYP was implemented with
d-polarization functions for each heavy atom and 1 p for each hydrogen
atom in all geometry optimization calculations with a 6-31+G(d,p) basis
set. Frequency calculations were done for each optimized geometry with the
same 6-31+G(d,p) basis set to obtain the zero-point vibrational energy. This
value was multiplied by a scaling factor of 0.9804 to correct for vibrational
anharmonicities. Another intention for performing the frequency analysis
is the identification of transition states. Detecting imaginary frequencies
implies that the optimized geometry is not fully relaxed as a stationary point
(energy minimum) on the potential energy surface. The single-point energy
calculations were done at the 6-311+G(d,p) level of theory. The use of diffuse
functions was important to represent the correct geometry and thermody-
namic properties of anionic species. Stability tests were performed to ensure
that the used wave function represents the lowest-energy solution of the self-
consistent field equations. For geometry optimization, the Berny analytical
gradient optimization routines were used. The requested convergence value in
the density matrix was 10-8, the threshold value for maximum displacement
was 0.0018 Å, and the threshold value for the maximum force was 0.00045
H B-1. The nature of the stationary points was established by calculating
and diagonalizing the Hessian matrix (force-constant matrix). All geometries
of electronic structures calculated were viewed with the GaussView program
(Dennington et al. 2003). The network in Figure 3 was designed with Gephi
version 0.9.2.

A.1.6 Statistical Evaluation A total of 44 meteorites were aligned
in a matrix, and the putative formulae were calculated with an in-house
software (Marianna et al. 2011). We took into consideration the CHOSMg
compounds detected in more than 5% of the meteorites. Signal intensities
were normalized for each meteorite, dividing each peak intensity by the sum
of all intensities of one measurement. We excluded from further elaboration
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the 10% highest and lowest intensities, to neglect extremely high and low
values. The values were scaled by UV (unit variance) scaling. A principal
component analysis (PCA) was applied to have an overview of the data. PCA
analysis reduces the dimensionality of the data without losing important
information. Ultimately, the analysis gives a representation of components
that best describe the variance found in the data and separate samples
accordingly. Furthermore, from metadata, we categorized the meteorites
in three groups, namely, hydrothermal background without short-duration
heating (T i), moderate short-duration heating (T ii) and intense short-
duration heating (T iii/T iv), and long-duration heating (LDH) (Quirico et al.
2018) (see Table A1). These data were analyzed with (PLS-DA) regressions
models.
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A.2 Figures and Tables to Chapter 2

ID Meteorite Type Number of Number of Percent Ratio Ratio Heating Shock
Number description Class CHOSMg formulae total assignments CHOSMg of Total CHOSMg/CHO CHOMg/CHOSMg History Status
152 Tagish Lake C2 ung 353 6429 5.49 0.45 1.64 T II 1
19 Yamato 86720 C2-ung 516 11386 4.53 0.37 1.08 T III / T IV 4
32 MET 01070 CM1 36 8644 0.42 0.04 2.78 T I -
23 Cold Bokkeveld CM2 1587 16335 9.72 0.91 0.68 T II 1
25 EET 87522 CM2 294 1918 15.33 5.76 0.08 T II -
26 EET 96029 CM2 104 1373 7.57 4.33 0.03 T II -
31 MCY 05230 CM2 831 16272 5.11 1.07 0.05 T I -
34 MIL 07700 CM2 227 4747 4.78 0.6 0.39 T II -
39 PCA 02010 CM2 120 1521 7.89 2.79 0 T III / T IV -
40 PCA 02012 CM2 118 1329 8.88 2.03 0.04 TIII / T IV -
43 WIS 91600 CM2 771 3778 20.41 2.03 0.5 T II -
45 Yamato 791198 CM2 818 14867 5.5 0.76 0.35 T I -
46 Yamato 793321 CM2 163 3496 4.66 1.96 0.4 T II -
66 DOM 08003 CM2 579 10141 5.71 0.85 0.11 T I -
88 Murchison CM2 9 13762 0.07 0.01 2.22 T I 2
92 Nogoya CM2 795 7865 10.11 0.63 0.93 T I 1
144 Paris CM2 579 7984 7.25 0.78 0.26 T I 0
149 Sutter‘s Mill C 809 4127 19.6 0.81 0.25 T III / T IV -
28 LEW 85311 CM2-an 117 8199 1.43 0.58 0.04 T I -
29 LEW 85312 CM2-an 231 10518 2.2 1.19 0.12 T I -
41 PCA 91008 CM2-an 93 2055 4.53 1.78 0.01 T III / T IV -
42 QUE 93005 CM2-an 523 5009 10.44 0.72 0.49 T II -
51 Yamato 81020 CO3.0 46 2678 1.72 0.03 4.33 LDH -
49 Kainsaz CO3.2 1066 12301 8.67 0.85 1.3 LDH 1
52 Yamato 82050 CO3.2 1340 14582 9.19 1.16 0.78 LDH -
50 Yamato 791717 CO3.3 1093 16326 6.69 0.77 1.55 LDH 1
53 Yamato 82094 CO3.5 386 4153 9.29 0.35 1.17 LDH 2
54 GRO 95577 CR1 695 4371 15.9 1.48 0.22 T I -
55 EET 92042 CR2 396 10019 3.95 0.36 0.7 T I -
56 GRA 06100 CR2 1086 5386 20.16 1.77 0.93 T III / T IV -
58 GRO 03116 CR2 144 2026 7.11 0.26 1.91 T III / T IV -
59 MET 00426 CR2 540 7075 7.63 0.62 1.46 T I -
60 QUE 99177 CR2 729 14523 5.02 0.64 0.7 T I -
11 Allende CV3 509 4918 10.35 0.4 2.31 LDH -
169 Kaba CV3 494 5611 8.8 0.37 0.67 T I -
1 Aba Panu L3 433 5723 7.57 0.22 1.62 LDH 4
180 Renchen L5-6 1249 9917 12.59 0.53 2.4 LDH 4
12 Battle Mountain L6 656 11032 5.95 0.56 1.68 LDH 4
16 Braunschweig L6 829 4708 17.61 1.25 1.17 LDH 4
93 Novato L6 1673 11229 14.9 1.48 1.37 LDH 4
151 Soltmany L6 501 7699 6.51 0.55 3.83 LDH 2
157 Vicencia LL3.2 304 5411 5.62 0.24 2.04 LDH 1
20 Chelyabinsk LL5 2266 14667 15.45 1.69 0.96 LDH 4
181 Stubenberg LL6 828 5988 13.83 0.69 1.4 LDH 3

Table A.1: Where data on heating history are present, the samples were used for the
PLS-DA of Figure 14 [264]

.
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Figure A.1: Depicted are mass-edited H/C ratio diagrams (left side of each of the two
panels) and O/C ratio vs. H/C ratio (van Krevelen) diagrams (right side of each of the two
panels) of the four meteorites from Figure 10. Bubble size represents the intensity in the
mass spectrum; color represents the chemical space. CHO = blue, CHNO = orange, CHOS
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Figure A.2: MS/MS experiments of CHOSMg compounds. (A) (-) ESI-FT-ICR-MS
spectra of methanolic extract of Nogoya meteorite. Quadrupole Q1 mass was set to m/z
263 to isolate m/z 263.04448, which is annotated as C6H16MgO6S. Spectra with different
electron volt (eV) voltage is displayed. At 15 eV, fragments of charge remote fragmentations
can be observed, while the intensity of the CHOSMg decreases. (B) All annotated peaks
belonging to the initial isolated peak. Only the carbon chain is shortened by charge remote
fragmentation, showing the high stability of the magnesium-sulfur head group. Loss of
SO2, SO4, MgO4S, or MgO6S were not observed. (C) Intensity of all detected fragment
peaks in the MS/MS measurements. A decrease of the isolated peak can be observed,
while the fragmentation results in an increase in intensity. Ultimately, all peaks decrease
in intensity at high voltage.

128



A

1 O2-S-O2-Mg-O2-C8H15 2 O2-Mg-O2-S-O2-C8H15

Structure Anion ZPE G298 SPE Total Energy
O2-S-O2-Mg-O2-C8H15 0.23928 0.187616 -1364.008993 -1363.829991
O2-Mg-O2-S-O2-C8H15 0.235358 0.181001 -1363.828352 -1363.655824

1
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B
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H -7.102542 1.597799 1.00963

H -2.060965 0.535113 -0.763524

H -2.107084 0.374056 0.977457

H -6.37742 -0.795736 0.759506

C -4.744771 0.436858 0.056062

H -4.607207 0.979008 1.00283

H -4.560528 1.170075 -0.74251

C -3.701655 -0.684601 -0.038584

H -3.882783 -1.414125 0.765135

H -3.845132 -1.232007 -0.982298

C -1.230306 -1.316144 -0.03627

C 0.223632 -0.880601 -0.004916
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O 1.133996 -1.771012 0.075243

H -1.368491 -2.037269 0.779107

H -1.361738 -1.893948 -0.961714

Mg 2.535836 -0.244503 0.005689

O 3.998424 0.268069 1.202713

O 4.042508 0.087662 -1.200415

C -8.682715 0.553678 -0.03563

H -8.858114 0.038438 -0.987898

H -8.907951 -0.156442 0.769398

H -9.403047 1.37661 0.035087

S 5.013644 0.459301 -0.001935

O 6.114092 -0.52482 0.092138

O 5.434082 1.874207 -0.100806

Atom X Y Z

C 5.935428 0.709562 0.158159

C 2.221526 -0.585722 -0.082039

C 7.289188 0.189659 -0.343753

H 5.761508 1.715724 -0.250844

H 7.247027 0.068737 -1.43526

H 7.464684 -0.814742 0.066541

H 2.171804 -0.69856 -1.171531

H 2.387783 -1.594749 0.315685

H 5.977781 0.829469 1.250931

C 4.752462 -0.196715 -0.207011

H 4.927589 -1.203242 0.2003

H 4.710426 -0.314568 -1.299566

C 3.398762 0.322466 0.295888

H 3.439108 0.43608 1.389427

H 3.226211 1.331047 -0.107478

C 0.879825 -0.056955 0.42858

C -0.30871 -0.926339 0.040669

O -0.235629 -1.911161 -0.675583

O -1.440606 -0.461898 0.587459

H 0.878797 0.043608 1.5213

H 0.67933 0.950633 0.041156

O -3.888048 -0.71229 1.208511

O -3.404498 -0.542195 -1.132661

C 8.465585 1.102364 0.022406

H 8.33665 2.104373 -0.404341

H 8.554525 1.216455 1.109599

H 9.415834 0.702224 -0.349167

O -5.287335 2.56476 -0.05367

O -6.450383 1.5217 -0.387975

S -3.012486 -1.311244 0.119004

Mg -4.760974 0.765514 -0.085572

C 1 O2-S-O2-Mg-O2-C8H15 2 O2-Mg-O2-S-O2-C8H15

Figure A.3: (A) According to MS/MS results as seen in Figure A.2, two different
possible chemical structures were tested for their stability. (B) Gas-phase total energy
difference (δ G) between circle1 C8H15OOMgSO4 and circle 2 C8H15OOSO2MgO2 anions
were calculated. The zero-point vibrational energy (ZPE) and the Gibbs free energy at
room temperature T = 298 K (G298) were calculated on the B3LYP/6-31+G(d,p) level of
theory and given in Hartrees. The single-point energy (SPE) was calculated at a higher
6-311+G(d,p) level of theory and is given in Hartrees. The energy difference between both
anions is 109.3 kcal/mol. (C) XYZ coordinates of the proposed two anions in their relaxed
geometry.
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Figure A.4: Heating experiment with Murchison meteorite. Similar-sized fragments of
Murchison Meteorite were heated to 250°C for different durations, and also to 600°C and
1000°C for 1 hr. Depicted are mass-edited H/C ratio diagrams and O/C ratio vs. H/C
ratio (van Krevelen) diagrams of (A) CHOSMg compounds (left side in green) and (B)
CHOMg compounds (right side in magenta). Bubble size represents the intensity in the
mass spectrum; color represents the amount of sulfur per CHOSMg compound according to
the legend in the left panel. An increase of CHOSMg compounds and CHOMg compounds
with higher temperatures and heating duration can be observed. (C) Absolute amount of
CHOSMg compounds (green bar charts) and CHOMg compounds (magenta bar charts)
for each of the six measurements (left Y-axis) and ratio of CHOSMg compounds (line
plot) to all measured compounds (right Y-axis) are shown. Absolute amount of CHOSMg
compounds and the ratio increase with temperature but decrease again with very high
temperature. CHOMg compounds increase with temperature and are more stable at the
highest temperatures than CHOSMg compounds.
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Figure A.6: Boxplots of the ratio of CHOSMg to CHO compounds (top chart) and of
the ratio of CHOMg to CHOSMg compounds (bottom chart) of the respective meteorites
as seen in Table A.1.
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Figure A.9: Detailed view of selected meteorites from the PLS-DA of Figure 14 in the
main text. (A) Three meteorites from the T I heated ones. (B) Three meteorites from the
T II and T III/T IV. (C) Three meteorites from the long-duration heating. Depicted are
mass-edited H/C ratio diagrams (left side of each of the six panels) and O/C ratio vs. H/C
ratio (van Krevelen) diagrams (right side of each of the six panels). Bubble size represents
the intensity in the mass spectrum; color represents the amount of sulfur per CHOSMg
compound according to the legend.
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Figure A.10: PCA of similar data is found in the PLS-DA in Figure 14. PCA of 44
different well-described meteorites according to their thermal metamorphism history. Only
CHOSMg compounds were used as PCA loadings. Three categories were chosen according
to the assigned thermal history. Hydrothermal background without short-duration heating
(T I; dark blue), moderate short-duration heating (T II) and intense short-duration heating
(T III/T IV; light red), and long-duration heating (LDH; dark red). Information on samples
can be found in Table A.1.
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Figure A.11: Prediction with the PLS-DA from Figure 5. The PLS-DA model was used
to predict the positioning of samples that were not classified in the T i, T ii, T iii/iv
LDH system yet. Classified samples are Orgueil (129—CI), Ivuna (77—CI), Mukundpura
(79 CM2), Maribo (30—CM2), Diepenveen (24—CM2-an), and Dhofar 1988 (168—CM2-
an). The CI meteorites Orgueil and Ivuna have seen almost hardly any heat; thus, their
CHOSMg signature is similar to those of T i meteorites. Maribo and Mukundpura are more
similar to Murchison and thus move away from TI meteorites more into the direction of T
ii and T iii/iv meteorites. Diepenveen and Dhofar 1988 both experienced some heating;
thus, their CHOSMg signatures cluster them to LDH meteorites. Dhofar 1988 especially
was recently reclassified as CY and shows subsequent thermal alteration [265], which is
also corroborated by the positioning with the LDH meteorites in the PLS-DA.

136



B.1 Material and Methods to Chapter 3

B.1.1 Material and Methods - FT-ICR-MS

For ESI measurements, five milligrams of olivine crystals were first washed with
methanol (Merck, EMSURE, ACS, ISO,Reag. Ph Eur) and then crushed for
extraction in an agate mortar with 1 mL methanol. The achieved extracts were
successively recovered in an Eppendorf tube (Nr. 0030120086), centrifuged
with a table centrifuge and the supernatant was directly injected in the
FT-ICR-MS. The measurements were carried out with a 12 T FT-ICR mass
spectrometer Solarix (Bruker Daltonics) and the parameters were optimized
via software FTMS-Control V2.2.0 (Bruker Daltonics).

For APPI and APCI measurements, 4 g of olivin crystals were washed with
methanol, then crushed for extraction in an agate mortar with 1ml methanol,
and the supernatant was transferred into an Eppendorf tube. The 4 g of
olivine were extracted four times with methanol and all supernatants were
evaporated in a speed vacuum concentrator. After beeing dried, the residue
was redissolved in 0.1 mL methanol in an ultrasonic bath. This process was
done twice, which yielded eight Eppendorf tubes with 0.1 mL extract. At the
end, all extracts were combined to 0.8 mL extract which was directly used
for APPI and APCI measurements. For enhanced ionization, 4% of toluene
was added to the extract.

For ESI experiments, the mass spectra were acquired with a 4 megaword
time-domain. Prior to acquisition, the mass spectrometer was externally
calibrated with arginine clusters (10 mg/L in methanol). The ESI source
(Apollo II, Bruker Daltonics) was used in negative-ion mode. The methanolic
solution was infused with a flow rate of 2 µL/min with a syringe pump. The
mass spectrum ranges from m/z 122.9 to m/z 1000 and results from the
accumulation of 1500 scans. For ESI (-) measurement, the capillary voltage
was set at 4.0 kV, the drying gas temperature and the flow rate were kept at
200°C and 4 L/min, respectively, and the pressure of the nebulizer gas was
2.0 bar.
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The APPI source (APPI II, Bruker) and the APCI source (APCI II,
Bruker) were used to perform the acquisition in positive and negative mode
for APPI detection mode and positive for APCI detection mode. A 900µL/h
flow rate was used for sample infusion. The drying gas temperature and the
flow rate were kept at 200°C and 2 L/min, respectively. The pressure of the
nebulizer gas was 2.5 bar. The capillary voltage was 1.5 kV and the source
was heated at 350°C. The mass spectrum was acquired between m/z 92 and
1200 and 300 scans were accumulated.

The achieved data were analysed using Data Analysis 5.0 (Bruker Dalton-
ics). The FT-ICR mass spectra were internally calibrated by using reference
mass lists of known components (fatty acids and some organomagnesium com-
pounds). The mass spectra were exported to peak lists at a S/N ≥ 3. Satellite
peaks and signal related to magnetron signals were removed according to the
algorithm developed by Kanawati et al. [191]. Assignment of the resulting
peak lists was performed by using an in-house software, Netcalc [223]. C,
H, N, O, S and Mg elements were used for assignments. Chlorine adducts
were considered in negative-ion mode. Sodium adducts were considered in
positive-ion mode.

B.1.2 Material and Methods - LC-MS

LC-MS analysis was performed using a maXis instrument (TOF-MS), (Bruker
Daltonics, Bremen, Germany) in combination with an UHPLC system (Ac-
quity, Waters, Eschborn, Germany) equipped with a photodiode array detec-
tor.

For the measurement of small molecules and metabolites, the following
conditions were used: The used column for metabolite experiments was a
Acquity BEH C8 column (1.7µm, 2.1 × 150 mm, Acquity, Waters, Eschborn,
Germany). Eluent A consisted of water with 5 mM ammonium formiate and
0.1% formic acid and eluent B of acetonitrile. The gradient started with
95% solvent A and % solvent B and was kept for one minute. Afterwards,
the gradient changed to 100% solvent B over the course of 5 minutes. At 6
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minutes with 100% solvent B2, the gradient was kept at 100% solvent B2
until the end at 10 minutes [266].

For the measurement of lipids and lipophile structures, the following
conditions were used: The column used for lipids is a Cortecs C18 column
(1.7 µm, 2.1 × 150 mm, Acquity, Waters, Eschborn, Germany). Eluent A
consisted of 60% acetonitrile and 40% water and eluent B of 90% isopropanole
and 10% acetonitrile, both with 10 mM ammonium formiate and 0.1% formic
acid. The gradient started with 68% solvent A and 32% solvent B and was
kept for one minute. Afterwards, the gradient changed to 3% solvent A and
97% solvent B over the course of 20 minutes. At 21 minutes with 97% solvent
B2, the gradient was kept at 3% solvent A and 97% solvent B2 until the end
at 25 minutes [267].

A pre-run time of 2 min was also set before every injection to stabilize
the system. The column oven temperatures was set to 40°C. For the final
measurements, the injection volume with a full loop injection was set to 10 µl.
The flow rate was set to 0.350 mL/min. The samples were stored at +4°C in
the sample manager. Mass spectra were acquired using MaXis TOF-MS in
protonated positive mode ((+) TOF-MS) and in deprotonated negative mode
((-) TOF-MS). Samples were introduced into the ESI source at a nitrogen
flow rate of 8 L/min (200 °C). The nebulizer gas pressure was set to 2 bar.
Capillary voltage was set to 4000 V and measurements were performed with an
acquisition rate of 5 Hz. MS/MS experiments were performed in automated
MS/MS mode of the TOF-MS instrument. Ions with intensity ≥ 1000 were
subjected to MS/MS and were limited to 5 precursor ions in every MS scan.

Data processing was done using Compass DataAnalysis 5.0 (Bruker Dalton-
ics GmbH, Bremen, Germany) and Genedata Expressionist 13.5 (GeneData
AG, Basel, Switzerland). Furthermore, Python 3.8 was used to analyze,
compare, and visualize the data.
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B.1.3 Material and Methods - NMR

For NMR measurements, 2 g of olivine crystals were washed with methanol,
then crushed for extraction in an agate mortar with 1ml methanol and the
supernatant was transferred into an Eppendorf tube. The 2 g of olivine were
extracted four times with methanol and all supernatants were evaporated in
a speed vacuum concentrator. After being dried, the residue was dissolved in
0.1 mL methanol in an ultrasonic bath. This process was done twice, which
yielded eight Eppendorf tubes with 0.1 mL extract. At the end, all extracts
were combined to 0.8 mL extract which was again dried in a speed vacuum
concentrator. The dried extract was then dissolved in CD3OD (Merck 99.95
% 2H). Proton-detected NMR spectra of methanolic extract of crushed Åheim
olivine rocks were acquired using a Bruker Avance III NMR spectrometer at
800.13 MHz (B0 = 18.7 T) and 283 K. Proton NMR spectra were acquired
in 180 µL of CD3OD (Merck. 99.96% 2H) solution with a 5-mm z-gradient
1H/13C/15N/31P QCI cryogenic probe (1H 90° excitation pulses: 10 µs) in a
sealed 3-mm Bruker MATCH tube. The 1D 1H NMR spectrum was recorded
with a “noesypr1d” pulse sequence, using 256 scans (5 s acquisition time, 5 s
relaxation delay, 10 ms mixing time; 0.3 Hz exponential line broadening).

Absolute value JRES (with solvent suppression: jresgpprqf; 1 s acquisition
time, 0.5 s relaxation delay, 70 ms mixing time) was acquired with 112 scans.

Phase-sensitive echo-antiecho TOCSY spectra (without solvent suppres-
sion: dipsi2etgpsi; 1.83 s acquisition time, 0.67 s relaxation delay, 70 ms
mixing time) was aquired with 12 scans.
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