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Abstract

Keywords: Exoplanets, Earth, Impact, Photochemistry, Infrared Spectroscopy,

Atmospheric chemistry

Impacts and photochemistry are two very important driving forces
for chemical transformation of planetary atmospheres. While strong UV radiation
produced by young stars continuously provides a significant amount of energy,
impacts are one-time events with far-reaching consequences. Especially important
are then impacts on young rocky planets, including the early Earth, because these
planets are likely exposed to much higher impact fluxes, commonly called ‘heavy
bombardment’. This bombardment is the final echo of the turbulent planetary ac-
cretion and has prominent significance for planetary environments, e.g., the chem-
ical composition and shape of the planetary surface, the chemistry of atmospheres,
aerosol production, and likely the origin of life. Future observations of exoplanets
by space telescopes, such as the James Webb Space Telescope or Ariel, as well as
ground-based telescopes, such as the Extremely Large Telescope currently under
construction in Chile, could determine whether this heavy bombardment repre-

sents a common scenario for the evolution of terrestrial planets.

Both impacts and photochemistry can be efficiently simulated and studied in la-
boratory conditions by state-of-the-art methods. This thesis summarizes our re-
sults focused on identifying marker molecules of impacts and related thermody-
namic disequilibria in planetary atmospheres. Key parts of this thesis involve the
photocatalytic reduction of COz to CHs in the context of Earth and Mars, the pro-
duction of C2Hz, OCS and CSz during impacts and their use as an impact marker, as
well as the stability and chemistry of benzene and HCN during impacts. Each of the
attached papers includes experimental results and shows what they imply for ex-
oplanets. In some cases, the papers also contain predictions of specific conse-
quences, such as the presence of spectral bands in observations provided by tele-
scopes or concentrations of specific molecules in the soil detectable by landers.

These parameters can be tested and our results directly proved or disproved.



Abstrakt

Klicova slova: exoplanety, Zemé, impakty, fotochemie, infracervena

spektroskopie, atmosféricka chemie

Impakty a fotochemie jsou dvéma vyznamnymi hnacimi silami pro chemické
premény v planetarnich atmosférach. Zatimco UV zareni produkované mladymi
hvézdami kontinualné poskytuje energii, impakty jsou jednorazové udalosti
s dalekosahlymi dtsledky. Zvlast vyznamné jsou pak impakty na mladych
kamennych planetach, protoZe tyto planety jsou vystavovany mnohem vysSSim
tokim dopadajici hmoty, obvykle nazyvané ,tézZké bombardovani“. Toto
bombardovani je poslednim dozvukem turbulentni planetarni akrece a hraje
dtileZitou roli pti formovani podminek na planetach, v€etné chemického sloZeni,
povrchu, chemie atmosfér, produkce aerosold a pravdépodobné i vzniku Zivota.
Budouci pozorovani vesmirnymi teleskopy, jako napf. Vesmirny dalekohled
Jamese Webba nebo Ariel, ¢i pozemskymi dalekohledy, jako napt. Extrémné velky
dalekohled, ktery je v souCasnosti konstruovan v Chile, mohou urcit, zda je toto

tézké bombardovani béZnou soucasti evoluce terestrickych planet.

Jak impakty, tak fotochemie mohou byt efektivné simulovany a studovany
v laboratornich podminkach pomoci modernich metod. Tato prace shrnuje nase
vysledky zamérené na rozpoznavani markerovych molekul impakti a stim
souvisejicich termodynamickych nerovnovah v planetarnich atmosférach.
Klicovymi soucastmi této prace jsou fotokatalyticka redukce oxidu uhli¢itého na
methan v kontextu Zemé a Marsu, produkce CzH2, OCS a CS2 béhem impakti a
jejich pouziti jako markert impaktli a v neposledni radé stabilita a chemie benzenu
a HCN béhem impakti. Kazdy z priloZenych ¢lanki obsahuje experimentalni
vysledky a ukazuje jejich diisledky pro exoplanety. Clanky obsahuji také
predpovédi, jako napft. pritomnost spektralnich past v pozorovanich z teleskopii
nebo koncentrace specifickych molekul v ptidé detekovatelné vozitky na planetach.

Tyto parametry mohou byt testovany a naSe vysledky tak primo potvrzeny ci

vyvraceny.
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1 Aim of the work

This thesis presents work related to the exploration of planetary chemistry from

the perspective of photochemistry and simulations of impacts in the laboratory.

Most of the work presented here is experimental with the use of lasers and

infrared spectroscopy as the connecting techniques. This thesis comprises seven

publications, five of which are already published. Publications V and VII are

currently under review in peer-reviewed journals and are included in this thesis,

because they complete the story of this thesis, which describes both

photochemistry and impacts as vital to our understanding of planetary chemistry.

The seven publications present:

1

2)

3)

4)

5)

6)

7)

Oxygen isotope exchange, photocatalytic reduction of CO2 to CH4 in the
context of the chemistry of Mars and the origin of biologically relevant
molecules in connection with the origin of life (Publication I)

Exploration of the photocatalytic reduction of CO2 to CH4 - testing on a
range of natural and synthetic catalysts (Publication II)

Application of the catalytic reduction of CO2 to the chemistry of planetary
atmospheres (Publication III)

The origin of acetylene in planetary atmospheres as a result of asteroid
bombardment - experiments, planetary atmospheric model, and
calculations of observability; acetylene as a marker of impacts (Publication
IV)

The origin of CSz and OCS in planetary atmospheres as a result of asteroid
bombardment - experiments, planetary atmospheric model, and
calculations of observability by the James Webb Space telescope; CSz as a
marker of impacts (Publication V)

The introduction of the ELISE experiment for extensive and detailed testing
of asteroid and comet impacts into planetary atmospheres shown on the
chemistry of benzene (Publication VI)

The stability of HCN in planetary atmospheres during impacts - description
of impacts, extraction of rate constants for planetary atmospheric models,
establishing of a general data reduction pipeline for future experiments

(Publication VII)



2 Experimental planetary chemistry
In the landscape of contemporary science, the existence of worlds beyond our

Solar System is no longer only a philosophical question. In 1917, Adriaan van
Maanen discovered a first solitary white dwarf - the van Maanen’s star. Walter
Sydney Adams soon followed and captured its spectrum containing lines of
calcium and other heavy elements. Through this discovery, he unknowingly
provided the first evidence of an extrasolar planet, recognised only in 2015

(Zuckerman, 2014).

In 1938 (Belorizky, 1938) and lately in 1952 (Struve, 1952) postulated the radial
velocity measurement as a method suitable for an exoplanet detection. However,
the precision of measurement provided by spectrographs of that times was not
sufficient. The first clue of exoplanet occurrence around the alien star has been
provided by radial velocity measurements performed by (Campbell et al., 1988),
and the first exoplanet orbiting a main sequence star was detected in 1995 (Mayor
and Queloz, 1995). Today, over 5500 exo-worlds have been identified (Roques et
al.,, 2023), but little is known about their physical and chemical environments.
Upcoming deep spectral surveys with space telescopes will fill this gap (Tinetti et
al., 2018). Exoplanets serve as a natural laboratory and new observational data
will provide deep insights into their chemistry or will serve for an extrapolation of
chemical and physical parameters to the early history of Earth and our Solar

System (Ferus et al., 2022a).

Since the discovery of the first exoplanet orbiting a solar-type star (Mayor and
Queloz, 1995), astronomers devoted much of their time to the development of
techniques for the discovery, observation, and description of new exoplanets.
Simultaneously, planetary scientists began developing models of their
atmospheres, interiors, evolution, and other properties. Consequently, there arose
the need for experimental data which would supply the models with parameters
such as molecular absorption coefficients, collisional cross sections, new reactions,
thermodynamic properties, and better radiative transfer models. These
parameters can be determined by laboratory experiments and supplied to the
existing models. Laboratory astrochemistry is therefore a necessary part of the

exploration of exoplanets.
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The cornerstone of experimental planetary chemistry is understanding astronomy
and observations. Since the main goal of experiments is to complement
observation and theory, the observation and theory provide guidelines on what is

needed, required, or desired.

Five years before the first exoplanet was discovered, the Hubble Space telescope
was launched to space. The instrument was constructed as a multipurpose optical
telescope and yet, it was able to observe exoplanets with such precision that it
discovered water vapour on super Earth K2-18b (Benneke et al., 2019). Another
important satellite, the Spitzer Space Telescope, was launched in 2003 as an
infrared telescope. It successfully mapped the atmospheric circulation of the gas
giant HD 189733b (Grillmair et al, 2007). In 2006, the CoRoT (Convection,
Rotation et Transits planétaires) telescope was launched with a primary focus on
detecting transiting super Earth exoplanets and performing asteroseismology
(CNES and ESA, 2006). The Kepler space telescope, initially launched in 2009 and
later extended as the K2 mission, played a crucial role in exoplanet discovery. By
monitoring the brightness of main sequence stars, Kepler identified over 2000
exoplanets, some of which are potentially habitable (NASA, 2018). The telescope
concluded its observations in autumn 2018. Launched in 2013, the Gaia satellite
was another telescope designed to map our galaxy. Its all-sky survey of stellar
positions, brightness, and motion has provided a vast dataset for exoplanet

searches (ESA, 2013).

Of the ongoing missions, TESS (Transiting Exoplanet Survey Satellite), launched in
2018, aims to discover Earth-sized planets. It recently found its first Earth-size
planet, TOI 700 d, orbiting a red dwarf star within the habitable zone (NASA,
2020). The CHEOPS satellite (CHaracterising ExOPlanet Satellite) launched in
2019, is a precise photometric observatory that aims to characterize the mass and
size distributions of exoplanets (ESA, 2019). The James Webb Telescope (JWST)
launched in 2021, aims to observe at least 28 unique exoplanet targets, with 9 of
them smaller than 2 Earth radii (Sharma, 2022). Additionally, the PLATO satellite,
scheduled for 2026, will observe transits and characterize rocky extrasolar planets

around yellow dwarf stars (ESA, n.d.). The upcoming Ariel telescope is scheduled

11



to launch in 2028 aboard the Ariane 6-2 rocket to the L2 libration centre. Ariel's
off-axis 1.1x0.7m Cassegrain telescope will observe approximately 1000
exoplanets using two infrared spectrometers: NIRSpec (NIR spectrometer) and

AIRS (Ariel infrared spectrometer).

Furthermore, several other missions are already planned. For instance, HabEx
(Habitable Exoplanet Observatory) (NASA, n.d.) is designed to detect atmospheric
constituents that could potentially indicate biological activity, such as oxygen and
ozone. HabEx is expected to launch in 2035. Another mission concept is the
LUVOIR telescope (NASA, n.d.) (Large Ultraviolet Optical Infrared Surveyor),
scheduled for a late 2030s launch, which aims to further enhance our exploration

capabilities in the ultraviolet, optical, and infrared ranges.

In summary, observations set the requirements for experiments. Experimental
exoplanetary chemistry then includes measurements of rate constants,
thermodynamic properties of species, but also simulations of atmospheric
chemistries unobserved on the Earth (such as hot Jupiters, ice giants, rocky planets
around different stars...), or impacts, which constitute an important subject in this

thesis.

The four main experimental approaches to studying impacts in the laboratory
involve: (a) hypervelocity gun experiments, (b) shock tube experiments, (c) air
plasma flows and (d) high power lasers. All these approaches have advantages and

limitations, which are discussed below.

Hypervelocity gun target experiments are widely used in impact physics (Libourel
et al.,, 2019), but have certain limitations. The typical velocities achieved by these
projectiles range from 3-7 km s-1 (Hibbert et al, 2017), which falls short of
simulating meteor plasma during atmospheric entry, where meteoroids reach
much higher velocities. The minimum velocity of a meteoroid, determined by

Earth's gravity, is approximately 11.2 km s-1 (Ceplecha et al., 1998).
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Moreover, meteor ablation initiates during atmospheric entry at altitudes around
120 + 10 km, depending on the meteoroid's mechanical strength and composition
(Adolfsson and Gustafson, 1994; Ceplecha et al., 1998), velocity, shape and other
parameters. In hypervelocity gun experiments, the formation of plasma occurs
only upon collision with the target. Projectiles used in these experiments are
typically made of synthetic materials like steel or hard natural materials such as
basalt or dunite. The composition of these materials does not accurately represent
chondritic materials found in meteoroids, or the atmosphere. Chondritic materials
cannot be used as projectiles due to their inability to withstand the compression

forces generated by the gun (Libourel et al., 2019).

Overall, gun experiments remain valuable tools for studying various phenomena,
including target experiments with impact-induced formation of biologically
relevant materials (Blank et al., 2001; Furukawa et al., 2009; Martins et al., 2013).
Nonetheless, experimental simulation of gas phase, aerosol or liquid impact

chemistry or airglow plasma is not possible through this approach.

Shock tube experiments play a crucial role in understanding fundamental impact
plasma chemistry (Dremin, 1989; Roy et al.,, 2022). These experiments provide
valuable insights into the survival potential, decomposition lifetime, and de novo
synthesis of molecules in the context of cometary impact (Rubin et al.,, 2019) or

asteroid impact events (Singh et al., 2022).

For instance, a recent study has employed piston-driven shock tube experiments to
investigate the heating of an Ar and N2 gas mixture (Jayaram et al., 2013). These
experiments generated temperatures ranging from 9,100 to 12,300 K, along with
reflected shock pressures of approximately 59 to 70 bar, over a duration of 2 to 4
milliseconds. As a result, shock tube experiments offer essential data for simulating
impact plasmas generated in the gas phase, particularly in terms of their chemical

implications.
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An alternative approach to simulating impact plasmas involves subjecting
meteorite samples to intense heat sources, such as high-enthalpy subsonic air
plasma flows in a wind tunnel (Agrawal et al., 2018; Drouard et al., 2018; Helber et
al, 2019; Loehle et al., 2022, 2017). These experiments serve the purpose of
replicating the atmospheric entry of various objects, including spacecraft

components, meteoroids, or space debris.

These simulations have been utilized for basic spectral line identification by
analysing emission spectra from chondrites, achondrites, and iron meteorites
(Drouard et al., 2018). However, there are limitations to these experiments. The
simulated meteor plasmas generated in wind tunnels typically reach temperatures
of up to 2,400 K (Loehle et al., 2017). In reality, meteor plasmas possess a more
complex structure, featuring high-temperature regions that can exceed 4,400 -
20,000 K (Silber et al., 2018). Additionally, the high-enthalpy experiments involve
treating the specimen material with plasma in large chambers that may not be fully
vacuum sealed, chemically clean, or filled with various gas mixtures, thereby
introducing further limitations and excluding the possibility to reliably study

isolated chemical processes.

An additional approach to simulating meteor plasmas involves the use of lasers.
This technique offers versatility and allows for the experimental simulation of
various phenomena, including supernova explosion shocks, gas giant interiors,
explosions, plasma jets (Villagran-Muniz et al., 2003), accretion processes, nuclear
fusion, hypervelocity atmospheric entries, impacts and meteors (Ferus et al,,
2017b; Ferusa et al,, 2015; Rimmer et al,, 2019), and lightning discharges (Borucki,
1985; Borucki et al, 1988; Borucki and McKay, 1987; Navarro-Gonzalez et al,,
2001a; Sobral et al., 2002, 2000; Villagran-Muniz et al., 2003; Wooding, 1972).

Using lasers in these simulations presents several advantages, such as exclusion of
chemical contamination from electrode materials (Borucki et al., 1988), potentially
small gas volumes, a generally chemically clean and isolated system (Sobral et al,,
2000), and the ability to apply lasers on mineral surfaces at the meso- to

14



microscale, allowing experimentation on single phases (Sobral et al., 2000). The
properties of laser-induced dielectric breakdown are characterized by parameters
such as pulse duration, energy density, laser wavelength, photon fluency, the
chemical nature of the irradiated material or gas density, and the chemical
composition of the surrounding atmosphere (Babankova et al.,, 2006; McKay and
Borucki, 1997; Saeidfirozeh et al., 2022; Villagran-Muniz et al., 2003; Zakuskin et
al., 2023). These adjustable parameters make lasers suitable for simulating various

phenomena based on the desired properties.

The use of lasers for simulating impact events was initially proposed by (Rae and
Hertzberg, 1964) and later experimentally explored by others (Hapke et al., 1975).
The authors simulated impact evaporation processes, and subsequent studies used
lasers to explore meteorites and meteors (Pirri, 1977). Laser-based experiments
have also been suggested for simulating ball lightning and lightning discharges
(Borucki, 1985; Borucki and McKay, 1987; Jebens et al., 1992; Wooding, 1972).
Lasers have recently been used to study nitrogen oxide synthesis by impact plasma
(Heays et al., 2022; Navarro-Gonzalez et al., 2019), or lightning plasma (Navarro-
Gonzalez et al., 2001b).

The connection between laser and lightning physics was established by identifying
similarities in electron density, temperature, energy dissipation, and chemical
freeze-out temperature (Borucki, 1985; Borucki and McKay, 1987; Jebens et al,,
1992). However, the hydrodynamic evolution of laser-induced dielectric
breakdown leads to faster cooling compared to lightning (Navarro-Gonzalez et al.,
2001a; Sobral et al., 2002; Stark et al,, 1996). High-power laser facilities like the
Prague Asterix Laser System (PALS) can generate plasma fireballs with electron
densities ranging from 1.5 x 1017 to 1020 cm3 and temperatures decreasing from
105 K to 9,300 K after the pulse (Babankova et al., 2006; Smid et al., 2019). These
conditions align with the findings related to lightning (Sobral et al., 2000).

Studies using lasers for the simulation of meteor and impact plasma include for
instance the synthesis of silicon oligomers and simple hydrocarbons (Managadze
et al., 2003), hydrogen cyanide and acetylene formation (McKay and Borucki,

1997; Scattergood et al., 1989), or origin of nitrates on early Mars (Navarro-

15



Gonzalez et al., 2019). Subsequent studies successfully demonstrated the crucial
role of impact plasma in the origin of canonical nucleobases (Ferus et al.,, 2017b,
2015, 2014, 2012; Ferusa et al., 2015), sugars (Civis$ et al., 2016b) and amino acids
(Civis et al, 2004). Studies with this and other lasers also showed the
transformation of simple molecules in early terrestrial planet environments (Civi$
et al.,, 2008), such as hydrogen cyanide (Ferus et al., 2017a), acetylene (CiviS et al.,
2016a), methane (Civis et al.,, 2017), carbon monoxide (Civi$ et al., 2008) and

aromatic compounds (Petera et al.,, 2023).

Furthermore, laser-based experiments can be efficiently used to evaluate
environmental changes triggered by large impacts. Impact events can chemically
transform atmospheres or surfaces, produce new chemicals and aerosols, or enrich
the surface of a meteoroid with heavy elements, supporting chemical catalysis
(Ferus et al,, 2021). This is especially relevant for early planets experiencing heavy
bombardment (Ferus et al., 2021; Koeberl, 2006; Reimold and Gibson, 2006). An
example of an apparatus with lasers for the studying of planetary chemistry is

shown in Figure 1.

Figure 1: A laser-based experiment ELISE for studying planetary chemistry

induced or affected by impacts built in our laboratory.
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In summary, lasers provide a powerful tool for simulating meteor and impact
plasmas, and plasma interaction with solids, liquids and gases, offering versatility,
controllable parameters, and the ability to study a wide range of phenomena.
While there are some differences between laser-induced plasmas and real meteor
plasmas, lasers have proven valuable in understanding impact processes,
synthesizing compounds, simulating space weathering, and studying asteroid

deflection.

Laser experiments play a crucial role in identifying markers of impacts and
studying impact processes. For example, the impact of the comet Shoemaker-Levy
9 on Jupiter in 1994 resulted in the observation of various species such as Sz, CSz,
0CS, NHs, HCN, H20, and CO (Zahnle et al., 1995). Recent studies have also
tentatively detected PH3 in the atmosphere of Venus, which could be attributed to
atmospheric corrosion caused by a single giant impactor or a random increase in
the impact flux (Bains et al.,, 2022, 2021; Omran et al.,, 2021; Schulze-Makuch,
2021; Truong and Lunine, 2021).

In the future, spectroscopic studies of exoplanets are expected to enable the
detection of very large meteors and impacts in their atmospheres (Schneider,
2018). However, it has been speculated that even an impact event as significant as
the Chicxulub event, which occurred 65 million years ago and likely wiped the
dinosaurs off the planet, would be barely detectable from 10 light-years away
(Paine, 2006). Regular meteors may be too faint to be observed with telescopes
like ARIEL or JWST. Nevertheless, in nearby exoplanetary systems, occasional
observations of large impact events, explosions, or collisions may be possible. For
instance, a recent large impact event led to the creation of different twins in the

Kepler-107 exoplanet system (Bonomo et al,, 2019).

Models suggest that in young planetary systems, giant impacts dominate the
oligarchic growth, late accretion, and early stages of planetary evolution within the
first few hundred million years (Koeberl et al, 2005; De Niem et al, 2012;
Quintana et al., 2016; Reimold and Gibson, 2006). This is supported by evidence

from the Moon's cratering history and the presence of late veneer on Earth
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(Brasser et al,, 2016; Geiss and Rossi, 2013; Morbidelli et al., 2018). The history of
impact mass delivery and size distribution remains unresolved, and it is unknown
whether other planetary systems have experienced similar impact histories due to
different predictions from planet formation models (Ferus et al., 2022b, 2021,

2020, 2017b; Ferusa et al., 2015; Morbidelli et al., 2018; Quintana et al., 2016).

Understanding impact history is important for questions of habitability, as the
delivery of chemical compounds from outside a planet is crucial for the evolution
of environments capable of supporting life. Impact plasmas play a role in the origin
of life's building blocks, post-impact processes, and the generation of feedstock
molecules for prebiotic synthesis through impact-induced atmospheric and surface

chemistry (Todd and Oberg, 2020).

Experiments involving lasers simulating impact plasmas on the atmosphere,
surface, or impactors have shown the synthesis of various species, such as C2Hz,
HCN, N20, HNCO, and HCONHz: (CiviS et al., 2016a; Ferus et al., 2019, 2017a; Heays
et al, 2022; Rimmer et al,, 2019). These findings are significant for recognizing
impact processes on young planets (Ferus et al., 2022a, 2021). However, it should
be noted that recognizing impacts directly on early Earth-like planets can be
challenging due to the complex interplay among geochemical, physical, and
geological processes, requiring the elimination of other possible sources. An
elevation in impact frequency may be inferred from the detection of unexplained
imbalances in the mixing ratios of molecular species associated with impact
chemistry or their temporal variations linked to formation and decomposition

processes.

3 The environment of the early Earth
To the best of our knowledge, Earth is the only planet known to host life. Yet very

little is known about its earliest history and its appearance at the time of the origin
of life. Most of the geological record has been erased by tectonics, the only
exception being ancient zircons, which in themselves are very rare. With the ever
increasing amount of known rocky exoplanets, we have more and more

opportunities to glimpse rocky planets of similar size and age around stars similar
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to our Sun. Observing and describing their properties could show us all the
possible evolution paths the Earth could have taken and if it is really unique or

rather average (Ferus et al,, 2022a).

The dating of the origin of life on Earth is uncertain. Most common lines of
evidence for early life include microfossils, carbon isotopic ratios, and
stromatolites. In 2017, (Dodd et al,, 2017) presented putative evidence for the
discovery of fossilized microorganisms from the Nuvvuagittuq belt in Quebec,
Canada, which are at least 3.770 Gyr old and possibly even 4.280 Gyr old, which
would be the oldest known evidence of life on Earth to-date. These microfossils
were found in ferruginous rocks, interpreted as seafloor-hydrothermal vent-
related precipitates. The claim is based on the observations of micrometer-scale
hematite tubes, which are similar in appearance to modern microorganisms and
ancient microfossils, while at the same time the reported carbon isotopic ratios

from this finding are consistent with biological activity at that age.

Next, carbon isotopic ratios have been used as evidence of life. Organisms typically
fractionate carbon isotopes, because 12C fixation is typically kinetically favored
relative to 13C (Catling and Kasting, 2017). The oldest such evidence to date is the
discovery of a graphite inclusion in a single grain of zirconium silicate from Jack
Hills, Australia, dated at 4.10 = 0.1 Gyr, with a biogenic 613C value -24 + 5 %o (Bell
etal, 2015).

A different, younger, of evidence of early life are stromatolites, which are
laminated sedimentary structures formed as a result of the existence of microbes.
The oldest stromatolites were found in the Dresser Formation of the Warrawoona
Group in northwestern Australia (Buick et al., 1995), possibly as old as 3.500 Gyr.
Many other stromatolites of younger age were described as well (Allwood et al,,
2009, 2006; Hofmann, 2000; Lepot et al., 2008). As the earliest findings are often
disputed (Buick et al., 1995; Grotzinger and Rothman, 1996; Grotzinger and Knoll,
1999; Lowe, 1994; McLoughlin et al, 2008), their discovery should not be
considered as an absolute proof but rather as consistent with the existence of life

at that time (Wacey, 2009).
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It is at the critical age around 4 Gya, where we know very little about the early
Earth. In the following sections, we focus on what is and is not known about this
era of Earth’s development and what are the preceding and consequent processes

that shaped our planetary environment.

At the age of the origin of life, the Earth was at most 500 Myr old, or rather, young.
Young planets can be expected around young stars, but determining stellar ages is
inherently difficult. There exists a variety of established methods, such as
measuring the lithium depletion boundary, kinematics of young groups of stars,
placing stars in Hertzsprung-Russell diagrams, pulsations and seismology, surface
gravity measurement, rotation and activity or lithium abundance. Each of these
methods has its uses as well as drawbacks, but generally, determining stellar ages
below ~20 Myr has much more uncertainties due to the possibility of age spreads
and lack of reliable absolute ages. Each method is also suited for a different star
mass- and age ranges in the HR diagram, as summarized in Table 2 in (Soderblom
et al, 2014). Some methods for the estimation of the age of young stars therefore

exist and it is around these stars that young planets can be expected.

A star is formed from the collapse of an interstellar cloud. The remaining material
after the formation of the star is spun out and flattened into a protoplanetary disk.
Matter in the plane of rotation is affected by a centrifugal force and gas pressure,
which act in opposite to gravitational pull of the central star. Such disks are called
protoplanetary disks and are the cornerstone of the formation of planets. A famous
disk has been observed around the star HL Tauri by ALMA ((NRAO/ESO/NAOQ]J et
al., 2016). The published image (see Figure 2) shows a series of lighter and darker
concentric rings. The star is a T-Tauri star (pre-main sequence variable star with
age <10 Myr) and planetary formation should be taking place. The dark rings are

therefore often explained as orbital trajectories cleared out by the forming planets.
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Figure 2: The protoplanetary disk observed around the HL Tauri star. The black

rings are thought to be trajectories cleared out by forming planets. Image credit:

ALMA (ESO/NAOJ/NRAO). For full reference see ((NRAO/ESO/NAOQ] et al.,, 2016).

Planets form in the protoplanetary disk by collapse and subsequent accretion of
solid material from the disk. One of the theories for the formation of planets was
proposed by (Safronov, 1972). In his core accretion model, the orbiting particles
first form planetesimals (0.1 - 10 km diameter objects). In some regions, the
growth may trigger runway accretion leading to planetary embryos or
protoplanets (103 - 10# km diameter) and eventually to planets. If Jupiter and
Saturn, for example, formed through this process, then after they grew 10 - 15
Earth masses solid cores, their gravity was sufficient to capture hydrogen. In the

original core accretion model, dust, gas and solid particles would be attracted to
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the disk midplane, where they would collide and form larger and larger particles,
followed by four stages of growth: formation of planetesimals, runaway growth,

oligarchic growth and late state accretion (Izidoro and Raymond, 2018).

A competing theory is that of pebble accretion, where centimeter-sized pebbles
rapidly collapse to make planetary embryos while gas is still in the disk (Wahlberg
Jansson and Johansen, 2014). A recent paper by (Lyra et al., 2023) outlines an
analytical theory for the growth of planetesimals by polydisperse accretion. That
theory predicts that pebble accretion is a viable theory over a wide parameter
space and alleviates the need for mutual planetesimal collisions as a major
contributor to planetary growth, which has been a common point of criticism in

the core accretion model.

Some models favor a third mechanism, the streaming instability, as the main
mechanism of the formation of 100 km-sized planetesimals. In that scenario, the
planetesimals then continue their growth to Mars-sized planetary embryos by a
combination of planetesimal and pebble accretion (Chambers, 2023). From that
size onwards, models tend to be specific and include the architecture of the
planetary systems (Izidoro and Raymond, 2018). Notably, in all these models,

terrestrial planets form as gas-free.

It is worth noting that there exist other approaches, such as the Hayashi approach
to accretion, where terrestrial planets grow in presence of dust and gas (Hayashi et
al., 1979), or disk instability, where Jupiter forms directly from the gravitational

collapse of the disk (Helled et al., 2014).

The evolution of the architecture of planetary systems can trigger further effects,
such as migration of planets. For example, according to the Grand Tack model
(O’Brien et al,, 2014), Jupiter may have migrated inwards and stunted the growth
of Mars, etc. This would have influenced for example water delivery to Earth
(Ogihara et al.,, 2023). Therefore, there is enough space for uncertainty such that it
is impossible to definitively describe the formation of the Solar system and the
formation of the Earth, let alone exoplanetary systems. For example, it has been
previously assumed that the formation of rocky planets ends with a series of late-

stage giant impacts, which would produce warm dusty debris. This debris was not
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observed on exoplanets so far, implying that the debris is removed (e.g., by a
tenuous gas disk, or by solar wind) or that rocky planets form very early and
emerge fully formed from the nebular phase, which would challenge the view of
the current accretion models (Najita and Kenyon, 2023). On the other hand,
(Kessler and Alibert, 2023) argue that late-stage giant impacts and critical for the
formation of giant planets, at least in models which combine core and pebble

accretion approaches.

Even though we do not precisely know how, the Earth has formed and must have
obtained an atmosphere. More generally, the Earth must have obtained volatiles -

compounds which are liquid or gaseous on the surface or in the atmosphere.

First and foremost, volatiles can be co-accreted with the solids during the
formation of the planet. One of the possible mechanisms is the equilibrium
condensation model (Read, 1985). In this model, the protoplanetary disk has the
same composition and mass as the Sun and undergoes a temperature evolution.
The disk is first heated because it is very dense and radiation from the protostar
can’'t escape to outer space, friction generates heat and gravitational energy
converted to kinetic energy during transport of material adds to the mix. After
reaching a peak temperature, the disk begins to cool. Material condenses at
distances from the protostar where it meets its boiling point temperature. The
materials condense approximately in order: (i) highly refractory metals and
oxides, (ii) Ni-Fe metal, (iii) silicates, (iv) sulfides, (v) hydrated minerals and (vi)
ices (Catling and Kasting, 2017; Johansen et al., 2023a, 2023b). Notably, H2 and He
are considered as always gaseous due to their low vaporization temperatures.
Details of the model are disputed nowadays, but the main explanation of why
rocky planets are closer to the Sun and gas giants are farther away holds. Modern
models of the origin of the Solar system’s architecture give varied and more
detailed predictions on the composition of bodies. For example, Jupiter’s and
Saturn’s rapid gas accretion scatters nearby planetesimals, some of which are
thrown into the inner Solar system. This mechanism would explain the presence of

carbonaceous asteroids (which are rich in volatiles, e.g., have 5 - 20 % of water
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(Kerridge, 1985)) in the outer main asteroid belt. Similarly, many of these
scattered bodies would collide with rocky planets and bring in volatiles. The origin
of water on Earth would therefore be explained as a simple byproduct of giant
planet growth (Raymond and Izidoro, 2017). A similar mechanism could be
expected in exoplanetary systems and rocky exoplanets would have to have water

as well.

The nature of the scattered accreting bodies is unknown, but some information
about the early Solar system can be obtained from meteorites. Generally,
chondritic meteorites are meteorites with nearly solar-like composition, excluding
gas-forming elements (Catling and Kasting, 2017). In contrast, achondrites are
meteorites originating from already differentiated bodies. Primitive chondrites are
a third division of meteorites, which formed from bodies heated to the point of

melting but did not experience large-scale differentiation (Weisberg et al., 2021).

In any case, meteorites must have delivered both refractory and volatile elements
to the Earth and directly contributed to the formation of the primary atmosphere.
Thermal outgassing of CI and CM carbonaceous chondrites produces mostly H20-
rich atmospheres. Ordinary H, L and LL chondrites and enstatite chondrites
produce Hz-rich atmospheres with CO and H20 as second and third most abundant
gases. Low iron enstatite chondrites give rise to CO-rich atmospheres with
significant amounts of H2, CO2 and H20. Atmospheres outgassed from CV
chondrites give mostly CO2-rich atmospheres with H20 as the second most
abundant compound. In contrast, (Newcombe et al., 2023) show that H20 content
in achondrites is very low (< 2 pg g'1) from both the inner and outer parts of the
early Solar System. Such low values imply that differentiated planetesimals must
have efficiently degassed before or during melting. This suggests that most of the
delivered water must have been delivered to Earth in unmelted material, such as
chondrites. Simulations by (Schaefer and Fegley, 2010) then predict that

atmospheres of Earth and Mars formed during accretion were Hz-rich.

Primary atmospheres of planets formed during accretion were lost to space, likely
even before the accretion was completed. It is therefore suitable to think about

primary atmospheres of planetary embryos rather than planets. For instance,
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planetary embryos larger than Mars would be able to capture some nebula gas rich
in H2 and He (Inaba and Ikoma, 2003). Importantly, the model by Inaba and Ikoma
gives a formula for the calculation of the accretion of smaller particles. Due to gas
drag from the atmosphere, an Earth-size object, and a 100 m planetesimal would
have 10 times enhanced collisional rate relative to the collisional rate calculated
from crossing of direct trajectories, making accretion much more efficient. In the
case of terrestrial planets, we do not nowadays observe H2z and He dominated
atmospheres. Even if the planets started with a solar-composition atmospheres
and if the helium and hydrogen escaped to space, the result would be ~60% CO2,
~20% Ne and ~10% N2, which, obviously, is not the case (Catling and Kasting,
2017).

For temperate planets, such as the early Earth, impact erosion during late-stage
accretion is considered as the main mass loss mechanism. If the contribution of
pebble accretion to the formation of planets is higher than currently thought, other
processes may have significant (but likely not dominant) influence, such as
photoevaporation via X-ray and UV ionization or photoionization and

photodissociation of Hz (Howe et al.,, 2020).

(Catling and Kasting, 2017) in their book show that Earth, Venus and Mars are
depleted in noble gases relative to solar composition. Information embedded in the
noble gas ratios points to the existence of atmospheric escape, but also gives
insight into the evolution of planets. The noble gas depletion relative to solar
values is different for each planet, but the patterns across gases are the same. Since
noble gases are the most atmophilic volatile elements due to their little reactivity,
they must have been part of the primary atmosphere on the planetary embryo.
Their lack implies that the Earth either did not obtain those gases from the solar

nebula or must have lost the primary atmosphere.

The source of the noble gases on Earth has not been definitively resolved. There
are three possible sources of noble gases: implantation by solar wind, accretion
from the solar nebula gas (already disputed above) and delivery by chondrites and
comets (Péron et al., 2018). On Earth, 2Ne/22Ne and 21Ne/22Ne ratios are higher in

the mantle than in the atmosphere, i.e., the mantle is richer in the lighter neon
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isotopes. It has been shown that lunar soils reflect the composition of the solar
wind and also exhibit 20Ne/2?2Ne ratios very close to that of ocean island basalts,
which are inferred to be close to primitive mantle. This, together with mantle
transport effects, points to early solar wind as the source of light volatiles in the
mantle. The gases would have been implanted into the precursor grains from
which the Earth accreted during the first few Myr after the formation of the Solar
system. The atmospheric 2°Ne/22Ne ratio, which is lower than in the mantle, can
then be explained as a mix of mantle-degassed neon and delivery from chondritic
gases, again disfavoring the accretion of an atmosphere from the solar nebula and
supporting the idea of the accretion of volatiles from solids. In line with this,
(Zhang et al,, 2023) predict a low 20Ne/22Ne ratio ~ 9.7 in Archean atmospheric

samples.

Next, Ar isotopic evolution is primarily sensitive to mantle processing rate history,
hence being unsuitable for tracking continental crust growth. On the other hand,
Ar isotopic composition can be used to track mantle processing rates. The model
presented by (Zhang et al., 2023) suggests that 3°Ar was directly delivered by

chondritic material and not outgassed from the mantle.

When the noble gas isotopic ratios are examined for Earth, Mars and Venus, even
more information can be deduced. For example, argon and neon are more
abundant on Venus than Earth, respectively (Owen and Bar-Nun, 1995). This could
be explained by Venus colliding with a large body rich in Ar and Ne early on.
Another explanation can be that Venus did not have an ocean (or that it was
removed by a runaway greenhouse effect), the presence of which enhances the loss
of an atmosphere during giant impacts (as explained below). On Earth, which does
have an ocean, the primary atmosphere would be removed, whereas on Venus,

remnants of the primary atmosphere would have survived (Genda and Abe, 2005).

On the other hand, atmospheric argon on Venus is depleted in radiogenic 40Ar
relative to Earth. This argon isotope is produced from the decay of 49K with a half-
life 1.25 Gyr. If volcanic outgassing from the interior of a planet is efficient, the
argon should enter the atmosphere eventually. The difference between Earth and
Venus suggests that volcanism on Venus is less significant, a likely result of the

non-existence of plate tectonics (Catling and Kasting, 2017).
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Further, noble gases are generally less depleted with increasing atomic mass,
which is explained by the idea that lighter noble gases escaped more easily than
heavier gases. Even heavy/light stable isotopes ratios of these elements are higher
than their solar values. An exception to this is terrestrial xenon. Xenon has 9 stable
isotopes, some of which are products of extinct radionuclides. Xenon is heavier
than krypton, and if it was captured as part of the primary atmosphere from the
nebula and then subjected to escape, krypton should be more depleted in the
Earth’s atmosphere than xenon. The contrary is true, however, which is known as
the missing xenon paradox (Ozima and Podosek, 2001; Pepin, 1991; Tolstikhin and
O’Nions, 1994). One proposed mechanism for the loss of xenon the drag of xenon
ions (xenon is relatively easily ionized) by hydrogen escaping to space, implying at
the same time that hydrogen rapidly escaped and the Earth was progressively
oxidized (Ostrander et al., 2021). An alternative explanation is that the xenon
actually fractionated to the core in the form of xenon iron oxides (Peng et al,

2020). Xenon would not be so inert after all.

As we have shown, the Earth must have accreted its present atmosphere from
solids. For example, carbon (Catling and Kasting, 2017) and nitrogen (Catling and
Kasting, 2017; Zhang et al.,, 2023) were largely delivered in organic ices and
macromolecular organic material (refractory or carbonaceous dust). The C/N ratio
across the interstellar medium, comets, chondritic meteorites and terrestrial
planet shows an increase between volatile-rich pristine bodies and larger volatile-
depleted objects subjected to thermal or accretional metamorphism. As a result,
the C/N ratios in material accreted to terrestrial planets should be higher than in
carbonaceous chondrites or comets. Indeed, the bulk silicate Earth has a C/N ratio
of 49.0 £ 9.3, whereas the nebular ratios in the disk are ~1 - 12. A likely
explanation for that is that the Earth accreted thermally processed objects and
then experienced a large-scale atmospheric loss (Li et al, 2023). A model by
(Johansen et al, 2023c) shows that in the case of pebble accretion, nitrogen
partitions relatively evenly between the core and the atmosphere due to its low
solubility in the magma. The model thus favors nitrogen delivery to Earth by

pebble snow. As a consequence for terrestrial planets in general, they should be
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readily supplied by both C and N, but the ratios will strongly depend on the

accretion history and evolution.

The elemental compositions of the Moon and Earth’s mantle are quite similar, both
in terms of macroscopic elements, such as Si and Mg (Wanke, 1999) and isotopic
composition, such as 10, 170 and 180 (Herwartz et al., 2014). This suggests that
both the Earth and Moon share a common origin. The most widely accepted
explanation for this is that the formation of the Moon happened by a giant impact
of a small planetesimal called Theia (Hartmann and Davis, 1975; Jons, 1985). This
impact likely happened around 4.47 Gyr ago (Bottke et al., 2015), when the Earth
was already mostly differentiated (Kleine and Rudge, 2011). The impact may have
melted the surface of the whole Earth and launched significant amounts of impact
ejecta into orbit. Some calculations even argue that the temperature and pressure
were so high that they exceeded the mantle critical point and the surface magma
ocean-atmosphere boundary was not defined for a time (Caracas and Stewart,
2023). Calculations have shown that 2,000 - 2,700 km diameter impactor would be
required to completely melt the Earth’s surface, while >700 km impactor would be
required to evaporate surface oceans (Citron and Stewart, 2022). Theia is thought
to have been big enough to have melted the surface. The Moon then accreted from
the melted and ejected material. Immediately after the moon-forming impact, the
atmosphere would consist of melted and vaporized rock at ~2,500 K. This initial
stage would last ~103 years. Outgassing and escape during this period are poorly
constrained, but some proposals exist. The mantle redox state has a significant
effect on both these processes. Reduced/thin atmospheres and reduced mantles
rich in H2 would emit more radiation to space as compared to oxidized, H20 and
CO2-rich atmospheres. H2 outgassing rates after the impact would be ten times
larger than diffusion limited escape and the total mass loss of Hz outgassed from
the atmosphere is a few tens of Myr (Katyal et al., 2020). For another ~2 Myr after
the impact, species would condense out of the atmosphere, and partly dissolve in
the melted surface. Since all water is evaporated, the atmosphere would be opaque
and slowly radiatively cools to space. Eventually, the surface starts to solidify.
Then, for up to ~108 yr after impact, a solid surface is formed, the ocean

condenses, and COz is gradually incorporated into the crust.

28



From then onwards, the nature of the Hadean climate is unknown, but would have
been mostly influenced by the content of greenhouse gases (Heays et al., 2022;
Sleep and Zahnle, 2001; Walker, 1985). Notably, during such impact, the ocean
would be vaporized rather explosively. Little water would actually escape, but the
shock evaporation would push away any primary atmosphere (Abe, 2011). The
atmosphere which then formed on Earth originated mainly from degassing of the

mantle.

It is worth noting, though, that (Tucker and Mukhopadhyay, 2014) suggest that the
Earth experienced at least two magma ocean outgassing episodes, but both
happened before the Moon-forming impact and that the Moon-forming impact did

not induce a complete surface melting.

One notable period in the Earth’s impact record is the Late Heavy Bombardment.
Cratering on the Moon and models of the evolution of the Solar system led to the
proposal of a period of intense bombardment of the Earth by asteroids from the
Main belt ejected by gravitational resonance between Jupiter and Saturn (Gomes et
al., 2005; Nesvorny and Morbidelli, 2012; Tsiganis et al.,, 2005). Nowadays, the
existence of this period is still debated (Bottke and Norman, 2017). In any case, the
craters on the Moon prove that the Earth was subjected to heavy bombardment
during its history, be it gradual or concentrated. Although incomparable to the
Moon-forming impact, the impacts would also have had a strong effect on the
atmospheric evolution and could have vaporized the ocean and sterilized any
possible life (Sleep and Zahnle, 1998), partially melt the crust (Reimink et al,
2023), or at least vaporize the several hundred meters of the ocean and induce

significant warming (Lowe and Byerly, 2015; Segura et al., 2013).

One important aspect is discussed in (Catling and Kasting, 2017), and that is that
the composition of the surface also influences the post-impact evolution. In the
case of smaller impacts, if the impactor hits a reduced crust, the impact ejecta
would also be reduced. For example, impacts on yet undifferentiated planets would
produce mostly reduced gases, such as CH4, NH3 and H2. A similar situation would
happen after the Moon-forming impact, when the iron from Theia would be
melted, but not yet differentiated to the Earth’s core. Late veneer could also bring

enough reducing power in the form of iron to produce reduced atmospheres,
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which would progressively oxidize as hydrogen would escape to space and iron
would sink into the core (Zahnle et al., 2020). On the other hand, impacts onto
already differentiated bodies would produce mostly neutral and oxidized gases,
such as COz, H20, Nz, and CO. The redox state of the mantle would therefore

determine the nature of the forming atmosphere.

According to (Stevenson, 1983), the Earth formed during 107 - 108 years through
collisions with increasingly larger bodies. During this relatively short period, the
mantle was melted by the impacts and the Earth differentiated even during its
accretion. Since the iron sank to the core, the mantle became more oxidized. Even
today, some Fe3* iron can be found in the mantle, as opposed to the core, where
iron is mostly neutral. (Trail et al.,, 2011) show that ancient magmas from ~4.4 Gya
exhibit oxygen fugacities, fy,, consistent with oxidation state defined by the
fayallite-magnetite-quartz (FMQ) buffer and hence similar to present-day oxidized
conditions. From this, they imply that the mantle was oxidized very quickly, and
any forming atmosphere would be either weakly reduced or oxidized (containing
CO2, H20, Nz, and SO2 w/ H2), but likely not reduced (CH4, NH3, H2S). Notably,
though, (Yang et al., 2014) propose that the atmosphere may have been oxidized
more slowly. According to that paper, the Hadean crust was probably very weak,
the continental crust was much more reduced than in the post-Hadean times and
progressively oxidized until ~3.6 Gya. In such a case, the atmosphere would have

been reduced as well.

Nowadays, the mantle is relatively oxidized, mostly with f, corresponding to the
FMQ buffer. Calculations by (Maurice et al., 2023) show that a possible magma
ocean after a giant impact would last <1.5 Myr and the magma ocean during this
time evolves from reduced to highly oxidized, releasing more and more oxidized
gases, such as COz and Hz20. The origin of this and the evolution of the oxidation

state is still debated.

Thermal evolution models of the Earth’s past are often constructed using modern
outgassing rates, which are modified or constrained accordingly. For this reason,
modern outgassing rates need to be understood first. Major outgassed species,

such as COz, SOz, Hz2S, and N2 are outgassed nowadays from both subaerial and
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submarine outgassing. Outgassing rates of reduced species, such as CH4, can be
then estimated from thermodynamic equilibrium of magmas in the upper mantle.
Supposing the estimates of outgassing rates of all those species from all the various
sources are known (which they are, but are not relevant to this text), differences
between past rates and modern rates can be discussed. Overall, geothermal heat
flow, volcanism and plate tectonics have changed from the past, but a general
agreement on how has not been reached in the scientific community. One point
which is agreed upon in that the Earth’s interior was hotter in the past, e.g,
because of higher radiogenic heat production (Pastorek et al., 2020) or leftover
heat from accretion. (Davies, 1980) estimated past heat flow 2 - 5 times higher 3.0
Gya and 4 - 8 times higher at 3.5 Gya. (Sleep and Zahnle, 2001) estimated 2 - 3
times higher surface heat flux for the early Earth compared to modern surface with
significant uncertainty. It is fair to say that there exists some evidence for low
surface heat flow in the past (Hopkins et al., 2008). This evidence comes from Jack
Hills zircons, which probably sat above a subduction zone, where the crust would
be thicker and the surface heat flux correspondingly lower. Nevertheless, this
evidence could also mean that models of plate tectonics in the past are incorrect
(Korenaga, 2008b, 2008a, 2007, 2006). Furthermore, the prevalence of komatiites
in Archean greenstone belts (Herzberg et al., 2010) suggests that different types of
rocks existed in the past. This fact has also been used to define the Archean-
Proterozoic boundary (Windley, 1984). Since komatiites are ultramafic rocks, this
also suggests that the outgassing fluxes of H2 and CH4 may have been higher. In
summary, the debate on the redox state of the Hadean and Archean atmosphere
has not been settled and there are indications that both, it was similar to the

modern state, and more reduced than today.

The only possible approach to discussing the composition of the prebiotic
atmosphere is to construct an atmospheric chemistry model. A logical approach to
this is to assume an atmospheric composition based on available estimates and

then test the sensitivity of the model to changes in those parameters.

For example, the most abundant molecule in today’s atmosphere is N2 with a

mixing ratio ~0.78, and this amount constitutes about one fourth of Earth’s total
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hydrogen. About 0.4 present atmospheric level of nitrogen (PAN) is the crust and
>1.4 PAN is in the mantle (Catling and Kasting, 2017), probably emplaced as early
as in the Hadean (Wordsworth, 2016). Evidence from Nz/3°Ar ratios in ancient
fluid inclusions (Marty et al.,, 2013), raindrop imprints (Som et al., 2012), and
bubbles in lava flows (Som et al., 2016) suggests that the N2 partial pressure may
have been lower in the past. Since N2 is relatively unreactive in Earth’s
atmospheric conditions, however, effects on the atmospheric chemistry should be
small. Some noteworthy effects could include altered shortwave radiation surface
fluxes due to Rayleigh scattering of the incoming radiation by nitrogen or altered
three-body reaction fluxes where nitrogen serves as a third body which can

remove excess energy.

Another important gas in the atmosphere is CO2. It is a greenhouse gas and it is
likely that higher concentrations were needed to compensate for the lower
luminosity of the young Sun, although many other theories which attempted to
explain the faint young Sun paradox exist (Goldblatt and Zahnle, 2011; Heays et al.,
2022; Rosing et al., 2010). The general approach in modelling and discussing the
composition of the atmosphere is therefore to assume a given level, e.g., 300 ppm
as the preindustrial atmospheric level (PAL), and then explore the sensitivity to

changes in this value in a planetary atmospheric model.

Further, balancing outgassing of H2 with hydrogen escape rate (diffusion limited
escape) for a weakly reduced atmosphere gives about 1 x 10-4 steady state mixing
ratio of Hz for the early Earth (Catling and Kasting, 2017). This number can be used
to estimate the amount of some other species in the Earth’s atmosphere before the

emergence of life.

Aside from the major atmospheric constituents, there existed trace components, of
which Oz is possibly very important for both the redox and the emergence of life.
Oxygen is produced in the atmosphere by several processes, one of which is the
photolysis of H20 (BRINKMANN RT, 1969). Oxygen can also be produced from
photodissociation of CO2. This would imply that photochemistry would produce
more Oz the more COz and H20 would be present. This Oz would react with
outgassed H:z at lower altitudes to produce water again. The steady state of oxygen

would therefore be most influenced by the amount of CO2 and Ha.
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With regards to CO2, (Catling and Kasting, 2017) constructed an atmospheric
model where they predict that the 02 volume mixing ratio would be about 10-> -
10-3 at 100 km altitude if the 1x - 1000x the preindustrial atmospheric level of CO2
is used. On the other hand, even in the highest CO2 content case 1000 PAL, surface

mixing ratios would be <10-°.

Comparatively, also explore the effect of various H2 outgassing fluxes at a constant
CO2 surface mixing ratio 0.2. Their model shows that although surface 02
concentrations are affected by this, at 60 km the mixing ratio levels of at around

10-# for all explored cases.

The presence of molecular oxygen together with a reduced partner in an
atmosphere is considered a potential biosignature. In some cases, Oz may not be
detectable in (exo)planetary atmospheres (e.g., at mid-IR wavelengths) and O3 has
been suggested as a possible proxy (Kozakis et al., 2022). As it turns out, the UV
radiation from the host star has a significant effect on the amounts of O3 on a given
planet, so using ozone as a proxy for Oz is only possible with good constraint on the

incident UV flux.

Similar models that deal with the nature of the early prebiotic atmosphere are
many and the one presented here is just a drop in the ocean. Other models include
the works of (Airapetian et al., 2016; Canuto et al., 1982; Hu et al., 2013, 2012; Hu
and Seager, 2014; Kasting, 2014; Segura et al., 2007; Trainer, 2013; Yung and
McElroy, 1979), to name just a few.

(Eistrup, 2023) provides a review on the state of modelling of planetary evolution
from protoplanetary disks to exoplanetary atmospheres. The review discusses

differences between simpler "iceline" chemistry models and rigorous approaches.

Another important feature of early rocky planetary atmospheres are hazes. Hazes
are common in known planetary atmospheres with significant consequences for
atmospheric opacity (Arney et al, 2016, 2017). They likely form from
photochemical reaction of methane with the surrounding atmosphere and take on
the form of a fractal organic haze. High UV fluxes and presence of oxygen radicals
destroy the haze precursors and, on such planets, hazes do not form. The hazes

influence surface chemistry by shielding the surface from UV radiation and surface
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cooling. Natural waters on the prebiotic Earth are likely niches for the origin of life,
on which UV transmission and atmospheric opacity would have a strong effect. For
example, natural freshwaters would be largely transparent to UV radiation, while
high-salinity waters would be opaque to <220 nm radiation. On the contrary,
ferrous waters would be shielded. Since prebiotic chemistry can be both hindered
and enhanced by UV radiation, discussion on this topic is potentially important and
atmospheric opacity is a necessary part (Ranjan et al, 2022) of any relevant

discussion.

Aside from hazes, another phenomenon which would alter the surface flux of
radiation and shield the surface would be clouds (Herbort et al., 2022). On rocky
planets with higher temperatures (~400 - ~1,000 K), the most important stable
condensates are KCl[s], NaCl[s], FeS[s], FeO[s], Fe203][s], FeSz[s], and Fe304[s]. On
colder planets with T <400 K, thermally stable condensates are H20[l,s], C[s],
NHs[s], NH4Cl[s], and NH4SH[s]. For even colder atmospheres with temperatures
<150 K, even COz[s], CH4[s], NH3[s], and H2S[s] become stable.

Selected molecular species then each have amounts of work done on their possible
origin, stability, and destruction on the early Earth and in exoplanetary
atmospheres. For example, the detection of SOz in the atmosphere of WASP-39b
has been considered a first confirmation of photochemistry on an exoplanet (Tsai
et al., 2023). Short wave photochemistry may have also contributed to the
production of HCN on the early Earth (Pearce et al., 2022), but would not be the
only source (Chyba and Sagan, 1992; Todd and Oberg, 2020). Volcanic activity was
likely higher on the early Earth. In mixtures with low CO:z content, i.e., in mixtures
at T >1400 °C due to thermal decomposition of H20 and CO2, magmatic outgassing
produces reactive trace species such as NO, OH, Cl, Br and 1. Photochemistry also
likely produced polycyclic aromatic hydrocarbons on both Earth and Mars (Kopacz
etal,, 2023).

The end of Hadean the beginning of Archean eons is defined at 4.0 Gya. The Earth
during the Archean probably witnessed the origin of life, which influenced the
composition of the Earth’s atmosphere once it became a worldwide phenomenon.

The Archean eon (4.0 Gya to 2.5 Gya) represents a third of Earth’s history and yet
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very little is known about the atmosphere. Some information can be deduced from
the combination of geological proxies in combination with models (Catling and
Zahnle, 2020). This approach implies surface Oz levels <10 times the present
atmospheric level, N2 levels similar to today or lower, CO2 amounts ~10 - 2,500
times the modern amounts and CH4 levels 102 - 104 times the present atmospheric
level. These concentrations would have been enough to counter the fainter Sun and
long-term climate moderation, but the carbon cycle would produce surface
temperatures 0 - 40°C. In this model, the isotopic mass fractionation of xenon is
best explained by drag of xenon ions by hydrogen escaping to space, implying at
the same time that hydrogen rapidly escaped and the Earth was progressively
oxidized (Ostrander et al., 2021). As with all the text above, we have indications
and indirect evidence about the conditions on the early Earth during and after its

formation, but definitive information is, unfortunately, impossible to obtain.
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5 The Chemistry of COz and TiOz: From breathing

Minerals to life on Mars (Publication I)
The first publication of this thesis is a book which summarizes research on the

chemistry of CO2 and its photocatalytic reduction of CO2 on mineral surfaces

performed in our laboratory and with special emphasis on planetary atmospheres.

The first chapter introduces the properties and uses of CO2 as well as its effect on

climate. It also discusses its potential uses and its connections to energy storage.

The second chapter summarizes research on the surface interactions of CO2 and
TiO2. At room temperature, CO2 spontaneously adsorbs on various lattice defects
on the surface of TiO2 and other minerals and clays (montmorillonite, basalt,
siderite, calcite, etc.). The CO2 forms CO32- anions adsorbed on the surface. Then,
due to its symmetry, the CO32- anion can rotate. After desorption, the originally
lattice oxygen may in this way become part of the desorbed COz. If any of the
oxygen atoms are isotopically different, then isotopic exchange between the
surface and the gas occurs. This process has a very low barrier and spontaneously
occurs at room temperature. Tested minerals which exhibit this behaviour include
both synthetic materials and natural samples, proving that this process occurs on a

regular basis.

The third chapter then goes on the investigate the effect of UV radiation on this
experimental system. As it turns out, CO2 adsorbed on the surface of selected
minerals (e.g., TiO2) is photocatalytically reduced to CO, CH4 and CH30H. This
process of photocatalytic reduction of COz is widely studied in connection to the
global climate change and the rising global temperature. Efficient means of
reducing atmospheric CO2 levels using solar light to produce fuels or chemical
reagents is highly desirable. Our papers and this book introduced a different
perspective, which is the photocatalytic reduction of CO2 as a natural process,
possibly important in space. We conducted a case study on Mars, where the
conditions are potentially favourable for this process. Mars has a thin atmosphere
and UV radiation penetrates as low as to the surface of the planet. Its atmosphere
is also mainly composed of CO2 (~95%) and its surface is covered with regolith, a
fine material which contains Fez03 and TiO2z, both minerals active in the

photocatalytic reduction process.
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A supporting claim was made using the Nakhla meteorite (a Martian meteorite) as
catalyst for this process. It has been shown that this meteorite work as a catalyst of

the photocatalytic reduction of CO2 as well.

Moreover, since CH4 is the reduced carbon counterpart to CO2, as attempt was
made to discover the oxidation products. X-Ray photoelectron spectroscopy
analysis showed that the oxidation products are chlorates and perchlorates. Both
compounds were found on Mars. Using the rates observed in our experiments, we
therefore estimated the depth of the perchlorate-containing layer on Mars, should
this process have occurred with the same efficiency since the formation of Mars.

That was a testable prediction, which still awaits experimental verification on site.

The fourth chapter describes the bearing of these results on prebiotic chemistry
and the origin of life in the universe. It is generally known that reduced
atmospheres (containing CHs, NHs, H2S) are more favourable towards prebiotic
synthesis than oxidized atmospheres (rich in CO2, NxOy, SO2,...), at least from the
experimental point of view. The photocatalytic reduction of COz to CH4 could
therefore render planetary atmospheres susceptible to prebiotic synthesis. No
comprehensive planetary chemistry model was made, and we do not expect this
process to wholly change the redox state of the atmosphere, but rather, we expect
local changes based on the exposed minerals, which would also be limited in
duration due to atmospheric mixing and lifetimes of the reduced compounds.
Overall, however, in specific environments, the photocatalytic reduction could be
the missing impulse to initiate the synthesis of prebiotically more relevant

compounds.

Last, the fifth chapter provides a short discussion on the environmental and
industrial applications of the photocatalytic reduction of CO2 to CH4. Overview of
basic principles and properties to be studied as well as overview of the current

literature on the topic (at the time of writing) is also included.
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6 Acidic Hydrogen Enhanced Photocatalytic Reduction of

CO: on Planetary Surfaces (Publication II)
The second publication broadens the previous work by testing 18 mineral and rock

samples for their activity in the photocatalytic reduction of CO2. The tested
samples were Al203, kaolinite, MgO, CaCOs, TiOz (for reference). Natural sodium
montmorillonite, acidic montmorillonite, ferruginous smectite, a field clay sample
from the Sokolov coal basin, natural rutile from Golctv Jenikov, siderite, basalt,
ilmenite, natural clay with a montmorillonite admixture, clay with kaolinite
admixture and samples of diatomaceous earth from the Soos Nature Reserve,

Czechia.

Each experiment consisted of COz and HCI in contact with a catalytic material
irradiated for 3500 h. The composition was monitored using FTIR and activity of
some sample was detected. Overall, the materials were classified into three
categories based on their efficiency - active efficient minerals, active inefficient
minerals, and inactive minerals. The active efficient minerals produced enough
methane to allow retrieval of a pseudo-first order rate constant of methane
production. It should be noted that the pseudo-first order kinetics approach was
employed, because the mechanism is unknown and in the studied minerals, this
rate equation describes the system reasonably well, at least for comparison’s sake.
Active inefficient minerals produced methane enough to be detected by IR at the
end of irradiation, but not enough to reliably fit the rate constant of its formation,
and inactive minerals did not produce any methane at all. The three active and
efficient minerals were Al203, ilmenite (sample from Jizerska louka) and sample 1
from Soos natural reserve, Czechia. In an attempt to find out what is the reason for
the varied activity across the tested minerals, band gap for each mineral was
estimated. This was done by measuring reflectance spectra in a 200-800 nm range.
Using the Kubelka-Munk theory of diffuse reflectance, the band gap was
determined from the absorption edge. In sample where no absorption edge
appeared, the reflectivity/absorption at 350 nm was determined. The wavelength
350 nm was chosen because the irradiation lamp in the original experiment was a
broadband Hg lamp with emission maximum at ~350 nm. Unfortunately, no clear

correlation between activity and band gap was not observed.
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On the other hand, the band gap is a closely followed and tweaked property of
many industrial catalysts. Lower band gap in general means that the material is
able to absorb radiation at longer wavelengths/lower energies and so become
more efficient at solar energy capture. However, too small a band gap means that
the excited electron does not have enough energy to activate the adsorbed CO2 and
start the photoreduction cascade. As seen in the literature, acids lower the band
gap of the semiconductor minerals. The paper shows that presence of HCl in
general reduced the reflectance at 350 nm. This means that the minerals are more
apt to absorbing radiation in presence of HCl and HCl increases the efficiency of the

photocatalytic reduction as a whole.

The discussion on the applicability of these results then proposes that it could be
possible to observe both methane and oxygen in an atmosphere, where the
methane would be photochemically generated. Even though not long-lasting, the
presence of these two species at the same time would be a false positive
biosignature. Care is therefore needed when considering the possible redox

disequilibrium pairs as markers of life on planets.
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7 Abiotic Formation of Methane and Prebiotic Molecules
on Mars and Other Planets (Publication III)

The research on the photocatalytic reduction of CO2 which began with my diploma
thesis and continued during my PhD studies culminates in this publication with a
proposal of a planetary carbon cycle. This cycle contains of four separate processes
- the photocatalytic reduction of CO2, spontaneous oxygen atom exchange between
CO2 and surfaces, plasma-induced synthesis of organic molecules and oxidation
back to CO2. Overall, the dominant carbon cycles are different on the different
planet types. On Earth, the biogeochemical cycle encompasses carbon exchange
between the atmosphere, ocean, sediments, the interior, and the biosphere.
Notably, much of the contribution of the biosphere is realised through the cycling
of organic carbon. On Earth-like planets, the cycle is expected to be similar with the
exception of the biosphere. On the giant planets, the cycles are completely different
and consist of atmospheric upwards diffusion, photolysis, sinking of heavier
products and thermolysis again. On a side note, these cycles produce hydrogen in
the upper atmospheric layers. This hydrogen then escapes, and the atmospheres
are irreversibly oxidized. On exoplanets, both of these and any other cycles may be
expected. The cycle proposed in this paper is expected to be usually a minor
contributor to the overall carbon cycle, but in certain conditions, such as on Mars,

its role may be more significant.

The spontaneous oxygen atom exchange between CO:z and minerals has been
described in Publication I of this thesis and was only summarized in this
Publication III. Briefly, CO2 adsorbs on the surface of minerals where it reacts to
form a COs% ion. After overcoming a 16.5 kcal mol-! barrier, the ion rotates and
releases CO2 with the lattice oxygen atom incorporated in its structure and leaves

behind one of its former oxygens.

Photocatalytic reduction of CO2 to CH4 has been described in Publication I and
Publication II as well. Again, briefly, CO2 may adsorb on the surface of photoactive
minerals (often semiconductors). The mineral adsorbs UV radiation and excites the
adsorbed CO2. This then decomposes and is reduced by reacting with available
protons (in our experiments from HCI, but other sources are also possible) to CO

and CHa. In environments with a source of COz, a photoactive mineral, a source of
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protons and UV radiation, methane can be produced in the atmosphere. The three
most important photoactive minerals for this process on Earth and Mars are TiOz,
FeOr and Al20s. Using rate constants of the formation of CH4 from our previous
works in some simple calculations, we estimate a Martian methane surface flux
2.81 x 107 cm? s'1 and a Martian methane destruction rate 2.37 x 10> cm2 s'L.
Therefore, we predict methane formation rate two orders of magnitude higher
than the destruction rate and therefore sufficient to explain the methane level
observed by Curiosity on Mars. It should be noted that the detection of methane on
Mars is still tentative and other missions, such as the Trace Gas Orbiter did not
detect any. Through a similar calculation, we calculate methane surface flux for
Earth. To determine the effect of this process on the overall redox of the Earth’s
atmosphere, we also calculate the Hz budget in a prebiotic atmosphere. Through
this calculation, we determine that the contribution to the hydrogen steady state
concentration is roughly 4 orders of magnitude less than from other processes.
However, there are many unknowns in this calculation, because it applies to the
early Earth about which a lot is not known, and the influence of this process may

have been both higher and lower.

The methane produced in this abiotic way as a part of its surrounding atmosphere
containing N2 and H20, both of which are common in planetary atmospheres, can
be exposed to high-energy density environments, such as asteroid or comet
impacts. The ensuing chemistry produces organic molecules, including
biomolecules. Specifically, mixtures of CHs, CO, H20 and N2 in presence of
montmorillonite exposed to laser sparks in the laboratory (experimental model of
an impact) produces adenine, glycine, uracil, cytosine, and glycine. The former
claim that more reduced atmospheres are more favourable to prebiotic synthesis

are repeated.

In the last step, the produced molecules are oxidized back to CO2. In the case of
methane, its lifetime in the Earth’s atmosphere is about 10-12 years. It is most
efficiently oxidized by -OH to CO2. Apart from that, in all atmospheres, common
destruction pathways include lightning storms, fires, atmospheric discharges or

selective chemical reactions on surfaces.
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Overall, we conclude that the process, or in general, formation of reduced
compounds on aerosols, is important enough to merit inclusion into atmospheric
chemistry models, where it is currently missing. In some environments, such as
Mars, this process may be of importance. Direct proofs of this process outside the
laboratory are still non-existent. But since more and more exoplanets are

discovered every day, proofs of this cycle may be observed in the future.
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8 Identifiable Acetylene Features Predicted for Young
Earth-like Exoplanets with Reducing Atmospheres
Undergoing Heavy Bombardment (Publication IV)

UV radiation is a process that exerts its influence on the atmosphere continually
over long timescales. A contrast to this is singular events with far-reaching
consequences, e.g., asteroid or comet impacts. These events are immediate, on-
time events, which, given their magnitude have the potential to alter atmospheric
composition of the whole planet. Other such events include volcanic activity, stellar

flares, or dust storms (e. g. on Mars).

In this Publication IV, we explored the effect of impacts on the transformation of an
atmosphere containing and equimolar mixture of CHs, CO and N2 (~240 Torr
each). The atmosphere was enclosed in a 1 L borosilicate glass cell, which also
contained 1 mL of water (which in turn produced about 23.8 Torr of water vapour)
and montmorillonite powder as a catalyst. The sample was irradiated with a high-
power iodine photodissociation laser system (PALS, Institute of plasma physics,
CAS, Czechia). A total of 25 pulses was delivered to the sample. Each pulse has
energy 150 ], is 350 ps wide and has wavelength 1,315 nm. One pulse was
delivered every 20 mins, because the laser system needs to cool down after each
pulse. The laser beam was focused into the sample cell and LIDB was induced
approximately in the middle of the sample cell (not on any surface). This
experimental approach, as mentioned above, represents a viable laboratory model

of a high-velocity impact.

The composition of the gas phase was monitored by FTIR before and well after the
irradiation. The main observed products were CO2, HCN, C2H2 and NHs. The
majority of N2 and CO in the experiment was left intact, but a significant portion
(~2/3) of the methane was consumed, indicating that the origin of the HCN and
C2H2 includes carbon from the methane. The experimental results were then used
by Dr. Rimmer at the Cambridge University. The initial and boundary conditions
were applied to the ATMOS 1D Global Climate model to calculate the temperature
profile of a hypothetical planet with this atmospheric composition. Then, yield of
products in terms of molecules per Joule, the energy deposited via impact and the

frequency of impacts were combined to calculate outgassing rates and surface
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mixing ratios of the products in question. The calculated parameters (temperature
profile, surface mixing ratios, outgassing rates) were then incorporated into ARGO,
a Lagrangian photochemistry and cosmic-ray atmospheric chemistry model. The

model calculated a full atmospheric profile with pressures of all monitored species.

The atmospheric profiles calculated from ARGO along with other parameters were
used to calculate atmospheric transmission spectra using TauREx. The calculation
was performed by Dr. Waldmann and his team. The spectra were calculated for an
Earth-sized planet orbiting a Sun-like star. The first result from the model with this
atmospheric composition is that the methane absorption signal obscures many
usually important molecular features. Despite that, the bulk composition of the
atmosphere including C2H2 can be observed. Specifically, with a resolving power R
=300, CH4 can be detected at 3.3 um, the CO feature can be observed at 4.9 um, and
H20 at 6.5 pm. The acetylene can be detected as a shoulder to the methane 3.3 pm
feature and at 10.5 pm as a lone feature. HCN cannot be detected, with all its
signals masked by the other absorbers. For this reason, it turns out that Cz2Hz is a

viable tracer of impacts on methane-rich rocky exoplanets whereas HCN is not.

Even though acetylene is a good tracer of impacts, it is important to not consider it
as a marker of impacts as its sole presence can be potentially explained by other
means, such as UV photochemistry, thermochemistry in specific environments, etc.
Temporal variations on acetylene signals, however, could be indicative of impact

chemistry on the observed planet.

The experiment in this paper was carried out with a single atmospheric
composition, rather arbitrarily chosen, and an arbitrary number of pulses was
applied to the system. Both of these drawbacks were enforced by the technical
limitations of the laser system and the available beam time. Care is therefore
needed when extrapolating the results to different atmospheric compositions,
which, however, is necessary. The experiment was also carried out at ~1 bar
atmospheric pressure and at room temperature. As discussed in the paper,
however, even though the composition of the mixture does not represent any
chemical equilibrium, results in this paper and the referenced papers indicate
trends in the experimental results, which follow trends in chemical equilibrium at

temperatures ~2,000-5,000 K. The results of these calculations are shown to be
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rather insensitive to changes in N2/(CO + CH4) and CO/CHs. The changes in
abundances are within one order of magnitude for both species over a wide range
of values. The C/O ratio, however, make a big difference on the results. Specifically,
observable quantities of acetylene would between C/O ~ 1.1 - 1.2. Below C/0
~1.1, its abundance would drop off significantly and would not be observable

anymore.

Overall, the experiment in this paper combined with the effects of UV radiation,
energetic particles on the loss of methane and the accompanying escape of H2
imply significant methane outgassing rates to replenish the lost amount. This
possibility can be realized, as it seems, on Titan, 55 Cnc e as well as on the early
Earth. Importantly, though, since there exist scenarios which could produce
significant amounts of acetylene through outgassing or photochemistry, acetylene

is a reliable impact signature only when the planet-star system is taken in context.

46



9 Carbon disulfide as a tracer of asteroid impacts on

young volcanically active exoplanets (Publication V)
Similar to publication 1V, this paper follows a similar process of impacts as the

source of energy for atmospheric processes. Future observation of exoplanets by
space telescopes and ground-based telescopes will observe potentially more and
more atmospheres of exoplanets. From those observations, models will be able to
say much about the conditions on the given planet. Current understanding of
planetary evolution models predicts that after the accretion of a planet, material
lingering on unstable trajectories is destabilized and bombards that planetary
surface in what is called ‘heavy bombardment’. Impacts are therefore considered
as very important in the shaping of planetary atmospheric properties during late-
stage accretion and early after its formation. However, impacts themselves are
very unlikely to be observed directly, because the plasma that forms during impact
is 1) too faint to be observed, and 2) temporally limited, so that even if observable,
astronomers would have to be very lucky to capture it. What could be observable,
though, are changes in the atmospheric composition after impacts through specific

markers.

This paper focuses on the chemistry of young rocky planets, such as the early
Earth, or LHS 1140b, whose atmospheres as nitrogen-dominated and contain
water, carbon species and sulfur-bearing species. Namely, SOz and H2S are
considered as common volcanic gases and likely constituents of an atmosphere on
a volcanically active young planet. Here, SO2 is more likely in oxidized atmospheres
and Hz2S in more reduced atmospheres. The experiment in this paper, similar to the
previous paper, simulated asteroid impact with a high-power laser PALS. Artificial
atmospheric mixtures were irradiated with 15 pulses of this laser, each with ~150
] energy, 1,315 nm wavelength and 350 ps duration. Changes composition of the
mixture before and after irradiation were monitored with high-resolution FTIR
spectroscopy. The results were expressed in yield of molecules ]-1. Significant
products include OCS, CSz, NO, C2H2 and HCN. Here OCS and CS2 are the major

sulfur-bearing products.

The resulting yields were included in a planetary post-impact chemistry model

ARGO with the STAND2020 reaction network, which predicted the vertical mixing
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ratios of OCS and CS:2 for a supposed early Earth and LHS 1140b atmospheric
compositions. Different surface mixing ratios of SOz were used (ranging from 1

ppm to 1%) to test the sensitivity of the result.

A radiative transfer model TauREx3 was imposed on a modelled atmosphere of
LHS 1140b with manually varied concentrations of OCS and CSz. The model was
used to predict observability of OCS and CSz in its atmosphere by the James Webb
Space Telescope. Combined results from the chemical and radiative transfer model
show that CS2 and OCS would be observable by JWST after 10 transits on rocky
planets experiencing mass delivery rates >103 g year! within 20 pc of the

telescope.

Discussion in the paper goes on to show that CS: is a suitable tracer of impacts. On
the other hand, OCS is more ambiguous, because other sources of OCS may exist.
0CS/S0:2 disequilibrium may be also indicative of impacts, although not a definitive

signature.

Note: This publication is currently submitted for review.
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10 Decomposition of Benzene during Impacts in N2-

dominated Atmospheres (Publication VI)
Research presented in publications IV and V introduces the topic of impacts into

planetary atmospheres with special focus on the chemistry and Kkinetics of the
impacts. Experiments for both of these papers were carried out using the PALS
laser. The parameters spaces that could be explored in the experiment are strictly
limited by the available beam time, the specifics of the experimental apparatus,
and the fact that the analysis is a one-time analysis in a different building. For
these reasons, we constructed a new apparatus called ELISE (Experimental
Laboratory Impact Simulator for Exoplanets). The apparatus is desribed in this
publication and shown in Figure 3 in this thesis. In short, it is a glass apparatus
equipped with a laboratory Nd:YAG laser with tuneable energy (up to 450 mJ) and
includes a FTIR measurement cell for online analysis without the need to
compromise the sample. The system also boasts a fan which simulates mixing as
well as negates the slow diffusion which otherwise hinders the FTIR analysis. The
sample further contains a gas handling section and is vacuum tight. The
experiment can be run both in flow and as a closed circuit. The materials used for
construction were limited to borosilicate glass for the body, stainless steel and
rubber O-rings for vacuum connections and Teflon for the fan. This minimizes
possible surface interactions of the sample. The system is modular, and we have
constructed two cells for sample irradiation. One is a spherical cell for the
irradiation of gaseous mixtures and the other is a cell with a Teflon holder which is
connected to a rotating stepper motor designed for the irradiation of mineral and

rock samples, or tablets.
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Figure 3: The ELISE (Experimental Laboratory Impacts Simulator for Exoplanets)
apparatus. This figure was created by Antonin KniZek, Lukas Petera and David
Cerny and is part of Publication VII in this thesis. The paper is unpublished at the
time of writing of this thesis (14 August 2023) and may become subject to

copyright in the future. The reader is therefore referred to this paper for reference.

The first experiment carried out on this system were focused on the
decomposition of benzene during impacts in Nz-dominated planetary
atmospheres. A significant amount of carbon in space is in the form of
polyaromatic hydrocarbons. A project START ‘Heterogeneous chemistry of
polycyclic aromatic hydrocarbons in astrochemical context’ was dedicated to the
investigation of the behaviour of the PAHs during impacts in various conditions
and in various atmospheres. Benzene was selected as a PAH prototype and the
simplest carbon species containing a benzene ring. We therefore prepared
atmospheres containing benzene and water vapour in nitrogen as the background
gas and exposed them to the impact-simulating laser radiation. Thanks to the new
apparatus, we were able to explore the concentration parameter space more
thoroughly. The model ~1 bar atmospheres contained ~0.08%-0.7% of benzene

and ~0.02%-2% of water vapour. In total, we performed 16 experiments with
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different concentrations of each specie. This experiment simulated an asteroid or
comet impact into a nitrogen-rich planetary atmosphere. Benzene and water are
unlikely to coexist for longer timescales in a planetary atmosphere since they
represent the opposite ends of the redox equilibrium, but in this model, water can
be brought in by the impactor and the benzene can be already present in the
atmosphere. This would be the case of the Saturn’s moon Titan, which has a

reduced ~1.5 bar atmosphere containing benzene.

Benzene decomposes during the simulated impact. The main products are HCN
(vield 3.1%-24.0%), acetylene (yield 0%-11.7%) and CHa4 (yield 0.5%-3.3%). In the
presence of water, CO (yield 2.4%-35.1%) and COz2 (yield 0.01%-4.8%) are formed

as well.

To better describe the process, the kinetics of the decomposition of benzene was
investigated first. The mechanism of the decomposition would require detailed
knowledge of the behaviour of the plasma discharge including a radiative transfer
model with coupled kinetics which was beyond the scope of the publication. We
considered the kinetics of the overall reaction in which benzene decomposes to
products. The rate equation used in the paper combined zeroth and first order rate
equation such that at higher benzene partial pressures (beginning of the
experiment), the decomposition is limited by the available amount of energy in the
pulse and the decomposition follows a zeroth order kinetics, and at lower benzene
pressures (as the experiment progresses), the kinetics gradually transforms into a
first order kinetics because the decomposition is limited by the amount of
available benzene. We note that we consider this reaction forward only, because
reverse reaction of e.g. three acetylenes in unlikely and has not been observed.
This rate equation was fitted to the data and after extraction of the effect of mixing,
two rate constants were obtained. These constants should be valid in the tested
experimental range and describe the decomposition of benzene regardless of the

formed products.

As mentioned above, the main products are HCN, C2Hz, CH4, CO and CO2. The
obtained data were not sufficient to describe the kinetics of the formation of the
products. However, some trends in the composition of the product mixture could

be extracted. First and foremost, as could be expected, with the increasing amount
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of water at the beginning, the product mixture contained more of the oxidized
products CO and CO2. Furthermore, higher initial content of water enhances the
formation of the terminally oxidized product CO2. Examination of the time-
resolved experimental mixture composition also shows that the formation of COz is

a successive reaction following the formation of CO.

Furthermore, the data show that a higher initial benzene partial pressure favours
the production of acetylene over HCN. This is likely due to the different chemical

properties of CN and C2 radicals, the precursors of HCN and CzHz, respectively.

On the other hand, the yield of methane clearly correlates with the amount of
water in the experiment. This implies that the methane formation mechanism

includes an OH radical.

The formation of a solid phase was also observed. The solid phase was collected
and analysed with scanning electron microscopy (SEM). This preliminary SEM
measurement was published as well, but the solid phase was not analysed in more
detail as it would merit a study of its own. The amount of products in the solid

phase and the gas phase attains a constant ratio 0.42:0.58.

These experiments provided much more information on the behaviour of the
system than previous experiments with the PALS laser (publications IV, V), but still
were limited to ~1 bar total pressure and 300 K temperature. The temperature
requirement is to a certain degree arbitrary because the reactions take place in the
plasma after the LIDB and so long as the temperature of the whole mixture is
significantly less than that, the results should be valid. Only one energy was used
for the experiments, and that was 450 m]J per pulse at the entrance to the cell. Our
calculations show that 100 pulses of this laser emplace energy comparable to a 22-
cm in diameter asteroid impacting at 45° with average density 1500 kg m-3 and
impact velocity 17 km s into current Earth’s atmosphere. Experiments with
different laser pulse energies would be necessary for safe extrapolation of the
results to different asteroid sizes. To be able to construct a full model, a full-size
distribution of the impacting bodies would have to be included, which would
require orders of magnitude more experiments. There are many other possible

follow up to this study besides experiments with different energies — atmospheric
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kinetics model, radiative transfer model of the plasma, examination of the solid
phase, etc. Overall, however, the fact that benzene is decomposed and that the

main products are HCN, C2H2, CH4, CO and COz2, holds.

Finally, given that these follow-up studies are successful, benzene may prove to be
indicative of recent impact events. If the atmosphere exhibits less of benzene than
expected from thermochemistry and photochemistry as well as elevated
abundances of HCN, Cz2Hz2, CHs, CO and COz, impact may be possible. The ratio of
(CO+CO2)/(HCN+C2H2+CH4) as well as CO/COz could also be used to trace the
amount of water in the impactor. These claim, however, would require a full
planetary chemistry model as well as the planetary neighbourhood behaviour for

context and is currently a very far-off target.
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11 Survival of HCN during impacts in N2-dominated
planetary atmospheres (Publication VII)

HCN is an important molecule in planetary chemistry. It is a ubiquitous molecule in
space and the precursor of tholins, various organic molecules and possibly also
hazes. Toxic to organisms, it is a possible precursor of nucleic acid bases, amino
acids and possibly lipids and carbohydrates in prebiotic chemistry. Its synthesis
and decomposition in planetary atmospheres have been widely examined in the
literature. We focused on the stability and chemistry of HCN in planetary

atmospheres subjected to impacts.

The experiments were again carried out on the ELISE apparatus. HCN and H20
containing atmosphere with N2 as the background gas. The decomposition of HCN
in the laser-simulated impact and the ensuing chemistry were described. We
performed nine ‘main’ experiments. Each sample in this experiment was irradiated
for 7,000 s. This time was chosen as the time it takes to fully decompose the HCN in
all experiments. The composition of the gas phase was monitored by FTIR again. A
simple kinetic model was constructed, which describes both the decomposition of
HCN into solid phase products as well as reaction with H20 to produce CO and then
CO2. To extract the rate constants and fit the model, however, we developed a data
reduction and analysis pipeline which starts with defining adsorption multipliers
for HCN and H:20. It has been observed that HCN and H20 adsorb on the walls of
the apparatus (and much more than Co and CO:2 at that). This adsorption is
impossible to quantify in the current setup. For this reason, adsorption multipliers
to the data were added and the model was executed with 64 possible combinations
of the adsorption multipliers. The goodness of fit in terms or R? was determined
and for each experiment, the six rate constants of the model were determined in
each experiment as a mean of the fitted constants for the fits with the adsorption
multipliers with R? value in the 20 of the mean R? value. Covariances were also
calculated in order to determine if the fitted parameters depend on the defined
multipliers. As was verified, they do not, and this approach is valid. Then, the mean
of the fitted rate constants was calculated. Standard deviations were calculated in

each step and propagated throughout the whole calculation, so the obtained
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results area applicable to the studied range. The data analysis pipeline is described

in the paper in detail along with all the plots with all the intermediate results.

To then test the results on a wider range of initial parameters, several other
experiments were performed. For those, only the initial composition and the
composition after 420 s of uninterrupted irradiation were determined. The
kinetics model with the obtained rate constants and the initial partial pressures
was then applied to predict the partial pressures at 420 s and compared to the
experimental results. The data show that the model is reasonably applicable in the

tested range 0-13 Torr of initial HCN and 0-25 Torr of initial H20.

The obtained rate constants can be directly included in a planetary atmospheric
chemistry model. Again, the experiments were performed at room temperature,
but the temperature in the plasma is higher and may reach tens of thousands of K
after the discharge. The products form in the afterglow of the discharge and the
results should be insensitive to changes in surrounding temperature so long as it is
sufficiently lower than the plasma temperature. As such, it is probably impossible

to apply to hot Jupiters with temperatures often exceeding 2,000 K.
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12 Conclusion
The presented thesis introduces impacts and photochemistry as significant driving

forces for planetary chemistry. The attached papers summarize various
experiments with the photocatalytic reduction of CO2 to CHs in the context of
planetary atmospheres and surfaces and the role of impacts on atmospheric
transformation in selected cases. Special care is given to the history of Earth in
both the introduction and the attached papers, because Earth is our home planet
and also a planet which we know most about. Understanding the chemistry,
history and evolution of the Earth’s environment is ever more important in the era
of a rapidly changing climate. At the same time, the experimental and theoretical
results can be directly applied to the modelling of exoplanets, to support
observations by telescopes and in this way, broaden our knowledge about the

Universe about us.

56



13 Literature
(NRAO/ESO/NAO]J A, NRAO/AUI/NSF, Brogan C, et al. HL Tau - ALMA Reveals the

Birth of Planets Poster. 2016.

Abe Y. Protoatmospheres and Surface Environment of Protoplanets. Earth, Moon

Planets 2011;108(1):9-14; doi: 10.1007/s11038-010-9368-x.

Adolfsson LG and Gustafson BAS. Effect of Meteoroid Rotation on Atmospheric
Entry Heating and Meteor Beginning Height. Planet Space Sci 1994;42(8):593-598;
doi: 10.1016/0032-0633(94)90034-5.

Agrawal P, Jenniskens PM, Stern EC, et al. Arcjet Ablation of Stony and Iron
Meteorites. In: 2018 Aerodynamic Measurement Technology and Ground Testing

Conference 2018; pp. 1-17; doi: 10.2514/6.2018-4284.

Airapetian VS, Glocer A, Gronoff G, et al. Prebiotic Chemistry and Atmospheric
Warming of Early Earth by an Active Young Sun. Nat Geosci 2016;9(6):452-455;
doi: 10.1038/ngeo2719.

Allwood AC, Grotzinger ]JP, Knoll AH, et al. Controls on Development and Diversity
of Early Archean Stromatolites. Proc Natl Acad Sci U S A 2009;106(24):9548-9555;
doi: 10.1073/pnas.0903323106.

Allwood AC, Walter MR, Kamber BS, et al. Stromatolite Reef from the Early
Archaean Era of Australia. Nature 2006;441(7094):714-718; doi:
10.1038/nature04764.

Arney G, Domagal-Goldman SD, Meadows VS, et al. The Pale Orange Dot: The
Spectrum and Habitability of Hazy Archean Earth. Astrobiology 2016;16(11):873-
899; doi: 10.1089/ast.2015.1422.

Arney GN, Meadows VS, Domagal-Goldman SD, et al. Pale Orange Dots: The Impact
of Organic Haze on the Habitability and Detectability of Earthlike Exoplanets.
Astrophys ] 2017;836(1):49; doi: 10.3847/1538-4357/836/1/49.

Babankova D, Civis S, Juha L, et al. Optical and X-Ray Emission Spectroscopy of
High-Power Laser-Induced Dielectric Breakdown in Molecular Gases and Their

Mixtures. ] Phys Chem A 2006;110(44):12113-12120; doi: 10.1021/jp0636890.

57



Bains W, Petkowski ]], Seager S, et al. Phosphine on Venus Cannot Be Explained by
Conventional Processes. Astrobiology 2021;21(10):1277-1304; doi:
10.1089/ast.2020.2352.

Bains W, Petkowski ]], Seager S, et al. Venusian Phosphine: A ‘Wow!’ Signal in
Chemistry? Phosphorus, Sulfur Silicon Relat Elem 2022;197(5-6):438-443; doi:
10.1080/10426507.2021.1998051.

Bell EA, Boehnke P, Harrison TM, et al. Potentially Biogenic Carbon Preserved in a
4.1 Billion-Year-0ld Zircon. Proc Natl Acad Sci U S A 2015;112(47):14518-14521;
doi: 10.1073/pnas.1517557112.

Belorizky D. Le Soleil, Etoile Variable. L’Astronomie 1938;52:359-361.

Benneke B, Wong I, Piaulet C, et al. Water Vapor and Clouds on the Habitable-Zone
Sub-Neptune Exoplanet K2-18b. Astrophys ] Lett 2019;887(1):L14; doi:
10.3847/2041-8213/ab59dc.

Blank JG, Miller GH, Ahrens M], et al. Experimental Shock Chemistry of Aqueous
Amino Acid Solutions and the Cometary Delivery of Prebiotic Compounds. Orig Life

Evol Biosph 2001;31(1-2):15-51; doi: 10.1023/A:1006758803255.

Bonomo AS, Zeng L, Damasso M, et al. A Giant Impact as the Likely Origin of
Different Twins in the Kepler-107 Exoplanet System. Nat Astron 2019;3(5):416-
423; doi: 10.1038/s41550-018-0684-9.

Borucki W. Spectra of Simulated Lightning on Venus, Jupiter, and Titan. Icarus

1985;64(2):221-232; doi: 10.1016/0019-1035(85)90200-3.

Borucki W], Giver LP, McKay CP, et al. Lightning Production of Hydrocarbons and
HCN on Titan: Laboratory Measurements. Icarus 1988;76(1):125-134; doi:
10.1016/0019-1035(88)90145-5.

Borucki W] and McKay CP. Optical Efficiencies of Lightning in Planetary
Atmospheres. Nature 1987;328(6130):509-510; doi: 10.1038/328509a0.

Bottke WF and Norman MD. The Late Heavy Bombardment. Annu Rev Earth Planet
Sci 2017;45(1):619-647; doi: 10.1146/annurev-earth-063016-020131.

58



Bottke WF, Vokrouhlicky D, Marchi S, et al. Dating the Moon-Forming Impact Event
with Asteroidal Meteorites. Science (80- ) 2015;348(6232):321-323; doi:
10.1126/science.aaa0602.

Brasser R, Mojzsis S], Werner SC, et al. Late Veneer and Late Accretion to the
Terrestrial Planets. Earth Planet Sci Lett 2016;455:85-93; doi:
10.1016/j.epsl.2016.09.013.

BRINKMANN RT. Dissociation of Water Vapor and Evolution of Oxygen in the
Terrestrial Atmosphere. ] Geophys Res 1969;74(23):5355-5368; doi:
10.1029/jc074i023p05355.

Buick R, Groves DI and Dunlop JS. Abiologial Origin of Described Stromatolites
Older than 3.2 Ga. Geology 1995;23(2):191; doi: 10.1130/0091-
7613(1995)023<0191:A00DS0>2.3.CO;2.

Campbell B, Walker GAH and Yang S. A Search for Substellar Companions to Solar-
Type Stars. Astrophys ] 1988;331:902; doi: 10.1086/166608.

Canuto VM, Levine JS, Augustsson TR, et al. UV Radiation from the Young Sun and
Oxygen and Ozone Levels in the Prebiological Palaecoatmosphere. Nature

1982;296(5860):816-820; doi: 10.1038/296816a0.

Caracas R and Stewart ST. No Magma Ocean Surface after Giant Impacts between
Rocky Planets. Earth Planet Sci Lett 2023;608:118014; doi:
10.1016/j.epsl.2023.118014.

Catling DC and Kasting JF. Atmospheric Evolution on Inhabited and Lifeless
Worlds. Cambridge University Press: Cambridge, UK; 2017.; doi:
10.1017/9781139020558.

Catling DC and Zahnle K]. The Archean Atmosphere. Sci Adv 2020;6(9); doi:
10.1126/sciadv.aax1420.

Ceplecha Z, Borovicka J, Elford WG, et al. Meteor Phenomena and Bodies. Space Sci
Rev 1998;84(3-4):327-471; doi: 10.1023/a:1005069928850.

Chambers J. Making the Solar System. Astrophys ] 2023;944(2):127; doi:

59



10.3847/1538-4357 /aca96f.

Chyba C and Sagan C. Endogenous Production, Exogenous Delivery and Impact-
Shock Synthesis of Organic Molecules: An Inventory for the Origins of Life. Nature
1992;355(6356):125-132; doi: 10.1038/355125a0.

Citron RI and Stewart ST. Large Impacts onto the Early Earth: Planetary
Sterilization and Iron Delivery. Planet Sci ] 2022;3(5):116; doi:
10.3847/PS]/ac66e8.

Civi§ M, Ferus M, KniZek A, et al. Spectroscopic Investigations of High-Energy-
Density Plasma Transformations in a Simulated Early Reducing Atmosphere
Containing Methane, Nitrogen and Water. Phys Chem Chem Phys
2016a;18(39):27317-27325; doi: 10.1039/c6¢cp05025e.

Civis S, Babankova D, Cihelka ], et al. Spectroscopic Investigations of High-Power
Laser-Induced Dielectric Breakdown in Gas Mixtures Containing Carbon Monoxide.

] Phys Chem A 2008;112(31):7162-7169; doi: 10.1021/jp712011t.

Civis S, Juha L, Babankova D, et al. Amino Acid Formation Induced by High-Power
Laser in CO2/CO- N2-H20 Gas Mixtures. Chem Phys Lett 2004;386(1-3):169-173;
doi: 10.1016/j.cplett.2004.01.034.

Civi$ S, KniZek A, Ivanek O, et al. The Origin of Methane and Biomolecules from a
CO2 Cycle on Terrestrial Planets. Nat Astron 2017;1(10):721-726; doi:
10.1038/s41550-017-0260-8.

Civis S, Szabla R, Szyja BM, et al. TiO 2 -Catalyzed Synthesis of Sugars from
Formaldehyde in Extraterrestrial Impacts on the Early Earth. Sci Rep
2016b;6(23199):1-7; doi: 10.1038/srep23199.

CNES and ESA. COROT. 2006. Available from:
https://corot.cnes.fr/en/COROT /index.htm [Last accessed: 8/18/2020].

Davies GF. Thermal Histories of Convective Earth Models and Constraints on
Radiogenic Heat Production in the Earth. ] Geophys Res 1980;85(B5):2517-2530;
doi: 10.1029/JB085iB05p02517.

60



Dodd MS, Papineau D, Grenne T, et al. Evidence for Early Life in Earth’s Oldest
Hydrothermal Vent Precipitates. Nature 2017;543(7643):60-64; doi:
10.1038/nature21377.

Dremin AN. Shock Wave Chemistry. High Press Res 1989;1(5-6):361-364; doi:
10.1080/08957958908202498.

Drouard A, Vernazza P, Loehle S, et al. Probing the Use of Spectroscopy to
Determine the Meteoritic Analogues of Meteors. Astron Astrophys

2018;613(A54):16; doi: 10.1051/0004-6361/201732225.

Eistrup C. A Chemical Modeling Roadmap Linking Protoplanetary Disks and
Exoplanet Atmospheres. ACS Earth Sp Chem 2023;7(1):260-277; doi:
10.1021/acsearthspacechem.1c00342.

ESA. Gaia. 2013. Available from: https://sci.esa.int/web/gaia/ [Last accessed:
8/18/2020].

ESA. CHEOPS. 2019. Available from:
http://www.esa.int/Science_Exploration/Space_Science/Cheops [Last accessed:

8/18,/2020].

ESA. PLATO. n.d. Available from: https://sci.esa.int/web/plato/ [Last accessed:
8/18/2020].

Ferus M, Adam V, Cassone G, et al. Ariel - a Window to the Origin of Life on Early
Earth? Exp Astron 2022a;53(2):679-728; doi: 10.1007 /s10686-020-09681-w.

Ferus M, Civis S, Mladek A, et al. On the Road from Formamide Ices to Nucleobases:
IR-Spectroscopic Observation of a Direct Reaction between Cyano Radicals and
Formamide in a High-Energy Impact Event. ] Am Chem Soc 2012;134(51):20788-
20796; doi: 10.1021/ja310421z.

Ferus M, Heays AN and KniZek A. CHAPTER 12: Consequences of Heavy
Bombardment on Prebiotic Synthesis. In: Comprehensive Series in Photochemical
and Photobiological Sciences The Royal Society of Chemistry; 2021; pp. 239-264;
doi: 10.1039/9781839164354-00239.

61



Ferus M, KniZek A and Civis S. Meteorite-Catalyzed Synthesis of Nucleosides and
Other Prebiotic Compounds. Proc Natl Acad Sci U S A 2015;112(23):7109-7110;
doi: 10.1073/pnas.1507471112.

Ferus M, KniZek A, Petera L, et al. Formamide-Based Post-Impact Thermal
Prebiotic Synthesis in Simulated Craters: Intermediates, Products and Mechanism.

Front Astron Sp Sci 2022b;9:id. 882145; doi: 10.3389 /fspas.2022.882145.

Ferus M, Kubelik P, KniZek A, et al. High Energy Radical Chemistry Formation of
HCN-Rich Atmospheres on Early Earth. Sci Rep 2017a;7(1); doi: 10.1038/s41598-
017-06489-1.

Ferus M, Michal¢ikova R, Shestivska V, et al. High-Energy Chemistry of Formamide:
A Simpler Way for Nucleobase Formation. ] Phys Chem A 2014;118(4):719-736;
doi: 10.1021/jp411415p.

Ferus M, Pietrucci F, Saitta AM, et al. Formation of Nucleobases in a Miller-Urey
Reducing Atmosphere. Proc Natl Acad SciU S A 2017b;114(17):4306-4311; doi:
10.1073/pnas.1700010114.

Ferus M, Pietrucci F, Saitta AM, et al. Prebiotic Synthesis Initiated in Formaldehyde
by Laser Plasma Simulating High-Velocity Impacts. Astron Astrophys
2019;626:A52; doi: 10.1051/0004-6361/201935435.

Ferus M, Rimmer P, Cassone G, et al. One-Pot Hydrogen Cyanide-Based Prebiotic
Synthesis of Canonical Nucleobases and Glycine Initiated by High-Velocity Impacts
on Early Earth. Astrobiology 2020;20(12):1476-1488; doi:
10.1089/ast.2020.2231.

Ferusa M, Nesvorny D, Sponer J, et al. High-Energy Chemistry of Formamide: A
Unified Mechanism of Nucleobase Formation. Proc Natl Acad SciU S A

2015;112(3):657-662; doi: 10.1073 /pnas.1412072111.

Furukawa Y, Sekine T, Oba M, et al. Biomolecule Formation by Oceanic Impacts on

Early Earth. Nat Geosci 2009;2(1):62-66; doi: 10.1038/ngeo383.

Geiss ] and Rossi AP. On the Chronology of Lunar Origin and Evolution:
Implications for Earth, Mars and the Solar System as a Whole. Astron Astrophys

62



Rev 2013;21(1):1-54; doi: 10.1007/s00159-013-0068-1.

Genda H and Abe Y. Enhanced Atmospheric Loss on Protoplanets at the Giant
Impact Phase in the Presence of Oceans. Nature 2005;433(7028):842-844; doi:
10.1038/nature03360.

Goldblatt C and Zahnle K]J. Faint Young Sun Paradox Remains. Nature
2011;474(7349):E1; doi: 10.1038/nature09961.

Gomes R, Levison HF, Tsiganis K, et al. Origin of the Cataclysmic Late Heavy
Bombardment Period of the Terrestrial Planets. Nature 2005;435(7041):466-469;
doi: 10.1038/nature03676.

Grillmair CJ, Charbonneau D, Burrows A, et al. A Spitzer Spectrum of the Exoplanet

HD 189733b . Astrophys ] 2007;658(2):L115-L118; doi: 10.1086/513741.

Grotzinger JP and Rothman DH. An Abiotic Model for Stromatolite Morphogenesis.
Nature 1996;383(6599):423-425; doi: 10.1038/383423a0.

Grotzinger JR and Knoll AH. Stromatolites in Precambrian Carbonates:
Evolutionary Mileposts or Environmental Dipsticks? Annu Rev Earth Planet Sci

1999;27:313-358; doi: 10.1146/annurev.earth.27.1.313.

Hapke B, Cassidy W and Wells E. Effects of Vapor-Phase Deposition Processes on
the Optical, Chemical, and Magnetic Properties OE the Lunar Regolith. Moon
1975;13(1-3):339-353; doi: 10.1007/BF00567525.

Hartmann WK and Davis DR. Satellite-Sized Planetesimals and Lunar Origin. Icarus

1975;24(4):504-515; doi: 10.1016/0019-1035(75)90070-6.

Hayashi C, Nakazawa K and Mizuno H. Earth’s Melting Due to the Blanketing Effect
of the Primordial Dense Atmosphere. Earth Planet Sci Lett 1979;43(1):22-28; doi:
10.1016/0012-821X(79)90152-3.

Heays AN, Kaiserova T, Rimmer PB, et al. Nitrogen Oxide Production in Laser-
Induced Breakdown Simulating Impacts on the Hadean Atmosphere. ] Geophys Res

Planets 2022;127(3):e2021JE006842; doi: 10.1029/2021JE006842.

Helber B, Dias B, Bariselli F, et al. Analysis of Meteoroid Ablation Based on Plasma

63



Wind-Tunnel Experiments, Surface Characterization, and Numerical Simulations.

Astrophys J 2019;876(2):120; doi: 10.3847/1538-4357 /ab16f0.

Helled R, Bodenheimer P, Podolak M, et al. Giant Planet Formation, Evolution, and
Internal Structure. In: Protostars and Planets VI University of Arizona Press; 2014;

doi: 10.2458/azu_uapress_9780816531240-ch028.

Herbort O, Woitke P, Helling C, et al. The Atmospheres of Rocky Exoplanets: II.
Influence of Surface Composition on the Diversity of Cloud Condensates. Astron

Astrophys 2022;658:A180; doi: 10.1051/0004-6361/202141636.

Herwartz D, Pack A, Friedrichs B, et al. Identification of the Giant Impactor Theia in
Lunar Rocks. Science (80- ) 2014;344(6188):1146-1150; doi:
10.1126/science.1251117.

Herzberg C, Condie K and Korenaga J. Thermal History of the Earth and Its
Petrological Expression. Earth Planet Sci Lett 2010;292(1-2):79-88; doi:
10.1016/j.epsl.2010.01.022.

Hibbert R, Cole M], Price MC, et al. The Hypervelocity Impact Facility at the
University of Kent: Recent Upgrades and Specialized Capabilities. In: Procedia

Engineering 2017; pp. 208-214; doi: 10.1016/j.proeng.2017.09.775.

Hofmann HJ. Archean Stromatolites as Microbial Archives. In: Microbial Sediments.
(Riding RE and Awramik SM. eds) Springer Berlin Heidelberg: Berlin, Heidelberg;
2000; pp. 315-327; doi: 10.1007/978-3-662-04036-2_34.

Hopkins M, Harrison TM and Manning CE. Low Heat Flow Inferred from >4 Gyr
Zircons Suggests Hadean Plate Boundary Interactions. Nature

2008;456(7221):493-496; doi: 10.1038/nature07465.

Howe AR, Adams FC and Meyer MR. Survival of Primordial Planetary Atmospheres:
Photodissociation-Driven Mass Loss. Astrophys ] 2020;894(2):130; doi:
10.3847/1538-4357 /ab620c.

Hu R and Seager S. Photochemistry in Terrestrial Exoplanet Atmospheres. I11.
Photochemistry and Thermochemistry in Thick Atmospheres on Super Earths and

Mini Neptunes. Astrophys ] 2014;784(1):63; doi: 10.1088/0004-637X/784/1/63.

64



Hu R, Seager S and Bains W. Photochemistry in Terrestrial Exoplanet Atmospheres.
[. Photochemistry Model and Benchmark Cases. Astrophys ] 2012;761(2):166-195;
doi: 10.1088/0004-637X/761/2/166.

Hu R, Seager S and Bains W. Photochemistry in Terrestrial Exoplanet Atmospheres.
II. H2S and SO2 Photochemistry in Anoxic Atmospheres. Astrophys ]
2013;769(1):6; doi: 10.1088/0004-637X/769/1/6.

Inaba S and Ikoma M. Enhanced Collisional Growth to a Protoplanet That Has an
Atmosphere. Astron Astrophys 2003;410(2):711-723; doi: 10.1051/0004-
6361:20031248.

Izidoro A and Raymond SN. Formation of Terrestrial Planets. In: Handbook of
Exoplanets. (Barnes R. ed) Wiley-VCH: Cham; 2018; pp. 2365-2423; doi:
10.1007/978-3-319-55333-7_142.

Jayaram V, Singh P and Reddy KPJ. Study of Anatase TiO2 in the Presence of N2
under Shock Dynamic Loading in a Free Piston Driven Shock Tube. Adv Ceram Sci

Eng 2013;2(1):40-46.

Jebens DS, Lakkaraju HS, McKay CP, et al. Time Resolved Simulation of Lightning by
LIP*. Geophys Res Lett 1992;19(3):273-276; doi: 10.1029/91GL02937.

Johansen A, Ronnet T, Schiller M, et al. Anatomy of Rocky Planets Formed by Rapid
Pebble Accretion: I. How Icy Pebbles Determine the Core Fraction and FeO

Contents. Astron Astrophys 2023a;671:A74; doi: 10.1051/0004-6361/202142141.

Johansen A, Ronnet T, Schiller M, et al. Anatomy of Rocky Planets Formed by Rapid
Pebble Accretion: II. Differentiation by Accretion Energy and Thermal Blanketing.
Astron Astrophys 2023b;671:A75; doi: 10.1051/0004-6361/202142142.

Johansen A, Ronnet T, Schiller M, et al. Anatomy of Rocky Planets Formed by Rapid
Pebble Accretion: III. Partitioning of Volatiles between Planetary Core, Mantle, and
Atmosphere. Astron Astrophys 2023c;671:A76; doi: 10.1051/0004-
6361/202142143.

Jons H-P. Late Sedimentation and Late Sediments in the Nothern Lowlands of Mars.

In: 16th Lunar Planet. Sci. Conf. Lunar and Planetary Science Conference 1985; pp.

65



414-415.

Kasting JF. Atmospheric Composition of Hadean-Early Archean Earth: The
Importance of CO. Spec Pap Geol Soc Am 2014;504:19-28; doi:
10.1130/2014.2504(04).

Katyal N, Ortenzi G, Lee Grenfell ], et al. Effect of Mantle Oxidation State and Escape
upon the Evolution of Earth’s Magma Ocean Atmosphere. Astron Astrophys

2020;643:A81; doi: 10.1051/0004-6361/202038779.

Kerridge JF. Carbon, Hydrogen and Nitrogen in Carbonaceous Chondrites:
Abundances and Isotopic Compositions in Bulk Samples. Geochim Cosmochim Acta

1985;49(8):1707-1714; doi: 10.1016/0016-7037(85)90141-3.

Kessler A and Alibert Y. The Interplay between Pebble and Planetesimal Accretion
in Population Synthesis Models and Its Role in Giant Planet Formation. Astron

Astrophys 2023;674:A144; doi: 10.1051/0004-6361/202245641.

Kleine T and Rudge JF. Chronometry of Meteorites and the Formation of the Earth
and Moon. Elements 2011;7(1):41-46; doi: 10.2113/gselements.7.1.41.

Koeberl C. The Record of Impact Processes on the Early Earth: A Review of the
First 2.5 Billion Years. Reimold, WU and Gibson R. ed. Spec Pap Geol Soc Am
2006;405(405):1-22; doi: 10.1130/2006.2405(01).

Koeberl C, Reimold WU, McDonald |, et al. Search for Petrographic and
Geochemical Evidence for the Late Heavy Bombardment on Earth in Early Archean
Rocks from Isua, Greenland. In: Impacts and the Early Earth. (Gilmour I and
Koeberl C. eds). Lecture Notes in Earth Sciences Springer-Verlag Berlin:
Heidelberger platz 3, D-14197 Berlin, Germany; 2005; pp. 73-97; doi:
10.1007/bfb0027757.

Kopacz N, Corazzi MA, Poggiali G, et al. The Photochemical Evolution of Polycyclic
Aromatic Hydrocarbons and Nontronite Clay on Early Earth and Mars. Icarus

2023;394:115437; doi: 10.1016/j.icarus.2023.115437.

Korenaga ]. Archean Geodynamics and the Thermal Evolution of Earth. Geophys

Monogr Ser 2006;164:7-32; doi: 10.1029/164GMO03.

66



Korenaga ]. Eustasy, Supercontinental Insulation, and the Temporal Variability of
Terrestrial Heat Flux. Earth Planet Sci Lett 2007;257(1-2):350-358; doi:
10.1016/j.epsl.2007.03.007.

Korenaga ]. Plate Tectonics, Flood Basalts and the Evolution of Earth’s Oceans.

Terra Nov 2008a;20(6):419-439; doi: 10.1111/j.1365-3121.2008.00843.x.

Korenaga ]. Urey Ratio and the Structure and Evolution of Earth’s Mantle. Rev

Geophys 2008b;46(2):RG2007; doi: 10.1029/2007RG000241.

Kozakis T, Mendonca JM and Buchhave LA. Is Ozone a Reliable Proxy for Molecular
Oxygen?: I. The 02-O3relationship for Earth-like Atmospheres. Astron Astrophys
2022;665:A156; doi: 10.1051/0004-6361/202244164.

Lepot K, Benzerara K, Brown GE, et al. Microbially Influenced Formation of 2,724-
Million-Year-Old Stromatolites. Nat Geosci 2008;1(2):118-121; doi:
10.1038/ngeo107.

LiY, Wiedenbeck M, Monteleone B, et al. Nitrogen and Carbon Fractionation in
Planetary Magma Oceans and Origin of the Superchondritic C/N Ratio in the Bulk
Silicate Earth. Earth Planet Sci Lett 2023;605:118032; doi:
10.1016/j.epsl.2023.118032.

Libourel G, Nakamura AM, Beck P, et al. Hypervelocity Impacts as a Source of
Deceiving Surface Signatures on Iron-Rich Asteroids. Sci Adv 2019;5(8); doi:
10.1126/sciadv.aav3971.

Loehle S, Zander F, Eberhart M, et al. Assessment of High Enthalpy Flow Conditions
for Re-Entry Aerothermodynamics in the Plasma Wind Tunnel Facilities at IRS.

CEAS Sp ] 2022;14(2):395-406; doi: 10.1007/s12567-021-00396-y.

Loehle S, Zander F, Hermann T, et al. Experimental Simulation of Meteorite
Ablation during Earth Entry Using a Plasma Wind Tunnel. Astrophys |
2017;837(2):112; doi: 10.3847/1538-4357 /aa5cb5.

Lowe DR. Abiological Origin of Described Stromatolites Older than 3.2 Ga. Geology
1994;22(5):387-390; doi: 10.1130/0091-
7613(1994)022<0387:A00DS0>2.3.CO;2.

67



Lowe DR and Byerly GR. Geologic Record of Partial Ocean Evaporation Triggered
by Giant Asteroid Impacts, 3.29-3.23 Billion Years Ago. Geology 2015;43(6):535-
538; doi: 10.1130/G36665.1.

Lyra W, Johansen A, Canas MH, et al. An Analytical Theory for the Growth from
Planetesimals to Planets by Polydisperse Pebble Accretion. Astrophys ]
2023;946(2):60; doi: 10.3847/1538-4357 /acaf5b.

Managadze GG, Brinckerhoff WB and Chumikov AE. Molecular Synthesis in
Hypervelocity Impact Plasmas on the Primitive Earth and in Interstellar Clouds.

Geophys Res Lett 2003;30(5); doi: 10.1029/2002g1016422.

Martins Z, Price MC, Goldman N, et al. Shock Synthesis of Amino Acids from
Impacting Cometary and Icy Planet Surface Analogues. Nat Geosci

2013;6(12):1045-1049; doi: 10.1038/ngeo1930.

Marty B, Zimmermann L, Pujol M, et al. Nitrogen Isotopic Composition and Density

of the Archean Atmosphere. Science (80-) 2013;342(6154):101-104; doi:
10.1126/science.1240971.

Maurice M, Dasgupta R and Hassanzadeh P. Redox Evolution of the Crystallizing
Terrestrial Magma Ocean and Its Influence on the Outgassed Atmosphere. Planet

Sci] 2023;4(2):31; doi: 10.3847 /psj/acb2ca.

Mayor M and Queloz D. A Jupiter-Mass Companion to a Solar-Type Star. Nature
1995;378(6555):355-359; doi: 10.1038/378355a0.

McKay CP and Borucki WJ. Organic Synthesis in Experimental Impact Shocks.
Science (80-) 1997;276(5311):390-392; doi: 10.1126/science.276.5311.390.

McLoughlin N, Wilson LA and Brasier MD. Growth of Synthetic Stromatolites and
Wrinkle Structures in the Absence of Microbes - Implications for the Early Fossil

Record. Geobiology 2008;6(2):95-105; doi: 10.1111/j.1472-4669.2007.00141.x.

Morbidelli A, Nesvorny D, Laurenz V, et al. The Timeline of the Lunar
Bombardment: Revisited. Icarus 2018;305:262-276; doi:
10.1016/j.icarus.2017.12.046.

68



Najita JR and Kenyon S]. Takeout and Delivery: Erasing the Dusty Signature of Late-
Stage Terrestrial Planet Formation. Astrophys ] 2023;944(2):125; doi:
10.3847/1538-4357 /acac8f.

NASA. Kepler and K2 Mission Overview | NASA. 2018. Available from:
https://www.nasa.gov/mission_pages/kepler/overview/index.html [Last

accessed: 8/18/2020].

NASA. TESS Exoplanet Mission. 2020. Available from: https://www.nasa.gov/tess-
transiting-exoplanet-survey-satellite/ [Last accessed: 8/18/2020].

NASA. HabEx. n.d. Available from: https://www.jpl.nasa.gov/habex/ [Last
accessed: 8/18/2020a].

NASA. LUVOIR. n.d.; doi: https://www.luvoirtelescope.org/.

Navarro-Gonzalez R, McKay CP and Mvondo DN. A Possible Nitrogen Crisis for
Archaean Life Due to Reduced Nitrogen Fixation by Lightning. Nature
2001a;412(6842):61-64; doi: 10.1038/35083537.

Navarro-Gonzalez R, Navarro KF, Coll P, et al. Abiotic Input of Fixed Nitrogen by
Bolide Impacts to Gale Crater During the Hesperian: Insights From the Mars
Science Laboratory. ] Geophys Res Planets 2019;124(1):94-113; doi:
10.1029/2018JE005852.

Navarro-Gonzalez R, Villagran-Muniz M, Sobral H, et al. The Physical Mechanism of
Nitric Oxide Formation in Simulated Lightning. Geophys Res Lett
2001b;28(20):3867-3870; doi: 10.1029/2001GL013170.

Nesvorny D and Morbidelli A. Statistical Study of the Early Solar System’s
Instability with Four, Five, and Six Giant Planets. Astron | 2012;144(4):117; doi:
10.1088/0004-6256/144/4/117.

Newcombe ME, Nielsen SG, Peterson LD, et al. Degassing of Early-Formed
Planetesimals Restricted Water Delivery to Earth. Nature 2023;615(7954):854-
857; doi: 10.1038/s41586-023-05721-5.

De Niem D, Kiihrt E, Morbidelli A, et al. Atmospheric Erosion and Replenishment

69



Induced by Impacts upon the Earth and Mars during a Heavy Bombardment. Icarus

2012;221(2):495-507; doi: 10.1016/j.icarus.2012.07.032.

O’Brien DP, Walsh K], Morbidelli A, et al. Water Delivery and Giant Impacts in the
“Grand Tack” Scenario. Icarus 2014;239:74-84; doi: 10.1016/j.icarus.2014.05.009.

Ogihara M, Genda H and Sekine Y. Early Water Delivery to Terrestrial Planet
Regions during the Stages of Jupiter’s Formation and Migration in the Grand Tack

Model. Planet Sci ] 2023;4(2):32; doi: 10.3847 /psj/acb64b.

Omran A, Oze C, Jackson B, et al. Phosphine Generation Pathways on Rocky Planets.

Astrobiology 2021;21(10):1264-1276; doi: 10.1089/ast.2021.0034.

Ostrander CM, Johnson AC and Anbar AD. Earth’s First Redox Revolution. Annu Rev
Earth Planet Sci 2021;49:337-366; doi: 10.1146/annurev-earth-072020-055249.

Owen T and Bar-Nun A. Comets, Impacts, and Atmospheres. Icarus

1995;116(2):215-226; doi: 10.1006/icar.1995.1122.

Ozima M and Podosek FA. Noble Gas Geochemistry. Noble Gas Geochemistry.
Cambridge University Press; 2001.; doi: 10.1017/cbo9780511545986.

Paine M. Can We Detect Asteroid Impacts with Rocky Extrasolar Planets? Sp Rev
2006.

Pastorek A, Ferus M, Cuba V, et al. Primordial Radioactivity and Prebiotic Chemical
Evolution: Effect of ['radiation on Formamide-Based Synthesis. ] Phys Chem B
2020;124(41):8951-8959; doi: 10.1021/acs.jpcb.0c05233.

Pearce BKD, He C and Horst SM. An Experimental and Theoretical Investigation of
HCN Production in the Hadean Earth Atmosphere. ACS Earth Sp Chem
2022;6(10):2385-2399; doi: 10.1021/acsearthspacechem.2c00138.

Peng F, Song X, Liu C, et al. Xenon Iron Oxides Predicted as Potential Xe Hosts in
Earth’s Lower Mantle. Nat Commun 2020;11(1); doi: 10.1038/s41467-020-19107-

y.

Pepin RO. On the Origin and Early Evolution of Terrestrial Planet Atmospheres and
Meteoritic Volatiles. Icarus 1991;92(1):2-79; doi: 10.1016/0019-1035(91)90036-

70



Péron S, Moreira M and Agranier A. Origin of Light Noble Gases (He, Ne, and Ar) on
Earth: A Review. Geochemistry, Geophys Geosystems 2018;19(4):979-996; doi:
10.1002/2017GC007388.

Petera L, KniZek A, Laitl V, et al. Decomposition of Benzene during Impactsin N 2 -
Dominated Atmospheres . Astrophys ] 2023;945(2):149; doi: 10.3847/1538-
4357 /acbd48.

Pirri AN. Theory for Laser Simulation of Hypervelocity Impact. Phys Fluids
1977;20(2):221-228; doi: 10.1063/1.861859.

Quintana E V., Barclay T, Borucki W], et al. The Frequency of Giant Impacts on
Earth-Like Worlds. Astrophys ] 2016;821(2):126; doi: 10.3847/0004-
637x/821/2/126.

Rae JW] and Hertzberg A. On the Possibility of Simulating Meteoroid Impact by the
User of Lasers. Cornell Aeronautical Lab., Inc.: Buffalo, NY, USA,; 1964.

Ranjan S, Kufner CL, Lozano GG, et al. UV Transmission in Natural Waters on

Prebiotic Earth. Astrobiology 2022;22(3):242-262; doi: 10.1089/ast.2020.2422.

Raymond SN and Izidoro A. Origin of Water in the Inner Solar System:
Planetesimals Scattered Inward during Jupiter and Saturn’s Rapid Gas Accretion.

Icarus 2017;297:134-148; doi: 10.1016/j.icarus.2017.06.030.

Read PL. Planets and Their Atmospheres: Origin and Evolution. ] Arid Environ

1985;9(1):94; doi: 10.1016/s0140-1963(18)31276-x.

Reimink ], Crow C, Moser D, et al. Quantifying the Effect of Late Bombardment on
Terrestrial Zircons. Earth Planet Sci Lett 2023;604:118007; doi:
10.1016/j.epsl.2023.118007.

Reimold WU and Gibson RL. Processes on the Early Earth. (Reimold WU and
Gibson RL. eds). Geological Society of America: 3635 CONCORDE PKWY STE 500,
CHANTILLY, VA 20151-1125 USA; 2006.; doi: 10.1130/spe405.

Rimmer PB, Ferus M, Waldmann [P, et al. Identifiable Acetylene Features Predicted

71



for Young Earth-like Exoplanets with Reducing Atmospheres Undergoing Heavy
Bombardment. Astrophys ] 2019;888(1):21; doi: 10.3847/1538-4357 /ab55e8.

Roques F, Kral Q, Schneider ], et al. The Extrasolar Planets Encyclopaedia. 2023.
Available from: http: //www.exoplanet.eu/ [Last accessed: 5/19/2023].

Rosing MT, Bird DK, Sleep NH, et al. No Climate Paradox under the Faint Early Sun.
Nature 2010;464(7289):744-747; doi: 10.1038/nature08955.

Roy A, Singh SV, Ambresh M, et al. Shock Processing of Amorphous Carbon
Nanodust. Adv Sp Res 2022;70(8):2571-2581; doi: 10.1016/j.asr.2022.06.068.

Rubin M, Bekaert D V., Broadley MW, et al. Volatile Species in Comet
67P/Churyumov-Gerasimenko: Investigating the Link from the ISM to the
Terrestrial Planets. ACS Earth Sp Chem 2019;3(9):1792-1811; doi:
10.1021/acsearthspacechem.9b00096.

Saeidfirozeh H, Myakalwar AK, Kubelik P, et al. ANN-LIBS Analysis of Mixture
Plasmas: Detection of Xenon. ] Anal At Spectrom 2022;37(9):1815-1823; doi:
10.1039/d2ja00132b.

Safronov VS. Evolution of the Protoplanetary Cloud and Formation of the Earth and
the Planets. Evolution of the Protoplanetary Cloud and Formation of the Earth and

the Planets. Israel Program for Scientific Translations; 1972.

Scattergood TW, McKay CP, Borucki W], et al. Production of Organic Compounds in
Plasmas: A Comparison among Electric Sparks, Laser-Induced Plasmas, and UV

Light. Icarus 1989;81(2):413-428; doi: 10.1016/0019-1035(89)90061-4.

Schaefer L and Fegley B. Chemistry of Atmospheres Formed during Accretion of
the Earth and Other Terrestrial Planets. Icarus 2010;208(1):438-448; doi:
10.1016/j.icarus.2010.01.026.

Schneider J. Future Exoplanet Research: Science Questions and How to Address
Them. In: Handbook of Exoplanets. (Deeg H] and Belmonte JA. eds) Springer
International Publishing: Cham; 2018; pp. 3245-3267; doi: 10.1007/978-3-319-
55333-7_163.

72



Schulze-Makuch D. The Case (Or Not) for Life in the Venusian Clouds. Life
2021;11(3); doi: 10.3390/1ife11030255.

Segura A, Meadows VS, Kasting JF, et al. Abiotic Formation of 02 and O3 in High-
CO2 Terrestrial Atmospheres. Astron Astrophys 2007;472(2):665-679; doi:
10.1051/0004-6361:20066663.

Segura TL, Zahnle K, Toon OB, et al. The Effects of Impacts on the Climates of
Terrestrial Planets. In: Comparative Climatology of Terrestrial Planets. (Mackwell
SJ, Simon-Miller Amy A, Harder JW, et al. eds) University of Arizona Press: 1510 E.
university Blvd., Tucson, AZ 85721-0055, USA; 2013; doi:
10.2458/azu_uapress_9780816530595-ch17.

Sharma AK. James Webb Space Telescope. 2022.; doi: 10.1007/s12045-022-1431-
1.

Silber EA, Boslough M, Hocking WK, et al. Physics of Meteor Generated Shock
Waves in the Earth’s Atmosphere — A Review. Adv Sp Res 2018;62(3):489-532;
doi: 10.1016/j.asr.2018.05.010.

Singh S V., Vishakantaiah ], Meka JK, et al. Three-Dimensional Complex
Architectures Observed in Shock Processed Amino Acid Mixtures. Exp Results

2022;3:1-14; doi: 10.1017 /exp.2021.17.

Sleep NH and Zahnle K. Refugia from Asteroid Impacts on Early Mars and the Early
Earth. ] Geophys Res Planets 1998;103(E12):28529-28544; doi:
10.1029/98JE01809.

Sleep NH and Zahnle K. Carbon Dioxide Cycling and Implications for Climate on
Ancient Earth. ] Geophys Res Planets 2001;106(E1):1373-1399; doi:
10.1029/2000]JE001247.

Smid M, Renner O, Colaitis A, et al. Characterization of Suprathermal Electrons
inside a Laser Accelerated Plasma via Highly-Resolved Ka-Emission. Nat Commun

2019;10(1); doi: 10.1038/s41467-019-12008-9.

Sobral H, Villagran-Muniz M, Navarro-Gonzalez R, et al. Temporal Evolution of the

Shock Wave and Hot Core Air in Laser Induced Plasma. Appl Phys Lett

73



2000;77(20):3158-3160; doi: 10.1063/1.1324986.

Sobral H, Villagran-Muniz M, Navarro-Gonzalez R, et al. Experimental Simulation of
a Double Return-Stroke Lightning Flash by Lasers. Geophys Res Lett 2002;29(23);
doi: 10.1029/2002GL015715.

Soderblom DR, Hillenbrand LA, Jeffries RD, et al. Ages of Young Stars. In: Protostars
and Planets VI University of Arizona Press; 2014; p. 24; doi:
10.2458/azu_uapress_9780816531240-ch010.

Som SM, Buick R, Hagadorn JW, et al. Earth’s Air Pressure 2.7 Billion Years Ago
Constrained to Less than Half of Modern Levels. Nat Geosci 2016;9(6):448-451;
doi: 10.1038/ngeo2713.

Som SM, Catling DC, Harnmeijer JP, et al. Air Density 2.7 Billion Years Ago Limited
to Less than Twice Modern Levels by Fossil Raindrop Imprints. Nature

2012;484(7394):359-362; doi: 10.1038/nature10890.

Stark MS, Harrison JTH and Anastasi C. Formation of Nitrogen Oxides by Electrical
Discharges and Implications for Atmospheric Lightning. ] Geophys Res Atmos
1996;101(D3):6963-6969; doi: 10.1029/95]D03008.

Stevenson DJ. The Nature of the Earth Prior to the Oldest Known Rock Record: The
Hadean Earth. In: Earth’s Earliest Biosphere. (Schopf JW. ed) Princeton University
Press: Princeton, NJ, USA; 1983; pp. 32-40.

Struve O. Proposal for a Project of High-Precision Stellar Radial Velocity Work. Obs
1952;72:199.

Tinetti G, Drossart P, Eccleston P, et al. A Chemical Survey of Exoplanets with

ARIEL. Exp Astron 2018;46(1):135-209; doi: 10.1007/s10686-018-9598-x.

Todd ZR and Oberg KI. Cometary Delivery of Hydrogen Cyanide to the Early Earth.
Astrobiology 2020;20(9):1109-1120; doi: 10.1089/ast.2019.2187.

Tolstikhin IN and O’Nions RK. The Earth’s Missing Xenon: A Combination of Early
Degassing and of Rare Gas Loss from the Atmosphere. Chem Geol 1994;115(1-
2):1-6; doi: 10.1016/0009-2541(94)90142-2.

74



Trail D, Watson EB and Tailby ND. The Oxidation State of Hadean Magmas and
Implications for Early Earth’s Atmosphere. Nature 2011;480(7375):79-82; doi:
10.1038/nature10655.

Trainer M. Atmospheric Prebiotic Chemistry and Organic Hazes. Curr Org Chem

2013;17(16):1710-1723; doi: 10.2174/13852728113179990078.

Truong N and Lunine JI. Volcanically Extruded Phosphides as an Abiotic Source of
Venusian Phosphine. Proc Natl Acad Sci U S A 2021;118(29):e2021689118; doi:
10.1073/pnas.2021689118.

Tsai SM, Lee EKH, Powell D, et al. Photochemically Produced SO2 in the
Atmosphere of WASP-39b. Nature 2023;617(7961):483-487; doi:
10.1038/s41586-023-05902-2.

Tsiganis K, Gomes R, Morbidelli A, et al. Origin of the Orbital Architecture of the
Giant Planets of the Solar System. Nature 2005;435(7041):459-461; doi:
10.1038/nature03539.

Tucker JM and Mukhopadhyay S. Evidence for Multiple Magma Ocean Outgassing
and Atmospheric Loss Episodes from Mantle Noble Gases. Earth Planet Sci Lett
2014;393:254-265; doi: 10.1016/j.epsl.2014.02.050.

Villagran-Muniz M, Sobral H, Navarro-Gonzalez R, et al. Experimental Simulation of
Lightning, Interacting Explosions and Astrophysical Jets with Pulsed Lasers.
Plasma Phys Control Fusion 2003;45(5):571-584; doi: 10.1088/0741-
3335/45/5/305.

Wacey D. Early Life on Earth: A Practical Guide. Topics in Geobiology. Springer
Netherlands; 2009.; doi: 10.5860/choice.47-1439.

Wahlberg Jansson K and Johansen A. Formation of Pebble-Pile Planetesimals.

Astron Astrophys 2014;570:A47; doi: 10.1051/0004-6361/201424369.

Walker JCG. Carbon Dioxide on the Early Earth. Orig Life Evol Biosph
1985;16(2):117-127; doi: 10.1007 /BF01809466.

Wainke H. Geochemical Evidence for a Close Genetic Relationship of Earth and

75



Moon. Earth, Moon Planets 1999;85-86:445-452; doi:
10.1023/a:1017014720581.

Weisberg MK, McCoy T] and Krot AN. Systematics and Evaluation of Meteorite
Classification. In: Meteorites and the Early Solar System I 2021; pp. 19-52; doi:
10.2307/j.ctvlv7zdmm.8.

Windley BF. The Archaean-Proterozoic Boundary. Tectonophysics 1984;105(1-
4):43-53; doi: 10.1016/0040-1951(84)90193-8.

Wooding ER. Laser Analogue to Ball Lightning. Nature 1972;239(5372):394-395;
doi: 10.1038/239394a0.

Wordsworth RD. Atmospheric Nitrogen Evolution on Earth and Venus. Earth
Planet Sci Lett 2016;447:103-111; doi: 10.1016/j.epsl.2016.04.002.

Yang X, Gaillard F and Scaillet B. A Relatively Reduced Hadean Continental Crust
and Implications for the Early Atmosphere and Crustal Rheology. Earth Planet Sci
Lett 2014;393:210-219; doi: 10.1016/j.epsl.2014.02.056.

Yung YL and McElroy MB. Fixation of Nitrogen in the Prebiotic Atmosphere.
Science (80-) 1979;203(4384):1002-1004; doi: 10.1126/science.203.4384.1002.

Zahnle K, Mac Low M -M, Lodders K, et al. Sulfur Chemistry in the Wake of Comet
Shoemaker-Levy 9. Geophys Res Lett 1995;22(12):1593-1596; doi:
10.1029/95GL01190.

Zahnle K], Lupu R, Catling DC, et al. Creation and Evolution of Impact-Generated
Reduced Atmospheres of Early Earth. Planet Sci ] 2020;1(1):11; doi:
10.3847/PS]/ab7e2c.

Zakuskin AS, Beglaryan BG and Labutin TA. Laboratory Modeling in Laser-Induced
Plasma to Estimate the Pressure in Bolide Wake. Astron Astrophys 2023;670:L13;
doi: 10.1051/0004-6361/202245462.

Zhang X], Avice G and Parai R. Noble Gas Insights into Early Impact Delivery and
Volcanic Outgassing to Earth’s Atmosphere: A Limited Role for the Continental

Crust. Earth Planet Sci Lett 2023;609:118083; doi: 10.1016/j.eps.2023.118083.

76



Zuckerman B. Recognition of the First Observational Evidence of an Extrasolar
Planetary System. Dufour P, Bergeron P, and Fontaine G. eds. 19th Eur Work White
Dwarfs 2014;493:291.

77



