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Abstract

The importance of studying Mars and its environment lies in the fact that one could
indicate a lot about its past and the possibility of a future colonization. Here, we studied
its atmosphere in terms of its past history but also its present environment searching for
microbial life able to tolerate it.

In the first part of this thesis, an investigation of the origin of the Martian atmosphere
was made based on the outgassing and collision scenario. The results indicate a possible
favorable planet for about 0.8 Ga to 1.5 Ga from the begging of its history.

In the second part, the study focused on its present potentiality to be hospitable for
bacteria found on the extreme environment of Atacama desert. The experiments operated
in conditions of perchlorate presence, low atmospheric pressure, anaerobic and carbon
dioxide dominated atmosphere, 17% relative humidity, UV exposures and the using of
analog soil simulants. The results showed that some of them were able to tolerate some
or all of the testing parameters.

In the third and last part, metabolic activity measurements proceed to detect possible
residual gases coming from the bacteria exposed to anaerobic and nitrogen atmosphere
with 15% of relative humidity in both room and 4� C temperature. The results showed
carbon dioxide emission in both conditions, with a decrease in the production compared
to regular conditions especially for the lower temperature exposure.
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Motivation for the selected project

Starting my school years as a curious person for our cosmos Astrophysics driven me to
chose my bachelor to be in Physics with a specialty in Astrophysics. Soon after I realised
that my curiosity and passion was focused in the field of Astrophysics that was related to
biology exploration beyond Earth.

During my research for the right Master studies soon I came across the program provided
by Niehls Bohr Institute and the great academic staff that were focused in the field of
my interest. Gaining knowledge from all of the courses I choose to follow in the first year
of studies the selection of my supervisors was the most accurate combination that would
provided me with the best guidance in the multidisciplinary field of Astrobiology.

Knowing only a little about life and possibilities of life beyond Earth the nearest physical
laboratory for testing and exploring is our neighbour planet, Mars. The proximity and
the history of the planet along with the various surface and atmospheric exploration
through the last decades have provided us with a range of data that are valuable for
further exploration of the planet including the scenario of its past habitability and maybe
its future colonisation. In order to explore the potential habitability of Mars the gain of
knowledge from different fields of studies is necessary for a better understanding.
The project was started with the Microbiology department providing us with soil from
the extreme environment of Atacama desert, and alongside with the newly reconstructed
Martian chamber we were be able to test if microbial life coming from these regions is
able to cooperate in the extreme simulated Martian conditions in the laboratory. Also,
using instruments like the Quadrupole Mass Spectrometer and Gas Chromatographer our
goal was the detection of microbial exhausted gases in the Martian analogue atmosphere.
A project coming from this idea was an extreme opportunity for me to explore and learn
to combine concepts and theories from the field of f Astrophysics, Experimental physics
and Microbiology that would come along and complete each other.

Working background and limitations

In order to complete the project and achieves its goals the functionality of the Martian
chamber was crucial for various of our experiments. A team consisted of Morten Bo
Madsen, Cecillie Knudsen, Poul Kari Madsen and myself along with the help providing
from the mechanical workshop was constantly trying to improve the performance of the
chamber. While figuring out the necessary improvements the chamber was in need to,
a five months absence from the laboratory occurred due to reconstructions caused by
a leak on the ceiling in the laboratory room and following the isolation of us from the
University facilities due to COVID-19 restrictions leaving behind our first attempt for
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exposing bacteria using the chamber.
Taking advantage of the isolation, Cecillie Knudsen and I decided to do a research for
the origin of the Martian atmosphere in order to estimate for how long time the Martian
atmosphere was able to keep conditions favorable for life. Starting together from the two
origin theory scenarios of outgassing and collision, Cecillie managed to find that due to
our model something interrupted the cohesion of the Martian atmosphere while I did a
research based on previous studies that the strength of the solar wind was a key factor that
influenced the atmosphere of the planets. Also, together we wrote the first introductory
chapter of our projects as both of us focused on the same concepts regarding life on planet
Mars.
For the preparation of the bacteria cultures and the various of the parameters we wanted
to expose them, Cecillie, Poul and myself worked together constantly exchanging ideas
and learning Microbiology concepts from the biologist, Poul. Due to the restrictions
we managed to take permission for a limited time in the laboratories to prepare our
experiments while the colonies counting performed by Poul at his home and some at the
laboratory.
With the new opening of the University facilities, I was able to have permission again
to work in the laboratories. Gaining theoretical and experimental knowledge from the
previous experiments, I was able to structure my own experiment focusing in the detection
of exhausted gases coming from bacteria that were exposed to Martian conditions. The
reconstruction of the new experimental set-up in the chamber that would be able to
measure the residual gases as a result from their potential metabolic activity was in need
for new improved equipment components. Some of them was easier to find in time and
some others took us several months until they were available due to unpredicted delay
in delivery. For this reason, until the moment where the chamber will be completely
functional and able to measure the small fraction of these gases, the Gas chromatographer
placed in the Biology department used to analysed the samples.
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1 Background to understand Thesis and its experi-
ments

Are we alone? Three small words, that imply an enormous question. A question that has
sparked interest and ba�ed people throughout time. What if we are? What if we are
not? The questions are many and the answers will most likely vary. In the last decades
the search for clues has increased extremely in an attempt to try and answer the question
\Are we alone?". Both ground and space based telescopes, rovers and satellites are trying
to �nd clues to resolve this question. At the moment, one of the best suggestions for
�nding signs of life, either past or present, in our own solar system is Mars. In 1976 the
�rst successful landing of a lander on the Martian surface took place, with Viking 1 and
Viking 2 [Freedman et al., 2016]. From 1976 and up until today the examination of the
planet is still ongoing. Though not every mission focuses of �nding sings of life, other
missions are still providing key information about the planet and its past.

The possibility of �nding life or for life surviving on Mars is the main focus for the
following sections. Before heading to the red planet, there is a short introduction going
through the creation of the Universe. From the Big Bang to the creation of the elements,
and from there to the creation of planetary systems (Section 1.1). This serves as a short
introduction to the building blocks for the creation of everything, life included, ending
with the creation of solar systems. The next section (Section 1.2) focus more in-depth
on the Martian environment and the evolution of the planets through time. Focusing on
the geology, the magnetic �eld, the atmosphere as well as the possibility of water both
past and present on the surface, concluding with a section on the search for life on Mars.
This leading to the third part (Section 1.3), a short introduction to biology and life with
focus on bacteria. The last section (Section 1.4) takes a closer look at the possibility of
terraforming Mars, as well as some of the ethical and possibly moral problems when it
comes to space exploration.

1.1 From the Big Bang to the building blocks of life

In order to understand the physical processes in the Universe, including the physical
principles that govern the rules of life we have to go back in time and see how the cosmos
began.

1.1.1 The origin of elements

From a cosmic point of view, all of the observed matter was created during the �rst
few minutes in the history of the Universe, in the Big Bang, 13.8 billion years ago
[Ade et al., 2016]. During the �rst minutes, the Universe expanded extremely rapidly,
with this phase being known as the in
ationary epoch. After this time the Universe con-
tinued to expand with a slower expansion rate than previously, despite still being in a
very high density and temperature state.
The Big Bang nucleosynthesis -primordial nucleosynthesis- took place during the �rst few
minutes. This was while the temperature was very high and it refers to the production of
hydrogen, helium, small amounts of deuterium, lithium and beryllium. At this point the
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universe had a temperature low enough for deuterium to survive, but also high enough
for fusion reactions to occur since there were still free neutrons available.

Biological life requires heavier elements, than the primordial, in order to be formed. The
formation of these elements came by the result of thermonuclear reactions in the core of
stars, and also during supernova and kilonova explosions. When a star's core runs out of
hydrogen and expands into a red giant, it begins to produce carbon atoms by fusing helium
atoms. Elements heavier than carbon are more complex to produce because the various
reactions can lead to many nucleus in risk of being destroyed due to high temperatures.
Stars with higher masses continue the nuclear burning. The elements formed in these
stages range from oxygen through to iron. It has been noticed that nuclei with atomic
mass multiple of 4 are more abundant (12C, 16O, 20Ne, 24Mg, 28Si, 32S, 36Ar, 40Ca, 56Fe).
In total 98% of elements in the universe are hydrogen and helium and three quarters of
the rest are made up of carbon and oxygen. Also, an overabundance for the elements
around iron is observed, the reason is the strong binding energy of nuclei with a mass
close to iron.

During the later phases of red giants, supernova or kilonova, the star releases great
amounts of energy that leads to the formation of elements heavier than iron, such as
uranium and gold. In these type of explosions, all the elements produced during the
previous stages of life of the star are ejected into space.

The energy from these nuclear reactions is the high energy and it emits in the x-
ray/gamma rays part of the spectrum. In the end, it is the nuclear reaction that drives
the light emitted from the stars. And it is this light that heats the surface of the planet.
This energy is responsible for warming the planet, in
uencing the weather and providing
energy for life.

\The cosmos is within us. We are made of star-stu�. We are a way for the universe to
know itself." | Carl Sagan

1.1.2 Interstellar Medium

The matter and radiation that exists in the space between the stellar systems in a galaxy,
the interstellar medium or ISM, is an area where further reactions can occur and form
more complex molecules. The interstellar medium consists of gas and dust. The gas phase
dominates the medium (99% by mass [Boulanger et al., 2000]) with about 90% hydrogen,
10% helium (by number), and trace amounts of other elements, especially oxygen, carbon,
and nitrogen [Ferriere, 2001]. The dust part consists of dust grains varying from millimeter
to sub-millimeter size and having a carbonaceous or silicate-based core surrounded by an
icy mantle of water (H2O), carbon dioxide (CO2), or ammonia (NH3) [Srama et al., 2004].
The �rst diatomic molecules were discovered in the ISM almost a century ago. Today,
more than one hundred species have been detected in the ISM [McGuire, 2018]. In this
list of molecules, there are some related to the essential molecules of life, like glycine
[Jim�enez-Serra et al., 2014].
These molecules have been detected using atomic and molecular lines as tracers (e.g.
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CO, HI 21cm, H� ). Analyzing the spectra observations makes it possible to estimate
the di�erent parameters (like temperature, abundance of elements, column density) that
characterize such environments [Stahler and Palla, 2008]. Studying the densest regions of
ISM, where stars are born and eventually planetary systems form, can tell a lot about the
chemistry that takes place during star formation. This can lead to a better understanding
of the origin of life and possibly elsewhere.

1.1.3 Planetary systems

Now knowing how these elements necessary for life were formed, the next step is to
understand how they ended up in planetary systems. The standard theory that describes
the way that solar systems formed, was �rst explained in 1796 by Pierre-Simon Laplace.
This theory explains how rotating gas cloud collapse due its own gravity and as a result
form a disk (Fig. 1). The solar system formed about 4.5 billion years ago from a dense
cloud of interstellar gas and dust. The cloud collapsed, possibly due to a shockwave. The
central parts of the cloud collapsed to form the Sun, and the remainder of the material
created a 
attened disk, the protoplanetary disk [Boss and Ciesla, 2014].

At the center of the disk, gravity accreted most of the surrounding material and the
pressure in the core becomes so high that hydrogen atoms began to fuse and form helium.
The mechanisms that lead to the formation of planets are still being a current topic in
research across the world. One of the leading theories is that they formed due to accretion.
After the dust particles had grown large enough, the Sun's gravity dragged them towards
the mid-plane of the nebula. The dust began to collide and then grew until it reached a
planet-sized body. As these planetesimals (solid objects exist in the protoplanetary disk)
build up, some clumps were able to collide and build the �nal planets. More elliptical
orbits would lead to collision of planetesimals and building up the planets.

Figure 1: Illustration of the planetary formation theory - image source Bill Saxton,
NRAO/AUI/NSF.
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The theory for the solar systems is that the Sun and the planets formed around the same
time, however there is no direct evidence supporting this. One can determine the age of
a young cluster and then get an idea of the age of the Sun, but nothing about the age
of the planets. The age of meteorites in the solar system having an estimated age of 4.5
Ga supports this age theory [Hedman, 2008]. Further support to the theory comes from
looking at the direction of the orbits of the planets around the sun. If they had not been
created from the disk at the early stages in the solar system, but rather been accreted
from elsewhere in the Universe, we would see a large variety in the directions of the orbits.

Studying regions in which stars are born (like the famous M16 region), and running
creating and examining simulations of the creation of solar systems could help to answer
an elementary question. Is the solar system unique and di�erent, or is it simply one out
of many other solar systems created under the same initial conditions.

1.1.4 The snow-line and the water paradox

Early in the life of the solar system, before the star had fully accreted the surrounding
materials and planetesimals were still accreting in the disk. Elements condense at di�erent
temperatures and some elements can only condense further out where the temperatures
are su�ciently low. This leads to the planets growing bigger and when they reach approx-
imately ten times the size of Earth, they tend to attract hydrogen and helium gases of
the disk. If these gases are cold enough, then they can condense onto the planet. Further
in, closer to the Sun, elements which can condense at higher temperatures form the inner
planets.

There is a speci�c distance from the Sun, the so-called snowline, which is estimated
to be at approximately 2.7AU to 3.2AU1, depending on the model used to calculate it
[Hayashi, 1981, Martin and Livio, 2012, Podolak and Zucker, 2004]. At this distance it is
cold enough for water molecules to be bound into a solid state. The lower temperature
in the nebula beyond the snow-line makes a large number of solid grains available for ac-
cretion into planetesimals and eventually planets. The snow-line separates the terrestrial
planets from the gas planets [Kaufmann, 1987].

Due to low pressure in space water can not exist in its liquid state. As a result water
can only exist in the form of gaseous and solid state. The interesting thing with the solar
system is that the terrestrial planets are closest to the Sun (within the snow-line) and the
gas giants are further out (beyond the snow-line). When observing exoplanetary systems
gas giants are usually found much closer to the host stars than in the Solar system. These
gas giants are thought to have formed outside the snow-line and later migrated inwards
to their current positions [Chambers, 2007] [D'Angelo et al., 2010]. The fact that Jupiter
did not migrate closer to the Sun than it is today, may play a role in the existence of life
and of Earth as known today. The planets beyond this line will have a core mainly of
water. A remarkable point is that while water can only condense outside of the snow-line,
all known life exists within the snowline and relies heavily on water. The origin of this

1Astronomical units 1:5 � 108 km
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water on the inner planets remains unknown. [J�rgensen, 2019].

Bearing in mind how all these mechanisms contribute to the creation of the planets and
life as we know it, it would be strange if we were the only life form in the Universe.

1.2 Mars - Earth's smaller neighbour

Having gone brie
y through the evolution of the universe, the Big Bang, the creation of
elements, stars and planets the focus is now shifted onto one speci�c planet - Mars. Mars
is the fourth planet from the Sun and is now one of the top candidates for the search for
life within the Solar system. At the time of this thesis it is not known if life exists on
Mars or if it ever has. But when looking at the possibility of life on a planet, the planet
itself must �rst be understood. The following sections (Section 1.2.1-1.2.5) takes a deep
dive into the red planet, the geology and its evolution through time. As well as taking
a closer look at di�erent planetary factors in order to understand the environment with
the possibility of life in mind. A closer look at the magnetic �eld and atmosphere, the
evolution of those and the possibility of liquid water both now but also in the past. The
section ends with a short look at the investigations for life and habitability, from the past,
the present and future.

1.2.1 The geological periods of Mars

Mars is believed to not always have been the dry wasteland that it is today. But to
be a planet, where the environment and geological features have changed over time
[Carr and Head III, 2009], much like seen on Earth. The geological history of Mars
can roughly be separated in to three geological periods, the Noachian, the Hesperian
and the Amazonian, each of them named after larger areas on the Martian surface
[Carr and Head III, 2009]. The span of each period varies and the exact time for when
one period changes to another are not completely de�ned. Throughout each period, the
geological features as well as the environment of Mars has changed. Since the exact time
of change from one period to the next is not entirely de�ned, the age might vary depending
on where one looks up the information. For the age and primary source of information on
the geological periods, the paper by [Carr and Head III, 2009] is used. For any location
references on Mars see Fig. 2.

One of the reasons why the areas can be hard to date is due to the lack of rock samples.
When an area on the Martian surface is dated it can be done by crater count. An area
or surface of a planet is initially barren (crater less), during time more and more craters
will form on such surface. Simpli�ed, a given number of craters on a surface therefore
equals a speci�c age of the given area or surface. The number of craters forming will
vary depending on the planet or moon (due to size, gravity, atmosphere etc.). It should
however be noted that an age based on a crater count will vary depending on the model
used. And also that it is just a model age until the age of actual rock samples can be
determined and compared with the age from the model. This has been done with collected
rock samples from the Lunar surface giving a more precise model age. At the moment
since no Martian rock samples with a known origin has found they way to Earth, the
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models used for determining the age of the Martian surface and areas are made from
extrapolated data from the Moon. This means that in the case of Mars (and any other
extraterrestrial surface except for the Moon) the age found by using one of the models,
will only be an estimate or a model age and will again vary depending on which model is
chosen.
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