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Abstract

On the 14th of July 2013, a methane peak was observed in the Gale crater. This methane peak has been inves-
tigated in a non-biological context before. This study applies exoplanet research strategies and knowledge
about biological methane production on Earth to investigate the biological context. Bayes formula is the
foundation of the Bayesian framework approach as proposed by Walker et al. [53]. This Bayesian framework
allows for separate investigation of biotic and abiotic methane production pathways to assess the likelihood
that one of these pathways is responsible for the methane observation.

Before probability is investigated, the viability of biotic methane production is gauged by Thermodynamic
calculations. These calculations use the Gibbs free energy and show methanogenesis and sulfate reduction as
viable catabolic reactions under Martian temperature and chemical soil and atmosphere compositions. Mars
analogue Experiments were conducted into the kinetics of methane and hydrogen sulfide gas production un-
der the influence of Martian Regolith analogue and Martian atmospheric analogue. The seed organisms were
gathered from the Belgian Boom clay layer in the HADES lab because the Boom clay layer has strong miner-
alogical similarities to the Martian regolith. The experiments show that both methane and hydrogen sulfide
gas production is not significantly affected by the introduction of modified Phylosilicate Martian Regolith
Analog (P-MRA) and Martian Atmosphere Analog (MAA). Comparison with the ADM1 kinetic model shows
that only methane gas production is comparable within one standard deviation between all experiments and
the model. Biomass growth and sulfur gas production are inconsistent between experiments and the kinetic
model. To quantify the probability of biotic methane production, a modified ADM1 model was used for
Monte Carlo (MC) analysis of the correlation between the Martian observed methane peak and the kinetic
model output for varying initial chemical conditions and virtual reactor volumes. Based on this, 78% of the
simulations showed a significant correlation. Using Bayes formula, the posterior probability of the methane
peak being biological in origin is higher than the prior probability of an anaerobic community being active
around the Gale crater. However, this misses the crucial information on the chance of this methane peak
occurring in abiotic conditions.

ii



Contents

Acknowledgement i

Abstract ii

1 Introduction 1

2 Literature review 3
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Stellar properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2.1 General properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2.2 Martian factors affecting habitability . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.3 Atmospheric and surface characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3.1 Atmospheric composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3.2 Soil composition around Gale crater region . . . . . . . . . . . . . . . . . . . . . . . . 5

2.4 Bio-signature characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4.1 The methane peak as potential bio-signature . . . . . . . . . . . . . . . . . . . . . . . 6
2.4.2 Methane peak source region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4.3 methane producing organisms living in Mars analogue conditions on Earth. . . . . . . . 7
2.4.4 Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4.5 Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.4.6 Bayesian inference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Methods 12
3.1 Thermodynamic feasibility of catabolic reactions. . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Applicability of the kinetic model using experiments as true positive . . . . . . . . . . . . . . . 13

3.2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.2 Mars analogue organisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2.3 MRA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.4 MAA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.3 Kinetic model correlation to Martian observations . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3.1 ADM1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3.2 Dilution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3.3 Monte Carlo and statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.4 Constructing a Bayesian framework. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4 Results 19
4.1 Thermodynamic feasibility of catabolic reactions. . . . . . . . . . . . . . . . . . . . . . . . . 19
4.2 Applicability of the kinetic model using experiments as true positive . . . . . . . . . . . . . . . 19
4.3 Kinetic model correlation to Martian observations . . . . . . . . . . . . . . . . . . . . . . . . 20
4.4 Constructing a Bayesian framework. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

5 Discussion 25
5.1 Thermodynamic feasibility of catabolic reactions. . . . . . . . . . . . . . . . . . . . . . . . . 25
5.2 Applicability of the kinetic model using experiments as true positive . . . . . . . . . . . . . . . 26
5.3 Kinetic model correlation to Martian observations . . . . . . . . . . . . . . . . . . . . . . . . 26
5.4 Constructing a Bayesian framework. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

6 Conclusion and recommendations 29
6.1 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6.1.1 Thermodynamic feasibility of catabolic reactions . . . . . . . . . . . . . . . . . . . . . 29
6.1.2 Applicability of the kinetic model using experiments as true positive . . . . . . . . . . . 29
6.1.3 Kinetic model correlation to Martian observations. . . . . . . . . . . . . . . . . . . . . 30
6.1.4 Constructing the Bayesian framework . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

iii



Contents iv

6.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

A Code links 32

B Gibbs free energy code, exact values 33

C Gibbs free energy images 35

D H2S measuring protocol 38

Bibliography 40



Nomenclature

∆G0 Change in Gibbs free energy at standard conditions

∆G0
T x Change in Gibbs free energy at standard pressure and non-standard temperature x

∆G1
T,P Change in Gibbs free energy at pressure P and temperature T

∆H 0 Enthalpy at standard pressure and temperature

P (C H4 | l i f e) conditional probability of observing methane given life is present

P (C H4 | nol i f e) conditional probability of observing methane given no life is present

P (l i f e |C H4) Posterior probability of observing life given methane is observed

P (l i f e) prior probability of that life is present

P (X | Y ) The conditional probability of X given Y was observed

Px Partial pressure of component x

Abiotic Not biological

ADM1 Anearobic Digestion Model number 1

Biotic Biological in origin

Boom clay Inorganic clay formation under Belgium and part of the Netherlands

COD Chemical Oxygen Demand, the amount of oxygen theoretically needed to fully oxidize a sample [g
O2/ L]

hSRB hydrogenotrophic Sulphate Reducing Bacteria

Life Active organic methane-producing microbial community

MAA Martian Atmospheric Analog

MC Monte Carlo

MCMC Monte Carlo Markov Chain

MRA Martian Regolith Analog

P Pressure

P-MRA Phylosilicate Martian Regolith Analog

RMSE Root Mean Square Error

TSS Total Suspended Solids

VSS Volatile Suspended Solids, often used as an approximation for biomass

v



1
Introduction

On the 14th of June 2013, the Curiosity rover measured a peak in trace methane on the Martian surface (figure
1.1) in the Gale crater [21]. This observation was confirmed by the Planetary Fourier spectrometer aboard the
Mars Express satellite. The Martian atmospheric lifetime of methane is 340 years, making any methane in
the atmosphere geologically recent emissions [30]. The atmospheric mixing time on Mars is only six months;
observing a local peak in trace gasses means that the emission is less than six months old [54].

Figure 1.1: The methane peak measurements from sol 304 (the 14th of June 2013) onward [21]. This methane peak forms the Martian
data, substantiating the search for possible life. The axact values can be found in table 2.3

By definition, Martian methane was produced either biologically or non-biologically. Most research into
the Martian methane peak has so far focused on non-biological production [29] [30] [5]. While valuable,
this leaves a knowledge gap in the biological hypothesis. On Earth, most methane is produced biologically
by anaerobic organisms called methanogens [44]. These methanogens live in a wide range of anaerobic lo-
cations, including the deep subsurface, near subsea hydrothermal vents and in the gastrointestinal tract of
mammals [24] [35]. Methanogens are well understood on Earth and are speculated to be one of the oldest
living organisms together with sulphate reducers, based on the chemical reactions in lost city type hydrother-
mal vents [35]. This age is reinforced by genetic analysis via the last universal common ancestor theory [35].
The assumption that methanogens and sulphate reducers are closely related to the first forms of life plausi-
ble. Given this assumption, early life formed on Mars would likely also be closely related to methanogens or
sulphate reducers. These potentially ancient organisms coexist and compete with each other and an entire
biosphere of other anaerobic organisms in nature on Earth. Given the evolutionary evidence for the diversifi-
cation of life over time, it is unlikely that life on other planets consists of a single organism, provided enough
time has passed to allow evolutionary diversification. Therefore, biological methane production in a mixed
culture will be the focus of this study.
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Due to the complexity of Martian measurements and associated uncertainty in attributing any single
measurement to methane-producing life, the methane cannot be clearly attributed to any biological process.
The solution to this uncertainty is a structured analysis of both non-biological and biological processes using
a proposed ’Bayesian framework’. In this framework, ’ bio signatures’ are not seen singularly, but in context
to each other, environmental factors and other observations [53]. This framework is used in exoplanetary re-
search to assess potential ’biosignatures systematically’. These biosignatures are characteristic evidence for
life, while a potential biosignature is not final proof of past or present life.

The Martian methane peak is such a potential biosignature. It can thus be investigated within the Bayesian
framework by quantifying the two opposing hypotheses and the prior probability of life (P(life))via equation:
1.1. In that equation, Ci denotes additional observational variables, such as observing an H2S peak when
a methane peak is observed. The Martian methane peak was either produced biologically (biotic) or pro-
duced by thermochemical water gas reactions (abiotic). These two possible pathways based on terrestrial
knowledge and within the formula are denoted by P (C H4|l i f e,Ci ) and P (C H4|nol i f e,Ci ). In the context
of the structured search for life, constraining the biotic likelihood is a first step in constructing the Bayesian
framework [53].

P (l i f e|C H4) =∑
i

P (C H4|l i f e,Ci )P (l i f e,Ci )

P (C H4|l i f e,Ci )P (l i f e,Ci )+P (C H4|nol i f e,Ci )(1−P (l i f e,Ci ))
(1.1)

However, the current state of the art views potential biosignatures as binary, either existing or not ex-
isting [53]. The chance only describes the likelihood of correct detection. This study aims to quantify the
chance of biotic production being responsible for the peak by proposing a novel method of kinetic compari-
son between a mechanistic model of known biotic methane production and the Martian observations. This
method allows the Bayesian framework to be quantified and provides a method to compare future observa-
tions against. Contrary to the data available for the exoplanetary research Walker et al. [53] focus on, Martian
data’s temporal and spatial data resolution is much higher. This high data resolution allows the dynamic anal-
ysis to be conducted. This altered method of investigating dynamics instead of presence is also described as
a possible future step in astrobiological inter-disciplinary research [53].

This approach poses the opportunity to populate the Bayesian framework with dynamic findings and ver-
ify them via in-situ methods. In-situ verification is possible due to the astronomically speaking short distance
between Earth and Mars. The dynamic analysis sheds light on how life on other worlds could function and
the viability of the dynamic process to investigate biosignatures.

This study aims to find the chance that Earth-like life was responsible for the methane spike around sol
305 (the 14th of June 2013) and express this in a percentage. Consequently, this study will also explore what
this form of life could be. This study is conducted under the hypothesis that life on Mars exists and is similar
to life on Earth. This assumption is substantiated in chapter 2.



2
Literature review

2.1. Introduction
The research question is: How likely, in percentages, is it that the methane detected in the Martian Gale crater
can be attributed to one or more Earth-like organisms? This question flows from the more basic question of
finding the cause of the methane measurements on Mars. It is important to note that the research question
focuses on the methane spike as a potential biosignature. There exist two fundamental explanations for the
methane spike. Either the methane was produced biologically or abiotically. The Bayesian framework allows
these two hypothesis to be weighed against each other. The hypothesis of life-mediated methane production
will be investigated in this study, providing half of the contents of the Bayesian framework. The framework,
together with how the variables will be quantified, is in figure 2.1.

Figure 2.1: Overview of road map from raw data to a conclusion. The constraints of P (l i f e) are explained in chapter 2, with the knowl-
edge that P (l i f e) and P (nol i f e) are mutually exclusive. The correlation between model output and real-world observations is found by
employing a Pearson correlation. This method provides a value for P (C H4|l i f e) via the method in 3.3.

The research question will be investigated using the questions posed by Catlin et al. [7] to structure the in-
vestigation. These questions are postulated to facilitate a structured analysis of potential biosignatures within
their context for exoplanetary research. These questions are listed as the subsections of this chapter to facili-
tate a structured literature study into the context of the Martian methane spike. This investigation will slightly
change the questions posed by Catlin et al. [7], focusing on finding constraints for the factors of equation 2.1,
as well as attempting to find conditions for further constraints. The characterisation of the bio-signature topic

3
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will be expanded by: identifying earth analogue organisms, assessing them thermodynamically, and subse-
quently investigating their kinetics. This scheme allows the Mars data and Earth analogue to be temporally
compared.

2.2. Stellar properties
Stellar properties are properties of the star a planet is orbiting. These will be discussed in general, and how
this affects Mars’s habitability. In this part, stellar properties are expanded by planetary properties.

2.2.1. General properties
The stellar properties of the star that Mars is orbiting are identical to Earth, as these two planets orbit the same
star. This identical star, combined with the cosmically close distance between Mars and Earth, improves the
constraints that can be placed on P (Li f e). As it is generally accepted that life exists on Earth, the chance of
life emerging in this solar system is proven non-zero. Note that this does not imply that life originated on
Earth but only assumes that it must have ’emerged’ at some point in time. The small distance between Earth
and Mars improves the chance of life existing on Mars via the theory of panspermia. Life could be carried
from Earth, or a different body, to Mars by meteorites [11]. These points imply that life emerging on Earth
and emerging on Mars would be similar, either because of the panspermic common ancestor or because
of the stellar conditions. Both Earth and Mars were in the sun’s habitable zone, further allowing historical
co-evolution [18]. The habitable zone is the space around a star where incoming radiation supports surface
liquid water. This habitable zone analysis neglects planetary effects on the presence of (liquid) water.

2.2.2. Martian factors affecting habitability
Habitability is the property of a planet to support life if it were there. However, habitability commonly means:
stable liquid water at the surface. It can be expanded to mean any place where life can thrive, as is the case in
this paragraph [44]. Here factors that could affect habitability on Mars compared to Earth will be discussed.
These are: gravitational potential, radiation and temperature differences. The lack of liquid water and the
different chemical composition of the atmosphere and regolith are also discussed.

The different gravitational acceleration is an important factor on Mars that could affect simple organisms.
The acceleration is around 3.7m/s2 on Mars, while the gravitational acceleration on Earth is 9.81m/s2 [23].
Effects on microbial life can range from slightly altered growth kinetics to different gene expressions [40]. This
means some Earth-like organisms could exist without problems, but some would not be viable. In between
would be a range where these organisms could exist but behave fundamentally differently. Additionally, the
transport of chemicals in the liquid phase is affected by the formation of a ’thin film’. This film occurs between
solids and bulk liquids. The decreased gravitational potential increases the’ thin film’ thickness, negatively
affecting the chemical transport towards the microbe [50].

The lack of a magnetosphere, and the much thinner atmosphere, fail to prevent high energy radiation
and high energy particles from reaching the surface of Mars [22]. This increased burden on microbial life
could have a large negative impact on habitability at the surface but less so at depth. This impact was found
for both ionising radiation and UVC radiation, albeit the UVC exposure survivability was in terms of hours.
The survivability for ionising radiation was half a million years for dormant cells instead of functioning ones
[45][9]. Simply put, the effect of UVC is deadly, while for ionising radiation, this is survivable. Microbes
could sustainably survive in an irradiated environment, but they cannot do this in an environment with UVC
radiation. The regolith can shield against incoming high-energy particles and (ionising) radiation, provided
the column is large enough. The radiation effects imply that life would likely be underground.

The diurnal and seasonal temperature fluctuations on Mars pose another threat to potential life. On
Mars, the surface temperatures can vary between roughly 191K up to 294K [25]. No subsurface outliers are
expected based on thermal measurements by the Mars Odyssey orbiter [30]. This temperature range can have
a profound negative effect on habitability. Specifically for methanogens, this diurnal cycle can greatly affect
gas production, and survival [37]. Habitability is closely related to liquid water, which would be scarce at
these temperature ranges. Sub-zero Celsius temperatures, however, do not exclude life as long as the water
occasionally liquefies [41]. This fact is further reinforced by arctic microbes being able to survive freeze-thaw
cycles [31].

While not affecting habitability, the diurnal temperature fluctuations on Mars, in combination with the
presence of an atmospheric boundary layer, effects gas detection. The atmospheric boundary layer could
cause nighttime containment of methane [55]. As the ground cools, the atmospheric boundary layer lowers,
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forcing the at ground-level expelled gas to be diluted in a smaller atmospheric volume. This process leads to
a higher methane concentration during nighttime compared to daytime. It could partially explain the peaks
found by Curiosity, as these measurements were mostly done at night time [55]. If boundary layer effects were
wholly responsible for the peak observations, it would mean that the methane peak is mostly an atmospheric
artefact instead of a representation of a sudden outburst of methane. However, this effect would not be able
to explain the origin of the methane, given the atmospheric lifetime of methane.

Concluding: P (l i f e) can be constrained based on stellar properties. The constraint is a non-zero chance
in the Bayesian framework for the emergence of life on Mars. Habitability is affected by; gravitational po-
tential, radiation and temperature. The lower gravitational potential can mean anything from slightly altered
growth kinetics to different gene expression for Earth microbes. Additionally, transport mechanisms could
be kinetically different due to a different ’thin film’ thickness affecting thermodynamic potentials and growth
kinetics. The large amounts of ionising and UV radiation could affect microbial life at the surface. UVC would
be lethal, while ionising radiation could be survived. Temperature effects can greatly influence water avail-
ability and microbial survivability. Apart from temperature-induced water shortages, the presence of water
is an important factor in microbial life. These are all factors to be considered for any life form exposed to the
Martian environment.

2.3. Atmospheric and surface characterisation
2.3.1. Atmospheric composition
Based on data from the Curiosity rover, the average atmospheric composition on Mars is depicted in table
2.1 [52]. A side note is the strong seasonal fluctuations observed, for example 36% for CO gas. Atmospheric
pressure also experiences strong seasonal variations as shown in figure 2.2. In winter it becomes cold enough
for CO2, the main atmospheric gas, to freeze and thus be temporarily removed from the atmosphere, lowering
overall pressure [52]. As can be gathered from the given atmospheric composition, the CO2 partial pressure
(between 9.0 mbar PCO2 and 6.7 mbar PCO2 calculated from Trainer et al. [52]) is much higher than on Earth
(from 1013 mbar pressure at sea level 400 ppmv CO2 = 0.4 mbar PCO2 on earth [14]). The general atmospheric
pressure on Mars is only 8 mbar, while on Earth it is roughly 1013 mbar [52].

Table 2.1: MAA composition based on Trainer et al. [52].

Compound Vol%
CO2 95.31%
N2 2.59%
Ar 1.94%
O2 0.16%
CO 0.06%

2.3.2. Soil composition around Gale crater region
The question of soil composition is twofold. Firstly is the soil composition homogeneous? Secondly, if not,
the composition of the possible source location should be investigated. This question of the source region will
be answered under the bio-signature characterisation. However, the actual location of the source is not too
relevant as the data on the Martian soil composition is only available for locations where rovers have landed
or where remote sensing data is available. Among these investigated locations is the Gale crater, where the
methane peak was observed. If this is not the source region, it is likely relatively close, and the soil compo-
sition is not investigated via in-situ methods. The relevance of the soil composition is that this is the most
likely place for the microbes to be. Liquid water would put the microbes into contact with this soil compo-
sition. The materials in the soil can act as a substrate on which the microbes can grow on, inhibitors that
fully prevent growth or anything in between. Therefore, the soil composition is expected to greatly affect the
microbial growth kinetics, but whether this effect is positive or negative needs to be investigated.

The soil composition is likely heterogeneous across the possible source region based on the orbital cata-
log of aqueous alteration for the Gale crater and its surroundings [6]. Remotely sensed the Gale crater floor
contained: Olivine- and Fe/Mg phyllosilicate-bearing materials, Fe/Mg phyllosilicates (clays), Fe/Mg smec-
tite, varying amounts of surface or groundwater and possibly feldspar-rich rocks [4]. Additionally, 600 mg/kg
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Figure 2.2: "The timing of SAM atmospheric QMS experiments is plotted as the atmospheric pressure at the time of ingestion(left axis)
against the MSL mission sol (bottom axis) and solar longitude (top axis). Most atmospheric ingests for mixing ratio derivation were
conducted during local night (closed symbols), with three daytime experiments (open symbols). The figure background is shaded by
northern season, and the REMS daily pressure maximum and minimum values are given by the dotted lines. Seasonal trends are tracked
through the direct atmospheric runs, with attention paid to possible diurnal variations. Mars year (MY) and Earth year (EY) are indicated
across the top of the figure." [52]

of nitrate was found by Stern et al. [48]. Furthermore, they point to the imbalance of nitrate compared to per-
chlorate (>1 on Mars compared to 103 on Earth) and infer no biological activity [48]. Perchlorate was found
by the SAM (Sample Analysis at Mars) unit aboard Curiosity. Lewis et al. [33] indicates that organic salts like
acetate may have been present in the samples but missed in the classification step due to interference with
the perchlorate and silica mesh. This possible classification error implies that acetate might be present in the
aeolian deposits on the surface, enabling infiltration of these salts into deeper layers [33]. Nitrogen on Mars
can be found as gaseous species with a pressure of 0.2 mbar near the surface. These nitrogen species can be
transported into the subsurface via metastable thin liquid films [3]. This transport mechanism, combined
with the quantity of fixed nitrogen species, allows an active nitrogen cycle [3]. While this nitrogen cycle is
outside the scope of this research, it gives an upper limit of 1010kg total biomass as a sustainable quantity [3].

According to Webster et al. [54], good regolith analogues for microbial research are P-MRA (phyllosilicate-
Martian Regolith Analogue), S-MRA (sulphate martian regolith analogue) and JSC Mars-1A (low phyllosilicate
regolith simulate) [54]. P-MRA especially is suitable for research in areas that have been exposed to historic
pH-neutral liquid alteration, like the Gale crater [25]. The P-MRA composition as posed by Webster et al. [54]
can be seen in table 2.2 and would be a good estimate for the soil composition at the Gale crater in terms
of biochemical interactions and, by extension this study. Phyllosilicates are present in the Gale crater due to
this ancient water-soil interaction. Thus JSC-1A is unsuitable as a simulate because of its low phyllosilicate
concentration. S-MRA is equally unsuitable due to its low phyllosilicate content, as the main components in
the Gale crater were identified as Fe-Mg phyllosilicates.

Summarising: the atmospheric composition will be drawn upon in the bio-signature characterisation
part. The soil composition seems to be mostly phyllosilicates, with perchlorate, nitrate, and possibly acetate
traces. Perchlorate levels are seen as evidence against active life, whereas nitrate levels support possible life.
Acetate could also function as a substrate for different organisms. As Martian soil is unavailable, the next best
thing for any research is to use an analogue. P-MRA can be used as it is similar to the composition expected
in the Gale crater. Additionally, P-MRA was designed for biochemical research.

2.4. Bio-signature characterization
2.4.1. The methane peak as potential bio-signature
To further specify the methane spike as introduced in figure 1.1, the exact values are depicted in table 2.3.
This study will use the values of this table 2.3 excluding the deviations as the extra uncertainty cannot be
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Table 2.2: P-MRA composition according to Webster et al. [54]. This composition is a good biochemical analogue for areas like the Gale
crater, which is rich in phyllosilicates.

Material Wt%
Fe2O3 5
Montmorillonite 45
Chamosite 20
Kaolinite 5
Siderite 5
Hydromagnesite 5
Quartz 10
Gabbro 3
Dunite 2

quantified in combination with the high expected uncertainty from the methods that will be used. The spike
seems to last at least three days before dipping down to background levels. Apart from this fast rise and fall,
the atmospheric lifetime of methane on Mars is deemed too short for planetary origin or impact events to
support current concentrations [10]. The lifetime of Martian methane is so short (340 years) that it can only
be explained by current processes[30]. The short peaks with high concentrations require a fast process due
to the six-month atmospheric mixing time [32]. If the process had been slow, the peak would have been
fully mixed and thus be measurable on the entire planet as a small concentration increase. Earthly methane
production must be defined to compare to the Martian methane spike. Comparing the bio-signature to the
more known Earth system simplifies the search for possible life by narrowing the scope from all possible and
hypothetical life to known life. While unknown life may exist, it is beneficial to first check for known life to
narrow the scope of this research.

Table 2.3: Martian methane peak as described by Giuranna et al. [21]based on measurements by the Curiosity rover and planetary
Fourier spectrometer.

Time [d] C H4 level [ppbv]
0 ≤ 3
1 5.78±2.27
2 15.5±2.5
9 2.13±2.02
12 ≤ 5
13 ≤ 5

2.4.2. Methane peak source region
The soil composition on Mars is likely heterogeneous, with oases of subsurface life, if it is present at all [30].
This heterogeneity necessitates identifying a potential source region to accurately characterise the local soil
composition. The origin of the methane spike seems not to be from the Gale crater itself but a region to the
east of it [21]. For this region, based on the height map in figure 2.3, the P-MRA would still be most suitable
as there could have been historic water present around the indicated source areas [6]. If the squares denoted
with more than 20% in figure 2.3 are assumed to be the extent of the possible source regions, then the distance
between this source region and the rover sensor would be between 250 and 900 km. This distance can be
used to verify potential source regions the kinetic model identifies. The denoted percentages are based on a
General circulation model based on gas being expelled from a subsurface reservoir. This number is calculated
by taking the proportion of simulated gas releases from a square that produces the same sensor results as were
observed by Curiosity.

2.4.3. methane producing organisms living in Mars analogue conditions on Earth
Earth is a good start to investigate possible candidate species that could be responsible for the observed
methane peak. Methane is produced by biotic and abiotic processes. However, biotic pathways dominate the
production on Earth. The abiotic pathways are: gas, water, rock reactions like serpentinisation and magmatic
processes. Thermogenic processes and methanogens represent biotic pathways [17][15]. The thermogenic
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Figure 2.3: Probabilities estimated for the 30 emission sites. For each grid cell, the probability of being a source location is defined as the
number of release scenarios consistent with the observations divided by the sample size [21].

processes are biological materials being transformed into natural gas due to temperature and pressure con-
ditions. So far, no fossilised complex biological materials needed for this process have been found on Mars.
The methanogens are microbes capable of digesting organic and inorganic materials, producing methane as
a waste product. From these two, methanogens would be the only living ongoing process, as thermogenic
processes are based on dead biological material of geologically significant age. Thus the assumption that
methane was produced by methanogens is plausible. Methanogens come in three groups: hydrogenotrophs,
methylotrophs and acetoclastic methanogens. Only the hydrogenotrophs can survive on an abiotic diet of
hydrogen. Methylotrophs reduce methyl groups in organic molecules, and acetoclastic methanogens require
a substrate of acetate, an organic salt [1]. These interactions can be quantified thermodynamically to as-
sess the viability of the catabolic reactions. Alternatively, the catabolic reactions can be quantified kinetically
to assess the microbes as chemical factories using the Monod equations for microbial growth. This kinetic
quantification was done among many other models in the ADM1 model to mechanistically model the process
and state of anaerobic digestors [42]. The model also calculates chemical interactions between the different
states of the substrates and waste products. Methane formation by methanogens is part of this anaerobic
process, making it a tool that can potentially model how methanogenesis in an anaerobic community would
work on Mars. This tool will further be explored and substantiated in the rest of this chapter and chapter 3.

Methanogens in natural environments and in the ADM1 model usually aren’t pure cultures. In digesters,
a mixed community of methanogens, sulphate reducers, hydrolysers, acetogens, and acidogens usually oc-
cur together [39]. Sulphate present in the substrate of such a reactor is usually reduced by sulphate-reducing
bacteria, in competition with methanogens for acetate, hydrogen and formate [26]. This microbial mixture
produces a gas with characteristic compositions that indicate the whole anaerobic community existing. In
cases where methanogens and sulphate reducers are in competition, the characteristic gas starts with a peak
in hydrogen sulphide gas before methane is observed due to the difference in thermodynamic potential be-
tween the two reactions [56]. The methane peak being preceded by a hydrogen sulphide peak is a second po-
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tential biosignature linked to biological methane production that could provide valuable within the Bayesian
framework.

On Earth, methanogens and sulphate reducers are expected to be one of, if not the oldest, organisms
based on the theory of a Last Universal Common Ancestor (LUCA) [51]. These organisms would have formed
near white or black smokers and used their nutrients to metabolise [35]. These smokers are subsea vents
spewing hot water enriched with minerals, hydrogen and heavy metals. The fact that these two organisms are
very old and possibly the origin of life implies that they are more likely to exist on a different planet compared
to more complex organisms [53]. This higher likelihood of existence allows P (Li f e) to remain unconstrained
as the number of evolutionary innovations would be very low. The chance of these organisms occurring
would be close to, if not identical to P (emer g e) (the chance that life emerges in general). It is known that on
Earth, an elevated CO2 partial pressure has a strong effect on methanogenic activity and productivity. The
elevated partial pressure of CO2 improves activity until substrate inhibition prevents growth, thus decreasing
total methane production [34]. Additionally, high partial CO2 pressure leads to a restructuring of the micro-
bial biome, resulting in higher methane gas concentrations [8]. These effects might also play a role on Mars,
where high CO2 partial pressures are the norm.

Based on the findings in chapter 2.3.2, Boom clay is similar to the Martian regolith. This clay type is rich in
quartz and kaolinite and contains siderite [19]. The temperature of the clay layer does not exceed the Martian
maximum surface temperature of 25°C. This similarity makes the Boom clay layer a potential analogue to the
Martian underground, where organisms could be collected from.

Based on the above information, methanogens are the most likely candidates for biological methane for-
mation on Mars. Assuming the existence of a mixed anaerobic ecosystem, methanogens would likely com-
pete with sulphate reducers and be accompanied by other digestion-relevant microbes. These mixed com-
munities of microbes could be harvested from the Boom clay, as this soil formation has mineral similarities to
P-MRA. The activity and methane production would likely not be the same as on Earth due to the CO2 partial
pressure, soil composition, reduced gravity, and other factors discussed in chapter 2.2.2.

2.4.4. Thermodynamics
In order to assess the feasibility of biological activity, thermodynamic calculation of the Gibbs free energy are
a useful tool [38]. Stoichiometric reactions should be defined for the microbes under investigation to assess
their thermodynamic viability. Via these reactions, the Gibbs free energy can be calculated for each reaction
and give an indication of the viability of the reactions on current-day Mars, provided the input concentra-
tions are representative of that situation. To achieve representation, the soil and atmospheric composition
will have to be incorporated into the Gibbs equation, together with the Martian temperature range. The exact
calculation methods will be explained in Chapter 3. It should, however, be noted that the Gibbs free en-
ergy approach assumes a certain direct chemical reaction. Possible energy inputs via other microbial life or
chemical equilibria changing the chemical mix are ignored. While the Gibbs analysis can provide an informed
guess, it cannot definitively confirm or deny the occurrence of a reaction.

The temperature range for Mars is roughly 191K up to 294K [25]. Within this temperature range, phase
changes of the medium or the individual chemical components can occur. Phase changes can have conse-
quences for the microorganisms beyond available thermodynamic energy. As mentioned before, dormancy
could help bacteria survive these cold periods, and it was found that the Martian temperature range is sur-
vivable for some methanogenic archaea. However, it is not known for the community as a whole [37]. These
points are seen as enough indication that methanogens would be able to survive and produce gas to warrant
further investigation. The exact steps are in Chapter 3.

Reduced gravitational potentials promote anoxic hotspots [2]. These hotspots could affect anaerobic or-
ganisms thermodynamically. However, this reduced gravity will also reduce the transport of nutrients by in-
hibiting convection, leaving the slower diffusion process to transport these nutrients to the cells over longer
distances. This results in quicker nutrient depletion in the cell’s immediate surroundings. As mentioned
before, nutrient concentrations affect thermodynamic viability. Thus gravity effects can reduce growth by
inducing substrate inhibition. Local nutrient depletion due to their own appetite and gas flow differing from
what is conventional on Earth could lead to redox hotspots where microbes live. The effect of this local de-
pletion will be thermodynamically investigated but not linked to quantified gravitational potentials, as this is
beyond the scope of this study.

Substrate availability is a pivotal factor that affects thermodynamics and microbial viability. Available sub-
strate steers what microbial pathways that are worth investigating. The process of radiolysis can transform
pore water into hydrogen. Radiolysis occurred on Earth during the pre-Cambrian period in deep rock forma-
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tions [49]. It is also speculated that radiolysis occurred during the Noachian period on Mars [49]. Hydrogen
in the subsurface can act as a substrate for hydrogenotrophic methanogens, hydrogenotrophic sulphate re-
ducers and homoacitogens. Homoacitogens could use hydrogen and carbon dioxide to produce acetate.
Acetate could also be available via other unknown pathways but be missed in detection due to perchlorate/
silica interference in the detector [33]. The presence of this substrate would allow acetoclastic methanogens
and acetoclastic sulphate reducers to exist. Substrate for methylotrophic methanogens is harder to iden-
tify. Organic matter containing methyl groups is part of the microbial cells, allowing the methylotrophic
methanogens to live off the remains of other organisms. Based on the substrate availability and aforemen-
tioned probable inhabiting organisms, methanogenic acetoclasts, methylotrophs, and hydrogenotrophs are
worth investigating, as well as sulphate reducers. As acetogens are also important to the functioning of ace-
toclastic methanogens, these will also be investigated based on the stoichiometry in table 2.4.

Table 2.4: The organisms, viewed as black boxes with their overall stoichiometric catabolic reactions, will be thermodynamically investi-
gated.

Organism Reaction
Hydrogenotrophic methanogenesis 4.0∗H2(g ) +CO2(g ) −−>C H4(g ) +2.0∗H2O(l )

Formate based methylotrophic methanogenesis 4∗HCO−
2(aq)+4∗H+

(aq)−−>C H4(g )+3∗CO2(g )+
2∗H2O(l )

Hydrogen based methylotrophic methanogene-
sis

C H3OH(l ) +H2(g ) −−>C H4(g ) +H2O(l )

Methylotrophic methanogenesis 4∗C H3OH(l )−−>CO2(g )+3∗C H4(g )+2∗H2O(l )

Acetoclastic methanogenesis C H3COOH(l ) −−>CO2(g ) +C H4(g )

Homoacetogenesis 4∗CO2(g ) +8∗H2(g ) −−> 2∗C H3COOH(l )

Formaldehyde based sulphate reduction to sul-
phur gas

SO−2
4(aq)+2∗C H2O(aq)−−> H2S(g )+2∗HCO−

3(aq)

Hydrogenotrophic sulfate reduction 4∗H2(g ) +SO−2
4(aq) −−> H2S(g ) +4∗H2O(l )

Summarising: it is speculated that under lower gravitational potentials, the so-called ’thin film’ (the inter-
face between a cell and the bulk solution) increases in thickness, promoting anoxic hotspots [2]. Calculating
the thermodynamic effects of this imbalance for several concentrations sheds light on the reaction feasibil-
ity under different equilibria. The thin film effect cannot be quantified for a given gravitational potential on
Mars, but this analysis can give an indication of the evolution of the reaction. At the same time, the Gibbs
free energy can also show what reactions are more likely to occur relative to the other reactions and if these
reactions are feasible in the first place under Martian conditions. The reactions that will be investigated are
depicted in table 2.4.

2.4.5. Kinetics
The goal of kinetic analysis of the Martian methane peak is to fill the Bayesian framework. The input of the
Bayesian framework consists of three parts: P(X|life), P(X|no life) and P(life). The Bayesian framework is de-
scribed in equation 2.1 and further explained in chapter 2.4.6. A visual aid is in figure 2.1. The main takeaway
is that all three expressions need to be quantified to draw a conclusion on the main research question. The
kinetic comparison allows the potential bio-signature to be analysed based on dynamics instead of the pres-
ence of (gaseous) compounds. This novel method could allow simpler tools to infer additional information
about biosignatures. The scope of this study is biological pathways. Thus, the kinetic analysis aims to quan-
tify P(X|life), where X in this study is the methane observation on Mars 1.1. This kinetic analysis works well
depending on the applicability of the kinetic model to the Martian conditions. Therefore, the kinetic analy-
sis should consist of two parts: firstly, an investigation into the applicability of the chosen kinetic model to
Earth organisms under Martian conditions. Secondly, the correlation between the modelled gas production
kinetics and the observed methane spike can be quantified.

Regarding the applicability of this kinetic model to Earth organisms under Martian conditions, the Earth
organisms serve as a proxy for Mars organisms. Thermodynamic calculations provide some insight into reac-
tion feasibility and possible nutrients being used, but they cannot be used to infer dynamic behaviour. More
information is needed to assess kinetic applicability as intended in the dynamic comparison approach to the
Bayesian framework. For example, the effects of P-MRA and the Martian atmosphere on anaerobic commu-
nities are unknown. Research into this has historically focused on single organisms being exposed to varying
MRAs [46] [27] [28]. Most of these studies have found growth to be possible. These studies, however, did not
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couple the found growth to kinetic models. The method to investigate this applicability will be outlined in
chapter 3. Temperature, microgravity and radiation effects will remain outside the scope of this study but
are likely large contributors to the kinetics of hypothetical Martian gas production. The reason to leave these
factors out is to allow this study to reduce complexity and find the necessity for future work, in the context of
the Bayesian framework method outlined by Walker et al. [53].

On Earth, anaerobic communities exist in a wide range of habitats, from swamps and tundra to the gas-
trointestinal tract of mammals and the deep underground, as mentioned in chapter 2.4.3. Anaerobic commu-
nities also function as valuable workers in the field of wastewater treatment. Anaerobic digesters are among
the bioreactors used for anaerobic biogas production. This system being of economic and environmental
importance means that much research has already gone into understanding its kinetics. Among the most
impactful anaerobic digester numerical models, ADM1 is both open source, reliable and available as Python
code [42] [43]. This proven model as Python code allows modifications, such as adding sulphate reducers
[47]. Most importantly, it allows for a Monte Carlo analysis of the initial conditions of this system. This code
will be further described in chapter 3, together with how it will practically help define P (C H4|l i f e).

2.4.6. Bayesian inference
In order to find an answer to the first half of the main research question, a Bayesian framework as proposed
by Walker et al. [53] will be used. The main question is: "how likely in percentages is the methane peak
detected in the Martian Gale crater (around sol 305) attributable to a form of Earth-like life, and what form
that would likely be". The first half can be answered by a Bayesian framework by finding how similar the peak
is to biological activity and finding a correlation for how similar it is to systems devoid of life. With these two
factors, a percentage can be calculated for how likely the observation is to occur in a system with life.

The Bayesian framework uses the Bayesian equation in 2.1 [53]. It consists of three main statistical vari-
ables and an outcome: P (X |Li f e), P (X |noLi f e) and P (Li f e), where X is an observation, leading to the out-
come: P (Li f e|X ). In words, these are: the chance of observing X given life is present, the chance of observing
X given no life is present and lastly, the chance that life is present. This results in the conclusion the chance
that life is present given X was observed. Walker further elaborates on these variables by making them con-
ditional, P (X |Li f e,Ci ), where Ci is a condition like the presence of liquid water or carbon monoxide. As
mentioned before, life in the context of this study is an anaerobic community. H2S production in such a
community could be a valuable contextual parameter based on the competition between the methanogens
and sulfide reducers.

The Bayesian approach is central for estimating a conclusion and a stepping stone for broader future re-
search into gaseous bio-signatures on rocky Earth-like planets. This future research is easily incorporated
because the Bayesian framework allows new conditions ’Ci ’ to be added to the equation, improving the ac-
curacy of the results.

P (l i f e|X ) =∑
i

P (X |l i f e,Ci )P (l i f e,Ci )

P (X |l i f e,Ci )P (l i f e,Ci )+P (X |nol i f e,Ci )(1−P (l i f e,Ci ))
(2.1)



3
Methods

In this chapter, the findings from chapter 2 will be used to formulate methods to address the encountered
knowledge gaps. The main research question is a quantified probability of the Martian methane spike being
generated by life. The Bayesian framework approach will be used to reach a conclusion to the aforementioned
main research question (equation: 2.1). The investigation will consist of four parts, structured so that every
step increases confidence in the conclusion. These parts reduce uncertainty in the outcome by progressively
increasing the understanding of the active community under simulated Martian conditions. The research
topics are: Thermodynamic feasibility of catabolic reactions, the applicability of the kinetic model using ex-
periments as a true positive, Kinetic model correlation to Martian observations, and lastly, Constructing a
Bayesian framework.

3.1. Thermodynamic feasibility of catabolic reactions
An analysis of the thermodynamics of anaerobic pathways will be conducted using the Gibbs free energy
code in Appendix A. This is done to dismiss the biological hypothesis early on. The magnitude of the Gibbs
free energy of a pathway indicates the pathway’s feasibility. If the resulting Gibbs free energy number is pos-
itive, it could be concluded that the pathway will not function on Mars. Inversely, if the number is negative,
the pathway is more feasible. The investigation will be based on the thermodynamic formulas 3.1 and 3.2 to
find the Gibbs free energy, combined with a database of chemicals linked to their energies at the expected
Martian concentrations [12]. In formula 3.3, it can be seen that the final Gibbs energy for a fixed concentra-
tion and pressure can be expressed as linearly dependent on temperature. This property is used to simplify
making diagrams over a temperature range. The factors in 3.3 are: ∆G1

T,P , for the Gibbs free energy corrected
for concentration and temperature, R as the gas constant, z is the total number of chemicals in the stoichio-
metric equation, ci is the concentration in Mol/L or partial pressure of the ’i’-th stoichiometric member, ni

is the stoichiometric factor of the ’i’-th member (positive for production, negative for consumption), ∆G0
Ts

is

the Gibbs free energy under standard conditions, ∆H 0
Ts

is the enthalpy under standard conditions, Ts is the
standard temperature, Tx is the temperature of interest.

∆G0
Tx

=∆G0 ∗ Tx

Ts
+∆H 0 ∗ Ts −Tx

Ts
(3.1)

∆G1
Tx

=∆G0
Tx

+Tx ∗R ∗
z∑

i=0
ci ∗ni (3.2)

∆G1
T,P = (R ∗

z∑
i=0

(ci ∗ni )+
∆G0

Ts
−∆H 0

Ts

Ts
)∗Tx +∆H 0

Ts
(3.3)

The initial solution for calculation will be based on the P-MRA in a watery solution under a martian at-
mosphere. The units are partial pressure and grams per litre. The exact values are depicted in table 3.1. The
materials not in this list will get a value of 1 in the calculation. The reduction of a substrate under reduced
gravity will be illustrated by reducing the first compound of the stoichiometric reaction to either 100%, 80%,
60%, 40% or 20% of the initial concentration. According to the stoichiometric equation, the other elements

12
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are reduced or increased in the same manner. The reactions that will be investigated are depicted in table
2.4. The results of the calculations are diagrams depicting the Gibbs free energy of the different biological
reactions over a temperature range. This output for the initial condition (100% of the initial concentrations)
is plotted on the same graph to gain insight into the most favourable reactions and how this responds to the
temperature conditions.

The calculations are performed by a Python code, optimised for easy input and output. The code can be
found in Appendix A under "Thermodynamic code". The class input is the bulk solution as depicted in table
3.1, and the reactions as depicted in table 2.4.

Table 3.1: Bulk solution of watery P-MRA as was used for thermodynamic calculations.

Compound g/L or partial P
CO2(g) 0.951
N2(g) 0.0259
Ar(g) 0.0194
O2(g) 0.0016
CO(g) 0.0006
H2(g) 1e-7

CH4(g) 1e-7
H2O(l) 1000

SiO2 3.00018
MgSiO4 2.000123084
FeSiO4 4.61892831
Fe2O3 4.61892831

(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O 45.0027694
Al2Si2O5(OH)4 6.366917234

FeCO3 11.14475363
Mg5(CO3)4(OH)2*4H2O 5.000307711

NO3- 0.060003693
C2H3O2- 1.600098468

3.2. Applicability of the kinetic model using experiments as true positive
Before a kinetic similarity can be drawn between modelled and observed data, the applicability of the kinetic
model on the Martian condition has to be investigated. This similarity will be found by performing an ex-
periment using organisms that live in conditions similar to Mars. The results of this experiment inform the
applicability of the kinetic model. The system will run as a batch reaction based on the Martian condition
where presumably very little organics are provided by aeolian transport. This transport, on the timescale of
this experiment, is seen as negligible.

3.2.1. Experimental setup
Only the MRA and MAA effects will be investigated for the simplicity and feasibility of the experimental setup.
The other factors described in the previous chapter will undoubtedly impact the system’s kinetics. However,
including them in this study would complicate the experiment so much that analysis of the results would
become nearly impossible.

The MRA and MAA effects will be investigated individually and combined as shown in figure 3.1. The
experimental operations are depicted in figure 3.2. For these tests, 180 ml flasks with crimp-on stoppers are
used. As feed liquid, acetate and sucrose were chosen based on DSMZ 141c with the alteration to DSM2831
[20]. This feed solution was used based on the organisms known to be in the inoculum and the feed regime
used by SCK-CEN, who supplied the inoculum. In these flasks, either MRA or the feed liquid is added, and a
blank and control flask are prepared so that the total liquid volume becomes 100 ml, following figure 3.1. The
goal is to reach a COD concentration of 3.2 g/L, the same concentration as in the P-MRA based on the chem-
ical components. The bottles will be topped up with demi water to reach 100 ml liquid volume. Afterwards,
the bottles are flushed with nitrogen gas or MAA for 5 minutes by bubbling below the surface. After closing
the flasks, 20 ml anaerobic inoculum (0.18 g/L VSS) is injected, and the gas pressure is measured.

The goal is to gain data on the impact of MRA, MAA and the combination of these, compared to the blank
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and fed Earth environment samples. All of these tests will be conducted in triplicate. The composition of the
inoculum, MRA and MAA will be elaborated on in sections3.2.2, 3.2.3 and 3.2.4, respectively. The experiment
will last eight days, with twice daily pressure measurements. At the end of the experiment, gas analysis via gas
chromatography and indirect spectral absorption for H2S gas will be performed. The 1 mL gas samples are
directly fed into the GC machine after they are drawn with a glass syringe from the reactor flask. The theory
for measuring sulphur gas is based on the methylene blue optical extinction method, following an internal
document from the Biothane group (protocol in appendix D). The gas volume is 10mL because of the low
expected concentrations. At the end of the experiment, the biomass growth is measured via VSS and TSS
analysis from liquid samples taken from the unopened flasks. The gas composition and biomass growth will
be compared to kinetic model results under the same ’experimental’ conditions. This assessment provides an
estimate of the applicability of the kinetic model to simulated Martian conditions. The kinetic model results
will be generated via the method described in paragraph 3.3. In short, a triplicate via a Monte Carlo approach
is conducted. The inputs are the same eight days simulation time, average initial concentration of VSS and
standard deviation as measured in the experiment. The concentrations of the initial conditions are kept the
same relative to each other and are universally scaled to get the initial VSS the same as the experiment.

Figure 3.1: A table depicting all experiments conducted, with contents of the flasks. This experiment is conducted to assess the effects of
MRA and MAA on gas production and biomass growth of a cultured natural anaerobic community.

Figure 3.2: Flowchart depicting the experimental setup, the vessel and quantities depicted are for all experiments.

3.2.2. Mars analogue organisms
As Martian microbes have yet to be found, the next best thing is to investigate Earthly microbes and see how
they respond to simulated Martian conditions. The best thing is to find an anaerobic microbial commu-
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nity already adapted to Mars analogue conditions. The Boom clay layer has strong similarities to the P-MRA
mineral composition [19]. The microbes living in the pore water are thus adapted to the expected Martian
mineral composition. The possibility of Martian microbes living under the surface due to radiation is also
represented in the depth at which the boom clay microbes are sampled. SCK-CEN (Belgian nuclear research
centre) operates the HADES research site at 225 meters deep. Microbes living here in the Boom clay pore-
water are adapted to the Martian mineral composition and underground life. The microbes were provided in
a cultured pore water solution by SCK-CEN for this study to find the effects of simulated Martian conditions
on biotic gas production kinetics.

3.2.3. MRA
The MRA used is based on the P-MRA by Maus et el. [36]. However, due to supply issues, chamosite was
unavailable. Additionally, quartz was replaced by the quartz fraction in ’Boom’ clay, while the chamosite was
replaced by increasing the fraction of hematite, siderite and kaolinite. Siderite was replaced by red iron pig-
ment, which was reported to be pure Fe2O3 by the vendor. Gabbro and olivine were won from rock samples.
Additionally, nitrate and acetate were added based on the research by respectively Stern et al., and Lewis et
al. [48][33]. Thus, the overall MRA composition is made by weight percentage, as is depicted in table 3.2.
Acetate was added even though its presence on Mars has not definitively been confirmed to give this hypoth-
esis of life on Mars an optimistic chance of succeeding. It will be a definitive result if life is unlikely under
these favourable conditions. When life under these conditions proves likely, further research under stricter
conditions is needed.

Table 3.2: P-MRA composition based on Maus et al. with changes due to availability of materials [36].

Compound wt%
Gabbro 3.00
Olivine 2.00
Red iron pigment 9.23
Montmorillonite 44.97
Kaolinite 6.36
Siderite 11.14
Hydromagnesite 5.00
Nitrate 0.06
Acetate 1.60
Boom clay 16.65

3.2.4. MAA
The composition of the MAA is based on the average Martian atmosphere as described in table 2.1 [52]. Hy-
dration will be a consequence of the test, not a controlled variable. The pressure at the start of the experiment
was slightly above atmospheric to reduce air ingress and was thereafter closely monitored. The average com-
position of this gas is used to find its effects on gas production.

3.3. Kinetic model correlation to Martian observations
The kinetic comparison uses three code blocks that, together with their data flow, are depicted in figure 3.3.
The three blocks are: the ADM1 class, the dilution algorithm and the Monte Carlo (MC) analysis algorithm.
The ADM1 class block describes all kinetics. The dilution algorithm serves to couple the kinetics black box to
the observations. The MC algorithm analyses the results of this system compared to the observations. The
actual code of this method can be found in the "ADM1 Monte Carlo code" in Appendix A.

3.3.1. ADM1
The used ADM1 model python implementation is intended for modelling anaerobic bioreactors using high
organic loads [43]. Thus it is not ideal to model the situation on a different planet in scarce nutrient con-
ditions. However, given the bounds of this study, it is the most flexible software model that comes clos-
est to Earth-based reality. The simulation of the microbial community will be done based on the available
MRA, MAA compositions and the ADM1 code by Sadrimajd et al. [43]. The ADM1 code is extended by hy-
drogenotrophic sulphate reducing bacteria (hSRB) simulated according to Solon et al. [47]. This combined
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code will only be altered to make it more legible but will not be changed functionally. Legibility and run-time
improvements were achieved using a vector approach to the concentration variables, allowing the separate
algorithms to exchange their states more easily. Additionally, the data was put into a data frame once the
simulation was done completely, significantly reducing processing time. Restructuring the code into a class-
based architecture allows external code to use the ADM1 model more simply as a black box.

3.3.2. Dilution
The dilution algorithm calculated a theoretical distance and time shift between the modelled data and the
Martian methane peak. The assumption of the Mars rover measuring gas directly above a vent is very un-
likely, necessitating this dilution approach. The dilution algorithm will pick the maximum value of the Mars
methane data and the maximum of the simulated methane data. It will then use these two data points to cal-
culate the distance between the virtual vent (assumed to be a gas point source) and the Rover measurement
inlet. This distance is based on the digital reactor’s gas volume being diluted in half a sphere with a radius ’r’.
Here, ’r’ is the distance between the point source and the detection point. This concept is illustrated in figure
3.4. The maximum of the observation is not likely to be the actual peak concentration of the observed event
based on measuring frequency. However, this method works better than not performing it.

The Martian data can also be shifted in time, as the simulated data is mathematically time-invariant.
Based on the maximum concentration occurrence, the two systems can exist in a unified time frame by en-
suring the two points of maximum concentration occur simultaneously and no part of the data exists before
t=0. This method avoids a low correlation due to different starting times rather than a lack of similarity and
errors due to Python mishandling negative time. The time shift will be unable to find a starting time for the
Martian data. However, using the peak as a fixed point will give more accurate statistical estimations than not
shifting in time.

3.3.3. Monte Carlo and statistics
Monte Carlo analysis allows for assessing the impact of the initial reactor and concentration conditions on
the gas kinetics. A Pearson correlation is used to assess the similarity between the observation and the sim-
ulations as it is agnostic to magnitude differences and focuses on the rate of change similarity. This method
ensures that no data points have to be sacrificed for magnitude correction like the dilution method. Doing
this reduces the uncertainty of the Pearson correlation between the Martian data and the modelled data due
to uncertainty in the initial conditions. The initial conditions are the substrate and biomass concentrations
and the reactor liquid and gas sizes. The average values for these are the same as in the initial code, apart from
the newly added concentrations and the changed variables in table 3.3. All initial conditions are assigned a
33% standard deviation, as this is the highest possible deviation before the normally distributed variables can
sometimes reach negative values crashing the simulation. To properly use the MC approach, the initial con-
ditions are set 2500 times in the same amount of simulation. A single simulation will last 18 simulated days
to capture enough time to time shift the data. The model is set up as a batch reactor by reducing the inflow to
0.

Table 3.3: Changes and initial values in the initial conditions of the ADM1 model as it is used in the MC analysis. S_IS, S_SO4, X_hSRB,
S_H2S and S_gas_H2S were newly added as sulphate reducers were not initially in the model.

Initial condition Initial model value Used value Difference
S_ac 8.93E-02 1.35E+00 1.26E+00
S_h2 2.51E-07 1.00E-05 9.75E-06
S_ch4 5.55E-02 0 -5.55E-02
S_co2 9.47E-03 7.61E-03 -1.86E-03
S_gas_h2 1.10E-05 1.00E-05 -1.00E-06
S_gas_ch4 1.65E+00 0 -1.65E+00
S_gas_co2 1.35E-02 7.61E-03 -5.93E-03
S_hco3_ion 8.57E-02 8.57E-04 -8.48E-02
S_IS 0 2.51E-07 2.51E-07
S_SO4 0 1.24E-02 1.24E-02
X_hSRB 0 6.77E-01 6.77E-01
S_H2S 0 0 0
S_gas_H2S 0 0 0
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The Pearson correlation was calculated over the non-diluted gas dynamics to avoid sacrificing data points
where it was not needed. This test shows the statistical likely hood the two data sets are unrelated (null
hypothesis). The time shift was, however, still applied to the modelled data for comparison. This correlation
provides an input value for the Bayesian model. A positive correlation is assumed for a correlation derived
from two-tailed p-values below 0.01. The proportion of simulations where this is the case compared to the
total number of simulations will be P (C H4|l i f e).

Apart from the MC approach, a linear regression between the two data sets can be constructed. The
regression only illustrates how well the Martian methane peak and diluted data correlate. Quantification can
be achieved by calculating the root mean square error (RMSE) between the data points and the 1-1 line. The
combination of regression and dilution also visualises the method behind Pearson’s correlation coefficient
on a single example instead of different random samples. Doing this lacks the mathematical rigour of the MC
method but provides a more intuitively understandable image.

Figure 3.3: Flowchart depicting the code architecture for the Monte Carlo analysis of the ADM1 model compared to the Martian data.
The three code blocks depicted are: ADM1 class, dilution function and Monte Carlo function. The boxes depict the reach of the local
variables within the python code. The Monte Carlo function uses the analysis function to simultaneously calculate the outcomes from
the dilution function and the statistics function that generated the correlation values. The ADM1 class is independently callable but, in
this case, is called within the analysis function. The data is depicted as text without blocks, where the arrows depict the flow. The initial
conditions are edited within the Monte Carlo function based on the average standard deviation. This last is defined as an independent
input. These varied initial conditions are passed to the ADM1 class to generate dynamic model outputs. The dynamic output of the
ADM1 model is used together with "Reference data", which is also an independent input. These two data streams are used in parallel to
find the dilution factor and correlation to the Martian observation. Within the analysis function, this is bundled into a results dataframe.
After the MC function has finished all its simulations, the "Results" data is parsed to a last function that writes the results to a ’CSV’ file.
From this file, plots can be made.

3.4. Constructing a Bayesian framework
The Bayesian formula will take the proportion of model outputs with correlation p−value < 0.01 as P (C H4|l i f e).
A range between 0.1 and 0.9 for non-biological correlation P (C H4|nol i f e) will be used, as no exact numbers
were found in literature. Apart from being known as non-zero, P (l i f e) could not be constrained and will
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Figure 3.4: Dilution calculation illustration. The dilution of the reactor gas volume in the volume of a half dome with radius ’r’, where ’r’
is the distance between a theoretical point source and the sensor ingestion point denoted by the red line marked with ’r’ in this graph.

range between 0.1 and 0.9. This exact variable range was chosen as the chances 0 and 1 only provide triv-
ial results, while the range still covers the largest part of the probability space. The outcome will be a plot
indicating P (l i f e|C H4), producing a graph indicating chance based on other chances.



4
Results

In this chapter, the results for the methods proposed in chapter 3 are given, reusing the same research topics
structure. The research topics were: "Thermodynamic feasibility of catabolic reactions". Here the Gibbs free
energy of different metabolic reactions from the anaerobic community was calculated. This gave insight into
what reactions are thermodynamically favourable under Martian conditions. The potential effects of micro-
gravity are also touched upon. Secondly, for "Applicability of the kinetic model using experiments as true
positive", an experiment was conducted into the effects of MRA and MAA on the functioning of a microbial
community. Third, for "Kinetic model correlation to Martian observations", ADM1 was used to predict the
values expected in the experiment described in chapter 3.2 and on Mars. A Monte Carlo approach was used to
reduce the uncertainty of outcomes caused by the uncertainty of the initial conditions. The results comprised
a Pearson correlation coefficient between the modelled gas and the observed methane peak and a theoretical
distance between the microbial community and the rover. A linear regression analysis was also conducted to
find the correlation visually. Lastly, for "Constructing a Bayesian framework", the kinetic results were used
in the Bayesian framework to quantify the likelihood of an anaerobic community being responsible for the
measured methane on Mars.

4.1. Thermodynamic feasibility of catabolic reactions
The Gibbs free energy potential of a reaction dictates the likelihood of that reaction occurring on Mars. The
likelihood of this in a community with other microbes can be found in their respective Gibbs potentials.
Deceptively, negative energy is more energy available for the microbe during a reaction. Gibbs free energy
magnitude can also indicate the succession of multiple reactions in a mixed bulk solution.

Under Mars conditions, the Gibbs free energy for the stoichiometric reactions listed in table 2.4 have
been plotted in figure 4.1 on the Martian temperature range. It can be seen that a sulphate reduction reac-
tion has the lowest Gibbs energy, making it thermodynamically advantageous for organisms performing this
reaction before ’downgrading’ to acetoclastic and methylotrophic methanogenic reactions. This hierarchy
can indicate the order in which gasses can be observed. The other analysed reactions occur much closer to
equilibrium. Homoacetogenesis is thermodynamically unlikely to occur at all.

The results of the microgravity-affected single pathway calculations are depicted in figure C.1 and C.2
in appendix C. The exact values of these plots can be found in appendix B. In short, the simulated micro-
gravity only has significant effects on reactions close to the thermodynamic limits. Homoacetogenesis re-
mains thermodynamically unfavourable under the Martian temperature regime. On the other hand formate
based methylotrophic methanogenesis, Hydrogen based methylotrophic methanogenesis, methylotrophic
methanogenesis, acetoclastic methanogenesis and formaldehyde-based sulphate reduction will likely occur
under the Martian temperature regime. Only hydrogenotrophic methanogenesis and hydrogenotrophic sul-
phate reduction are in between cases. Depending on temperature and concentration, these reactions pro-
duce enough energy to survive.

4.2. Applicability of the kinetic model using experiments as true positive
An experiment was conducted to investigate the difference in gas and biomass production of an anaerobic
microbial community due to Martian conditions, as outlined in chapter 3. The biomass growth between the
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Figure 4.1: Under conditions defined in table 3.1 and Appendix B, the Gibbs free energy of all reactions from table 2.4. The most likely
being formaldehyde-based sulphate reduction. Methanogens of all three types are likely after this. The x-axis contains the temperature
on Mars in Kelvin. The Gibbs free energy on the y-axis is plotted for all reactions in the legend regardless of phase changes of the reagents
and medium.

start and end of the experiment can be gathered from figure 4.2a. The experiment produced more biomass
than the ADM1 model predicts.

In terms of methane content in the gas phase, all experiments were within one standard deviation of each
other, as can be seen in figure 4.2b. However, the same does not go for hydrogen sulphide production. The
ADM1 module underestimates this production by three orders of magnitude.

(a) (b)

Figure 4.2: Experimental data gathered according to the methods outlined in figure 3.2. 4.2a: The average total biomass growth for the
experiment. Both MRA samples show excess growth, while the ADM1 model predicted a very small decrease in biomass. 4.2b: The
average C H4 and H2S content in the gas phase at the end of experiments for the experimental conditions and the ADM1 model.

4.3. Kinetic model correlation to Martian observations
The ADM1 python model was combined with the equations from Solon et al. [47]. The initial results of this
simulation are visible in figure 4.3 and represent a single integration in the MC analysis. The correlation
was calculated from the non-scaled data in figure 4.3a, whereas distance was derived from the dilution al-
gorithm output visible in figure 4.3b. As the effect of the initial conditions was unknown, the Monte Carlo
simulation in figure 4.4 was used for the results in table 4.1. It is interesting to note that in terms of biology,
hydrogenotrophic organisms dominated the biome for the first two days, as seen in figure 4.3c. The peak of
hydrogenothrophs coincides with the simulated methane peak in time.

With a p-value of at least 0.01 (10.0e-3), the null hypothesis of coincidental correlation can be rejected in
77.9% of the cases. The average p-value gained from the MC procedure was: 9.45e-3 +/- 1.22e-3 as seen in
table 4.1 and figure 4.4a. The distance distribution in figure 4.4b shows a skewed, normally distributed shape,
similar to the p-value. The distance is centred around 5 km.

After the simulation has been’ diluted’, the linear regression approach between the simulation and ob-
served data can be seen in figure 4.5a plotted in the time domain. In figure 4.5b, the data matches very well
with the 1-1 line, indicating a strong similarity between the observations and simulation. This is distinctly
not true for figure 4.5c.
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(a)

(b)

(c)

Figure 4.3: 4.3a: The gasses are expelled at a theoretical point source between the ’reaction vessel’ and the Martian atmosphere. The
composition is based on the ADM1 model outputs. 4.3b: Outputs of the ADM1 model, combined with a basic dilution of the model data,
and the time shift of the Mars data [21]. Based on a half dome of the designated radius, causing dilution of the concentrations found in
figure 4.3a. This combination shows a promising fit between the first two methane data points and the simulation. 4.3c: Biomass from
the same ADM1 run as the surrounding gas production plot on a log axis. Hydrogen-consuming organisms show strong growth on the
first two days, while lipid-consuming organisms decay in that time frame and rebound when the hydrogenotrophic feast is over.

.
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Table 4.1: Monte Carlo generated values representing the four main components of the fit between the Martian methane spike and the
kinetic model. The maximum, minimum, average and standard deviation of the correlation-based p-value and the calculated distance
between source and sensor.

P-value Distance [m]
Maximum 0.018 6590
Minimum 0.008 3110
Average 0.009 5090
Standard deviation 0.005 470

(a) (b)

Figure 4.4: The results from the Monte Carlo analysis showed skewed normal distributions. 4.4a: The two-tailed p-value based on the
Pearson correlation coefficient. p < 0.01 is assumed to be a good fit, this happens in 77,9% of the simulations. 4.4b: The distribution
of inferred distance based on the peak matching method is described in 3.3.2. This inferred distance is between the source and sensor,
which is expected to scale the modelled data towards the in situ measurement.

.

4.4. Constructing a Bayesian framework
The results from the Bayesian analysis for methane (figure 4.6) indicate that P (l i f e|C H4) for P (C H4|nol i f e) =
0.9 is slightly below P (l i f e), for any input P (l i f e). However, P (l i f e|C H4) becomes larger than the input
value P (l i f e) for all values P (C H4|nol i f e) < 0.779 at the hypothetical source.
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(a)

(b) (c)

Figure 4.5: Linear regression towards a 1-1 fit of the Martian peak data compared to the model output after dilution. The y-axis is shared
between all plots. 4.5a: The gasses expelled at a theoretical point source between the ’reaction vessel’ and the Martian atmosphere, this
data is used for the 1-1 linear regression after the dilution code has been used on it. The point at t = 2.5 [d] should be disregarded as it
was used to scale the model output. 4.5b: The points between t = 0 and 5 [d] nearly lie on the 1-1 line. The RMSE being 0.30 reinforces
this.

. 4.5c: The data points between t=5 and t= 15 [d] show no connection to the 1-1 line. The RMSE shows this as
well with an error of 4.2, much higher than for the points between t = 0 and 5 [d].
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Figure 4.6: Methane-based inference of the chance life is present on Mars, based on the methane observations P(Life | C H4). 77.9% of
the simulation showed strongly correlated behaviour to the observed data ( p < 0.01). This number is the chance that the methane peak
is generated by life P(C H4 | life). The three lines show three assumptions for P(C H4|no life), the probability methane is being produced
abiotically. The x-axis shows the ’prior’ confidence in life existing near the Gale crater P(life). These three probabilities can generate a
’posterior probability’ using equation 2.1 to generate the number on the y-axis. The y-axis depicts the posterior likelihood of observing
life given the methane observation P(life | C H4). The posterior lies above the 1-1 line for any given prior, assuming P(C H4 | no life) <
P(C H4 | life). If this is not the case, the posterior lies slightly below the 1-1 life. A posterior likelihood above the prior indicates that
observing a correlated methane peak is a strong indication of possible life.



5
Discussion

In this chapter, the results presented in chapter 4 will be discussed. The results are supposed to answer the
research questions posed in chapter 2 to support the conclusion to the main question. This main question
is: what is the chance in percentage, that Earth-like life was responsible for the methane spike around sol 305
(13th of June 2013)? The research questions posed were dividable into four groups. These groups are the ther-
modynamic feasibility of catabolic reactions, the applicability of the kinetic model using experiments as true
positive, kinetic model correlation to Martian observations and lastly constructing a Bayesian framework.
The exact aims and discussion of results can be found in the respective sub-chapters below.

5.1. Thermodynamic feasibility of catabolic reactions
The three thermodynamic research questions were; "what catabolic reactions are thermodynamically feasi-
ble", "in what sequence will these reactions occur thermodynamically" and "what is the role of micro-gravity
on this hierarchy and feasibility".

Most reactions were found to be feasible, mainly methanogenic and sulphate-reducing pathways were at
the top of the hierarchy. These are most likely to occur under the approximated Martian conditions. It should
be noted that a thermodynamically feasible reaction does not guarantee that a reaction will occur. On the
other hand, a thermodynamically unfeasible reaction will not occur. Homoacetogenesis fell in the category
of an unlikely reaction. This reaction is not present in the kinetic model. The absence is corroborated by
investigating the kinetic functions of ADM1 [42]. The acetate kinetics only show biological utilisation. The
kinetics for CO2 show only biological addition and abiotic loss; only hydrogenotrophic methanogens act as
hydrogen sink. The homo acetogenic pathway in the Gibbs equation affected all of these substrates. The
exclusion of unlikely reactions from ADM1 is good, as this mechanistic model ignores thermodynamics in its
calculations.

The estimate of sulphur gas being likely, aligns with Earth observations. In digesters containing the nutri-
ents for both sulphate reduction and methanogenesis, sulphate reduction usually dominates [47]. While the
soil matrix is only an approximation of Martian regolith, the thermodynamic findings for methane produc-
tion are experimentally reinforced by Maus et al. [36] who found that methanogenesis can occur in MRA.

Secondly, not all soil matrix concentrations are known. The hydrogenotrophic methanogenesis pathway
for example was deemed conditionally feasible based on the low estimation of H2 concentrations. A bet-
ter understanding of the ground conditions will reduce uncertainty about the validity of this analysis. For
example, radiolysis could increase local hydrogen concentrations [49]. Besides hydrogen availability, most
reactions showed no significant response to the micro-gravity simulation. Micro-gravity was reported to af-
fect microbes significantly, making these findings unexpected [40]. The lack of these effects in the thermody-
namic analysis could be due to the effects of micro-gravity mostly working on kinetics instead of thermody-
namics.

The used temperature range for the calculations might seem unrealistic but, Lamarche-Gagnon et al.
[31] found evidence for these biological processes in permafrost regions. Their findings indicate that the
thermodynamic temperature calculations up to the freezing point of the water medium are accurate. Reid et
al. [41] found activity as long as the medium was liquid, achieved via high salinity. Maus et al. [36] showed
methanogenic activity, even in sub 0 °C temperatures in a similar high salinity medium.
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5.2. Applicability of the kinetic model using experiments as true positive
The research question is: "what variables from the kinetic model are directly comparable to those observed
in a Martian analogue experiment". This question focuses on methane concentration primarily, and sec-
ondarily on biomass and hydrogen sulfide gas. These facilitate the comparison between lab and Martian
observations, such that a correlation between the Martian data and life can be made using the kinetic model.

For the temperature of 293 °K, MRA and MAA do not seem to impact methane production significantly.
Other studies have also indicated methanogens to be active in water-saturated MRA samples [36] [13]. How-
ever, in terms of H2S gas concentrations the kinetic model strays from the experimentally produced concen-
trations by three orders of magnitude for all cases. The model predicted a decrease in biomass production
whereas only growth was measured experimentally. These findings mean that methane comparisons are reli-
able, but total biomass or H2S predictions are not trustworthy with the ADM1 model. Thus the ADM model is
suitable for modelling methane production on a simulated Mars, with the caveat that only soil composition
and atmospheric composition were considered.

Furthermore, compared to the fed sample, the extra biomass growth in MRA-enriched tests does not
match increased gas production. This mismatch can have two reasons: biological material in the MRA or
biological weathering. In the first case, combustible material in the MRA influences the VSS measurements.
The Boom clay contains organics, making this a likely explanation for the observed mismatch [19]. Addition-
ally, a different balance between living and dead microbes, or a lower amount of hydrolysers in the experi-
mental culture can also result in an accumulation of biological material. The second case implies that the
microbes digest MRA materials without gas production. Soil weathering and chemolithotrophic reactions
cannot be excluded as biological pathways, as multiple materials in the MRA mixture are weatherable [16].
Some weatherable materials in the MRA are: sulphides, quartz and Fe(II) / Mg phyllosilicates [16]. Biological
weathering is mediated by microbes that do not directly produce gasses.

Hydrogen sulfide gas was detected in all samples above the detection limit imposed by the method in D.
Contrary to expectations the blank samples have similar H2S concentrations compared to the MRA-enriched
samples. This is unexpected as the MRA samples contain more sulphur compounds and other nutrients
and could thus produce more H2S gas compared to the blank test with only inoculum in water. This lack
of difference could be explained by (i) the low VSS concentration of the inoculum or (ii) a problem with the
detection method. Very low sulphur reducer numbers in the inoculum could ensure that these microbes were
not able to use up most of the nutrients. Thus, substrate inhibition did not influence the total gas production,
even for the sample without added substrate. The nearly identical concentrations could indicate possible
problems with the measurement method or used reagents. However, the ADM1 model predicted even lower
sulphur gas levels. The discrepancy between the model and experiments could be explained by the model
lacking both iron chemistry and SRB (Sulphate reducing bacteria) pathways. Only h-SRB (hydrogenotrophic
sulphate reducing bacteria) from Solon et al. [47] were added to the ADM model. Methylotrophic, acetoclastic
and propionate oxidising SRB could be included based on Solon et al. [47].

5.3. Kinetic model correlation to Martian observations
The kinetic comparison aims to find a correlation between the Martian methane observations and the model
results. This correlation will be used to assess the main research question using the Bayesian framework.

It should be noted that the initial model conditions were not representative of the sparse conditions en-
visioned in the Martian (sub)surface, but based on the initial conditions of an anaerobic reactor as given by
Sadrimajd et al.[43]. This effect was mitigated by the actual conditions being within the range of the MC
simulation. However, the actual initial conditions being only a subset of the used initial conditions means
that the actual outcomes are also only a subset of the outcomes. The outputs representative of the Martian
conditions could be obfuscated by results that are not representative.

The distance calculation results, indicate that the dilution model is a simple yet effective tool for matching
the data. Thus the connection between the source and sensor data is at least similar to, or dominated by, a
scaling process like dilution. However, the found distance of 5 km as opposed to 500 km as proposed by
Giuranna et al. [21] means that while this method has some validity, either it or other parts of the model are
not yet accurate. Atmospheric boundary layer conditions for example could be more important than simple
dilution [55].

Based on linear regression to the model, the Martian peak seems to consist of not one but two regimes.
The first two data points follow the shape of biological production, while the last three follow a different trend.
While low RSME (root mean square error) values show promise, these values can only be so low when one of
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six data points is sacrificed in the dilution fitting process, reducing statistical significance.
The ADM1 module falls short in modelling Martian conditions because of the lack of robustly imple-

mented temperature effects. The temperature should at least affect: chemical phase changes and microbial
activity [42]. The temperature in the module is assumed to be constant during a simulation, preventing the
Martian diurnal cycle to be taken into account. This cycle has been found of importance to accurately de-
scribe small-scale methane plumes on Mars by Mickol et al. [37]. Both of these temperature-related short-
comings prevent the implementation of freeze-thaw cycles and investigating their effect on the gas produc-
tion. Freeze-thaw cycles could fundamentally change the correlation by introducing inactive cold periods.

While the Monte Carlo analysis reduced and quantified uncertainty in P (C H4|l i f e), the lack of Martian
data cannot be left unremarked. Even though the statistical correlation was significant, this has only been
tested for a single event. Repeating this method on multiple methane peaks reduces the chance of falsely
inferring a correlation that only applies to a single event.

No explicit methylotrophic methanogens are implemented in the ADM1 model. Based on the Gibbs anal-
ysis in figure 4.1, this group seems likely to be active. Similarly, only a single type of sulphate reducer was
implemented, with sulphate phase equations based on Solon et al. [47]. The lack of SRBs limits detailed anal-
ysis of the separate species of gas producers and gas products. In part this sulphur problem is described in the
kinetic applicability of the model. Furthermore, the ADM1 software was made with the integrated formulas
by Rosen et al., preventing easy future expansion of capabilities [42]. The results from the distance calcu-
lation show another discrepancy. The found distance was around 5 kilometres, while a distance of around
500 kilometres would be more likely according to Giuranna et al. [21]. The dilution method for this distance
indication assumes an unobstructed gas flow from the subsurface to the atmosphere. The dilution method
oversimplifies the intricacies of subsurface transport, atmospheric transport and extinction processes, and
their effect on the detectable plume. Therefore, this distance should only be seen as an indication, not a
feasible localisation method. Secondarily, this distance indication is strongly affected by the initial liquid
and gas volumes of the model. These are unconstrained, contrary to the biomass constrained by Boxe et al.
[3] to 1015kg . This limitation is due to the nitrogen availability on Mars. However, the biomass cannot be
quantified by the ADM1 model based on the kinetic applicability. There is a strong relation between biomass
and distance and a strong correlation between model values and martian data. This correlation implies that
dilution is fundamental to the transport process between the source and the sensor.

Lastly, the geological context of a possible community could differ from the surface composition around
the Gale crater on which the P-MRA was based. Thus the presence of local (inhibiting) compounds and soil
moisture conditions are uncertain. Additionally the assumption of a batch situation is unknown. From both
a thermodynamic and a kinetic perspective the assumption of a batch reactor without substrate input, can
be deemed unlikely. Kinetically, in a batch system the microbes would be prone to extinction due to the
substrate being reduced to gas and lost to the microbial community. If extinction has been going on for
geological periods, the Martian observation of a current biological gas expulsion would be highly unlikely.
However, the possibility of a slow substrate influx on a longer timescale compared to growth could support
an ecosystem with long dormant periods.

5.4. Constructing a Bayesian framework
The Bayesian framework was used to infer P (l i f e|C H4) from the found correlation P(C H4|life). The two
questions that are answered with this statistical method are: firstly, what is the probability P (l i f e|C H4) and
secondly, "is the combination with H2S a valuable bio-signature combination". The answers to both ques-
tions can be found in chapter 6. Although it is possible to quantify P (l i f e|C H4), the outcome is not entirely
true to nature.

The Bayesian formula is wholly dependent on its inputs meaning that the effects between biological gas
production and detection, which affect the rover data but do not effect the modelled data, would change
the Bayesian results. Therefore, finding representative values for the correlation is very important to the
accuracy of the Bayesian results. Even with the kinetic model being improved to perfection, experimental
corroboration of the results would still be missing. Before this experimental proof of the kinetic model has
been gathered, and more data points from Mars have been compared, the Bayesian values will be no more
than initial estimates. Estimates that can easily be improved by future work using the Bayesian framework.
This easy improvement is due to the nature of the Bayes equation as a formula for changing beliefs in light of
new evidence.

In the Bayesian formula itself, a range was used for the chance of finding life on Mars. The same range was
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used for the chance of abiotic gas production. The range used causes some potentially important edge cases
to be overlooked. However, the largest part of the probability field lies within this range. The used range for
P (C H4|nol i f e) was broader than used by Walker et al. [53] while still retaining its characteristics as a good
bio-signature. The results are in line with the remarks of earlier work that methane is a viable bio-signature
[7].



6
Conclusion and recommendations

6.1. Conclusions
This study aims to find the chance that Earth-like life was responsible for the methane spike around sol 305
(14th of June 2013), and express this in a percentage. Consequently, this study also aimed to explore what
this form of life could be. These questions were investigated under the hypothesis, that life on Mars exists,
and is similar to life on Earth. In order to facilitate the novel kinetic comparison of the Martian observation
to known biotic methane production processes, the following investigative scheme was used. First the ther-
modynamic feasibility of catabolic reactions was explored. Secondly, the applicability of the kinetic model
using experiments as ground truth was investigated. Following the applicability, the correlation of the kinetic
model to Martian observations was found using an MC approach. Lastly, a Bayesian framework was con-
structed with the findings. This study provides a first quantification of biological probabilities compatible
with the Bayesian framework for methane observations on Mars, and by extension similar rocky planets. The
novel kinetic comparison effectively provided the Bayesian formula with data, resulting in the conclusions
below. The results also show that this type of kinetic analysis can be performed on few and time-varied data
points. The six used data points from the Martian observation were enough for this investigation, although
more data points would allow for a more robust investigation.

6.1.1. Thermodynamic feasibility of catabolic reactions
Based on the thermodynamic calculations, methanogens and sulphate reducers could produce energy on
current Mars. The thermodynamic analysis neglects phase changes of the water medium, but includes the
thermodynamic effects of the low temperatures observed on the surface. The effect of micro-gravity on the
substrate concentrations in the immediate surroundings of the microbes, differs per pathway. The trend is a
light to moderate increase in Gibbs free energy without a fundamental change in temperature dependence.
Reactions close to −20[K j /Mol ] can become unlikely because of this minimum energy quantum. Methano-
genesis and sulphate reduction are unaffected as their Gibbs free energies are very negative, and the effects
of microgravity do not bring these reactions to the −20[K j /Mol ] point. An important note here is that the
micro-gravity assessment cannot quantify the gravity potential it uses, and that the gravity potential on Mars
does not qualify as micro-gravity.

6.1.2. Applicability of the kinetic model using experiments as true positive
Based on the experiments on boom clay microbes in P-MRA and MAA conditions, biomass growth and sulfur
gas levels develop dissimilar to the kinetic model. Therefore these cannot be used to compare the kinetic
model to the Martian observations. The methane concentrations in the gas phase are within one standard
deviation between the ADM1 simulations, earth conditions and MRA/MAA simulated Martian conditions.
Therefore the methane product of the model can be compared to observations under Martian conditions.
Other factors that likely impact Martian methane production were not investigated. These factors are dis-
cussed in chapter 2.2.2.
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Table 6.1: Qualitative interpretation of the combined C H4 and H2S signals based on model findings. Observing any of the methane and
hydrogen sulphide gas combinations is assumed to be equally likely under an abiotic system, and this chance is ’medium’. Table 6.1
shows the qualitative probability of observing ’Ci ’, which in the case of dynamic comparison is a significant correlation, assuming life
exists or does not exist in the observed system.

Ci P (Ci |l i f e) P (Ci |nol i f e)
CH4 and H2S High Medium
CH4 and no H2S Low Medium
No CH4 and H2S Low Medium
No CH4 and no H2S Low Medium

6.1.3. Kinetic model correlation to Martian observations
The kinetic ADM1 model had a two-tailed correlation p-value of at least 0.01 in 78% of the cases, with an
average p-value of 0.094± 0.0012. This 0.78% is assumed to be the right input for the factor P (C H4|l i f e)
in the Bayesian framework. The dilution model gave stable distance results, but without an additional mass
balance this method is purely indicative. The method showed that simple magnitude scaling could couple the
observations to the model, independently from the Pearson correlation results. The results were produced
using a Monte Carlo analysis where the input parameters of the ADM1 model were assumed to have a 33%
standard deviation, from initial conditions, akin to Earthly wastewater. This deviation ensured that the input
parameters never became negative while being able to come close to 0. The envisioned Martian conditions
would only be a small subset of the used parameter space.

6.1.4. Constructing the Bayesian framework
The methane peak is a good biosignature based on Bayesian analysis. Being a good biosignature means that
within the Bayesian formula 2.1 the posterior chance P (l i f e|C H4) is larger than the prior probability P (l i f e),
for any assumption of P (C H4|nol i f e). Based on thermodynamic calculations, experiments, and the ADM1
model, H2S will be produced simultaneously if an anaerobic community is active on Mars. However, the
current findings do not support a direct comparison between H2S simulations from the ADM1 model and
data observed on Mars. Quantified H2S comparison between the model and observations would allow the
Bayesian framework for anaerobic life, to be expanded, incorporating C H4, H2S and their individual and

combined presence or absence. Positive detectability is defined as P (Ci |l i f e)
P (Ci |nol i f e) > 1. Qualitatively this has been

depicted in table 6.1. Positive detectability can be achieved with the combined methane hydrogen-sulfide
signature.

6.2. Recommendations
Both the Pearson’s correlation and dilution method neglects transport processes at this point. Assuming the
community grows in the subsurface, soil transport processes, ice influence, and atmospheric transport are
all effects that could influence gas detection. Analysing this can improve understanding of the effects these
processes have on biosignature observability. It could show that subsurface growth kinetics are decoupled
from the observations at the surface. This decoupling would disprove kinetic analysis as a method in this
case.

The lack of an abiotic model defining P (C H4|nol i f e) generates much uncertainty. Experiments and sim-
ulations into abiotic methane production can constrain P (C H4|nol i f e) to a narrower range than the arbitrar-
ily chosen range from 10% to 90% used in this study. Experiments combining the abiotic and biotic pathways
could provide a list of production mechanisms that can systematically be ruled out or confirmed, thus fur-
ther constraining P (C H4|nol i f e). These constraints allow the detectability of the potential biosignature to
be assessed. Walker et al. [53] describes a statistical method using a Bernoulli distribution to infer whether
further observations would increase or decrease confidence in biological presence based on this detectability
[53]. Implementing this method to existing data could dictate the value of further research.

Analysing more methane peaks could improve trust in the found correlation not being a coincidence.
Analysing the available Martian methane measurement database for more peaks can show if the correlation
is only to this peak, or fits more peaks. Additionally, the SAM instrument of the Curiosity rover can detect
sulphur gasses. Searching its data might show concurrent methane and sulphur peaks, providing data for the
combined C H4 and H2S peak analysis. This combined analysis can produce combined signals that improve
detectability as depicted in table: 6.1.



6.2. Recommendations 31

The bio-signature analysis can only indicate results. More certainty could be provided if the biological
model were expanded. Temperature and phase change simulations can reduce uncertainty. To a lesser extent
more chemical equilibria, organisms and micro-gravity effects do this too. Phase changes and temperature
effects are likely to severely impact the functioning of the microbes and thus impact the correlation. Missing
microbes like Methylotrophs that are a likely species from the Gibbs analysis, but are not represented in the
ADM1 module also increase uncertainty. Additional Chemolithotrophic reactions should also be modelled,
for example carboxydobacteria. These microbes dictate the gas production dynamics after hydrogen deple-
tion. Soil matrix equilibria were not modelled, although these equilibria could have negatively impacted sub-
strate availability and gas production via the formation of chemical complexes. Research into micro-gravity
effects on communal kinetics would be needed to understand the types of effects that can be expected as only
singular microbes have been researched instead of communities making it difficult to predict the expected
gas production dynamics. Expanding the ADM1 model, or a new framework on all the points mentioned
above, would improve the simulation data from indicative to predictive for more environments than just
Mars.

Experimental data could replace simulated data in the kinetic analysis. This replacement can be achieved
by measuring the gas composition over time in a simulated environment including temperature simulation.
The experiments in this study only measured the gas composition at the end of the experiment. This is suffi-
cient for model calibration, but not for direct correlation. An experiment with sufficient temporal resolution
could replace the kinetic model. This experiment should be longer than eight days, improving the chances of
finding delayed productivity. Ideally, it could keep gas pressure constant to simulate a connection to an at-
mosphere. Putting the resulting data into the correlation method would be no different from using the kinetic
model, only with improved data reliability.

At this point a Pearson correlation in the MC context is used. An MCMC method (Markov Chain Monte
Carlo) could provide a more accurate estimation of P (C H4|l i f e) and its dependence on the input variables.
Additionally, a clear idea of initial conditions can provide falsifiable environmental parameters that could be
investigated in situ.



A
Code links

All of the code written for this study is available on Github. As are the experimental results.
Thermodynamic code: https://github.com/DylanDVerburg/GFEC
ADM1 Monte Carlo code: https://github.com/DylanDVerburg/ADM1_MRA
Experimental results: https://github.com/DylanDVerburg/Experimental-results/
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B
Gibbs free energy code, exact values

Table B.1: Exact output for Hydrogenotrophic methanogenesis, figure: C.1a

For 4.0 * H2(g) + CO2(g) –> CH4(g) + 2.0 * H2O(l) :
Conc. red. [-] H2(g) CO2(g) CH4(g) H2O(l) Gibbs(T)
0.0 1.000e-07 9.510e-01 1.000e-07 1.000e+03 9.276e-01 * T + -2.530e+02
0.2 8.000e-08 9.510e-01 1.050e-07 1.000e+03 9.355e-01 * T + -2.530e+02
0.4 6.000e-08 9.510e-01 1.100e-07 1.000e+03 9.454e-01 * T + -2.530e+02
0.6 4.000e-08 9.510e-01 1.150e-07 1.000e+03 9.593e-01 * T + -2.530e+02
0.8 2.000e-08 9.510e-01 1.200e-07 1.000e+03 9.827e-01 * T + -2.530e+02

Table B.2: Exact output for Formate based methylotrophic methanogenesis, figure: C.1b

For 4*HCO2-(aq) + 4*H+(aq) –> CH4(g) + 3*CO2(g) + 2*H2O(l) :
Conc. red. [-] HCO2-(aq) H+(aq) CH4(g) CO2(g) H2O(l) Gibbs(T)
0.0 1.000e+00 1.000e+00 1.000e-07 9.510e-01 1.000e+03 -6.277e-01 * T + -1.870e+02
0.2 8.000e-01 8.000e-01 5.000e-02 1.101e+00 1.000e+03 -5.001e-01 * T + -1.870e+02
0.4 6.000e-01 6.000e-01 1.000e-01 1.251e+00 1.000e+03 -4.720e-01 * T + -1.870e+02
0.6 4.000e-01 4.000e-01 1.500e-01 1.401e+00 1.000e+03 -4.388e-01 * T + -1.870e+02
0.8 2.000e-01 2.000e-01 2.000e-01 1.551e+00 1.000e+03 -3.878e-01 * T + -1.870e+02

Table B.3: Exact output for Hydrogen based methylotrophic methanogenesis, figure: C.1c

For CH3OH(l) + H2(g) –> CH4(g) + H2O(l) :
Conc. red. [-] CH3OH(l) H2(g) CH4(g) H2O(l) Gibbs(T)
0.0 1.000e+00 1.000e-07 1.000e-07 1.000e+03 5.878e-02 * T + -1.220e+02
0.2 8.000e-01 1.000e-11 2.000e-01 1.000e+03 2.578e-01 * T + -1.220e+02
0.4 6.000e-01 1.000e-11 4.000e-01 1.000e+03 2.660e-01 * T + -1.220e+02
0.6 4.000e-01 1.000e-11 6.000e-01 1.001e+03 2.727e-01 * T + -1.220e+02
0.8 2.000e-01 1.000e-11 8.000e-01 1.001e+03 2.809e-01 * T + -1.220e+02
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Table B.4: Exact output for Methylotrophic methanogenesis, figure: C.2a

For 4*CH3OH(l) –> CO2(g) + 3*CH4(g) + 2*H2O(l) :
Conc. red. [-] CH3OH(l) CO2(g) CH4(g) H2O(l) Gibbs(T)
0.0 1.000e+00 9.510e-01 1.000e-07 1.000e+03 -6.925e-01 * T + -2.350e+02
0.2 8.000e-01 1.001e+00 1.500e-01 1.000e+03 -3.300e-01 * T + -2.350e+02
0.4 6.000e-01 1.051e+00 3.000e-01 1.000e+03 -3.027e-01 * T + -2.350e+02
0.6 4.000e-01 1.101e+00 4.500e-01 1.000e+03 -2.787e-01 * T + -2.350e+02
0.8 2.000e-01 1.151e+00 6.000e-01 1.000e+03 -2.481e-01 * T + -2.350e+02

Table B.5: Exact output for Aceticlastic methanogenesis, figure: C.2b

For CH3COOH(l) –> CO2(g) + CH4(g) :
Conc. red. [-] CH3COOH(l) CO2(g) CH4(g) Gibbs(T)
0.0 1.000e+00 9.510e-01 1.000e-07 -4.019e-01 * T + -1.913e+02
0.2 8.000e-01 1.151e+00 2.000e-01 -2.778e-01 * T + -1.913e+02
0.4 6.000e-01 1.351e+00 4.000e-01 -2.684e-01 * T + -1.913e+02
0.6 4.000e-01 1.551e+00 6.000e-01 -2.605e-01 * T + -1.913e+02
0.8 2.000e-01 1.751e+00 8.000e-01 -2.513e-01 * T + -1.913e+02

Table B.6: Exact output for Homoacetogenesis, figure: C.2c

For 4* CO2(g) + 8* H2(g) –>4* H2O(l) + 2* CH3COOH(l) :
Conc. red. [-] CO2(g) H2(g) H2O(l) CH3COOH(l) Gibbs(T)
0.0 9.510e-01 1.000e-07 1.000e+03 1.000e+00 2.659e+00 * T + -1.232e+02
0.2 7.608e-01 1.000e-11 1.000e+03 1.095e+00 3.281e+00 * T + -1.232e+02
0.4 5.706e-01 1.000e-11 1.000e+03 1.190e+00 3.292e+00 * T + -1.232e+02
0.6 3.804e-01 1.000e-11 1.001e+03 1.285e+00 3.306e+00 * T + -1.232e+02
0.8 1.902e-01 1.000e-11 1.001e+03 1.380e+00 3.331e+00 * T + -1.232e+02

Table B.7: Exact output for Formaldyhyde based sulphate reduction to sulphur gas, figure: C.2d

For SO4-2(aq) + 2 * CH2O(aq) –> H2S(g) + 2*HCO3-(aq) :
Conc. red. [-] SO4-2(aq) CH2O(aq) H2S(g) HCO3-(aq) Gibbs(T)
0.0 1.000e+00 1.000e+00 1.000e+00 1.000e+00 3.251e-01 * T + -7.256e+02
0.2 8.000e-01 6.000e-01 1.200e+00 1.400e+00 3.426e-01 * T + -7.256e+02
0.4 6.000e-01 2.000e-01 1.400e+00 1.800e+00 3.687e-01 * T + -7.256e+02
0.6 4.000e-01 1.000e-11 1.600e+00 2.200e+00 7.709e-01 * T + -7.256e+02
0.8 2.000e-01 1.000e-11 1.800e+00 2.600e+00 7.804e-01 * T + -7.256e+02

Table B.8: Exact output for Hydrogenotrophic sulfate reducers, figure: C.2e

For 5 * H2(g) + SO4-2(aq) –> H2S(g) + 4 * H2O(l) :
Conc. red. [-] H2(g) SO4-2(aq) H2S(g) H2O(l) Gibbs(T)
0.0 1.000e-07 1.000e+00 1.000e+00 1.000e+03 9.576e-01 * T + -2.547e+02
0.2 8.000e-08 1.000e+00 1.000e+00 1.000e+03 9.668e-01 * T + -2.547e+02
0.4 6.000e-08 1.000e+00 1.000e+00 1.000e+03 9.788e-01 * T + -2.547e+02
0.6 4.000e-08 1.000e+00 1.000e+00 1.000e+03 9.956e-01 * T + -2.547e+02
0.8 2.000e-08 1.000e+00 1.000e+00 1.000e+03 1.024e+00 * T + -2.547e+02



C
Gibbs free energy images

(a) (b)

(c)

Figure C.1: Gibbs free energy for various red-ox reactions related to anaerobic communities, with a focus on Methanogenesis. The legend
is consistent through all figures as is the temperature axis, which is based on Martian surface temperatures. Exact calculated numbers
can be found in Appendix B. The reaction depicted in written in the graphs title.
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(a) (b)

(c) (d)

(e) (f)

Figure C.2: Gibbs free energy for various red-ox reactions related to anaerobic communities, with a focus on Methanogenesis. The legend
is consistent through all figures as is the temperature axis, which is based on Martian surface temperatures. Exact calculated numbers
can be found in Appendix B. The reaction depicted in written in the graphs title.
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(a) (b)

(c) (d)

(e) (f)

Figure C.3: Various graphs showing the theoretical effects of micro gravity on the microbial reactions, compared to each other. C.3a up to
C.3e show this evolution. The legend in C.3f depicts the legend for all these graphs. As can be seen, a total restructure of the microbiome
is not to be expected.



D
H2S measuring protocol

Figure D.1: First page of the internal Veolia H2S measurement method. The method is used for measuring sulphur gas levels in the
kinetic applicability stage of this document.
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Figure D.2: Second page of the internal Veolia H2S measurement method. The method is used for measuring sulphur gas levels in the
kinetic applicability stage of this document.
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