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Abstract 
The discovery of Enceladus geologically active south pole by the Cassini spacecraft 2005 
shifted focus to this small icy moon of Saturn. Methane and other hydrocarbons were detected 
in the plume emerging from Enceladus south pole, extending thousands of kilometers into 
space. Scientists have discussed whether this methane might have biotic or abiotic sources. 
This thesis work aims to produce results for further understanding of Enceladus interior.  
 The work described here aims at simulating the methane production responsible for the 
methane in the plume. This will be done by experimental simulations of thermogenic methane 
production, Fischer-Tropsch synthesis and the growth of methanogenic organisms in 
simulated Enceladus conditions. The results of these experiments will then be compared to 
those gained by the Cassini spacecraft, and the conclusion of the comparison in favor of the 
abiotic thermogenic methane production being responsible for the methane in the plume and 
also other hydrocarbons detected. 
 This thesis work will also investigate the energy cost to send a spacecraft to take 
samples of Enceladus plume and bring these back to Earth. The mission time would be very 
long, 12.2 years, when the minimum velocity (ΔV) change of the spacecraft is used, so we 
will also calculate the ΔV cost when the mission time is halved. This cost was more than 
double of the lowest.  
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1 Introduction 

The discovery of present day geological activity on Saturn’s moon Enceladus was made by 
the Cassini spacecraft in 2005. Cassini found that from Enceladus south polar terrain (SPT) a 
few dozen jets emerge and combine into a giant plume, extending thousands of kilometers 
into space. Measurements made by Cassini on the plume show water vapor, simple organic 
compounds, nitrogen and/or carbon monoxide (Waite et al., 2006). It is possible that the water 
that forms the plume comes from an underground ocean on Enceladus heated by mechanisms 
not yet fully understood. There are theories that propose tidal flexing due to the forced 
eccentricity of Enceladus by Dione (Porco et al., 2006). The proposed idea of an underground 
ocean combined with the findings of methane in the plume makes for an interesting scenario 
for astrobiologists to find life, since this would fulfill one of three conditions regarding the 
existence of life as we know it: water, some sort of nourishment and energy. 
 There are many inorganic processes that have methane as a by-product. Thus this work 
will aim to simulate a few possible sources for the methane on Enceladus under  
Enceladus-like conditions and then compare the results with the ratio of methane to other 
hydrocarbons found in the plume. The three main theories proposed by McKay et al. (2008) to 
explain the methane production is methanogenic organisms, thermogenic methane production, 
and Fischer-Tropsch synthesis. The species used in the bacteria experiments are M. Wolfeii, 
M. Barkeri, M. Formicium and Methanococcus maripaludis. Extensive experimentation with 
these has been performed in Mars-like conditions (Kral et al., 1998, 2004) and under high 
ammonia conditions (McKay et al., 2008), so it would be theoretically possible for these to 
survive in an underground ocean on Enceladus, provided there actually exist an ocean, which 
at this point is uncertain. Recent salt findings from the plume, by Postberg et al. (2009), give 
an underground ocean theory more merit, since their findings need a large pole of water to be 
explained.  
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2 Enceladus 

2.1 Introduction 
Enceladus was discovered in 1790 by William Herschel. The moon has a radius of 252 km 
and a mass of Earth masses. It is Saturn’s sixth largest moon and it is the fourteenth 
moon if ordered by distance from Saturn. To complete a revolution around Saturn, Enceladus 
needs 32.9 hours. Enceladus rotation is synchronous with its orbital period, which keeps one 
face pointed downward Saturn at all times. 

5108.1 

 It orbits within the widest, densest and outermost ring of Saturn, which is called the E-
ring. It is a very wide but diffused disk, which consists of microscopic icy or dusty material. 
The E-ring stretches more than 300 km from its inside edge to its outside edge.  
 Very little was known about this moon until the Voyager I spacecraft passed by it in 
November 1980. Although that flyby was at a distance of 200,000 km, Voyager was able to 
confirm that Enceladus was embedded in the densest part of Saturn’s diffuse E-ring. At that 
time, the scientists of the Voyager mission suggested that the existence of particles in the E-
ring had a connection to Enceladus. Voyager II was able to capture much better images as it 
passed by Enceladus at a distance of 87,000 km in August 1981. From those images the 
youthful nature of Enceladus surface could be seen. Those images showed its surface with 
diverse regions with vastly different surface ages. The geologically youthful terrains surprised 
the scientists at that time, because there was not any theory that could predict that such a 
small celestial space subject could bear signs of such activity, at the time that they had not 
found any small moon with such an activity as Enceladus.  
 

 
Figure 2.1: Enceladus south polar terrain, also known as the tiger stripes and the spacecraft Cassini. 
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New and clearer pictures taken by the Cassini spacecraft after its flybys confirm the very 
active surface of Enceladus. Some of the features of Enceladus suggest that its vital surfaces 
are: the plume, the hot region of the south pole, the newly formed crystalline ice in some of its 
regions and the variety of crater density (Kargel et al., 2006). 
 

2.2 Plume  
After the initial discovery of a plume extending from Enceladus SPT (Porco et al., 2006), 
Cassini’s mission plan was slightly altered to include more flybys of Enceladus to make 
further study of the composition of the plume possible. These flybys show that Enceladus 
SPT, from which small particles of frozen water, ice are streaming outward into space, is still 
active.  
 Further studies suggest that tidal forces have twisted and buckled the surface ice of 
Enceladus SPT, producing long ridges and fractures. The jets coming from these fractures 
consist mostly of small particles of frozen water where only the smaller parts get enough 
speed to leave Enceladus gravity well. The larger parts rain down on Enceladus again. 
Scientists believe that the jets are geysers erupting from pressurized subsurface reservoirs of 
liquid water above 273 K.  
 Images that were taken in 2005 showed the plume steaming from the fractured SPT. 
Beneath the grid of the “tiger strips”, which are linear trenches stained with organic materials, 
there are heat sources that lie under the ground. Water vapors, ice and dust particles are lofted 
from these warm vents in a spectacular plume.  

 

 
       Figure 2.2: Thermal image of Enceladus plume. 
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Closer study of Enceladus plume shows that it is rich with gaseous carbon dioxide, methane, 
nitrogen and propane (Kargel et al., 2006). It is possible that the source of these plumes is a 
deep, gas-saturated ocean or a deep crustal pocket of water in equilibrium with  
CO2-dominated, CH4-N2–bearing clathrates residing on the seafloor above the rock core, as 
the water-dominated gas composition of Enceladus plume is consistent with low-pressure 
boiling of an erupted aqueous liquid that has become gas-saturated at depth with a mixture of 
clathrate-forming gases (Kargel et al., 2006). 
 From the core of Enceladus, radiogenic heat can be transmitted to the icy shell and 
causes the melting of 840 kg ice per second, which is enough to provide the plume. After 
streaming out from the plume, 70-90% of the water probably refreezes or falls back onto the 
surface.  
 The subsurface aquifers, which have been formed by tidal heating, might be rich in 
organics comprising a suitable prebiotic soup. Organic soup is thought to be a very 
fundamental element for the upcoming of life on Earth. That organic soup might have entered 
our planet from the outer space before the existence of life on Earth, as concentrations of 
amino acids have been discovered in two meteorites, and are more than ten times higher than 
the levels previously measured in other similar meteorites according to scientists at Carnegie 
Institute (Martins et al., 2008). This discovery has been clear evidence that the solar system is 
much richer in organic building blocks of life than what scientists thought before.  
 Another possible method that might be applied on Enceladus, as it is a method of the 
origin of life on Earth, is the chemosynthetic (McKay et al., 2008). On our planet the first 
deep-sea chemosynthetic was found 32 years ago at the Galapagos Rift (Corliss & Ballard 
1977). After two years of that discovery, cold seeps were found on the California margin at 
the San Clemente Fault Zone (Lonsdale 1979). According to this method life began when the 
fluids, which are chemically rich, were heated by the tidal dissipation emerged from below 
the sea bottom. This approach is motivated by the chemical and biological properties of deep 
sea vents on Earth’s ocean floor (Corliss et al., 1981; Shock 1990; McKay et al., 2008). 
Geothermal environments for the subsurface origin of chemotropic of life have been 
suggested by Wächtershäuser (1990). Those organisms, which are represented by various 
sulphur metabolizing organisms and methanogens, utilize chemical energy. 
 

2.3 Possibility of life on Enceladus  
As the evidence of an active surface and interior has been found on Enceladus, there are 
possibilities of existence of life on it. The basic elements of life, which are water, some 
hydrocarbons and nitrogen, have been found. 
 Discovering the plume of Enceladus and detecting organic compounds suggest strongly 
the high temperature reactions some time in Enceladus’ lifetime. Up to now there is not any 
certain convenient theory about the formation or the origin of life on our planet, which makes 
it more difficult to understand or speculate upon the formation of life on other planets. There 
have been scientists like Davis and Mckay who tried to categorize different theories of the 
origin of life on Earth and then applied them to Mars, and it is suggested that we can follow 
this same approach for Enceladus (McKay et al., 2008). 
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                    Figure 2.3: Theories for the origin of life, taken from McKay et al., (2008). 
 
There are different explanations for the presence of those elements that have been suggested 
by scientists. One of the explanations for the existence of CH4 and N2 is that the heat source 
results from the decomposition of ammonia into CH4 and N2 by the thermal decomposition of 
organics. Here the temperature of the source is suggested to be between 500 K and 800 K 
(Matson et al., 2007; McKay et al., 2008). Another explanation for these gases is “the 
formation of the plume by the decomposition of clathrates in which CH4 and N2 are present” 
(Kieffer et al., 2006; McKay et al., 2008), though considering this model contradicts the 
presence of H2O in the plume (Ingersoll et al., 2007; McKay et al., 2008). 
 

2.4 Methane as a biomarker 
Methane production could either be the result of biological or non-biological processes. 
Although there are some productions of methane from non-biological source on Earth, most 
of the produced methane is from biological processes by simple microbe that is called archea, 
anaerobic and methanogenic (Mumma et al., 2003). This has made astrobiologists seek the 
main reason for existing methane on Enceladus. As it is used on Earth, the methods to 
confirm the source of the produced CH4 are: 
 

 The analysis of the carbon isotope difference between methane and carbon sources 
  (McKay et al 2008). 
 The analysis of C isotopes pattern in non-methane hydrocarbons (Lollar et al., 2002, 
 2006). 
 The abundance of other non-methane hydrocarbons relative to methane (McKay et al., 
 2008). 
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A clear shift in the ratio of /  isotopes could be seen between methane and carbon 
dioxide when methane is produced from carbon dioxide through methanogens. If methane is 
produced as a result of non-biological process, where thermal decompositions of organic 
material take place, the production will be a power law distribution in concentration as a 
function of C number (McKay et al., 2008). Some researchers suggest that the production of 
reactions by microbial is a ratio of methane to heavier hydrocarbons which have the ranges of 
2000 to 13,000. The Fischer-Tropsch synthesis range is from 100 to 1000 and the ratios of the 
thermogenic process is less than 100 (McKay et al., 2008; Proskurowski et al., 2008).  

C12 C13
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3 Detailed plan of work 

3.1 The project 
The purpose of this thesis is to conduct experimental simulations of the methane production in 
simulated Enceladus conditions by methanogenic organisms, thermogenic methane 
production, and Fischer-Tropsch synthesis (F-T synthesis). First the methane and other 
hydrocarbons levels are measured in each experiment and then the ratios of methane to non-
methane hydrocarbons will be calculated. The data obtained from the experiments will then 
be compared to the Cassini spacecraft’s actual measurements of the plume and, if possible, we 
will try to come up with a theory to explain from where the methane in the plume originates. 
 

3.2 Method 
A brief explanation of the equipment and tools most essential to the project will be presented 
in the remainder of Chapter 3. The reader who is familiar with these concepts can 
immediately go to Chapter 4. 
 

3.2.1 Vacuum systems 
In our experiments, vacuum systems were used for a number of reasons, mainly because we 
wanted to simulate Enceladus conditions where almost no atmosphere is present, but also 
since the species sought for would be found in small quantities and most likely undetectable 
when mixed with huge quantities of air. The third reason was with regard to health issues, 
while the carbon hydrates sought for did not pose any problems for humans, other substances 
might do so, and in the F-T synthesis carbon monoxide is directly lethal to the human body.  
 To create a basic system, a vacuum pump, tubing, stopcock, joints and a vacuum gauge 
are needed. The vacuum pump is connected to the stopcock by a joint and then via a tubing to 
another joint and a vacuum gauge. The purpose of the stopcock is to isolate the system in use 
from the vacuum pump after the desired vacuum is achieved. After the stopcock the actual 
experiment section is built. To be able to analyse the result of the experiment, a septum is 
used, or a direct connection to a GCMS is also possible, the GCMS will be explained in 
Chapter 3.2.5.  
 

3.2.2 Thermogenic methane production 
The thermogenic methane production will be simulated by heating Titan tholin. Tholin, which 
has a reddish-brown color, is a heteropolymer molecule formed by solar ultraviolet irradiation 
of simple organic compounds, such as methane or ethane. It has been detected on some moons 
in our solar system, such as some of Saturn’s moons, and in the solar system of a star known 
as HR 4796A, which is eight million years old. 
 Both Titan tholin and Triton tholin are nitrogen-rich organic substances. They are 
produced by the irradiation of gaseous mixtures of nitrogen and methane. Titan’s atmosphere 
is 98.4% nitrogen and the remaining 1.6% is methane and trace amounts of other gases, while 
Triton’s atmosphere is 99.9% nitrogen and 0.1% methane.  
 Tholin does not exist naturally on Earth because the synthesis of tholin is blocked by the 
present oxidizing atmosphere of Earth. The only way to produce tholin on our planet is in the 
lab by subjecting mixtures of methane and nitrogen to simulated lightning discharges. Ratios 
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of 10% methane and 90% nitrogen have been used to successfully produce tholin (Khare et 
al., 1984).  

3.2.3 Fischer-Tropsch synthesis 
The Fischer-Tropsch synthesis was invented by F. Fischer and H. Tropsch in 1920 to use 
Germany’s abundance of coal to produce synthetic fuel. The process works by heating carbon 
monoxide and hydrogen with a catalyst (iron, nickel or cobalt are known as catalysts), which 
then produces methane and water. The catalyst is used to get the two compounds to mix at 
low temperatures. The temperature range for F-T syntheses is between 150 - 300 °C. The 
governing equation for the F-T synthesis is presented below: 
 

OnHHCnCOH)1(2n 222nn2   . (3.1) 
 
As can be seen from Eq 3.1 the F-T synthesis can produce a variety of hydrocarbons. There is 
a connection between increased temperature and higher hydrocarbon yield that needs to be 
taken into account. Both carbon monoxide and hydrogen are found in Enceladus plume and it 
is likely that iron or nickel is present inside the underwater ocean.  
 

3.2.4 Methanogenic organisms 
Methanogens belong to Archaea, which is a sub-domain of the three domains of life. They are 
different from both eukaryotes and bacteria, and they are a group of anaerobic micro-
organisms (they are a group of strict anaerobic Archaea). As a result of cellular metabolism 
they produce methane from hydrogen gas and carbon dioxide. The environments where 
methanogens live are marine and fresh-water sediments, intestinal tracts of animals, ocean 
vents, and hot springs.  
 To the astrobiological community who search for the origin of life and life on other 
planets, the most interesting property of Archaea is their ability to inhabit extreme 
environments. In our experiments, Methanogenium frigidum has been used since there is 
evidence that methanogens can grow at low temperatures. Methane evolution by a natural 
community of methanogens in permafrost has been studied. It showed that metabolic activity 
is possible in the permafrost organisms down to -20 °C (Rivkina et al., 2000, 2002). This 
metabolism depends on unfrozen water mixed with soils at -20 °C but still has 1-2% of liquid 
water. This amount of liquid water is enough for metabolic activity. 
 

3.2.5 GCMS introduction  

3.2.5.1 Gas chromatography 
Chromatography is a Greek word that contains two words: chroma that means “color”, and 
graphein that means “to write”. Chromatography is used for the separation of chemical 
mixtures into individual components. When isolated they could be evaluated individually. 
When the mixture is introduced into a mobile phase, the separation takes place. Gas 
Chromatography (GC) is a type of chromatography where the mobile phase is a carrier gas. 
The gas used is an inert gas such as helium or nitrogen.  
 Another component of chromatography is the stationary phase. It is usually a 
microscopic layer of polymer or liquid, which is on inert solid support inside a metal or glass 
tubing called “column”, which can be of various dimensions. By the mobile phase the mixture 
is carried through this stationary phase. 
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 The mixture of compounds in the mobile phase interacts at a different rate with the 
stationary phase. The compounds that interact fastest will exit from the column first, while 
those that interact slowest will exit last. Different mixtures of chemicals could be separated if 
the characteristics of the mobile phase and stationary phase are changed. 
 

3.2.5.2 Mass spectrometry  
Mass spectrometry or mass spectroscopy (MS) is an analytical tool used to identify the 
elemental composition of a sample and to measure the molecular mass of the sample. This is 
obtained by classifying gaseous ions in electrical and magnetic fields. In MS, chemical 
compounds are ionized in order to generate charged molecular fragments and the 
measurement of their mass to charge ratio. This is achieved by loading the sample onto the 
MS machine and ionizing its compounds by, for example, impacting them with an electron 
beam, which leads to the formation of charged particles. From the motion of the charged 
particles, while they transit through an electromagnetic field, the ratio of mass-to-charge is 
calculated. 
 Depending on the size and type of molecule, the accuracy of measurements for 
molecular masses varies. For example, for large samples like bio-molecules the accuracy is 
0.01% of the total molecular mass of the sample, while the accuracy for small organic 
molecules could be around 5 ppm. Masses and relative abundances of different isotopes can 
be measured by MS. Additionally, it can determine their relative abundances in various 
natural and enriched samples. 
 The MS is usually connected to a computer program that presents the data accumulated 
according to relative abundance on the y-axis and at which time the compound exited the MS 
on the x-axis. The result is a plot with one or more peaks depending on the mixture inserted 
into the GCMS. This plot does not tell what substance each peak represents, only at what time 
it exits. However, each peak can be analysed further to see what mass numbers it is made up 
of. Analysing a specific peak produces a new plot, this time relative abundance on the y-axis 
and mass number on the x-axis, with few or more vertical lines indicating mass number and 
relative abundance of these species. This information can be used to find the substance by 
using books with indexes over known compounds. These indexes usually use the five 
strongest peaks and list these in order from largest to smallest. They also use the relative 
abundance to show the ratio between the sub peaks and the highest peak. 
 

3.2.6 Cassini – Huygens spacecraft 
The Cassini/Huygens Mission is a planetary mission designed by the National Aeronautics 
and Space Administration (NASA) and the European Space Agency (ESA) as a joint project. 
This mission is to explore in detail the Saturn system. Over 250 scientists and engineers from 
17 countries have been working on the project (Encyclopedia of Astronomy and Astrophysics 
2001). The Cassini/Huygens mission was named in honor of the Italian-French astronomer 
Giovanni Domenico Cassini and the Dutch astronomer and mathematician Christiaan 
Huygens. The mission consists of two main elements, which are the NASA Cassini orbiter 
and the ESA Huygens probe. 
 The Cassini-Huygens spacecraft was launched in October 15, 1997 from the Cape 
Canaveral Air Force Station in Florida. The mission was a seven year and a three billion km 
interplanetary journey. It entered into orbit around Saturn on July 1, 2004 and the probe 
separated from the orbiter on December 5, 2004. Later on, on January 14, 2005 it entered the 
atmosphere of the Titan and landed successfully. The Cassini mission was originally 
scheduled to end in July 2008 but NASA extended the mission by two years to complete 
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another sixty additional orbits of Saturn and more flybys, including twenty six flybys of Titan, 
seven flybys of Enceladus and one flyby of Dione, Helene and Rhea each (Science Daily 
April 17, 2008). 
 The Cassini/Huygens Spacecraft is the largest and most complex interplanetary 
spacecraft ever built. Cassini is 6.8 m tall and 4 m wide. Including Huygens and fuel its 
launch mass was over six ton (Ray et al., 2009). The Cassini carries 12 instruments including 
the Ion Neutral Mass Spectrometer (INMS), which analyzed the plume composition of 
Enceladus (Waite et al., 2004). 
 Since Cassini’s discovery of Enceladus plume, the original mission plan was altered to 
include more Enceladus flybys. To date, Cassini has performed six flybys of Enceladus and 
the next is scheduled to November 2009. At 99 km altitude over the SPT this will be the 
closest flyby yet (NASA Cassini’s mission page). One of the greatest discoveries of Cassini is 
the icy plume of Enceladus that ejects different complex organic chemical compounds into the 
deep space towards the Saturn’s disk. 
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4 The experiments 
The GC used for this experiment had a 30 m 0.25 mm diameter capillary column containing a 
thin interior coating of a solid stationary phase (5% phenyl polymer, 95% dimethylsiloxane 
polymer). It was programmed to keep the sample at 40 °C for 5 min, then increase the 
temperature by 15 °C/min and then keep the temperature at 210 °C for 5 minutes to flush the 
column. The total run time is 21.33 min and with cooling to initial temp about 40 min total.  
 

4.1 Thermogenic methane production 
In these experiments, the ratio of methane to non-methane hydrocarbons by heating tholin is 
measured. The tholin used in the experiment has previously been created by Khare1 and is in 
the form of a small powder. The experiment will be performed under vacuum in order to 
simulate Enceladus conditions, but also in order to be able to get a higher concentration of the 
desired species sought for. 
 

4.1.1 Vacuum system setup 
The following schematic shows the complete system. The parts used were a heater, a 
thermometer, joints, septum to be able to take samples of the gases inside the system, vacuum 
gauge, stopcock and a vacuum pump. 

 
             Figure 4.1: Schematic of the tholin setup. 

                                                 
1Bishun Khare is a research scientist at NASA Ames Research Center and the SETI (Search for Extra 
Terrestrial Intelligence) Institute  
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4.1.2 Vacuum system troubleshooting 
After the setup was completed, the system was checked for leaks by pumping out all air and 
then closing the stopcock and measuring how fast the pressure inside the system started to 
rise. The theory was that a constant increase in pressure indicates a leak where an initially 
high increase in pressure, which later slows down, indicates that the pressure rise is due to 
degassing. The pressure was sampled every five minutes and a simple plot constructed. 
Initially the system had lots of leaks. Some of these were found out to be because of old  
o-rings in the junctions, which were easily fixed by inserting new ones, where the old ones 
were very bad, and by greasing the old ones that had no visible flaws. This was, however, not 
enough and the problem continued. Then the system was rebuilt into the smallest vacuum 
system possible, a vacuum pump, stopcock, junction and a vacuum gauge. When leaks still 
occurred in this small system, all parts were exchanged for new ones, one at a time, and it was 
found that the vacuum gauge was faulty. When it had been replaced we were left with an 
acceptable system. There was still a leakage problem but now the rising pressure was 
extremely slow and after consultation with our supervisor Khare, it was decided to move 
forward with the experiments, and that the system was good enough.  
 

 
Figure 4.2: Tholin setup after the necessary changes made. 
 
The parts shown in Figure 4.2 is from left to right, heater, glass tube where tholin sample will 
be inserted, thermometer, t-junction with septum, vacuum gauge and hairdryer (for faster 
cooling of the system). 
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4.1.3 Initial experiment 
The first experiment with a tholin sample was a very rough experiment for the purpose of 
familiarizing us with the lab equipment, but also giving a rough estimate of the temperatures 
needed for tholin to produce the desired methane. It was also intended to give information 
about possible design flaws in the vacuum system. 
 First, the vacuum system was pumped and a background sample was taken by inserting 
a syringe through the septum and analysing this in the GCMS. Next, the empty system was 
heated to 250 °C and a new background sample was taken. Then the system was cooled and a 
small tholin sample was inserted into the glass tube, and special cotton was inserted over the 
powder to make sure it would not get sucked out by the vacuum pump. The cotton used is 
designed for this type of use and it will not affect the sample in any way. However, it might 
take a bit longer to pump out all the air from the system due to the cotton.  
 First, the tholin sample was heated to 180 °C and a sample was taken and examined in 
the GCMS. This sample showed nothing except air, due to the fact that it is impossible to 
create a perfect vacuum, so the remaining atmosphere inside the system will be of the same 
composition as the room where the experiment is performed, and also due to small leaks and 
degassing. The sample was then heated to 220 °C and another sample was analysed. This 
sample also showed air and nothing else. However a few conclusions could be drawn from 
this experiment. A much higher temperature is needed, which leads to a few important 
changes that must be done with the vacuum system.  

 Change the thermometer to one that can measure higher temperatures than 250 °C. 
 Change the glass in the tubing where the tholin sample was heated, since the glass used 

can only withstand heat to about 300 °C.  
Another important but not shockingly new result was that hot glassware looks exactly the 
same as cold. After a few burned fingers the hairdryer was installed to rapidly cool the system 
in the future. 
 

4.1.4 Experiment 2 
After the necessary changes were made, the glassware changed to quartz that can withstand 
much higher temperatures, at least 800 °C, and a new thermometer installed, the new 
improved system was ready for a new experiment. 
 First, two background samples were taken, to be compared later with the results. The 
first one was taken at 24 °C with 23 mTorr pressure2. The second was taken after the tholin 
and cotton were inserted into the tube and after the system was again pumped down to 20 
mTorr and again 24 °C. The tholin sample in this experiment weighed 0.363g. The initial plan 
was to stepwise heat the tholin to 650 °C with 50 °C steps and to keep it at the new 
temperature for five minutes and then take a sample and analyze it. Initially, we had some 
difficulty with the heater since it was an analogue gauge used for temperature increase, but 
this gauge did not always give the same increase in temperature even if it was turned as far as 
the previous time. 
 

                                                 
2 1 Torr = 133.3 Pa 
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Figure 4.3: The tholin sample at 50 °C. The upper part shows the only peak found. The lower part shows the 
mass spectra for this peak, with the relative abundance vs. time (in minutes) for the upper part and relative 
abundance vs. mass number in the lower part. 
 
Figure 4.3 shows the analysis of the sample taken from the system after the tholin was heated 
to 50 °C and kept there for 5 min. At the top part of Figure 4.3 there are two main peaks, and 
the composition of the highest peak is shown at the bottom part. This shows that the highest 
peak consists mostly of nitrogen (mass number 28), oxygen (mass number 32) and also single 
nitrogen and oxygen atoms are shown in the plot (mass numbers 14 and 16). So this sample is 
made up of ordinary air. The fact that the nitrogen/oxygen ratio is slightly higher than normal 
air depends on the time it takes for these molecules to exit the column and enter the MS.  
 We have chosen not to print the results from 100, 150 and 200 °C since these look 
almost identical to the 50 °C sample. So the next sample will be 250 °C. 
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Figure 4.4: The tholin sample at 250 °C. The upper part shows a new peak, the lower part shows the mass 
spectrum for the new peak, with the relative abundance vs. time (in minutes) for the upper part and relative 
abundance vs. mass number in the lower part. 
 
Figure 4.4 shows the tholin sample after being heated to 250 °C for 5 min. Here, a second 
peak appears after 1.80 min. The peak is a bit unexpected since it is made up by carbon 
dioxide, a molecule that tholin cannot produce because tholin does not contain oxygen The 
carbon dioxide is more likely due to the glassware giving of carbon dioxide when heated, a 
phenomenon called degassing. Trace amounts of methane are found slightly to the right of the 
main air peak at 1.3 min. No other hydrocarbon peaks are found, so no ratios can be 
determined yet. 
 At this point, a flaw in our experimental setup was discovered. Between each rise in 
temperature the system was flushed by opening the stopcock and pumping out the gases 
inside the system. This led to unnecessary bleeding of the tholin sample and after a quick 
meeting with Khare it was decided to heat the sample to 650 °C and skip the other sample 
levels. The reason for this was that the gasses we wished to measure might have bled out by 
the repeated heating and pumping of the system. If the tholin sample still had methane in it, 
this might become visible with an increased concentration that would be acquired by heating 
directly to 650 °C. Then we let the sample stay at this temperature for 5 min and then take a 
sample.  
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Figure 4.5: The tholin sample at 650 °C. The upper part shows the peaks with numbers and the lower part is a 
magnification of the first 6 peaks, with the relative abundance vs. time (in minutes). 
 
This experiment gave lots of new interesting peaks which can be seen at the upper part of 
Figure 4.5. The bottom part of Figure 4.5 is a magnification of the top part from 0 – 3.5 min. 
It is in this area, we suspect, that we have the interesting carbohydrate peaks. The new peaks 
will now be classified and the first step to do this is to study each peak’s mass spectrum. 
  

 
Figure 4.6: Mass spectrum 1 of peak 3 in Figure 4.5. 
 

 
Figure 4.7: Mass spectrum 2 of peak 5 in Figure 4.5. 
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Figure 4.8: Mass spectrum of peak 6 in Figure 4.5. 
 

 
Figure 4.9: Mass spectrum of peak 7 in Figure 4.5. 
 

 
Figure 4.10: Mass spectrum of peak 8 in Figure 4.5. 
 
Figure 4.6 - 4.10 are all taken by expanding each peak in plot 3. Peaks 1, 2 and 4 are 
previously known from Figures 4.3 and 4.4. Figure 4.6 is most likely the desired methane 
peak. When compared to reference spectrum 1 from the Appendix, it is noticed that mass 
number 14 is missing, but it is still believed to be methane due to the exit time. In an attempt 
to get familiar with the GCMS we injected pure methane and it exited after 1.2 - 1.35 min. 
 The results of the classification of the peaks are presented in Table 1 below. Most likely 
due to the tholin bleeding we got lots of fragmented peaks, where some mass numbers did not 
show up, so some of these species are not more than guesses and subject to change when 
better mass spectra will be available in further experiments. Note that a question mark after 
the species name indicates uncertainty. 
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  Table 1: Summary of what species each peak from  
  Figure 4.5 represents and the mass numbers found  
  in each mass spectrum. 

Peak Species Mass numbers  
1 Air 28 32   
2 Nitrogen 28 14   
3 Methane 16 15 13 12 
4 Carbon dioxide 44    
5 Ethane? 28 26   
6 Propane? 28 26 29 30 
7 ? 27    
8 ? 40 38   

 
Peaks 1, 2 and 4 are not interesting for our research but peaks 3, 5 and 6 are most likely 
hydrocarbons and exactly what we hoped to find. Ethane and propane might not be the 
accurate species, but due to the exit time they are very likely to be some sort of hydrocarbons. 
There is no meaning in guessing what peaks 7 and 8 might be since there are too few mass 
numbers present and to many species fit the limited numbers available. Further experiments 
will most likely be able to answer this. Both the initial experiment and this one showed that 
tholin needs higher temperatures, so in the next experiments we will go directly for 650 °C 
and try to determine peaks 5-8 better.  

4.1.5 Experiment 3  
This experiment was performed three weeks after experiment 2 for several reasons. The main 
reason was that the quartz glassware, where the tholin sample was heated, broke during 
cleaning. Also, the helium that acts as a mobile phase in the GCMS ran out and the company, 
where the new bottle was ordered from, sent it to the wrong place. However, when the new 
helium was installed and a new glastube created, the new glassware turned out to be made of 
Pyrex and melted. This happened during the background check of the system, so no tholin 
were present.  

4.1.6 Experiment 4 
After the incident with the melting glassware in experiment 3, Khare created a new one in 
quartz. The purpose of this experiment is to further investigate the mysterious peaks 5-8 and 
hopefully give enough information to determine these. The sample will, after the background 
checks are performed, be immediately heated to 650 °C and after 5 min a sample will be 
analysed. Another sample will then be analysed after 40 min to check if the concentrations 
have risen and if the peaks might benefit from this. 
 A background check was performed at 30 °C with 22 mTorr pressure and another at 650 
°C with 1492 mTorrpressure. The first experiment began at 32 °C with 8 mTorr pressure and 
ended at 660 °C with 669 Torr pressure. The second experiment began at 660°C with 669 
Torr pressure and ended at 657 °C and 656 T. The amount of tholin was 332 mg.  
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Figure 4.11: The tholin sample at 650 °C. The lower part is magnification of 1 – 3.3 min, with the relative 
abundance vs. time (in minutes). 
 
Figure 4.11 shows the peaks found in the system after 5 minutes heating at 650°C. Further 
analysis of these peaks resulted in the following mass spectra. 
 

 
Figure 4.12: Mass spectrum of peak 3 in Figure 4.11. 
 
 

 
Figure 4.13: Mass spectrum of peak 5 in Figure 4.11. 
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Figure 4.14: Mass spectrum of peak 6 in Figure 4.11. 
 

 
Figure 4.15: Mass spectrum of peak 7 in Figure 4.11. 
 

 
Figure 4.16: Mass spectrum of peak 8 in Figure 4.11. 
 
Figures 4.12 -4.16 have more peaks and make for a more accurate determination of which 
species they are regarding. Mass spectrum 6 now has the previously missing line at mass 
number 14 which makes it a perfect methane match. In Table 2 below the new results are 
presented. 
 
   Table 2: Summary of what species each peak from  
   Figure 4.11 represents and the mass numbers found in  
   each mass spectrum. 

Peak Species Mass numbers   
1 Air 28 32    
2 Nitrogen 28 14    
3 Methane 16 15 14 13 12 
4 Carbon dioxide 44 28 16   
5 Ethylene 28 27 26 25  
6 Ethane 28 27 30 26 29 
7 Hydrogen Cyanide 27 26 28   
8 Acetonitrile 41 40 39 38 14 
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Experiment 4 gave good matches for the previously unknown species and shows that we were 
right in pointing out that peaks 5 and 6 were most likely a hydrocarbon, but we were wrong in 
which one. Mass spectra 6-10 have been confirmed with the Atlas of Mass Spectral Data 
(Stenhagen 1969) and reference spectra taken from the NIST chemical database3, which can 
be found in the Appendix. Noticeable is that the second largest peak after nitrogen is 
hydrogen cyanide and that the carbon dioxide peak is smaller than in experiment 2, most 
likely due to repeated heating and flushing of the vacuum system before initializing the 
experiment to reduce the degassing factor.  
 After keeping the system at 650 °C for another 40 min, another sample was taken. The 
shortest possible time was 40 min, after running a complete analysis in the GCMS, and then 
give the column time to cool.  
 

 
Figure 4.17: The tholin sample kept at 650 °C for 45 min. The lower part is a magnification of 1 - 3.3 min, with 
the relative abundance vs. time (in minutes). 
 
Figure 4.17 shows the analysis of the new sample. The only difference between this test and 
the first one is that the carbon dioxide peak is higher. No other peaks have appeared and no 
drastic changes in abundance levels seem to have taken place. Analysis of the new mass 
spectra shows no interesting deviations from the previous experiment, and so we conclude 
that Table 2 is still accurate.  
 

4.1.7 Experiment 5 
In this experiment the tholin sample was heated to 450 °C since this is the temperature used 
by Khare et al. (1984) in their experiment to analyse which compounds tholin breaks into 
when heated. In this experiment we are interested in finding out if this temperature level will 
affect the ratios between the carbon hydrates and if it will change the peaks in any way.  
 A background check was performed at 25 °C with 15 mTorr pressure and another at 450 
°C with 1310 mTorr pressure. The first experiment began at 32 °C with 17 mTorr pressure 
and ended at 450 °C with 514 Torr pressure. The amount of tholin used was 343 mg.  
 

                                                 
3 See Appendix for further information 
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Figure 4.18: The tholin sample kept at 450 °C for 5 min. The lower part is a magnification of 1 – 3.4 min, with 
the relative abundance vs. time (in minutes). 
 
Figure 4.18 shows smoother peaks and a slightly higher carbon dioxide peak than in 
experiment 4. No other major differences, compared to our previous experimental results, can 
be observed. 
 

 
Figure 4.19: Mass spectrum of peak 3 in Figure 4.18. 
 

 
Figure 4.20: Mass spectrum of peak 5 in Figure 4.18. 
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Figure 4.21: Mass spectrum of peak 6 in Figure 4.18. 
 
Figures 4.19 – 4.21 have improved slightly in the relative abundance between the peaks, but 
no major differences have taken place. The conclusion is that at 450 °C we get slightly 
smoother peaks compared with the 650 °C peaks, but no major differences can be seen. So, 
with this, we will conclude the thermogenic experimentation and calculate the hydrocarbon 
ratios. 
 

4.1.8 Ratios 
To calculate the ratio between the peaks, we have used three different methods and the results 
will be presented below in Table 3. Unfortunately, the program we used for the analysis of the 
mass spectra did not have any functions for calculating ratios between different peaks. So we 
had to use other methods. The graphical approach was to simply print the mass spectrum and 
then, with the help of a ruler, find the highest relative abundance for each peak and then 
compare these. The second was to analyse the mass spectrum and calculate the height of the 
dominant peak in the mass spectrum (methane 16 etc.) and compare these. The third approach 
was again, to calculate the dominant peak in the mass spectrum, but this time calculated as a 
mean value over the whole peak. 
 
Table 3: Methane/hydrocarbon ratio calculated from the tholin experiments. 

Graphical      
Experiment Methane Ethylene Ethane Methane/Ethylene Methane/Ethane

2  168000 69000  65000 2.43 2.58 
4 75000 14000 9000 5.36 8.33 

  4b 81000 13000  11000 6.23 7.36 
5 73000 43000  34000 1.70 2.15 

Highest peak      
Experiment Methane Ethylene Ethane Methane/Ethylene Methane/Ethane

2   861120     410432 363456 2.10 2.37 
4 40520 7494 5848 5.41 6.93 

  4b 47584 7514 6973 6.33 6.82 
5 37498   18544 16234 2.02 2.31 

Peak average      
Experiment Methane Ethylene Ethane Methane/Ethylene Methane/Ethane

2   576108     242659 255666 2.37 2.25 
4 29618 4925 4887 6.01 6.06 

  4b 24314 5083 4335 4.78 5.61 
5 22599  12312 10922 1.84 2.07 
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Table 3 gives the smallest ratio for methane/ethylene as 1.83 and the greatest as 6.3, where the 
corresponding ratio for methane/ethane is 2.07 as the smallest and 8.3 as the largest. The 
ratios are most likely a function of both the amount of tholin used and the temperature used in 
the experiment since the volume was constant. Also, experiment 5 produced the highest 
concentrations of ethylene and ethane, but these molecules break at higher temperatures. So, 
perhaps tholin just produces more methane as the temperature rises. Still, we have acquired a 
rough ratio range for methane produces from thermogenic heating that will be used for 
comparing with actual findings later on. 

4.2 Fischer-Tropsch synthesis 
In this experiment, we seek the ratio methane to non-methane hydrocarbons gained from F-T 
synthesis. This experiment requires the heating of carbon monoxide and hydrogen. Hydrogen 
is very flammable and in contact with oxygen it is likely to explode, and carbon monoxide is 
poisonous to the human body since it reacts with haemoglobin in the blood and produces 
carboxyhemoglobin, which is ineffective in delivering oxygen and, as such, will suffocate the 
person. So, due to using dangerous gases, this time the experiment was performed under a 
fume hood to protect both against leak and explosion.  
 

4.2.1 Vacuum system setup 
For this experiment we needed a new system setup under a fume hood. It is different from the 
thermogenic methane production experiment in that this setup would require a connection to a 
cylinder with the hydrogen/carbon monoxide gas mix. In addition, the part of the system to be 
heated needed to be bigger in order to let the gas mix interact with a larger surface area of the 
catalyst. Apart from these two new parts, the rest of the system was made up of similar parts 
as the thermogenic methane production experiment. 
 

 
                        Figure 4.22: Schematic of the F-T setup. 
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Figure 4.23: The F-T setup. 

4.2.2 Vacuum system trouble shooting 
There were some minor problems with leaks in the system and some new glasstubing had to 
be manufactured. O-rings can get very small scars if the edge of the glassware is too sharp. To 
avoid this, it is important to soften the edges after cutting a piece to the desired length. There 
were also some problems with the diffusion pump in that it did not produce the vacuum it was 
supposed to. These problems were solved by breaking down and cleaning the diffusion pump 
and after that changing the oil. After the maintenance and pouring some liquid nitrogen into 
the diffusion pump it worked fine and it was time to start the experiment. 
 

4.2.3 Experiments 
Before the first experiment could begin the catalyst was filled into the glass bowl and then the 
air was pumped from the system. To ensure that no air was trapped in the regulator attached 
to the cylinder with the gas mix, it was opened. After a low vacuum was reached (15 mTorr) 
the stopcock was closed and the regulator slowly opened to fill the system with the gas mix. 
Then the gas mix was again pumped out of the system and this process was repeated three 
times. This was to make sure that the atmosphere inside the system would be hydrogen/carbon 
monoxide only. After pumping the system for the last time, two background samples were 
taken and analysed, one under vacuum and one when the system was filled with the gas mix. 
This was to make certain no other gases were present and to recognize the initial peak later, 
and not confuse them with the actual results.  
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Then the system was slowly heated to 170 °C and a sample was taken and analysed. It showed 
no traces of methane. So we continued heating. In Table 4, the samples numbers, 
temperatures and time from start of the experiments and pressures are presented.  
 

Table 4: Overview of the temperature, pressure and time  
from start that each sample was subject to. 

Sample Temp (°C) Time (h) Pressure (Torr) 
1 170    0.67 907 
2 250    1.33  1182 
3 300 13  1187 
4 300    13.5  1192 
5 300 14  1194 
6 420 15  1201 
7 500 16  1218 

 

4.2.3.1 Sample 1 

 
Figure 4.24: The GCMS analyse of the sample kept at 170 °C for 40 min, with the relative abundance vs. time 
(in minutes). The lower part shows the first 2 minutes of the upper part. 
 
Sample 1 shows two major peaks. The upper part is over the whole time interval and the 
lower part is a magnification over the area of interest. Analysis of the mass spectra shows that 
the first peak is carbon monoxide and the second one is carbon dioxide. There should also be 
a hydrogen peak. This peak cannot be shown, however, due to the fact that the mobile phase 
in the GCMS is helium. In order not to get the helium interfering with all the plots, the GCMS 
is configured to not show any mass numbers below four.  
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Figure 4.25: Mass spectrum of peak 1 in Figure 4.24. 
 

 
Figure 4.26: Mass spectrum of peak 2 in Figure 4.24. 
 
Figures 4.25 and 4.26 show peaks 1 and 2 from Figure 4.24, and it is, without doubt, carbon 
monoxide and carbon dioxide. The carbon dioxide is most likely due to degassing.  
 

4.2.3.2 Sample 6 

 
Figure 4.27 The GCMS analyse of the sample kept at 420 °C for 15 hrs. Peak numbers are shown in the lower 
part, with the relative abundance vs. time (in minutes). 
 
During the analysis of sample 6, the first small methane peak was found. It is peak number 2 
at the lower part of Figure 4.27. Also two more small peaks (peak number 4 and 5) of 
suspected carbon hydrates can be seen after 2.20 and 2.90 min in the magnification.  
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Figure 4.28: Mass spectrum of peak 2 in Figure 4.27. 
 

 
Figure 4.29: Mass spectrum of peak 4 in Figure 4.27. 
 

 
Figure 4.30: Mass spectrum of peak 5 in Figure 4.27.  
 
Figures 4.28 – 4.30 are taken over the new peaks from sample 6. Figure 4.28 is definitely 
methane even if some mass numbers are missing. The time it exits is consistent with the other 
methane samples we have found in the previous experiments, and the fractured mass spectrum 
is a decent match against the reference spectrum of methane found in Appendix 1.  
 Figure 4.29 is likely ethylene due to the exit time, which was 2.28 min and that indicates 
ethylene when compared to previous experiments. It is, however, a much fractured peak, so it 
is hard to make a correct analysis. Figure 4.30 is likely to be ethane due to the exit time and 
the mass numbers available. However, further analysis is required and, for the time being we 
can only conclude that more mass numbers are required to make a decent match. Thus more 
samples are needed. 
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4.2.3.3 Sample 7 

 
Figure 4.31: The GCMS analyse of the sample kept at 500 °C for 16 hrs. Peak numbers are shown in the lower 
part, with the relative abundance vs. time (in minutes). 
 
Figure 4.31 shows a higher methane peak (number 2 in the lower part of Figure 4.31). Thus, 
the Fischer-Tropsch synthesis has been a success in producing methane. Comparing  
Figure 4.31 with Figure 4.27, it is obvious that the peak after 2.20 min is missing. It is a 
mystery, and we took two samples that both confirmed that the peak had disappeared. Figure 
4.32 and 4.33 will show the composition of the two remaining interesting peaks. 
 

 
Figure 4.32: Mass spectrum of peak 2 in Figure 4.31.  
 

 
Figure 4.33: Mass spectrum of peak 4 in Figure 4.31.  
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Figure 4.32 shows an improved methane peak. Figure 4.33 shows ethane with mass number 
27 missing. After this sample was taken, the oven caught fire and further experiments had to 
be abandoned. 
 

4.2.4 Ratios 
Below in Table 5, the calculated ratios between methane and the other hydrocarbons that the 
F-T synthesis experiment yielded are presented. 
 
         Table 5: Methane/hydrocarbon ratio calculated from the F-T experiment. 

Graphical           
Sample Methane Ethylene Ethane Methane/Ethylene Methane/Ethane 

6   20300  9000 6000 2.25  3.38  
7   40700  -   21500 - 1.89  

Highest peak           
Sample Methane Ethylene Ethane Methane/Ethylene Methane/Ethane 

6 5330 3551 3130 1.50 1.70 

7   16568 -   11582 - 1.43 

Peak average           

Sample Methane Ethylene Ethane Methane/Ethylene Methane/Ethane 

6 3814 3283 2896 1.16 1.32 

7   11660 - 9162 - 1.27 
 
According to the founders of the F-T synthesis (Fischer & Tropsch 1930), the process will 
yield higher hydrocarbons with a lower temperature, providing the correct catalyst is used. In 
our experiments, we used high temperatures, since we initially had problems producing any 
methane at all and, as such, it was declared a success to be able to produce methane. What is 
important to keep in mind is that the F-T process is able to yield a wide range of ratios 
depending on the temperatures used. Fischer and Tropsch give the following example in their 
patent application: 
 “When a mixture of carbon oxides and hydrogen containing gases is treated in the 
presence of a catalyzer consisting of a mixture of zincoxide and finely distributed iron at  
430 °C, then only methane is obtained as the sole hydrocarbon produced. But when the 
temperature is lowered to 380 °C the obtained hydrocarbons consist of 80% methane and of  
20% higher homologues.”  
(Fischer & Tropsch 1930).  
 This implicates that the peak that were missing in sample 7 might actually have been 
“killed” by the higher temperature. The resulting hydrocarbons gained from a presumed 
spontaneous F-T process should, using the governing equation, be easy to predict, and this 
will be discussed further in Chapter 5. 
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4.3 Methanogenic organisms 
The purpose of this experiment is to measure the headspace gasses in four different 
methanogenic organism samples and, if possible, determine the methane to other 
hydrocarbons ratio. The species used in this experiment are: Methanogenium (M.) Wolfeii, 
M. Barkeri, M. Formicium and Methanococcus maripaludis. These have been chosen by 
McKay and Kral for their ability to survive and thrive under harsh conditions. These species 
have previously been used by the astrobiological community for Mars simulations (Kral et al., 
1998, 2004). However, this time the goal is to grow them under simulated Enceladus 
conditions. This will be performed by Kral at the University of Arkansas. Each methanogenic 
strain was grown in a medium that supported growth (Kral et al., 2004) and in carbon dioxide 
saturated atmospheres with hydrogen. The hydrogen is required to let the palladium catalysts 
function properly, which is important due to the bacteria’s anaerobic nature, where oxygen 
would severely harm the methane production. The palladium catalyst lets existing hydrogen 
form water with the hydrogen. After growth, four vials, each containing a different strain, was 
sent to NASA Ames for the analysis of the head pressure. Before the vials left Arkansas, they 
would be pressurised with nitrogen to avoid air leaking into the container and nitrogen leaking 
out.  
 When the vials arrived at NASA Ames, they were immediately analysed by taking 
samples of the head space gas with a 1 ml syringe and then inserting each of the samples 
separately into the GCMS and then studying the resulting plots. Each bacterium will be 
presented below. 
 

 
Figure 4.34: The vials containing the bacteria. 
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4.3.1 M. Wolfeii 
 

 
Figure 4.35: The GCMS analyse of the headspace gas of the M. Wolfeii sample, with the relative abundance vs. 
time (in minutes). 
 
Figure 4.35 shows three major peaks at the times 1.16, 1.27 and 1.61 min, and two small 
almost unnoticeable at 4.8 and 9.5 min. Further analysis of each peak provides the following 
mass spectra.  
 

 
Figure 4.36: Mass spectrum of peak 1 from Figure 4.35. 
 

 
Figure 4.37: Mass spectrum of peak 2 from Figure 4.35. 
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Figure 4.38: Mass spectrum of peak 3 from Figure 4.35. 
 

 
Figure 4.39: Mass spectrum of peak 4 from Figure 4.35. 
 

 
Figure 4.40: Mass spectrum of peak 5 from Figure 4.35. 
 
Figures 4.36 - 4.40 are: nitrogen, methane, carbon dioxide, hydrogen sulphide and water. The 
nitrogen and carbon dioxide are added externally. The methane is produced by the bacteria. 
There is a very small peak of water, which is, most likely, a result of the palladium catalyst 
removing oxygen and turning it into water. The hydrogen sulphide is there to stimulate 
growth.  
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4.3.2 M. Barkeri  

 
Figure 4.41: The GCMS analyse of the headspace gas of the M. Barkeri sample, with the relative abundance vs. 
time (in minutes). 
 
Figure 4.41 shows the analysis of the M. Barkeri sample, and the analysis of each individual 
peak mass spectrum shows that they are identical to those of M. Wolfeii.  
 

4.3.3 M. Formicium 

 
Figure 4.42: The GCMS analyse of the headspace gas of the M. Formicium sample, with the relative abundance 
vs. time (in minutes). 
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4.3.4 Methanococcus Maripaludis 

 
Figure 4.42: The GCMS analyse of the headspace gas of the Methanococcus maripaludis sample, with the 
relative abundance vs. time (in minutes). 

4.3.5 Results 
In all the bacteria analysed, nitrogen, methane, carbon dioxide and water were found. 
Hydrogen sulphide was found in M. Wolfeii, M. Barkerii and M. Formicium. The only 
difference in the head space gases in the samples is the individual relative abundance of the 
peaks. Higher methane peaks could indicate that the bacteria in question are better adepted at 
surviving in the simulated Enceladus conditions. 
 No hydrocarbons higher than methane were detected in any of the samples. So ratios 
could not be determined. 
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5. Results and discussion 

5.1 Comparing experimental data to actual data 
This thesis work initially started as a proposal by McKay to explain the methane to non 
methane hydrocarbons in Enceladus plume. This proposal used results that Waite et al. had 
published in 2006 after analysing the mass spectra acquired by Cassini’s INMS, after passing 
through Enceladus plume. These data indicated that the ratio of methane to non methane 
hydrocarbons was about 20. This was slightly higher than the expected if the methane 
originated from only non-organic processes. 
 Further mass spectra produced by Cassini of Enceladus plume at different levels showed 
a lower level of methane than the results from 2006. Why the levels vary is very interesting, 
but this is beyond the scope of this thesis to speculate about. We will, instead, try to match our 
results from the experiments with the new data on Enceladus plume with the lower methane 
levels that were published in by Waite et al. (2009) These results can be found in Table 6. 
 
  Table 6: Species found in Enceladus plume by the Cassini’s INMS from the October  
  2008 flyby (Waite et al., 2009). 

 
 
Waite and his team noticed a decrease in ratios of mass 44 to mass 28 and mass 18 to mass 2 
with increased spacecraft velocity. They suggested that H2 and CO are produced by 
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dissociation of H2O and CO2 by impacting on the INMS walls with very high velocities. 
They further estimated that 40-80% of the mass number 28 was produced by dissociation. 
Since the mass signal 28 is vital for N2 and C2H4, these spectra will be difficult to determine 
accurately, and so the ratios in the table for C2H4, C2H6 and HCN are the highest values 

enic heating results and the F-T synthesis 
ould explain the ratios in the plume composition. 

 

from heating tholin to make a comparison with the plume 
omposition from Table 6. 

 

ound by the Cassini’s INMS 
 

possible.  
 From Table 6 the methane to ethylene and ethane can be calculated and gives the ratio 
methane/ethylene to 0.8 and methane/ethane to 5.4. This should, however, be viewed as the 
lowest ratio since the concentrations for ethylene and ethane could be lower than the listed 
amount. A comparison to our results from thermogenic heating and F-T synthesis gives a 
range for methane/ethylene from 1.83 to 6.3 for thermogenic, and 1.16 to 2.25 for F-T. For 
methane/ethane, the range is from 2.07 to 8.3 for thermogenic, and 1.27-3.38 for F-T. In order 
not to give an unfair judgment of the F-T synthesis, it must be noted that in the F-T synthesis, 
a wide range of ratios can be gained by using different catalysts and different temperatures. 
So, our experimental data are insufficient for a correct comparison. The thermogenic sample, 
on the other hand, could with greater certainty be said to be accurate due to fewer external 
factors influence the result when heating tholin. Since no higher hydrocarbons were found in 
the methanogenous organisms samples they will be excluded from the comparison. We will 
draw the conclusion that so far both the thermog
c

5.2 Further analysis of tholin and F-T synthesis 
As seen in Table 6 Cassini’s INMS found a large number of higher hydrocarbons. There 
might exist compounds more advanced than benzene but Cassini cannot detect compounds 
heavier than 100 daltons and/or the ratios might be too small to detect. Table 7 contains the 
possible products gained 
c

Table 7: Comparison between known tholin  
compounds and those f
presented in Table 6. 
Known tho mpounds lin co Plume compounds 

HCN HCN 
CH * 4 CH4 

 C2H2 

C2H4* C2H4 

C2 6* H C2H6 

 C3H4 

C3H6 C3H6 

C3 8 H C3H8 

 C4H2 

 C4H4 

C4H6 C4H6 

C4H8 C4H8 

C4 10 H C4H10 

 C5H6 

C5H12 C5H12 

C6H6 C6H6 
                                       Compounds with * are gained from the experiments. 
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The compounds in the left column is taken from Khare et al. (1984) (except for the ones 
followed by *). However, in their paper, they were not interested in the lower hydrocarbon 
molecules. They found over 100 species, most of which were heavier compounds. Still  
Table 7 shows an interesting match on most hydrocarbons, perhaps interesting enough to 
merit further investigation. 
 F-T should, by the basic governing equation only, be able to provide a few of the 
hydrocarbons like CH4, C2H6, C3H8 etc., but from the experiments it is known that C2H4 was 
produced. Thus there are likely other factors also governing this process. This thesis work has 
been unsuccessful in finding exactly what hydrocarbons could be expected from F-T 
synthesis, something that makes it more difficult to draw good conclusions. However, since 
the heating of tholin might explain most of the hydrocarbons in the plume, it would be 
interesting to see what this would implicate for Enceladus interior.  
 

 
Figure 5.1: A model for the heating inside Enceladus. 
 
A temperature range from 300 – 500 °C somewhere in the moon would be necessary to 
provide enough energy to heat the tholin and this would also provide energy for keeping an 
underground ocean hot enough not to freeze. This temperature range is also suggested by 
Matson et al. (2007) to explain some of the species found in the plume.  
 If this model could be verified, it would not be the end of the bacteria theory. It would 
be quite possible that they exist around hotspots near the ocean floor. If it turns out to be a 
very large ocean, then it should be hard to measure the possible addition of methane by 
colonies of bacteria at the bottom of the ocean. This is only one scenario, but we would like to 
stress that we do not have enough data to completely disprove any theory right now. 
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5.3 Discussion 
This thesis work has taken almost a year from start to finish. It is inevitable that at the end of 
the thesis work, you have more knowledge than you did at the beginning. Knowing what we 
do at the end we would have done a few things different that might have provided better 
results. The first thing that comes to mind is a new tholin experiment where stepwise heating 
from 200 °C to 650 °C would have been very interesting. Changing the method used by the 
GCMS might also have produced different peaks. The column used is designed for finding 
hydrocarbons, but perhaps a better method could be devised than the one used throughout the 
thesis work, which would have provided more detailed results. Using a function that could 
calculate the ratios between peaks from each peak’s area would have improved the results and 
would at least have seemed like a more scientific approach.  
 It would have been advisable to spend months researching the F-T process and how the 
ratios can vary with temperature. It was very hard to find relevant information about this 
process. Maybe this might be due to companies investing into building F-T power plants in 
different parts of the world but are reluctant to publish information regarding development of 
the process. More experiments and more publications in this section would have improved the 
results. 
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6. Sample return mission to Enceladus 

6.1 Introduction 
The Cassini spacecraft currently has an extension of its mission time until 2010. It has made 
many discoveries, including the plume of Enceladus. Every time Cassini passes Enceladus 
plume, it seems to provide better data. There is, however, a great difference between the 
analysis that Cassini is able to perform on the samples of the plume, and those of a fully 
equipped lab on Earth would be able to perform. Therefore, it might be interesting to look at a 
sample return mission to Enceladus. This part of the thesis work will not address the design of 
a spacecraft that could perform this mission. It will, instead, calculate the necessary change in 
velocity needed (ΔV) needed to get to Enceladus and back, using a Hohmann transfer orbit, 
and then calculating the ΔV needed to make the trip in half the time.  
 
Assumptions  
This thesis work will only consider two-body problems. This means that only the main two 
bodies will be considered at any given time in the following calculations. It will also assume 
that Earth and Saturn are on the same ecliptic plane and neglect the 2.49 degree inclination of 
Saturn’s orbit plane. Further, all perturbation effects will be neglected and no gravity assist 
will be used. The following initial data will be used throughout the thesis work. 
 

6.2 Part 1: Hohmann transfer orbit  

6.2.1 From Earth to Enceladus 
 
Initial data 
 
GM 

2-315
Saturn

2-314
Earth

-2320
Sun

sm 1037.931GM

sm103.986005GM

sm101.32712438GM







 

 
Distance 
Earth to Sun:  m 10149.60r 9

A 
Saturn to Sun:  m 101433.53r 9

B 
Saturn to Enceladus:  m 10238r 6

C 
 
Radius 
Earth:  km1.6378rEarth 
Saturn:  km268,60rSaturn 
Enceladus:  km249rEnceladus 
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Altitude over planet: 
altEarth = 400 km 
altSaturn = 500,000 km 
altEnceladus = 1000 km 
 
Task 
Find the lowest total ΔV to transfer a satellite from Earth to Enceladus and then back to Earth.  
 
Using the initial data, the radius at periapsis for Earth and Saturn will be calculated: 
 

13.6778/  EarthEarthEarthP altrr km    (6.1) 

560,268/  SaturnSaturnSaturnP altrr km.   (6.2) 

 
Next, the properties of the Hohmann transfer orbit are needed. V+ is the velocity needed to 
initiate the Hohmann transfer to Saturn with respect to the Sun 
 
The energy equation gives: 
 

tx

Sun

A

Sun

a

GM

r

GM

22

V
2




 .    (6.3) 

 
Solving Eq. 6.3 for V+ gives: 
 











txA
Sun ar

GMV
12

,    (6.4) 

 
where 2atx is the distance from Earth to Saturn and is calculated below: 
 

BAtx rra 2 .   (6.5) 

 
With initial data inserted Eq. 6.5 becomes: 
 

11
99

1091565.7
2

1053.1433106.149



txa  m. 

 
Eq. 6.4 with initial data and the result from Eq. 6.5 give: 
 

40.08
1091565.7

1

106.149

2
1032712438.1

119
20 












V km/s. 

 
To use the minimum ΔV possible, it is necessary to use the Earth’s velocity around the Sun to 
our advantage, and send the spacecraft in the same direction that the Earth revolves around 
the Sun. First, the Earth’s velocity will be calculated: 
 

A

Sun
Earth r

GM
V  .   (6.6) 
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With initial data inserted Eq. 6.6 becomes: 
 

78.29
106.149

1032712438.1
9

20





EarthV  km/s. 

 
The hyperbolic excess velocity is the difference between the velocity needed for the 
spacecraft to initiate the Hohmann transfer orbit and the velocity that Earth orbits around the 
sun with, and will be calculated below. 
 
Hyperbolic excess velocity: 
 

EarthSunEarth VVV  
 / .    (6.7) 

 
With results from Eqs. 6.4 and 6.6 inserted Eq. 6.7 becomes: 
 

3.1078.2908.40/ 
 SunEarthV km/s. 

 
The next step is to calculate the velocity change inside the Earth’s sphere of influence that 
will equal to the hyperbolic excess velocity just outside Earth’s sphere of influence. The 
satellite was initially in an orbit around Earth at 400 km, and this resulting velocity will be 
calculated next: 
 

Earthp

Earth
EarthiSat r

GM
V

/
/  .   (6.8) 

 
With initial data and the result from Eq. 6.1 inserted Eq. 6.8 becomes: 
 

67.7
1013.6778

10986005.3
3

14

/ 



EarthiSatV km/s. 

 
Now, the energy equation will be used to find the final velocity the spacecraft needs to have 
inside Earth’s sphere of influence to match it with the hyperbolic excess velocity just outside 
Earth’s sphere of influence: 
 

 
Earthp

EarthEarthfSatSunEarth

r

GMVV

/

2
/

2

/

22



 .   (6.9) 

 
Solving for VfSat/Earth gives: 
 

 
Earthp

Earth
SunEarthEarthfSat r

GM
VV

/

2

//

2
 

 .  (6.10) 
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With values from the initial data and Eqs. 6.1 and 6.7 inserted into Eq. 6.10: 
 

  14.96
1013.6778

10986005.32
10298.10

3

14
23

/ 



EarthfSatV  km/s. 

 
The first ΔV can now be solved. This will give the total velocity increase needed by the 
satellite to meet the desired velocity change , which will leave the satellite moving 

with 40.1 km/s towards Saturn: 


 SunEarthV /

 

EarthiSatEarthfSat VV //1V  .  (6.11) 

 
With results from Eqs. 6.8 and 6.10 inserted into Eq. 6.11 we obtain: 
 

29.767.714.96V1  km/s. 
 
The satellite will now move in its trajectory towards Saturn and no more calculation is needed 
until it has arrived at Saturn. 
 
At the end of the Hohmann transfer orbit, when the satellite arrives at Saturn, it will have the 
velocity V- with respect to the Sun. 
 
V- will be obtained by, again, solving Eq. 6.4 but this time modified for Saturn: 
 











txB ar
GMV

12
. (6.12) 

 
With initial data and the result from Eqs. 6.2 and 6.5 inserted Eq. 6.12 becomes: 
 

18.4
1091565.7

1

1053.1433

2
1032712438.1

119
20 












V  km/s. 

 
The next step is to calculate Saturn’s velocity with respect to the Sun: 
 

B

Sun
Saturn r

GM
V  .  (6.13) 

 
With initial data and the result from Eq. 6.2 inserted into Eq. 6.13 becomes: 
 

62.9
1053.1433

1032712438.1
9

20





SaturnV km/s. 
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So, the spacecraft will need to increase its speed with 9.62 - 4.18 = 5.44 km/s. This is the 
hyperbolic excess velocity with respect to Saturn at the end of the Hohmann transfer: 
 

44.5/ 
 SunSaturnV  km/s. (6.14) 

 
The next step is to calculate the satellites velocity when it has entered Saturn’s sphere of 
influence. The mission is to perform an Enceladus flyby. Thus, instead of first achieving a 
circular orbit around Saturn, we will go directly to an elliptic orbit with Enceladus in perigee. 
This approach will use less ΔV and consume less fuel. In this thesis work we will assume a 
perigee located 1000 km above Enceladus since this would be roughly a tenth of Cassini’s 
closest flyby. The desired altitude for the satellite above Saturn is about twice Enceladus 
distance to Saturn. So, the Enceladus flyby would occur at the perigee of the new orbit. The 
satellite’s velocity at apogee in the desired elliptic orbit will now be calculated. 
 
Again Eq. 6.4 will be used. This time it is modified for the desired elliptic orbit around 
Enceladus. We now calculate inside Saturn’s sphere of influence. Thus, new values need to be 
calculated for the semi major axis, and the spacecraft’s distance from Saturn at apogee and 
perigee: 
 











EtxEA
SaturnSaturniSat ar

GMV
//

/

12
. (6.15) 

 
Here  

6
/ 10268.560  SaturnSaturnEA altrr  m (6.16) 

 
6

/ 10*249.239 CEnceladusEnceladusEB raltrr  m (6.17) 

 
6

/// 10759.399  EBEAEtx rra  m (6.18) 

 
This gives that Eq. 6.17 with values from initial data and from Eqs. 6.16 and 6.18 becomes: 
 

37.6
10759.399

1

10268.560

2
10931.37

66
15

/ 











SaturniSatV km/s. 

 
The final step to insert the satellite into the desired elliptic orbit around Saturn is to calculate 
the velocity increase needed. To accomplish this Eq. 6.10 will be modified for Saturn: 
 

 
Saturnp

Saturn
SaturnSaturnfSat r

GM
VV

/

2

//

2
 

 . (6.19) 

 
With initial data and results from Eqs. 6.2 and 6.14, Eq. 6.19 becomes: 
 

85.12
10560268

10931.372
)1044.5(

3

15
23

/ 



SaturnfSatV  km/s. 
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Now the second ΔV can be calculated. This will give the total amount of velocity that needs 
to be added to meet the desired velocity change : 

 SunSaturnV /

 

SaturniSatSaturnfSat VVV //2  . (6.20) 

 
With results from Eqs. 6.15 and 6.19, Eq. 6.20 becomes: 
 

48.637.685.122 V  km/s. 
 
The final step is to calculate the total ΔV needed to reach Saturn and initiate the elliptic orbit: 
 

211 VVVT  . (6.21) 
 
With results from Eqs. 6.11 and 6.20, inserted Eq. 6.21 becomes: 
 

72.1348.629.71  TV km/s. 
 
The total time, p, from Earth to Saturn will be calculated below: 
 

Sun

tx

GM

a
p

324
2

1 



. (6.22) 

 
With initial data and results from Eq. 6.5 inserted, Eq. 6.22 becomes: 
 

1.610384
1032712438.1

)1091565.7(4
21 6

20

3112





 sp


years. 

 

6.2.2 From Enceladus back to Earth 
This part will calculate the ΔV used for the spacecraft to travel back to Earth. Most of the 
necessary data have already been calculated in the previous part. These parts will not be 
recalculated, just referred to. The spacecraft will break its orbit at the same point it entered. 
The velocity of the spacecraft around Saturn in this point was calculated by Eq. 6.18. 
 

37.6/ SaturniSatV  km/s. 

 
Next, we want the hyperbolic excess velocity for Saturn.  
 

SaturnSunSaturn VVV  
 / . (6.23) 

 
With results from Eqs. 6.12 and 6.13 inserted, Eq. 23 becomes: 
 

44.562.918.4/ 
 SunSaturnV km/s. 

 
The final speed that the satellite needs in order to match the hyperbolic excess velocity can be 
calculated by inserting the result from Eq. 6.23 into Eq. 6.19: 
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85.12
10560268

10931.372
)1044.5(

3

15
23

/ 



SaturnfSatV  km/s. 

 
Now the first ΔV for the return trip can be calculated: 
 

SaturniSatSaturnfSat VVV //3  .  (6.24) 

 
With the result from Eqs. 6.18 and 6.19 Eq. 6.24 becomes: 
 

48.637.685.123 V km/s. 

 
Re-entering Earth 
First, the velocity the spacecraft will have at the end of the Hohmann transfer orbit is needed. 
This is, however, the same velocity already calculated in Eq. 6.5: 
 

40.08V  km/s. 
 
The Earth’s velocity is already known from Eq. 6.6: 
 

78.29EarthV km/s. 

 
The next step will be to calculate the hyperbolic excess velocity with respect to Earth in the 
heliocentric system at the end of the Hohmann transfer orbit: 
 


  VVV EarthSunEarth /   (6.25) 

 
With values from Eqs. 6.5 and 6.6, Eq. 6.25 becomes: 
 

30.1008.4078.29/ 
 SunEarthV km/s. 

 
Finally, we will park the satellite in the same orbit it started from. This gives the satellite a 
final velocity calculated from Eq. 6.8: 
 

67.7/ EarthiSatV km/s. 

 
The final velocity of the spacecraft is also required, and can be calculated from Eq. 6.10: 
 

 
Earthp

Earth
SunEarthEarthfSat r

GM
VV

/

2

//

2
 

 . (6.26) 

 
With values from initial data and Eqs. 6.1 and 6.25 inserted, Eq. 6.10 becomes: 
 

  14.96
1013.6778

10986005.32
1033.10

3

14
23

/ 



EarthfSatV  km/s. 
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The final ΔV will be: 
 

EarthiSatEarthfSat VVV //4  . (6.27) 

 
With results from Eqs. 6.8 and 6.26 inserted, Eq. 6.27 becomes: 
 

29.767.796.144 V  km/s. 
 
The total ΔV for the return trip will be calculated next. 
 

432 VVVT  . (6.28) 

 
With results from Eqs. 6.24 and 6.26 inserted, Eq. 6.28 becomes: 
 

77.1329.748.62  TV  km/s. 
 
The total ΔV for the trip from Earth to Saturn and back is: 
 

21 TTFinal VVV  . (6.29) 

 
With values from Eqs. 6.21 and 6.28 inserted, Eq. 6.29 becomes: 
 

54.2777.1372.13  FinalV km/s. 

 
Thus, the total ΔV required to reach Enceladus and back to Earth is 27.54 km/s. The trip 
would take about 12.2 years. The orbit time for the elliptic orbit around Saturn would only 
take days. So, the total orbit time is only calculated for flying from Earth to Saturn and back.  
 

6.3 Part 2: Reduced mission time 

6.3.1 From Earth to Enceladus 
The calculated 12.2 years is a very long mission time. This part of the thesis work will try to 
find the ΔV cost if the mission time is halved. Again, the same initial data applies and will 
again be presented below. What has changed is that a new flight path must be designed to take 
the spacecraft to Enceladus.  
 
Initial data 
GM 

2-315
Saturn

2-314
Earth

-2320
Sun

sm 1037.931GM

sm103.986005GM

sm101.32712438GM
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Distance 
Earth to Sun:  m 10149.60r 9

A 
Saturn to Sun:  m 101433.53r 9

B 
Saturn to Enceladus:  m 10238r 6

C 
 
Radius 
Earth:  km1.6378rEarth 
Saturn:  km268,60rSaturn 
Enceladus:  km249rEnceladus 
 
Altitude over planet: 
altEarth = 400 km 
altSaturn = 500,000 km 
altEnceladus = 1000 km 
 

 
       Figure 6.1: Describes how to get to a new orbit without using a Hohmann transfer orbit. 
 
Figure 6.1 describes the new scenario where we aim to send the satellite in a new elliptic orbit 
around the Sun that will intercept Saturn, and at this point a change in velocity will have to be 
done to match the satellite with Saturn. The first task is to find this new semi-major axis. To 
do this, we need to introduce all the equations needed to calculate the added problems. This 
new setup gives rise to. 
 
Eccentricity of transfer ellipse: 
 

2

1
tx

A

a

r
e  . (6.30) 
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True anomaly at second burn: 
 






















 e

r

ea
v

B

tx 1
)1(

arccos
2

2 . (6.31) 

 
Flight-path angle at second burn: 
 













ve

ve

cos1

sin
arctan . (6.32) 

 
Final velocity change: 
 

cos22  VVVVV txBB . (6.33) 

 
Eccentric anomaly: 
 
















ve

ve
E

cos

sin1
arctan

2

. (6.34) 

 
Time-of-flight (E in radians): 
 

Sun

tx

GM

a
EeETOF

3
2))sin((  .  (6.35) 

 
To calculate  for our desired TOF (3.05 years) Eqs. 6.30, 6.31 and 6.34 will have to be 

inserted into Eq. 6.35 which, then, will be solved for . This was solved as a joint effort 

between Matlab and Excel, and will not be shown here. However, it resulted in the value of 
m for . It gives a TOF of 3.048 years, which we think is close enough. Then: 

2txa

txa

2txa

12107.1  2

 
12

2 107.1 txa  m. (6.36) 

 
The initial speed of the satellite around Earth, Earth’s and Saturn’s velocities around the Sun, 
and the satellite’s elliptic orbit around Saturn to reach Enceladus have not changed and will 
not be recalculated. When these values are needed, they will be presented with a note from 
which equations they come. 
 
The velocity to initialize the transfer orbit from Earth to Saturn will be calculated next: 
 











2
2

12

txA
Sun ar

GMV . (6.37) 

 
With initial data and the result from Eq. 6.36 inserted, Eq. 6.37 becomes: 
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18.41
107.1

1

106.149

2
1032712438.1

129
20

2 











V  km/s. 

 
The Earth’s speed around the Sun from Eq. 6.6: 
 

78.29EarthV km/s. 

 
The insertion of the new from Eq. 6.37 and V

2V earth from Eq. 6.6 gives the hyperbolic excess 
velocity to: 
 

4.1178.2918.4122/  
 EarthSunEarth VVV  km/s. (6.38) 

 
Next, we will calculate the velocity that the satellite needs inside Earth’s sphere of influence 
to match it with : 

2V
 

 
Earthp

Earth
SunEarthEarthfSat r

GM
VV

/

2

//

2
 

 .  (6.39) 

 
With values from initial data, Eqs. 6.1 and 6.38 inserted, Eq. 6.39 becomes: 
 

  73.51
1013.6778

10986005.32
104.11

3

14
23

/ 



EarthfSatV  km/s. 

 
To solve the first ΔV, we need to know the satellites initial speed around Earth. This was 
known from Eq. 6.8. 
 

67.7/ EarthiSatV  km/s. 

 
ΔV calculation: 
 

EarthiSatEarthfSat VV //5V  . (6.40) 

 
With values from Eqs. 6.8 and 6.39 inserted, Eq. 6.40 becomes: 
 

06.867.773.15V5   km/s. 

 
When the satellite arrives at Saturn, its velocity needs to be calculated when it exits the 
transfer orbit: 
 











2
2

12

txB
Sun ar

GMV . (6.41) 

 
With initial data and values from Eq. 6.5 inserted, Eq. 6.41 becomes: 
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35.10
107.1

1

1053.1433

2
1032712438.1

129
20

2 











V  km/s. 

 
To calculate the satellites hyperbolic excess velocity with respect to Saturn, we will use the 
value for Saturn’s velocity around the Sun calculated in Eq. 6.13: 
 

62.9SaturnV  km/s. 

 
The hyperbolic excess velocity with respect to Saturn will be calculated next: 
 


  22/ VVV SaturnSunSaturn . (6.42) 

 
With results from Eqs. 6.13 and 6.41 inserted, Eq. 6.42 becomes: 
 

73.035.1062.92/ 
 SunSaturnV km/s. 

 
The next step is to calculate the satellite’s velocity at the insertion point at Saturn. This has 
previously been calculated in Eq. 6.26 and the result is presented below: 
 

9.142/ SaturniSatV km/s. 

 
The velocity increase needed for the spacecraft to enter its desired elliptic orbit around Saturn 
is: 
 

 
Saturnp

Saturn
SunSaturnSaturnfSat r

GM
VV

/

2

2/2/

2
 

 . (6.43) 

 
With values from initial data and Eqs. 6.1 and 6.42 inserted, Eq. 6.43 becomes: 
 

  66.11
106.5

107931.32
1073.0

8

15
23

2/ 



SaturnfSatV  km/s. 

 
To calculate the total ΔV needed to get the satellite from its trajectory to the desired point 
inside Saturn, we have to solve Eqs. 6.30 - 6.33: 
 
We will start with Eq. 6.30 to calculate the eccentricity of the orbit the spacecraft has 
travelled. 
 
With initial data and result from Eq. 6.34 inserted, Eq. 6.30 becomes: 
 

912.0
107.1

10496.1
1

12

11





e . 

 
With initial data and result from Eqs. 6.30 and 6.34 inserted, Eq. 6.31 becomes: 
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642.2912.01
1043353.1

)912.01(107.1
arccos

12

212






















v . 

 
With results from Eqs. 6.30 and 6.31 inserted, Eq. 6.32 becomes: 
 

143.1
)642.2cos(912.01

)642.2sin(912.0
arctan 











 . 

 
With results from Eqs. 6.26, 6.31 and 6.41 inserted, Eq. 6.33 becomes: 
 

95.11)143.1cos(62.935.10266.1135.10 22  BV  km/s. 

 
The total ΔV to reach Saturn is calculated by Eq. 6.44 
 

653 VVVT  . (6.44) 

 
With results from Eqs. 6.33 and 6.40 inserted, Eq. 6.44 becomes: 
 

02.2095.1107.83  TV  km/s. 

 

6.3.2 From Enceladus back to Earth 
This part will calculate the ΔV used for the spacecraft to travel back to Earth. Most of the 
necessary data has already been calculated in the previous part. These parts will not be 
recalculated, just referred to. The spacecraft will break its orbit at the same point it entered. 
The velocity of the spacecraft around Saturn at this point was calculated by Eq. 6.18: 
 

37.6/ SaturniSatV  km/s. 

 
Next, we want the hyperbolic excess velocity for Saturn: 
 

SaturnSunSaturn VVV  
 22/ . (6.45) 

 
With results from Eqs. 6.13 and 6.41 inserted, Eq. 6.45 becomes: 
 

73.062.935.10/ 
 SunSaturnV  km/s. 
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The final speed the satellite needs in order to match the hyperbolic excess velocity can be 
calculated by inserting the result from Eq. 6.45 into Eq. 6.19: 
 

  66.11
106.5

107931.32
1073.0

8

15
23

2/ 



SaturnfSatV  km/s. 

 
Now the first ΔV for the return trip can be calculated: 
 

SaturniSatSaturnfSat VVV /2/7  .  (6.46) 

 
With the result from Eqs. 6.18 and 6.45 inserted, Eq. 6.46 becomes: 
 

29.537.685.127 V km/s. 

 
Re-entering Earth 
First, the velocity the spacecraft will have at the end of the Hohmann transfer orbit is needed. 
This is, however, the same velocity already calculated in Eq. 6.41: 
 

18.412 V  km/s. 
 
The Earth’s velocity is already known from Eq. 6.6: 
 

78.29EarthV  km/s. 

 
The next step will be to calculate the hyperbolic excess velocity with respect to Earth in the 
heliocentric system at the end of the Hohmann transfer orbit: 
 


  22/ VVV EarthSunEarth . (6.47) 

 
With values from Eqs. 6.6 and 6.41 inserted, Eq. 6.47 becomes: 
 

38.1118.418.292/ 
 SunEarthV  km/s. 

 
Finally, we will park the satellite in the same orbit it started from. This gives the satellite a 
final velocity calculated from Eq. 6.8: 
 

67.7/ EarthiSatV  km/s. 

 
The final velocity of the spacecraft is also required and can be calculated from Eq. 6.10: 
 

 
Earthp

Earth
SunEarthEarthfSat r

GM
VV

/

2

//

2
 

 . (6.48) 
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With values from initial data and Eqs. 6.1 and 6.25 inserted, Eq. 6.10 becomes: 
 

  15.73
1013.6778

10986005.32
1038.11

3

14
23 




  km/s. 

 
To solve the last ΔV, a modified version of Eq. 6.33 needs to be solved: 
 

  cos2 2/22/
22

28  
EarthfSatEarthfSat VVVVV .  (6.49) 

 
With results from Eqs. 6.30 - 6.32 and 6.48 inserted, Eq. 6.49 becomes: 
 

  44.37)14.1cos(73.1518.41273.1518.41 22
8 V  km/s. 

 
The total ΔV for the return trip will be calculated next: 
 

874 VVVT  . (6.50) 

 
With results from Eqs. 6.46 and 6.49 inserted, Eq. 6.50 becomes: 
 

73.4244.3729.54  TV  km/s. 
 
The total ΔV for the trip from Earth to Saturn and back is: 
 

432 TTFinal VVV  . (6.51) 

 
With values from Eqs. 6.44 and 6.50, Eq. 6.51 becomes: 
 

75.6273.4202.202  FinalV  km/s. 

 
Thus, the total ΔV required to reach Enceladus and back to Earth is 62.75 km/s. The trip 
would take about 6.1 years.  
 

6.4 Results and discussion 
We found the ΔV to reach Enceladus, using the Hohmann transfer orbit to be 27.54 km/s, and 
that the time to perform this trip would take 12.2 years. It would be possible to perform many 
flybys of Enceladus at varying speeds. This thesis work only includes one flyby because the 
main ΔV cost is acquired when the spacecraft’s velocity is matched with that it needs at the 
elliptic orbit around Saturn. 
 The second part focused on calculating the ΔV when the mission time was halved. This 
required a new semi-major axis that was calculated and gave a ΔV of 20.02 km/s on the trip to 
Enceladus. So the ΔV on the trip back to Earth became almost double. This seems high, and 
we cannot really explain that result. 
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Appendix 
The following spectra are collected from the NIST chemistry webbook. 
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