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Gas hydrates are naturally occurring crystalline formations 
consisting of crystal structural “cages” which make up cavities 
where gas molecules can be trapped. Hydrates are formed under 
specific pressure and temperature conditions in the ground, 
which limits their presence to permafrost and deep sea continen-
tal margins. The interest for gas hydrates has grown bigger in 
the past time, mainly because of the potential as a new energy 
source but also because of the possibility of carbon dioxide 
(CO2) storage and its potential linkage to different geological 
hazards. Gas hydrates are still relatively poorly understood with 
many questions to be answered. Therefore research in this area 
is important. In our study we have been focusing on characteri-
zation of gas hydrate structures and their gas composition. By 
using the two different analytical methods X-ray powder 
diffraction (XRD) and gas chromatography. For this study to be 
successfully carried out we needed access to equipment and 
expertise which is only to be found in few places on Earth. Our 
lab work was therefore done at Pontifica Universidade Catolica 
do Rio Grande do Sul in Porto Alegre Brazil where a research 
project in gas hydrates is on going. Because of the research 
projects secrecy we do not know where our gas hydrate samples 
come from which mean we cannot link our results to any 
geographic area. The structural analysis shows structure I 
hydrate which is characterized by the presence of small gas 
molecules such as hydrocarbons. The results from the gas 
content validated that it is structure I since large concentrations 
of methane gas (CH4) and sulphur gas (H2S) were detected. The 
presence of these gases implies that the formation conditions are 
in a marine environment at the sulphate-methane transition zone 
(SMTZ).
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Sammanfattning 
Gashydrater är naturligt förekommande kristallina formationer bestående av kristall 
strukturella “burar” vilket bildar hålrum där gas molekyler kan bindas. Dessa hydrater 
bildas under specifika tryck- och temperatur förhållanden i marken vilket begränsar 
förekomsten av dessa till permafrostregioner samt under de djupa havsbottnarna vid 
kontinentala plattgränser. Intresset för gashydrater har ökat på senare tid, främst för dess 
potential som en ny energikälla men även för möjligheten av koldioxid (CO2) lagring och 
dess inblandning i olika miljökatastrofer. Hydrater är fortfarande ett väldigt okänt område 
med många frågetecken som måste besvaras och därför är fortsatt forskning väldigt 
viktigt. I vår studie har vi fokuserat på karakterisering av gashydraters strukturer samt 
deras gaskomposition. Detta gjordes genom användning av två olika analysmetoder, 
Röntgen diffraktion (XRD) och gas kromatografi. För att utföra denna studie behövdes 
tillgång till utrustning och expertis som bara finns på ett fåtal ställen i världen. Vårt 
labbarbete utfördes därför på Pontifica Universidade Catolica do Rio Grande do Sul i Porto 
Alegre, Brasilien där dem startat ett forskningsprojekt med inriktning på gas hydrater. På 
grund av forskningsprojektets sekretess vet vi inte gashydraternas ursprung vilket gör att 
studien inte kan länkas till ett geografiskt område. Struktur analysen visar förekomst av 
struktur I vilket karakteriseras av förekomst av mindre gasmolekyler så som kolväten. 
Resultaten av gas innehållet bekräftar att det är struktur I då stor koncentration av 
metangas (CH4) och svavelgas (H2S) detekterades. Förekomsten av dessa två gaser tyder 
på marina formationsförhållanden i områden där sulfat joner reducerar metangasen så 
kallad sulfat-metan transitionszonen (SMTZ).  
 
 
 
Abstract 
Gas hydrates are naturally occurring crystalline formations consisting of crystal structural 
“cages” which make up cavities where gas molecules can be trapped. Hydrates are 
formed under specific pressure and temperature conditions in the ground, which limits their 
presence to permafrost and deep sea continental margins. The interest for gas hydrates 
has grown bigger in the past time, mainly because of the potential as a new energy source 
but also because of the possibility of carbon dioxide (CO2) storage and its potential linkage 
to different geological hazards. Gas hydrates are still relatively poorly understood with 
many questions to be answered. Therefore research in this area is important. In our study 
we have been focusing on characterization of gas hydrate structures and their gas 
composition. By using the two different analytical methods X-ray powder diffraction (XRD) 
and gas chromatography. For this study to be successfully carried out we needed access 
to equipment and expertise which is only to be found in few places on Earth. Our lab work 
was therefore done at Pontifica Universidade Catolica do Rio Grande do Sul in Porto 
Alegre Brazil where a research project in gas hydrates is on going. Because of the 
research projects secrecy we do not know where our gas hydrate samples come from 
which mean we cannot link our results to any geographic area. The structural analysis 
shows structure I hydrate which is characterized by the presence of small gas molecules 
such as hydrocarbons. The results from the gas content validated that it is structure I since 
large concentrations of methane gas (CH4) and sulphur gas (H2S) were detected. The 
presence of these gases implies that the formation conditions are in a marine environment 
at the sulphate-methane transition zone (SMTZ).
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1.Introduction 
Gas hydrates are naturally occurring solid crystalline material that consists of water and 
gas. The water molecules form a cage-like structure with small cavities that can trap gas 
(Rice, 2006). Hydrates are often referred to as clathrates. Clathrates are inclusion 
compounds meaning that it consists of cavities where molecules such as gas get trapped 
(Max et al., 2000). Gas hydrates are formed under high pressure (typically > 50 bar) and 
low temperature (few degrees °C) conditions (Hester and Brewer, 2009).  
 Gas hydrates are nonstoichiometric compounds meaning that not all of the 
cavities in the structure have to be or are occupied. If the structure is fully saturated and all 
of the cages are occupied by gas molecules gas hydrates can have a concentration of 
164m3 gas per m3 hydrate. These very high concentrations of gas in hydrates are present 
because of the high pressures at which they are formed leading to compaction of the gas 
molecules. This large yield of gas per m3 that is to be found in gas hydrates is one of the 
reasons why gas hydrates have become so interesting as a new future energy resource. 
At these large concentrations of gas one can simply just recover a piece of gas hydrate 
and lid it on fire to create a burning flame. The most occurring type of gas that has been 
found in hydrate sediments is methane (Kvenvolden, 1988). These hydrates are called 
methane hydrates when the concentration of methane in the structure is over 99%. 
Methane hydrates can solely consist of just pure methane or have associating types of gas 
that are found in the structure along with the methane. These associating gases that are 
found with methane are always other hydrocarbons (ethane, propane) that have similar 
molecular size, which enables them to fit into cavities that methane does (Thakur and 
Rajput, 2011). Hydrates can contain other gases then hydrocarbons such as noble gases 
(Krypton and Argon) (Englezos, 1993). Extraction of methane in hydrates is most 
interesting due to the large carbon content that is present in methane.  
 Methane is a gas that already is used as fuel in many countries including 
Sweden because of its environmental friendly properties when burned. In Sweden 
methane is produced in chambers by heating anthropogenic waste as trash and other 
types of waste to produce Biogas consisting of methane gas, used as fuel for city busses 
and other applications. Methane is up to 20 times cleaner than the regular fossil fuels like 
coal and petroleum when burned. The emission of carbon dioxide as a by-product when 
burning methane is nearly 30 times less than that of petroleum and 60 times less than that 
of coal (Demirbas, 2000) and therefore methane hydrates are a very good option to the 
conventional fossil fuels. Usage of methane hydrates is also a much greener choice when 
looking at the extraction process of methane hydrates versus the conventional fossil fuels.  
 Extraction of oil and coal is often a dirty and non-environmental business where 
large amounts of anthropogenic carbon dioxide is being emitted to the atmosphere both 
during the extraction processes and during the burning of these fuels (Bawden, 2013). 
Extraction of natural gas has also become a popular resource of fuel especially in the USA 
where large parts of the country is exploited for this resource. Unfortunately the method 
that is used for recovering the gas (hydraulic fracturing) is not good and has been known 
to poison the drinking water supply of many inhabitants and kill the vegetation in the areas 
where recovery is conducted (Engdahl, 2012). There are currently many clean and 
environmental energy alternatives to those of fossil fuels like wind and water plants, solar 
panels and hydrothermal heat but these alternatives do not produce enough energy to 
support the energy need for Earth today. Thus the need for a new and greener alternative 
is big and methane hydrates seems so be a good candidate for this. Extraction of gas 
hydrates is still at the developing stage. To date no country has been able to successfully 
extract methane from hydrates for a longer period to establish a permanent methane 
production but recently there was a breakthrough in the Nankai through, Japan, where 
they have managed to safely extract gas from hydrates (Tabuchi, 2013). Different 
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techniques of hydrate extraction are currently being studied but one of the techniques that 
there have been a lot of focus on is replacement of methane with carbon dioxide in the 
hydrates (Ota et al, 2004). This method aims to extract methane by replacing it with 
anthropogenic carbon dioxide. This method would recover the wanted energy source while 
at the same time store unwanted carbon dioxide deep down in the hydrates. For this to be 
possible in the future large efforts has to be put on studying the different structures and the 
stability conditions for hydrates to see if carbon dioxide can fit and replace the role of 
methane in the hydrate while still stabilizing the structure and not lead to massive collapse 
of seabed’s and dissociation of gas out into the atmosphere.  
 Studying and characterizing the structures of hydrates is also very important for 
estimations of the gas concentration since the different structures have different amounts 
of gas trapped in the structure. When calculating the amount of gas in a reservoir and 
doing a budget for large-scale extraction, small differences in the gas concentration can 
result in huge economic differences (Thakur and Rajput, 2011). The first one to discover 
gas hydrates was Sir Humpry Davy in 1810 while conducting a laboratory experiment. He 
was cooling a liquid chlorine solution below 9 °C when he noticed that a solid was formed 
(Kvenvolden, 1988).  A discovery that probably was made even earlier by, Sir Joseph 
Priestly in 1790, while freezing different gases in contact with water (Kvenvolden, 1988). 
For the next century ahead the focus was mainly the characterization of the composition of 
hydrates (Englezos, 1993).  
 The understanding of gas hydrates has become a very important subject of the 
20th century. The interest has grown enormously for these ice-like structures due to five 
main factors: (1) gas hydrates are thought to be related to various geological hazards like 
destabilization of marine seabed’s, (2) plugging of oil pipes, (3) past and future climate 
change related to dissociation of hydrates and leakage of methane to the atmosphere, (4) 
huge potential as a future energy source and (5) possibility of storing carbon dioxide in 
hydrates. The dissociation of gas hydrates can be linked to many environmental hazards 
both in present time and in the past. For instance the massive oil leakage in the Gulf of 
Mexico 2010 is thought by many to be due to an explosion caused by gas hydrates 
expanding in the oil pipes (Sassoon, 2010). Other hazards includes the Storegga slide in 
the North Sea which is the largest marine landslide ever known. It is thought to have 
happened 8200 years ago and to be caused by the destabilization of large amounts of gas 
hydrates below the seabed (Bryn et al., 2005).  
 Understanding gas hydrates is also extremely important for preventing future 
global warming by destabilized methane reservoirs leaking into the atmosphere. It is 
thought that the atmosphere contains approximately 1.7ppm of methane and is expected 
to double in the next 40-50 years (Kenvolden, 1988). Methane is a 20 times more potent 
greenhouse gas then carbon dioxide (Dlugokencky, 2003). In the last 20 years there have 
been many drilling programs around the globe in search of gas hydrates. To date over 90 
sites have been identified to contain natural gas hydrates (Kvenvolden, 1988). The amount 
of global gas hydrates have been debated widely but the most accurate number is thought 
to be 21 * 1015 m3 (10,000Gt of carbon) (Kvenvolden, 1988). If this number is correct then 
the amount of carbon in gas hydrates consists of the biggest reservoir of carbon on the 
globe and two times lager than that of conventional fossil fuels such as petroleum and 
coal. This would mean that it could have the potential to meet global energy needs for the 
next 1,000 years. Countries like USA, Japan, India, China, Korea, Brazil and Germany are 
few of the countries that are currently investing large resources in the quest of extracting 
gas hydrates. Maybe in the future gas hydrates will become the obvious choice of energy 
instead of the current petroleum and gas energy.  
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1.2 Purpose 
For our study we will be focusing on; (1) Structural characterization of natural gas hydrates 
using X-ray powder diffraction (XRD) and (2) Analysing the gas composition of gas 
hydrates using gas chromatography. Our primary aim is to learn and to see if the 
methodology that was developed is working and will generate good test results. We will 
use data provided from a structural analysis from a synthesised methane hydrate to see if 
the same data can be applied to a natural hydrate. The methodology for XRD sample 
preparation has yet no standards and therefore it is important to see if our methodology of 
the sample preparation will generate good results. Finally we will during our tests see if 
natural hydrates can be stored in liquid nitrogen for a longer period without dissociation 
taking place. This will be confirmed by the gas chromatograph if the hydrates still hold gas 
in the structure. XRD analyses will help determining the kind of structure present in our 
samples. By using the gas chromatograph we hope to get the gas composition in the 
hydrates and at what concentrations they occur.  
 Importance of this study is great especially in this research area where no or 
little information is found. Knowing the structure and gas composition is important if 
hydrate exploration is considered in an area. Analysing and determining the structure will 
give insight in what kind of gas composition could be expected in the reservoir. For 
instance if the reservoir is made out of mainly structure H hydrates then it is not suitable 
for methane exploration since only heavier compounds like butane and neohexane are 
found in that structure. Studying the gas composition can give an indication of the 
formation conditions of the hydrates and the gas concentration can be used to determine if 
enough of the wanted gas is present to commence an economic profitable hydrate 
exploration. Studying the gas composition can also lead to new observations in terms of 
composition leading to new ideas and knowledge about hydrates. For instance finding CO2 
in a natural hydrate could mean that storage of carbon dioxide is possible. 
  

2. Background 

2.1 The structure of gas hydrates 
The crystalline structure is made out of water molecules that are combined together by 
hydrogen bonds to form cages where guest molecules can get trapped (Giavarini and 
Hester, 2011). At conditions where ice is formed (below 0 degrees and standard 
atmospheric pressure) the ice structure that is formed is hexagonal and stable. Hydrates 
differ from pure ice since they are formed at higher pressures, which mean that the ice 
structure can be maintained even at temperatures above freezing. At higher pressures the 
structure becomes compacted by the overlying forces, which gives more complex 
structures consisting of cavities of different sizes (Thakur and Rajput, 2011). The 
compaction of the structure leads to an unstable structure unlike the ones of pure ice on 
land, which is being stabilized by gas molecules occupying the cavities. Hydrates therefore 
consist and could only be stable when the guest gas molecules stabilize the host ice 
structure. Without the support of the trapped molecules, the lattice structure of hydrate 
would collapse into conventional ice crystal structure or liquid water. The presence of gas 
molecules is crucial in the formation of gas hydrates and is for this reason called hydrate 
formers (Thakur and Rajput, 2011). When gas molecules occupy enough cavities in the 
structure the structure gets stable.  
 For each cage only one gas molecule can enter and occupy it, but in some 
special cases under very high-pressure conditions several small gas molecules can 
occupy them. These small gas molecules are often hydrogen or noble gases. Because 
there are different cavity sizes in the structure the type of gas molecule that can fit 
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depends on the size of the gas molecule relative to that of the structure and the type of 
gas that is present and supplied from sources in the sediments. The hydrates can hold 
more gases under low temperatures and/or higher pressures. Based on the degree of 
saturation the water molecules can hold 70–160 volumes of gases. When the gas 
molecules are inside the cavity they are only linked by weak Van der Waals interactions 
that enables the gas molecules to move and rotate in the cavities (Hester and Brewer, 
2009). Gas molecules such as methane, carbon dioxide and propane are examples of gas 
molecules that can get trapped into these structures (Sloan Jr and Koh, 2007). Other 
gases such as hydrogen sulphide and heavier hydrocarbons can also be found. Gas 
hydrates can make up many different structures depending on the arrangement of water 
molecules resulting in different shapes, sizes and orientation of cavities.  
 There are three main types of structures that have been identified: structure I 
(sI), structure II (sII) and the most rare structure H (sH) (McCallum et al., 2007). The three 
structures are composed of different cages that are linked together to form a unit. The 
structures have one cage type that is repeated in all of them which is a 512 cage (the 
smallest cage). The other cages that are found in the different structures are bigger then 
the small 512 cage and they increase in size from structure I to structure H. Structure I is 
made up of two different cage types, a pentagonal dodecahedral cage (512) which has 12 
pentagonal faces on the cage and a tetrakaidecahedral cage (51262) which contains 12 
pentagonal and 2 hexagonal faces. This structure is made out of 46 water molecules and 
has eight cavities (where gas molecules can be trapped). This structure is formed when 
the guest molecule has a diameter between 4 and 6Å. The most common hydrate formers 
of this structure are methane, ethane, carbon dioxide and hydrogen sulphide which are the 
gas molecules that have a molecule size that enables it to fit into the small cage of this 
structure. Because these gas molecules can fit into the smallest cage of the different 
hydrate structures they are the types of gases that are the most occurring ones in gas 
hydrates. Structure II also has the pentagonal dodecahedral cage (512) but they occur 
together with a hexacaidecahedral cage (51264), which has 12 pentagonal and 4 hexagonal 
faces. This structure has 136 water molecules and 24 cavities for gas molecules. The 
large cage has a diameter of 6-7Å and is occupied by gas molecules like propane and 
isobutane while the small cage has the same gas molecules as in structure I. Structure H 
is more complex and is made out of the combination of three hexagonal cages. A 
dodecahedron (512), an irregular dodecahedron with three square faces, six pentagonal 
faces and three hexagonal faces (435663), an irregular icosahedron, a 20 sided polyhedron 
with 12 pentagonal faces and eight hexagonal faces (51268) (Koh et al., 2011). This 
structure is made out of 36 water molecules and has six cavities with a diameter of 8-9Å 
for gas molecules (Hardage and Roberts, 2006; Koh et al., 2011). The structure creates 
three small, two mediums and one large cavity. The same gas molecules as in the two 
other structures occupy the smaller cages while butane, neohexane and cyclopentane 
occupy the large cage.  
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Figure 2. Showing the five different cages that are found in the three know structures. 1 the 512 

cage, 2 the 435663 cage, 3 the 51262 cage, 4 the 51264 cage and 5 the 51268 cage. Data adopted from 
Koh et al., 2011. 
 
 

2.2 The global amount of gas hydrates 
Researchers have for the last 30 years tried to calculate the total amount of gas hydrates 
present in the marine sediments. Since then over 20 estimates of the total amount of gas 
hydrates have been published. The estimates vary highly and are thought to be very 
uncertain (Kvenvolden, 1988). With time our understanding of hydrates has improved due 
to gas hydrate studies. This has led to decreasing in the estimates, going from 530 * 1015 g 
of carbon (530,000 Gt of carbon) to 0,1* 1015 g of carbon (100 Gt of carbon) (Hester and 
Brewer, 2009).  The volume of gas present in gas hydrates sediments can be defined by 
using five parameters.  
 The parameters to consider are: (1) the area of gas hydrate accumulations, (2) 
thickness of the reservoir, (3) porosity of sediments, (4) gas hydrate saturation and (5) the 
volume of gas hydrates in an area (yield) (Collett, 2002). The first to calculate the total 
amount of gas hydrates in the world’s marine sediments was Trofimuk et al. (1973) 
(Milkov, 2004). He assumed that the gas hydrates were composed of 80% methane and 
20% carbon dioxide. Further he assumed that the hydrates formed in areas deeper then 
500m and that this formation occurred in 93% of the total ocean area. Trofimuk et al. 
(1973) assumed that the gas hydrate occurrence zone (GHOZ) was 300m and equal to the 
gas hydrate stability zone (GHSZ) in the sediments. He then calculated the volume of rock 
by using the total area that contains gas hydrates and the thickness of the gas hydrate 
stability zone (300m). To get the yield for each cubic meter he assumed that the average 
porosity was 20% and got that each cubic meter of sediment should contain 30-36 m3 of 
gas. By multiplying the total volume of GHSZ and the gas yield/m3 he got an estimate of 
the total amount of gas hydrates in the oceans. 
 Still to date the most quoted and used estimate is that of 21 * 1015 m3  (10,000 
Gt of carbon) (Kvenvolden, 2002). Because of the huge amount of carbon that is estimated 
to be present in gas hydrated many believe that it should be considered when looking at 
the global carbon circle (Kvenvolden, 2002). If the estimate made by Kvenvolden (2002) of 
10,000 Gt of carbon is somewhat correct the gas hydrate reservoirs contain twice as much 
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carbon as all other fossil fuels combined together (oil, coal, gas) and consists of the 
biggest reservoir of carbon on the planet, except for dispersed carbon (bitumen, kerogen) 
(Milkov, 2004). Besides gas hydrates, fossil fuels and dispersed carbon, carbon can be 
found in the atmosphere due to relatively high methane concentrations, on land in 
vegetation, soil and peat. In the marine environment carbon can be found dissolved in the 
water and in the living organism and rocks. As figure 3 shows gas hydrates has more 
carbon then all of the other carbon sources combined (except for dispersed carbon) which 
is not shown in the figure (Kvenvolden, 2002).  
 

 
Figure 3. Showing a figure with the distribution of carbon in the surface of the Earth. Amounts are 
adopted by Kvenvolden (2002). 
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2.3 Occurrence 
In figure 5 there is a map over 90 documented hydrate occurrences. The blue dots are 
known hydrate deposits. In these areas deep-sea drilling project and ocean drilling 
program have collect drill cores and in some of them samples of hydrates were found 
(Collet, 2000). In the orange dots marine geophysical methods have been used to inferred 
hydrates (Kvenvolden, 1988). 
 

 
Figure 5. Worldwide map of more than 90 documented hydrate occurrences. Blue dots are known 
hydrate deposits and orange dots are inferred hydrate deposits (Hester and Brewer, 2009). Data 
from Kvenvolden & Lorenson (2001) and Milkov (2005) 
 
 
Gas hydrates forms in sediments pore space in areas where pressure, temperature, gas 
saturation and local chemical condition combine with each other at certain conditions. With 
the right combination of a low temperature and high pressure and also presence of free 
gas and water gas hydrates can form and stay stable. The formed hydrate fills and 
cements the sediment pore space and fractures which makes a massive and vein like 
hydrate deposit (Demirbas, 2000). These layers can be several hundred meters thick. The 
temperature- and pressure range varies depending on where the hydrates form. Generally 
the temperature has to be less than 10˚C and the pressure has to be minimum 3 MPa 
(McCallum et al., 2007). Such conditions generally occur in two types of geological 
settings. The first one is at high altitudes on Earth such as the Arctic where the surface 
temperatures are cold and permafrost is being produced. In the deeper permafrost regions 
you still have the cold temperature and also a high pressure from the overlaying ice where 
you can form the gas hydrates. In permafrost region the temperature can varies from 10˚C 
to 20˚C. The second area is along continental margins in the ocean floor at great water 
depths (generally more than 500m). In these areas the temperature is higher usually in a 
range from 2˚C to 20˚C and the pressure from the overlaying water column are high that 
makes it possibility for gas hydrates to from. In both cases scientists think that hydrates 
can form at depths as deep as 2000-3000m below sea floor (Kvenvolden, 1988). 
Since gas hydrates form under certain pressures and temperatures and as a consequence 
of that a Gas Hydrate Stability Zone (GHSZ) have been established. This boundary shows 
where hydrates can form due to the pressure and temperature conditions as seen in fig. 6. 
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Figure 6. The straight line is the temperature profile and the bend line is the hydrate stability curve. 
a shows the GHSZ for marine systems were the occurrence starts below water depths of 300-
600m and can exceed for several hundreds of meters down. Figure b shows the GHSZ for 
permafrost region that starts below 100-300 m depth and exceeds downwards. Data adopted from 
Hester and Brewer 2009. 
 
 
Figure 6a shows the occurrence of hydrates in marine environment while Figure 6b shows 
it in permafrost environment. The straight line is the temperature profile and the bent line 
shows the hydrate stability curve. The base of the gas hydrate stability zone (GHSZ) is the 
subsea floor where the hydrate starts to dissociate. According to this figure hydrates form 
in-between the straight and bend line. This varies from different places depending on local 
water depth, local geothermal gradient and also the type and saturation of gas (Hester and 
Brewer, 2009). Generally in marine environment gas hydrates starts to form after 500m 
depths. Figure 6b shows the same but for permafrost regions. In these areas hydrates 
starts to form after 100m due to the colder temperatures and the higher pressure from the 
ice. Gas hydrates distribution and occurrence is controlled by the availability of gas. The 
gas comes either from a biogenic- or thermogenic sources. The biogenic gas is formed 
during the early diagenesis of organic matter near the seafloor. Organic matter consists of 
carbon, hydrogen and phosphor in a ratio of 106:16:1 and during the microbial process in 
the anoxic environment several chemical reactions occur in different stages of the 
decomposition process that eventually forms methane gas.  
 Thermogenic gas comes from either Earths crust or from a gas accumulation in 
the deep, such as an oil deposit (Demirbas, 2000). Isotopic analysis shows that methane 
in oceans mostly comes from microbial processes. However isotropic analysis from Gulf of 
Mexico, north Alaska and the Makenzie Delta showed that in these cases methane is 
derived from a thermogenic source (Collet, 2000: Kvenvolden, 1988). There are four major 
factors that control the gas hydrate stability zone and affects where you find the methane 
gas. The first one is the methane solubility in seawater. The second one is the salinity of 
the water. If you have increasing water salinity the hydrate stability will change so they will 
form in colder temperatures. This means that if you have a seafloor temperature that once 
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formed hydrates it will not be able to do so anymore since the temperature is too hot due 
to increased salinity (Collet, 2000). A third factor is warm loop currents that can affect the 
water temperature down to 1000m depths and sometimes even raise the seafloor 
temperature with a few degrees. This will cause hydrates to dissociate several meters 
below the surface. The fourth and also maybe the most important one is the sulfate 
reduction of methane gas also called the sulfate-methane transition zone (SMTZ). The 
soluble sulfate ions migrate through the sediments below seafloor and eventually reacts 
with the upcoming methane gas and this reaction will precipitate hydrogen sulfide, water 
and carbonic acid (Hardage and Roberts, 2006; Hester and Brewer, 2009).  
 In order to form gas hydrates you need a large amount of both gas and water. 
Methane gas can be transported in sediment through the movement of pore-water 
containing dissolved gas, free gas flow and/or molecular diffusion. Free methane gas 
exists within the pores of low-density rocks. Any hydrate layer may trap the free methane 
as long as the layer forms a seal so that the methane cannot migrate upwards. The 
geology and geologic parameters such as rock permeability and nature faults systems is 
important to evaluate so the gas and water have a migration path and can be delivered to 
the potential hydrate reservoir (Collet, 2000). Generally a good reservoir rock is a coarse-
grained sediments with high-porosity and permeability such as sandstone so it can trap a 
lot of gas and water in its pores. Experiments were made on a month period with hydrate 
saturation in both sand and clay. In the clay only 2-6% of the available pore space 
contained gas while in the sand it was as much as 79-100% (Hester and Brewer, 2009). 
This is still debated and an experiment made by Hardage and Roberts, (2006) proved the 
opposite. They tested the three different sediment mixtures sand, kaolinite/sand mix and 
bentonit/sand mix with mixed gas of 90% methane, 6% ethane, and 4% propane. The gas 
was injected in the different sediment at a temperature and pressure typically for the gas 
hydrates stability zone (GHSZ) in the area. The result turned out to be rapid growth of the 
bentonite layer and not the sand (Hardage and Roberts, 2006).  
 Gas hydrate accumulations can generally be described in two ways, high gas 
flux and low gas flux. The high gas flux (HGF) is a structural-type that has been formed in 
another place than its origin. The low gas flux (LGF) is a stratigraphic-type that forms in 
situ. High gas flux is generally thermogenic gas that has migrated upwards from deep 
depths through fractures in the bedrock and then entered the hydrate gas stability zone. It 
appears often in a large amount. Because of the large amount of gas not all of it will react 
with the sulfate ions instead it will continue to rise. Therefore they can be found at shallow 
depths and sometimes also as mounds on the sea floor if it is in the gas hydrate stability 
zone (GHSZ). In the low gas flux (LGW) is often biogenic gas where smaller amount is 
being produced in situ at shallower (typically few meters to tens of meters) depths below 
the seafloor. When the methane starts to migrate upwards most of it is being consumed 
within the sulfate reduction zone (Hester and Brewer, 2009). 
 
 

2.5 CO2 replacement with CH4 

To date there are mining methods availably for extracting natural gas from hydrates (Zhao 
et al., 2012). These methods include depressurization and thermal stimulations of 
hydrates. Using the depressurization method the pressure in the gas hydrate is decreased 
which makes the hydrate decompose and the gas dissociate. In the thermal treatment the 
temperature is increased which makes the hydrate melt and gas dissociate. These 
methods are not completely functional and progressive and the equilibrium breakage of 
the hydrate deposits can lead to a destabilization of the ocean floor that can create slope 
failure and large amount of gas could be released into the atmosphere (Ota et al., 2005b). 
A new possible extracting method is being studied and the goal is to store carbon dioxide 
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in gas hydrates and at the same time extract the methane gas. This method would provide 
long-term storage for carbon dioxide and when methane gas is extracted the injection of 
carbon dioxide would fill the empty space in the hydrate and therefore provide a way to 
stabilizing the ocean floor underneath (Zhao et al., 2012: Ota et al., 2005b). Since 
methane hydrate and carbon dioxide hydrate form the same structure sI, consisting of six 
M-cages and two S-cages, this could theoretically be possible. The methane molecules 
(4.26Å) are smaller than carbon dioxide (5.12Å) and can therefore be trapped in both the 
M-cage and S-cage while the carbon dioxide molecules may only occupy the M-cage (Ota 
et al., 2005).  
 Experimental data by Ota et al (2005) with gaseous carbon dioxide showed that 
the replacement reaction rate was very fast in the beginning (first 10h) and then it 
becomes very slow, after 100 h only 15% of the methane was released from the hydrate. 
The thermodynamic feasibility are proven by experiment from Yezdimer et al (june 19, 
2002) based on different chemical reactions that concluded the free Gibbs energy was 
negative during the replacement and this means the reaction can occur spontaneously 
(Zhao et al., 2012:Ota et al., 2005a). In an experiment by Uchida et al (2005) they found 
out that methane was consumed mostly in the early stage of the hydrate formation and the 
molecules occupied both S-cage and M-cage. During the whole hydrate formation more 
carbon dioxide was consumed and in the later stages a replacement reaction occurred and 
carbon dioxide molecules occupied the M-cages that held the methane molecules and the 
methane gas was released (Zhao et al., 2012).  
 The driving force for the replacement is debatably and Hirohama et al (1996) 
and Ota et al (2005) assumed that it was the fugacity difference between the gas and the 
hydrate phase that was the driving force, while Ohgak et al (1996) suggested that the 
reason for the replacement to occur is the decomposition of methane hydrate which is 
induces by the heat from the carbon dioxide hydrate formation (Zhao et al., 2012:Ota et 
al., 2005a). Replacement experiments have also been done, using gaseous carbon 
dioxide under different conditions in a high-pressure cell with cooling system. From these 
experiments it was determent that when they had the same pressure but increased the 
temperature it promoted the methane hydrate decomposition and also carbon dioxide 
hydrate formation. This means that the higher temperature used more replacement occurs. 
The amount of formed carbon dioxide and decomposed methane was almost consistent 
and that proves the replacement in terms of molecules occupying the cages. Since the 
reaction rate is fast in the beginning (first 10h) and then it slows down (Zhao et al., 2012) 
experiments on how to efficient the reaction rate and the optimal conditions for the carbon 
dioxide replacement with methane were studied. Both Zhou et al (2008) and Ota et al 
(2007) found out that the replacement at the boundary of the liquid –hydrate phase is 
faster then at the gas-hydrate phase. This means that liquid carbon dioxide is more 
effective to replace the methane gas with than gaseous carbon dioxide. Zhou et al (2008) 
used carbon dioxide as an emulsion and this was even more efficient and the replacement 
rate was higher. From the many experiments made it was concluded that the replacement 
of carbon dioxide with methane is provably in the terms of kinetics and thermodynamic 
features. The replacement reaction occurs mainly in the hydrate phase and the fastest 
reaction rate and longest reaction time is with carbon dioxide emulsion. In the future more 
studies on this has to be done to make it possible. More studies on the microscopically 
mechanism of the replacement are important but also studies of different forms of carbon 
dioxide used and at what different temperatures and pressures are the ideal once (Zhao et 
al., 2012).  
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3.Methodology 

3.1 X-ray powder diffraction (XRD) 
This method is most known and widely used for identification of crystalline compounds 
such as minerals by their diffraction pattern (Connolly, 2007). The XRD consists of an X-
ray tube, which emits x-rays, a sample holder and a detector that records the diffractions. 
X-rays are high-energy light that is invisible for the human eye with a wavelength that 
varies from 0,02Å to 100Å. The X-ray beams are produced in the X-ray tube where 
electrons are generated and accelerated towards an anode. Different metals can be used 
as anodes; such as Chromium (Cr), Iron (Fe), Copper (Cu) and Molybdenum (Mo) but the 
one most used for geological purposes is Copper. When the generated electrons hit the 
anode the x-ray beam is produced. The x-ray beam is then led towards the sample holder 
where the specimen is. When the beam encounters the crystal lattice of the specimen and 
hits the atoms the energy from the beam is absorbed. The atoms then emit irregular 
beams called scattered beams that can either be eliminated by destructive interference or 
be perfectly synced. When the scattering from different crystal planes is perfectly synced 
they are combined and form a new wave called diffraction. The diffraction pattern is then 
picked up and recorded by a detector. During the time the specimen is struck with x-ray 
beams both the detector and x-ray tube moves at an angle of 2ϴ to the specimen to 
analyse all crystal lattices. The information is withheld in a diffractogram showing the 
intensity of the diffraction on the y-axis and on the x-axis showing the angle between the 
specimen and the detector/x-ray tube. Since each crystalline compound has its own 
characteristic structure and will diffract x-rays in a unique way giving characteristic peaks 
at different angles it is therefore possible to detect different crystalline structures using this 
method (Klein et al., 1993; Connolly, 2005). 

  

3.2 X-ray powder diffraction setup 
Our XRD differs from all other XRDs since we are working with gas hydrates. The XRDs 
are usually used for mineral characterization and similar crystalline compounds that are 
stable under normal conditions. But since we are working with hydrates that are found in 
low temperature and high-pressure environment we have to have very low temperature 
(around -130°C). Normally hydrates form at temperatures between -10°C and 20°C but 
since we can’t simulate the high pressure that is needed for the hydrates to be stable we 
have to compensate this by using a very low temperature instead. A temperature control 
unit (shows the temperature in the sample holder) and a nitrogen suction tube (a hose that 
is put into the liquid nitrogen bottle at one end and is connected to the sample holder at the 
other end) are connected to the XRD to ensure the cold temperature necessary in the 
sample holder. Moreover a different sample holder is used using a horizontal oriented 
rectangular plate where the pulverized sample is put. First step is to turn on the XRD and 
the computer program DIFFRAC.SUITE that is linked to this specific XRD model. When 
the program is running, the x-ray tube and detector has to be configured so that the angle 
(5-55°) matches the sample holder. The nitrogen suction tube is placed in a liquid nitrogen 
bottle and is turned on along with the temperature control unit. Then the temperature is 
changed in the computer to get the whole system cooler. Starting with -10°C and 
continuing with -50°, -70°, -120° and finally the desired -130°C. 
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Figure 6. Showing the temperature control unit for the liquid nitrogen system to the left, and to the 
right the Burke PXRD D-8 with the liquid nitrogen container and the nitrogen equipment that is 
used at CEPAC facility. 
  

3.3 Experimental procedure 
For the preparation of gas hydrate sample you need the following equipment. Two ceramic 
mortars and bowls, one Styrofoam box, one metal spoon, liquid nitrogen, cold resistant 
gloves and of course samples of gas hydrates. The whole result of the analysis is 
dependent on the sample preparation. It is important that the preparation is done as 
quickly as possible (our preparations where done in maximum two minutes) so that the 
gas hydrates do not start to dissociate and as little gas as possible is removed from the 
hydrates. For this reason there has to be at least two persons doing this. While one person 
is preparing the specimen the other has to prepare the XRD. The gas hydrate sample are 
stored in containers with liquid nitrogen so that the temperature is very low and prevents 
the gas hydrates from dissociate. The first step is to pour some liquid nitrogen into the 
Styrofoam box and the amount depends on the height of your bowls. The two bowls are 
then placed into the nitrogen along with the mortars and metal spoon for cooling. The 
liquid nitrogen should be covering as much of the bowls as possible to ensure that they are 
really cold. The next step is to take out the gas hydrate sample and take a part from it to 
use as your specimen.  
 Since the gas hydrates are frozen and really hard, in order to get it into smaller 
pieces the hydrate maybe has to be pounded a few times with the mortar so it breaks into 
smaller pieces. When a smaller piece is recovered the sample is put back into the 
container while the specimen is put into one of the two bowls. Now the gas hydrate is 
pounded again to smaller pieces to the pieces are about 1-2 centimetres. The piece that 
seems to contain the most gas hydrates is selected (the one that has the most white 
crystalline material) then it is moved to the bowl next to it and pulverized with the mortar. 
When the sample is pulverized it can seem natural that some of the gas will escape from 
the hydrates, and so is the case, but some gas will still remain in the structure. While one 
person is preparing the sample the other person has removed ice from the sample holder 
or the previous specimen if there has been done one before. Also the temperature of the 
sample holder should be monitored. When the specimen is prepared the Styrofoam box is 
taken to the XRD where the powder is put on the sample holder with a metal spoon and 
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then flattened to a smooth and flat surface. Only powder should be placed in the sample 
holder and any larger pieces removed. For our experiment a total of 16 samples of natural 
gas hydrate where tested coming from three different core samples at different depths. 
From each analysed sample a diffractogram was obtained from the XRD program 
“DIFFRAC.SUITE”. Great consideration should be taken to the humidity in the room of 
experiment when using the liquid nitrogen equipment. Every time the humidity was over 
60% in the room the liquid nitrogen started to condense which lead to ice formation inside 
the nitrogen tube. This happened several times and meant that the temperature could not 
get down to -130°C. Our experiments where therefore conducted between -87°C and -
100°C. Using cold temperatures to stabilize the hydrate structure when there is no 
pressure available is a method that has been used successfully by Lu et al (2005). 
 
 
 
  

 
Figure 7a. Showing the styrofoam container with liquid nitrogen and the ceramic bowls and 
mortars, b the gas hydrate pieces that are to be pulverized and c the pulverizing of the hydrates. 
 
 
For every sample a diffractogram was withheld showing the structure of the analysed 
sample. To interpret and detect what the different peaks were you can usually just use the 
database provided with the XRD, which in our case is the crystallography open database 
(COD). In this or other databases available the different peaks in the diffractogram can be 
identified easily since all of the known mineral structures and other structures are 
uploaded to these databases. Because structural analysis of hydrates is such a new and 
unexplored thing there are no equivalent files in the database for hydrate structures. 
Therefore you cannot analyse the sample and match it to the database to get what the 
different peaks mean in terms of type of structure. So for us to detect and interpret what 
the different peaks in the diffractogram of our samples meant we had to use a different 
approach by using data that was provided by CEPAC database at PUC University. The 
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data showed different 2ϴ angles where methane hydrate structure occurred in the 
diffractograms. The data are the result of experiments conducted, which involved 
synthesising a pure methane hydrate in autoclaves (pressure vessels where high pressure 
> 100 kbar, low temperatures < 5°C and injection of gases can mimic hydrate formation 
conditions to form synthetic hydrates) and analysing it in XRD to get the characteristic 
diffractogram. The data showed only pattern for structure I hydrate since the synthetic 
hydrate was done using methane which only forms structure I, and also provided 
information of the different crystal lattice sides in the structure. By using this data and 
having the structure patterns from the database for ice we could identify hydrate structures 
from XRD analyses. The method of synthesising hydrates to then analyse it with XRD is a 
method that has been used successfully by other scientist such as, Susilo et al (2007), 
where structure H was found in natural hydrates by using angles provided from a 
synthesised structure H hydrate. The angles for ice and hydrate structure are shown in 
appendix 1.  
 

3.4 Gas chromatography 
Gas chromatography is used for separation and analysis of volatile substances. The 
sample is vaporized after injection and gets in contact with a carrier gas that transports the 
vapour to the column area where the stationary phase is. In the columns the separation of 
the mixtures occurs. There are two types of stationary phases that are used, liquids, which 
are the most common types, and solids. If you use a liquid as a stationary gas there are 
two main things that control the separation process. The first one is the solubility; if the 
solubility in the stationary phase is very high the propagation through the column will be 
slow. The second one is the vapour pressure, where higher vapour pressure gives faster 
propagation through the column. After passing through the column the gas vapour is 
separated from the stationary phase and is passed through a detector. Depending on the 
amount of gas that is passing the detector it generates an electrical signal that is 
proportional to the amount of vapour gas. A chromatogram is withheld showing the 
relationship between time and detector signal (Harold et al., 2011: Sheffield Hallam 
University, 2000) 
 

Figure 8. Show schematics of gas chromatography. Carrier gas (1), sample gas (2), column (3), 
detector (4), amplifier of signal (5) and signal registration (6). Based on data from Harold et al 
(2011). 
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The gas chromatography that we are using for our analyses is a Shimadzu GC-2014. The 
model is unique and is only to be found here in Brazil. The thing that makes it unique is 
that it has three different detectors that measures different gas compounds at the same 
time. The different detectors are thermal conductivity detector (TDC), flame photometric 
detector (FPD) and flame ion detector (FID). The FPD uses a hydrogen/air flame that 
samples pass through which then generates light at a wavelength specific to each gas 
compound. The FPD analyses compounds containing sulphur like hydrogen sulphide. The 
TCD uses thermal differences such as conductivity for measurement and is a universal 
detector that can detect all gas compounds but the sensitivity is bad so large 
concentrations is needed. The FID analyses hydrocarbons like methane, ethane, propane 
and butane. It burns the hydrocarbons and that produces ions in the flame, which then 
conduct an electric current. When the gas sample is injected it is automatically divided to 
the three different detectors where analysing of different compounds takes place, by doing 
this you do not have to analyse the same sample several times for different gas 
compounds as in conventional gas chromatographs. A fines that is very useful when you 
are analysing gas composition from rare sediments (like gas hydrates). This 
chromatograph uses helium (He) as transport medium (carrier gas) and has four different 
columns that transport the gas to the different detectors. The columns are stationed in the 
same oven and have a peak temperature of 250°C. The columns contain different 
stationary phases depending on which detector they transport the gas to. Different gas 
compounds pass through the columns at different speeds and the time it takes for the gas 
to pass through the column and reach the detector is called retention time. The retention 
time depends on different parameters such as the molecular weight of the gas molecule 
and the degree of interaction between the stationary phase and the gas. The retention 
time will increase with increasing molecular weight and higher interaction with the 
stationary phase. Meaning that compounds like carbon dioxide and carbon oxide will be 
detected before compounds like methane and ethane. 

 
Figure 9. Showing the Gas Chromatography to the left and the gas containers to the right. 
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3.5 Calibration procedure 
Before starting the calibration the gas chromatograph has to be cleaned in order to avoid 
any contamination that can affect the results. The cleaning is done by running an analysis 
of the gas already present in the columns without injecting any gas into the gas 
chromatograph. If there is any contamination this will be seen in the chromatogram. This 
procedure is done until it has been established that no contamination is present. When the 
cleaning is done the calibration of the chromatograph is commenced. The first step is to 
select which gases you expect to be present in the gas sample or which gases you are 
interested in finding. This needs to be done since the calibration must be done with the 
same gases that you are analysing for. Moreover the type(s) of detector most suitable for 
the gas type could be selected. When doing the calibration there is a certain standard that 
is unique for each gas chromatograph that comes with the apparatus. This standard is a 
table that shows what concentrations should be used for the different calibration steps and 
for the different gas compounds.  
 The goal with the calibration is to construct a calibration curve that consists of 
several dots that are linked by a straight line. The dots are called levels and represent 
different concentrations. For the construction of a good calibration curve you need at least 
3-4 levels. The number of levels is also dependent on the concentration of gas expected in 
the sample. For instance if calibrating the chromatograph with a concentration of 5000ppm 
(requiring different levels) only results up to that concentration will be good. Then 
constructions of the batch tables are made, which is a file where you describe your 
method. The batch tables for the method are connected to different channels that go to 
different detectors. Depending on what type of gas expected a specific channel and 
specific detector is used. For example if two gases that requires two different detectors are 
used you need to make two batch tables. All this data is then inserted into a new batch 
table that shows the sequences for the injections made for the calibration. After that the 
column program is checked so the temperature ranges for all the columns are the same. 
Then the calibration gases are injected. Every injection takes approximately 45 minutes, 
30 minutes analysing and 15 minutes cooling. When the injections are done your 
calibration curve is made showing the linear relationship between the concentration and 
intensity of the different levels. Now the gas chromatograph is taught how to respond to 
the gas samples. It should be remembered that it is not a necessity to do the calibration in 
order to get results of the gas composition. If the calibration is not done you will still get 
results but the results and the concentrations of the gases will be very uncertain. This is 
why it is very important to do the calibration for the gas compounds you are interested in. 
 

3.6 Sample preparation and analysis 
For our analyses the calibration and the cleaning was done every morning before sample 
analysis to ensure as correct results as possible. The samples that we analysed where 
partly taken when the XRD analyses where done and partly just a few minutes before the 
gas chromatography analysis was carried out. This was done to see if there was any 
difference in gas concentration due to leakage. The samples were stored in small glass 
tubes with a plastic lid and rubber top that enables a syringe needle to pass through and 
collect the gas sample. We used a 10mL syringe made out of plastic with a rotatable 
device that allowed gas to move through the syringe or be trapped inside. Since we were 
expecting and were interested in how much methane gas the samples contained we used 
three levels for methane in our calibration batch table. When we collected our samples we 
noticed a bad smell that could possible be hydrogen sulphide so one level for hydrogen 
sulphide was also used and a batch table for it was constructed. The single calibration 
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step for hydrogen sulphide was constructed on a trial basis since it never has been 
detected before in gas chromatography analysis. The reason for this is unknown but is 
thought by the professors at CEPAC to be linked to flaws in the methodology. 
 Since other hydrocarbons such as ethane, propane and butane usually occurs 
or can be found in low concentrations in hydrates together with methane and were also 
present in the different concentrations of methane gas tubes used for the different 
calibration steps, they were also present in the calibration batch table. The two batch 
tables for methane and H2S were put together to our calibration curve batch table. In the 
batch table the different concentrations for each gas is present and also their different 
retention times which shows at what time the gas is detected and shown on the 
chromatogram. Since all our columns are in the same oven the temperature for each 
column has to be exactly the same and these changes was made in a column oven 
temperature program. We used a temperature range of 24 degrees/min starting with 35°C 
up to 250°C. Using this slow temperature increase we got a better resolution and in the 
chromatogram our peaks were expected to be more separated and easier to read. For the 
calibration and sample analysis we used the flame ionisation detector (FID) for 
hydrocarbons and the flame photometric detector (FPD) for hydrogen sulphide. Analysing 
gas composition was a time consuming task since the calibration of the machine had to be 
carried out every morning and took about four hours (depending on the calibration steps), 
since we used four calibration steps. Furthermore every gas sample analyse took 45 
minutes (30 min analysing and 15 min cooling down). The machine also had to cool down 
to 25°C before it could be shut down for the day, which took three hours. With this in mind 
there was not much time each day to make the analyses. For us this meant having time to 
do three to four analyses each day. For each analyse gas was collected with a syringe 
from the small glass tubes and then injected into the gas chromatograph.    
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4. Results 
 
Here we show the samples with the best results in terms of structure and gas composition. 

4.1 XRD 
 

 
Figure 10. Showing the diffractogram for sample 1A. The red dots indicate which peaks are 
possible methane hydrate peaks based on data from CEPAC database. The blue dots indicate ice 
peaks. 
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Figure 11. Showing diffratogram of sample 3A. All the red dots indicates were possible methane 
peaks are, based on data from CEPAC database. The blue dots indicates ice peaks.  
 

4.2 Gas Chromatograph 
 
 

 
Fig 12. Showing Gas Chromatogram of sample 1A: 1 from the FID detector for hydrocarbons with 
their concentrations 
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. 

 
 
Figure 13. Showing Gas Chromatograph of sample 1A: 1 from the FPD detector for sulphur 
compounds with concentrations.  
 
 

 
Figure 14. Showing Gas Chromatogram of sample 1A: 2 from the FID detector for hydrocarbons 
with concentrations. 
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Figure 15. Showing Gas Chromatograph of sample 1A: 2 from the FPD detector for sulphur 
compounds with concentrations.  
 

 
Figure 16. Showing Gas Chromatogram of sample 3A from the FID detector for hydrocarbons with 
concentrations. 
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Figure 17. Showing Gas Chromatograph of sample 3A from the FPD detector for sulphur 
compounds with concentrations.  

 

4.3 Description of results 
Figure 10 shows sample 1A which was our best sample showing a lot of peaks for 
hydrates. After we marked the ice and hydrate peaks from our tables we can conclude that 
it has 10 hydrate peaks and 9 ice peaks. In some of the peaks the ice and hydrate angle 
are overlapping which creates one large peak which makes it hard to determine the 
intensity of the peak and also if its ice, hydrate or both. In sample 1A many of the angles 
given to us by CEPAC database are found which indicates that we have been successful 
with finding a structure I hydrate. The rest of our samples were not as good as sample 1A 
and looked like sample 3A in figure 11 with just a few hydrate peaks. Some of the samples 
(not shown) had just ice peaks. Since only five of the angles were detected in sample 3A it 
is hard to determine the structure of the hydrate, but they should be interpreted as hydrate 
peaks. In the gas chromatograph we did two tests from sample 1A. Figure 12 and 13 
shows the first sample 1A: 1 with a large methane peak with a concentration of 
112568,367ppm detected by the FID detector and carbon dioxide peak. The FPD detector 
for the same sample shows a small hydrogen sulphide peak with a concentration of 
8,957ppm and a very large peak of an unknown sulphur compound. Since carbon dioxide 
is present in the air and no method for avoiding contamination in the machine is developed 
we could not calibrate for it and the correct concentration cannot be determined in the 
sample, but the presence of carbon dioxide can be confirmed. Figure 14 and 15 shows 
sample 1A: 2 where we also could detect carbon dioxide and the concentrations of 
methane and hydrogen sulphide was the opposite from sample 1A:1. Meaning that the 
concentration of methane (100,594ppm) was lower and the concentration of hydrogen 
sulphide (18,939ppm) was higher. Figure 16 and 17 show sample 3A and the 
concentration for methane is 15086,137ppm, for hydrogen sulphide it is 2,691ppm and 
there was also carbon dioxide present.  
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4.4 Interpretation of results 
In sample 1A there was a large hydrate detection that was confirmed by our high 
concentration of methane in the gas chromatogram. The interesting thing is the large 
differences of the gas amount and the type of gas in sample 1A: 1 and 1A: 2. Both of these 
samples were taken from the same piece of hydrate but at different times. Sample 1A: 1 
was taken a few minutes before it was analysed and sample 1A: 2 were taken many days 
before it was analysed. The concentration difference between these two samples is huge 
meaning that either gas escaped during these days before the analysis or there were very 
large variations in the gas concentrations within the hydrate depending on where the 
sample piece is taken. The high variation in the gas composition between sample 1A: 1 
and 1A: 2, where one is more enriched in hydrogen sulphide and the other in methane 
gives the conclusion that the gas composition within the hydrate can very to a large degree 
or/and it could be that our piece of sample was taken just at the boundary of the sulphate-
methane transition zone (SMTZ) where one part got enriched in hydrogen sulphide and 
the other in methane.  
 Another reason might be if the part of the hydrate with the methane gas 
dissociated in sample 1A: 2 giving the small concentrations of this gas. Still the sample 
held a very large concentration of hydrogen sulphide, much larger then sample 1A: 1 that 
supports the theory of the two samples being taken from the boundary between the 
sulphate-methane transition zone. The presence of a unknown sulphur compound in 
sample 1A: 1 also implies that the formation could be at the SMTZ. Because of the very 
high concentrations of gas in the hydrate it could mean that the piece that we used was 
taken from a large formation of hydrates with a thermogenic high gas flux source. The gas 
chromatogram for sample 3A detected a peak for methane gas which indicates that a large 
amount of gas was present in the hydrate but this was not successfully detected in the 
XRD because only a few hydrate peaks where detected in the diffractogram. When we did 
the sample preparation for the XRD the gas might have dissociate before the analysis was 
made or the temperature could have been to high. Also the piece of sample we took from 
the hydrate for the XRD might not contain as much gas as the piece we took for the gas 
analysis. This is the first time hydrogen sulphide could be detected in a gas 
chromatograph and we were surprised that it contained such large amounts. The detected 
carbon dioxide in the hydrates was also very interesting and this could imply the feasibility 
for the replacement of methane with carbon dioxide since it naturally was within the 
hydrate together with methane.  
 The methane gas concentration in sample 1A: 1 was 122568,367ppm. Dividing 
the concentration value for hydrogen sulphide with the concentration for the methane gives 
the percentage for hydrogen sulphide which in this case was 0.00795 %, meaning that our 
sample 1A: 1 is a methane hydrate (>99% methane). If you do the same for sample 1A: 2 
the concentration for hydrogen sulphide in the sample is 18,8% which means that it is a 
gas hydrate and for sample 3A the concentration is 0.0178% that indicates this is also a 
methane hydrate. The differences between all the samples is surprising and as said before 
the large differences between sample 1A: 1 and 1A: 2 are most interesting but also very 
surprising. This shows how hard it is to estimate the amount of methane gas distributed 
within hydrates.   
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5. Discussion 
The lack of information on structural characterization of gas hydrates using XRD makes it 
hard to do these characterizations. “Gas hydrate is a new material and there is not much 
information about its crystalline structure in the main databases and publications” 
(Pers.com. Martinho). As of today the only way of going about this is to synthesise a gas 
hydrate and compare the XRD analysis of that with a natural one. The question then is, will 
a synthesised gas hydrate have the same structure as a natural one? Our analyses 
showed that the angles for synthesised structure I hydrate where found in our natural 
samples, which supports that it should be so. This means that further work should be put 
on making a database for hydrates by synthesising the different types of structures. By 
doing this, a database with diffractograms and angles for hydrates should be obtained for 
all the structures and making characterization of gas hydrates easier in the future. A 
problem is that the peaks in the XRD diffractogram for hydrate structure sometimes 
intersect with the very similar ice structure, making it hard to determine if its hydrate, ice or 
both. Maybe the methodology needs to be changed so that another method for pulverizing 
the hydrate is used to get a finer powder leading to a greater number of lattice orientations 
during the analyse and giving a more precise result. Also the possibility of using a 
database would improve the results and make it easier to determine between the different 
structures. We thought we could calculate the percentage of ice structure and hydrate 
structure in our samples by using the software TOPAS, but then we found out that this 
value was not reliable and that the diffractograms are more complicated than we thought 
“For now, the diffractograms will only help to say if there is or there is not gas hydrate in 
the sample” (Pers.com. Martinho). Getting the percentage of gas hydrate structure in our 
gas hydrate samples would give great insight in how the distribution of gas hydrate relative 
to ice/sediment is. Information that is important since this can mean large differences in 
amount of gas hydrates when planning to do extraction. 
Combining structural analysis with gas composition analysis proved to be a very good idea 
since this was a way of confirming the XRD results and at the same time get results of the 
concentrations of the gas composition. It is also a way of seeing if the methodology for the 
XRD sample preparation is good or not. For instance when we got the XRD results for 
sample 3A we only got a few gas hydrate peaks but when we did the gas analysis for the 
same sample we got high concentrations of methane which indicates presence of a lot of 
structure I. This could mean that something went wrong during the XRD sample 
preparation and gas somehow escaped during this process. Another reason can be that 
we didn’t reach the desired -130ºC in the XRD sample holder, which could cause some 
dissociation of the hydrate. As mentioned earlier the hydrogen sulphide results can 
possibly be false due to flaws in the methodology. The main reason is that it is believed 
hydrogen sulphide somehow reacts with the components or the oxygen in the glass tube 
and that the methodology should be changed to storing the hydrate piece in vacuum 
conditions (Pers.com Rodgrigues). It is also possible that the background value was not 
correct in the gas chromatography due to contamination in the column, which could have 
led to false results. Since analysis of hydrogen sulphide from gas hydrates is so new no 
one really knows if the results are wrong, and for this reason we chose to show them. 
Further analysis and new methodologies should be carried out to make analysis of 
hydrogen sulphide better since this is a very good indicator of the area sulphate methane 
transition zone. If hydrogen sulphide is present in gas hydrates then it can be linked to the 
SMTZ, which means that gas such as methane is reduced to hydrogen sulphide. In case 
of extracting methane from gas hydrates in these areas the amount of hydrogen sulphide 
matters and has to be calculated for.  
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7. Appendix 
Table 1. To the left showing the 2Theta angles for structure I hydrates withheld from CEPAC 
database. Table 2 to the right showing the 2Theta angles for ice structure withheld from the COD 
database and the correlating lattice sides. This table only shows 2theta angles up to 55,48 since 
our samples where not analysed on higher angles then such.  
 
                                                                    

H K L 2Theta 
1 1 0 10,6456 

2 1 0 16,75136 

2 1 1 18,412771 

3 1 0 23,8836 

2 2 2 26,17989 

3 2 0 27,19577 

3 2 1 28,24339 

3 2 2 31,18518 

3 3 0 32,10582 

4 2 1 34,68783 

4 3 2 41,10053 

4 3 3 44,59259 

5 3 1 45,25926 

5 3 2 47,28042 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2Theta H K L 
13.14 1 0 0 

22.86 1 1 0 

24.31 0 0 2 

25.94 1 1 1 

27.73 1 0 2 

33.62 1 1 2 

36.23 2 0 2 

37.39 2 1 1 

40.16 3 0 0 

43.79 1 1 3 

46.71 2 2 0 

47.5 3 0 2 

48.42 2 2 1 

49.81 0 0 4 

50.4 3 1 1 

51.75 1 0 4 

51.89 2 1 3 

53.34 2 2 2 

55.19 3 1 2 

55.48 1 1 4 
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