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PREFACE 

 

This PhD thesis was written at the ‘MARUM – Center for Marine Environmental Sciences’ and 

Department of Geosciences at the University of Bremen, Germany. The thesis work has been carried 

out from September 2006 until August 2009. The thesis was funded by a private scholarship of the 

'HGM Energy GmbH’ in Bremen. The graduate education was embedded into ‘GLOMAR – Bremen 

International Graduate School for Marine Sciences’. The gas hydrate samples researched in this 

thesis were retrieved during the R/V SONNE Cruise SO 174 in the Gulf of Mexico in 2003, R/V 

PROFESSOR LOGACHEV Cruise TTR 15 in the Black Sea in 2005, R/V METEOR Cruise M67/2 in the Gulf 

of Mexico in 2006 and R/V METEOR Cruise M72/3a+b in the Black Sea in 2007. The collaborating 

institutes and laboratories are the ‘Abteilung Kristallographie’ of the ‘Geowissenschaftliches Zentrum’ 

at the University of Göttingen (GZG), Germany, the ‘Deutsches Elektronen-Synchrotron’ (DESY) and 

‘Hamburger Synchrotronstrahlungslabor’ (HASYLAB) in Hamburg, Germany, the Geochemistry Group 

from the Department of Geosciences at the University of Mainz, Germany, the Paul-Scherrer-Institute 

(PSI) and Swiss Light Source (SLS) in Villigen, Switzerland, and the Monterey Bay Aquarium 

Research Institute (MBARI), California, USA. 

The thesis comprises six research papers in the main text attempting to better understand gas 

hydrates in natural submarine environments. Accordingly, the Introduction Chapter is subdivided into a 

geological part and a mineralogical part, both focusing on gas hydrates. The motivation for this thesis 

is given after the introduction on hydrate mineralogy. The second Chapter briefly describes the 

analytical methods and sampling locations. The research papers start in Chapter 3 with a 

methodological paper describing the technique for obtaining crystal sizes of gas hydrates. The results 

of these investigations are interpreted in the geological context in Chapter 4. The relations of gas 

chemistry, crystallographic structure, microstructure and thermodynamic stability for hydrates from the 

Gulf of Mexico are presented in Chapter 5. �-computer tomography is introduced as a novel 

technology for gas hydrate research with first results in Chapter 6. Chapter 7 reports on the co-

existence of two gas hydrate structures at the Chapopote asphalt volcano in the southern Gulf of 

Mexico. In Chapter 7 the assessment of the gas hydrate inventory of the Batumi gas seep in the 

eastern Black Sea is presented along with a discussion on possible transport mechanisms to the sea 

surface. The thesis closes with a Chapter drawing conclusions from the outcomes of the research 

presented here and offering future perspectives. 
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ABSTRACT 

 

In gas hydrate research, hydrates are often studied according to their geological occur-

rence or to their chemical and physical properties; this PhD thesis combines both ap-

proaches using the example of gas hydrate microstructure. The main objective of this thesis 

is to investigate mineralogical characteristics of gas hydrates from cold seeps in the Gulf of 

Mexico and the eastern Black Sea. 

The investigated gas hydrate properties are the crystal structure, the crystallite sizes and 

size distributions, the compositions of the hydrate-forming gases, the hydrate porosity as 

well as the grain boundary networks. That was accomplished by using X-ray diffraction, gas 

chromatography, Raman-spectroscopy, and scanning electron microscopy. Furthermore, the 

‘moving area detector method’ or ‘Bragg tomography’ was applied for size measurements of 

hydrate crystallites as a new method, and computer tomography using Synchrotron radiation 

was used for the first time for gas hydrate inspections on a micro-scale. 

The crystallite sizes of natural hydrates are governed by the velocity of crystal growth, 

therefore time is an important factor. One important result of this thesis is that the gas hy-

drate crystallite size evolution is also affected by more factors, which are impurities in the 

grain boundary network such as oil and salts, as well as possibly the presence of a second 

hydrate structure. The mean crystallite sizes of the investigated hydrates ranged between 

190 and 400 �m. Hydrate crystals from different Black Sea oil and gas seeps with similar 

pressure/temperature conditions have similar mean grain sizes. For those hydrates, corre-

sponding grain size distributions suggest continuous normal grain growth. Oil coatings were 

found on the grain boundaries of hydrates retrieved along the continental margin of the 

northern Gulf of Mexico. Spatially limited oil occurrence inside the hydrate matrix is consid-

ered as a factor accounting for different grain sizes on short distances. The oil migrates 

along the grain boundaries, where it retards diffusive mass exchange between the grains. 

Gas hydrates from the northern Gulf of Mexico crystallize to structure type II hydrate (sII) 

from methane and a fraction of up to 30 mol% of C2 through C5 hydrocarbons. Since the C2–

C5 hydrocarbons are less volatile than methane, less subcooling of these gases is required 

to form hydrates. Therefore, the hydrates occur at moderate pressure/temperature condi-

tions, where methane structure type I hydrate (sI) is unstable. One important result of this 

thesis is that the lower molecular mobility of C2–C5 hydrocarbons compared to methane in-

corporated in hydrates is displayed phenomenologically by dense, non-porous surfaces of 

the gas hydrates on a micrometer scale. Instead, hydrates which were formed from volatiles 

like methane, often crystallizing to sI, are characterized by a micro-porosity. 

A further objective of this thesis was to investigate the coexistence of sI and sII at the 

Chapopote asphalt volcano in the southern Gulf of Mexico. Methane is the prevailing gas 

constituent in the gas mixture but C2–C5 hydrocarbons, which are incorporated into sII, are 

also present. Patches of viscous and ductile asphalts partially covering the seafloor trap the 

gas ascending from below and prevent gas discharge into the water. sI and sII hydrates 

trapped below the asphalt are intimately associated on short distances within individual crys-

tallite-agglomerates. Areas within individual agglomerates where hydrate cages are only 

partially filled by gases cannot be ascribed to a certain hydrate structure and are considered 

as the transition between the structures. sII hydrates at the Chapopote asphalt volcano had 

larger crystallite sizes than sI and the sII grain size distributions indicated a steady-state 

crystal growth. In contrast, the distributions of the smaller sI crystals were skewed towards 
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smaller sizes in two of three samples and suggested that the grain growth was not in steady-

state. Different formation mechanisms are presented which may explain the coexistence of 

the two structures and are supported by the analytical results of the investigation. Here, the 

simultaneous crystallization of sI and sII from the gas phase is the favored explanation. The 

preferred incorporation of less volatiles into sII is considered as the key to understanding the 

co-occurrence. Also, a limiting factor facilitating the sI/sII co-existence is the impermeable 

asphalt layer (or matrix), where the gas phase is denuded of certain components and ac-

cordingly relatively enriched in others during hydrate formation. 

Micro-computer tomograms of the Chapopote hydrates showed small bubbles as well as 

genetic changes of the hydrate outside hydrate stability. The presence of bubbles indicates 

that free gas co-occurs together with the gas hydrate. Furthermore, ice was found in the 

sample originating both from decomposed hydrates and from pore water, which was frozen 

during the subsequent sample preservation in liquid nitrogen. An important outcome is that 

also well-preserved hydrates can be accompanied by an ice fraction not deriving from hy-

drate dissociation; accordingly, ice is not an exclusive indicator for hydrate decomposition. 

The potential effect hydrates may exert on climate was investigated at the Batumi gas 

seep, eastern Black Sea. In the study area (0.5 km
2
) the hydrate-bound carbon within the 

upper 2.65 m below seafloor was estimated on 10.7 kt. It is unlikely that the hydrates de-

compose in the near future due to changes in the thermodynamic stability conditions. In-

stead, the rough seafloor topography suggests episodic detachment of gas hydrate chunks 

from the seafloor, which float upwards due to the positive buoyancy. 
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KURZFASSUNG 

 

In der Gashydrat-Forschung werden Hydrate einerseits oft hinsichtlich ihres geologischen 

Vorkommens untersucht und andererseits hinsichtlich ihrer chemischen und physikalischen 

Eigenschaften. In dieser Dissertation wird versucht, beides am Beispiel der Gashydrat-

Mikrostrukur zu vereinen. In der vorliegenden Arbeit wurden mineralogische Merkmale von 

Gashydraten, die von fokussierten Gasaustrittsstellen aus dem Golf von Mexiko und dem 

östlichen Schwarzen Meer geborgen wurden, beschrieben und interpretiert. 

Untersucht wurden die Kristallstruktur, die Korngrößen und deren Verteilungen, die Zu-

sammensetzung hydratbildender Gase sowie die Oberflächenporosität und das Korngren-

zen-Netzwerk. Hierzu wurden Röntgen-Diffraktometrie, Gas-Chromatographie, Raman-

Spektroskopie und Elektronenmikroskopie angewendet. Darüber hinaus wurde eine neue 

Methode zur Bestimmung der Gashydrat-Kristallitgrößen eingesetzt, das so genannte ’Mo-

ving area detector’-Verfahren oder ’Bragg Tomographie’. Computertomographische Analy-

sen mithilfe von Synchrotron-Röntgenstrahlung wurden erstmals im Mikro-Maßstab an Gas-

hydratproben durchgeführt. 

Die Kristallitgrößen natürlicher Gashydrate werden durch die Geschwindigkeit des Kris-

tallwachstums gesteuert, daher ist Zeit ein wesentlicher Faktor für das Kristallwachstum. 

Weitere Faktoren wie Fremdpartikel, zum Beispiel Salze und Öl im Korngrenzen-Netzwerk 

der Gashydrate, und möglicherweise die Anwesenheit einer weiteren Gashydrat-

Kristallstruktur bestimmen ebenfalls das Wachstum. Die mittleren Kristallitgrößen der Hydra-

te betragen zwischen 190 und 400 �m. Gashydrat-Kristalle verschiedener Öl- und/oder Gas-

Seeps im Schwarzen Meer weisen bei jeweils ähnlichen Druck/Temperaturbedingungen 

ähnliche mittlere Korngrößen auf. Die Korngrößenverteilungen lassen auf ein kontinuierli-

ches Normal-Wachstum schließen. Öl-Filme wurden an den Korngrenzen von Gashydraten 

des nördlichen Kontinentalabhanges im Golf von Mexiko nachgewiesen. Ein wesentliches 

Resultat ist, dass trotz gleicher Bildungsbedingungen Öl an einer Lokation zu unterschiedli-

chen Kristallitgrößen der Gashydrate führt, indem es in die Räume zwischen Gashydrat-

Kristalliten eindringt und so den diffusiven Stoff-Transport zwischen den Kristallen verlang-

samt.  

Gashydrate am nördlichen Golf von Mexiko bilden aus Methan und einem Anteil von bis 

zu 30 mol% C2—C5  Kohlenwasserstoff-Komponenten den Struktur-Typ II (sII). Aufgrund 

ihrer im Vergleich zu Methan geringeren Flüchtigkeit müssen die C2—C5 Kohlenwasserstoffe 

weniger stark unterkühlt werden, um mit Wasser Gashydrate zu bilden und kommen daher 

bei moderaten Druck/Temperaturbedingungen vor, bei denen die aus Methan gebildete Hyd-

rat-Struktur I (sI) instabil ist. Die geringere molekulare Mobilität von C2—C5 Kohlenwasser-

stoffen in Hydraten im Vergleich zu Methan drückt sich neben der höheren thermodynami-

schen Stabilität phänomenologisch in einer massiv erscheinenden, nicht-porösen Oberfläche 

der Gashydrate im Mikrometer-Bereich aus. Gashydrate, die von flüchtigen Komponenten 

wie Methan dominiert werden und häufig zu sI kristallisieren, sind hingegen durch eine Mikro- 

porosität charakterisiert.  

Ein Schwerpunkt dieser Dissertation war die Untersuchung koexistierender sI/sII Gashyd-

ratstrukturen am Chapopote Asphalt Vulkan im südlichen Golf von Mexiko: Beide Strukturen 

sind eng miteinander assoziiert und kommen sehr kleinräumig innerhalb einzelner Kristallit-

Agglomerate vor. Die Gaszusammensetzung beider Strukturen ist von Methan dominiert, 

und weitere Kohlenwasserstoffe sind präsent, die in sII inkorporiert werden. Asphalte, die 



Kurzfassung 

 

 VIII 

partiell den Meeresboden bedecken, bieten Hohlräume, in denen sich aufsteigende Gasbla-

sen sammeln und dort im Kontakt mit Wasser unmittelbar Hydrate bilden. Bereiche innerhalb 

eines Kristallit-Agglomerats mit geringer Käfig-Besetzung können keiner Kristallit-Struktur 

zugeordnet werden und werden als Übergang zwischen sI und sII interpretiert. sII Hydrate 

haben am Chapopote Asphalt Vulkan größere Kristallitgrößen als sI und die Korngrößenver-

teilungen deuteten auf ein kontinuierliches Gleichgewichtswachstum in sII hin. Dagegen sind 

die Verteilungen der kleineren sI Kristallite in zwei von drei Untersuchungen zu kleineren 

Größen verschoben, so dass nicht von einem Gleichgewichtswachstum ausgegangen wer-

den kann. Verschiedene Bildungsmechanismen werden diskutiert, die zur sI/sII-Koexistenz 

führen können und durch die analytischen Befunde gestützt werden. Präferiert wird hier eine 

simultane Kristallisation beider Strukturen aus der Gasphase. Die Diskriminierung von Me-

than gegenüber weniger flüchtigen Komponenten, die zu sII kristallisieren, wird als ein 

Schlüsselprozess gesehen. Ein limitierender Faktor für das gemeinsame Auftreten von sI 

und sII ist die Präsenz des Asphalts als Deckschicht oder Matrix, in der der Gasphase Kom-

ponenten nur durch Gashydratbildung entzogen und andere Komponenten entsprechend 

angereichert werden. 

Mikro-computertomographische Untersuchungen der Gashydrate des Chapopote Asphalt 

Vulkans zeigten kleine Hohlräume innerhalb der Gashydrate sowie genetische Veränderun-

gen der Hydrate außerhalb der Hydrat-Stabilität. Die Präsenz der Gasblasen belegt, dass 

freies Gas neben Gashydraten vorkommen kann. Neben Eis von dissoziiertem Gashydrat 

lag auch Eis aus gefrorenem Porenwasser vor. Das zeigt, dass wenig zersetzte Gashydrate 

von Eis umgeben sein können, das nicht aus der Gashydrat-Zersetzung stammt, und Eis 

nicht als exklusiver Indikator für Gashydrat-Zersetzung angesehen werden kann. 

Im Batumi Seep Gebiet im östlichen Schwarzen Meer wurde untersucht, welchen Effekt 

dissoziierende Gashydrate auf das Klima haben könnten. Für das Untersuchungsgebiet von 

ca. 0,5 km
2
 wurde die Masse des hydratgebundenen Kohlenstoffs in den oberen 2,65 m 

Sedimenttiefe mit ca. 10,7 kt quantifiziert. Eine massive Gashydrat-Zersetzung aufgrund 

thermodynamischer Instabilität ist bei den gegenwärtigen Druck/Temperaturbedingungen 

unwahrscheinlich. Hingegen lässt die unruhige Meeresboden-Topographie auf episodisches 

Ablösen von Gashydrat-Brocken schließen, die aufgrund ihrer Dichte im Meerwasser auf-

treiben. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Gas hydrates in marine sediments 

1.1.1 Introduction on gas hydrates 

 

Gas hydrates are solid, non-stoichometric compounds, which crystallize from water and 

guests, often gas molecules. Water molecules create cages by van-der-Waals-forces, which 

are stabilized by the guest molecules. Gas hydrates form under elevated pressure (P) and 

low temperature (T). 

It is likely that the first artificial hydrates were produced in 1790 by Sir Joseph Priestley. 

The researcher observed enhanced “ice” formation when cold water was brought into 

contact with sulfur dioxide (Priestley, 1790). 20 years later Sir Humphry Davy reported on 

chlorine hydrates as a form of solid water (Davy, 1811). Michael Faraday continued research 

on the composition of chlorine hydrate (Faraday, 1823). For the next more than 100 years, 

research on gas hydrates centered on the identification of more gases, which combine with 

water to hydrate. 

Gas hydrates became subject of economic interest in the 1930s when their potential to 

clog gas and oil pipelines became evident (Hammerschmidt, 1934; Wilcox et al., 1941). In 

the 1960s, Soviet scientists calculated that large quantities of methane-rich gas hydrate 

supposedly existed in arctic permafrost regions (Makogon, 1965) as well as in marine 

sediments (Makogon et al., 1971). The first gas hydrates were discovered in the Siberian 

permafrost in 1971 (Makogon et al., 1971), followed by recoveries in the Caspian and Black 

Sea (Yefremova & Zhizhchenko, 1974). In 1982, the Deep Sea Drilling Project targeted gas 

hydrate recovery (Shipley & Didyk, 1982). Since then, marine and permafrost gas hydrate 

deposits have been explored at many locations worldwide (Kvenvolden, 1993). 

Besides scientific curiosity in gas hydrate as a mineral precipitate in nature, the interest in 

hydrates funds on the notion that hydrates store gases in a compressed form. Four 

fundamental questions arose from this awareness, which have both driven research and 

fueled debates since the early gas hydrate discoveries: 

1. Is there a feedback between gas hydrate stability and climate (e.g., Dickens et al., 

1997a; Katz et al., 1999; Kennett et al., 2003)? 

2. How much does gas hydrate contribute to seafloor stability on continental slopes (e.g., 

Dunlap & Hooper, 1990; Henriet & Mienert, 1998; Nisbet & Piper, 1998)? 

3. Could gas hydrates represent a future energy resource (e.g., Collet, 2002; 

Kvenvolden, 1998)? 

4. What is the role of methane hydrate in the carbon cycle (e.g., Kvenvolden, 2002; 

Zeebe et al., 2009)? 

Today, hundreds of molecules and elements have been identified to form gas hydrates. In 

addition to the fundamental aspects, gas hydrates haven been considered for applications 

like seawater desalination (Max, 2006) or transport of hydrogen gas (Lee et al., 2005; Mao & 

Mao, 2004). 

Natural gas hydrates also occur outside permafrost or marine sediments and possibly 

even on other celestial bodies. In Greenland and Antarctic continental ice sheets, air 

hydrates form from recrystallization of ice and air bubble inclusions in deeply buried ice 

(Shoji & Langway, 1982). On Mars, the presence of large amounts of atmospheric carbon 
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dioxide together with water or ice near the poles may combine to carbon dioxide hydrates in 

the subsurface (Falenty & Kuhs, 2008; Longhi, 2006; Milton, 1974). Also, for Saturn’s moon 

Titan it is suggested that large amounts of methane were stored in hydrate form and account 

for an admixing of methane to Titan’s atmosphere (Osegovic & Max, 2005; Tobie et al., 

2006). Because hydrates can be formed by many different molecules and elements, in this 

thesis the term “gas hydrates” or simply “hydrates” means hydrocarbon hydrates, which are 

dominated by methane (CH4). 

This thesis focuses on naturally occurring gas hydrates formed from hydrocarbon gases in 

shallow marine sediments, which are considered the dominant gas hydrates on Earth 

(Kvenvolden, 1993). It is shown that the mineralogy of hydrate crystals reflects the formation 

conditions and therefore helps to understand hydrate deposits in sediments.  

 

1.1.2 Gas hydrates on Earth 

 

Deposits of gas hydrate have been identified on Earth at many locations and the number 

of reported occurrences has been increasing significantly over the recent years: from 2005 

to 2008 the number of known hydrate sites rose from ca. 70 to more than 90 (e.g., Hester & 

Brewer, 2009; Klauda & Sandler, 2005; Milkov, 2005). 

 

1.1.2.1 Gas hydrate occurrence 

 

Worldwide hydrate deposits are shown in Figure 1.1 (modified after Hester & Brewer, 

2009). Deposits marked in red are inferred from indirect methods such as seismic reflectors 

and pore water anomalies in sediment cores. Direct evidence from sampled gas hydrates is 

mapped in yellow. 

 
Figure 1.1: Known and inferred gas hydrate deposits in the world (after Hester & Brewer, 2009). 
Additional data from Bialas et al. (2007), Bohrmann and Pape (2007), Bohrmann and Spiess (2008), 
Bourry et al. (2009), and Pape et al. (submitted). 
 

Gas hydrates in sediments can only form under elevated P and at low T, which for marine 

environments means that they occur in at least 300 m water depths but often deeper 

(Kvenvolden, 1993). However, to facilitate hydrate precipitation the formation waters need to 

be supersaturated with hydrate forming gases such as CH4. Copious CH4 production and 

appropriate P,T conditions are commonly found in continental margin sediments where the 
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slopes fall off into ocean basins and input of nutrients and organic material from continents is 

large. The nutrients fuel the production of organic matter, which is degraded in the 

sediments to various products, finally to hydrate forming gases such as CH4 or carbon 

dioxide (CO2). 

The quantification of hydrate-bound carbon is in the focus of ongoing research. As the 

assessment relies on assumptions and models, their accuracy directly affects the precision 

of the calculations. One control of hydrate occurrence models is how good a model predicts 

already known hydrate deposits (Sloan & Koh, 2007). Klauda and Sandler’s (2005) model is 

considered state-of-the-art as it allows prediction of almost all known hydrate deposits (see 

Sloan & Koh, 2007). According to their model, 74,400 Gt of CH4 is stored as hydrates. Other 

estimations figure lower values for the amount of hydrate-bound carbon, Buffett and Archer 

(2004) calculated 3,000 Gt carbon stored in hydrates. 10,000 Gt is the most widely cited 

mass of hydrate-bound carbon (Kvenvolden, 1993), which is in several publications 

considered as a “consensus value” (Milkov, 2004; Klauda & Sandler, 2005). 

 

1.1.2.2 Hydrocarbon gas sources 

 

For natural gas hydrates, light hydrocarbons are the major guest molecules (Kvenvolden, 

1993; Buffett, 2000). Two fundamentally different sources exist for hydrocarbon gas 

molecules:  

Thermogenic CH4 and higher hydrocarbons are generated by catagenesis deep in anoxic 

sediments. In the temperature range of 50 to 200 °C, organic matter is cracked and shorter 

hydrocarbons are produced (Killops & Killops, 2004; Tissot & Welte, 1984). These 

temperatures are typically met in sediment depths of at least 2 km depending on the local 

geotherm. Accordingly, the incorporation of thermogenic hydrocarbons in hydrates allows 

concluding on the presence of hydrocarbon pathways in the subsurface. 

CH4 from biogenic sources is produced by methanogenic archaea, which occur in anoxic 

sediments and produce CH4 by organic matter degradation (Whiticar, 1999). The organisms 

are capable of surviving in a broad range of physical and chemical conditions (salinity, pH, 

P, T), which implies that CH4 hydrates can be found at a wide range of living conditions, 

provided that the physical parameters for the stability are met. 

The ratio of CH4 (C1) to heavier hydrocarbons provides some information on the 

hydrocarbon source. Low molecular weight hydrocarbons (C2+) are sometimes expressed as 

the sum of ethane and propane (C2 + C3) (Whiticar et al., 1995), but butane isomers (C4) or 

pentanes (C5) are sometimes also included in the ratio (Chapter 7; Chapter 8; Appendix III). 

Although both biogenic and thermogenic hydrocarbons are dominated by CH4, biogenic 

hydrocarbons consist predominantly of CH4 resulting in a C1/C2+ ratio greater than 100. For 

thermogenic hydrocarbons the ratio is less than 100 (Bernard et al., 1976). 

Chemical and isotopic analyses are used to discriminate between biogenic and 

thermogenic sources of light hydrocarbons. Biological hydrocarbons are dominantly 

composed of CH4 which is depleted in 
13

C relative to thermogenic CH4 due to kinetic 

fractionation (Whiticar, 1999). Usually, it is assumed that a �
13

C—CH4 value less than –50 ‰ 

(V-PDB) standard indicates biogenic CH4, whereas values greater than –50 ‰ point to 

thermogenic CH4 origin (Claypool & Kvenvolden, 1983; Schoell, 1988). 

The stable hydrogen isotope ratio, i.e. the fraction of deuterium (D/H) gives some more 

information on the metabolism used for biologic CH4 production: hydrogen atoms in CH4 
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produced from acetate fermentation yield a �D value lower than –250 ‰ Standard Mean 

Ocean Water (SMOW; Vienna standard), whereas carbonate fermentation leads to �D 

values from –150 to –250 ‰ (Whiticar et al., 1986). 

The hydrate samples presented in this study are retrieved from the Gulf of Mexico and 

Black Sea. Current studies on chemical analyses of gas hydrates from different locations 

show that biogenic CH4 production seems to be the dominant origin of hydrate forming CH4 

in most marine environments, for instance at the Hydrate Ridge (Suess et al., 2001), Congo-

Angola basin (Charlou et al., 2004), Blake Ridge (Dickens et al., 1997b), Nankai Trough 

(Takahasi et al., 2001), and the Sea of Okhotsk (Ginsburg et al. 1993). Hydrates with 

thermogenic CH4 have been recovered from the Gulf of Mexico (Brooks et al., 1984), Barkley 

Canyon (Chapman et al., 2004), Marmara Sea (Bourry et al., 2009), Caspian Sea (Ginsburg 

et al., 1992) and from the Lake Baikal (Kida et al., 2006). 

In this thesis, the distinction between thermogenic and biogenic hydrate forming gases is 

significant and is discussed in Chapters 5 and 7 with respect to the microstructural findings 

(Section 1.2.2) and different crystallographic structures (Section 1.2.1). 

 

1.1.3 Parameters for hydrate formation in marine sediments 

 

The controlling parameters for gas hydrate formation and persistence in sediments are P, 

T, gas composition and saturation, and dissolved ions in the pore water. These parameters 

are briefly described in this section. The gas hydrate stability zone (GHSZ) is the area in the 

phase diagram (Figure 1.2) where these parameters allow for gas hydrate occurrence. 

 
Figure 1.2: Gas hydrate stability diagram. The stability for CH4 dominated hydrate (structure I; 

Section 1.2.1) in the southern Gulf of Mexico (Chapters 5, 6, 7) is displayed. GHOZ: Gas hydrate 
occurrence zone. 

 

1.1.3.1 Pressure and temperature 

 

Temperature and pressure conditions spanning the gas hydrate stability horizon occur at 

the seafloor nearly everywhere on Earth at water depths of several hundred meters, 

depending on local seawater temperature. Figure 1.2 gives an example from the southern 

Gulf of Mexico. The lower limit of hydrate stability within the sediments is often determined 

by the temperature increase following the regional geothermal gradient, which can be 
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overprinted by local thermal perturbations caused by fluid flow or heat focusing (e.g., at mud 

volcanoes; Kopf, 2002; Sauter et al., 2006; Appendices I; II). The base of gas hydrate 

stability (BGHS) is defined by the coordinate in the P, T diagram where the geotherm 

crosses the hydrate stability curve. At a given location, P and T are static on short 

timescales but become dynamic on longer timescales, as they are affected by changes in 

sea level and changes in ocean and sediment temperature, by tectonic activity as well as by 

sedimentation (Bahr et al., 2008; Bangs et al., 2005; Kennett et al., 2003; Mienert et al., 

2005; Pecher et al., 1998, 2001; Xu, 2004). Short-term changes in bottom water temperature 

and pressure due to tides, currents, or deep eddies can also affect gas hydrate deposits 

(e.g., MacDonald et al., 1994, 2005; Ruppel, 2000). In this thesis, the role of past sea level 

and water temperature changes on gas hydrate deposits is exemplarily discussed in Chapter 

8 for the Batumi seep area offshore Georgia in the Black Sea. 

 

1.1.3.2 Methane solubility 

 

An essential premise in precipitation of gas hydrates is the supersaturation of hydrate 

forming gases in the sediment pore water (Figure 1.3; Kashchiev & Firoozabadi, 2002), 

which is a function of temperature and pressure (Claypool & Kaplan, 1974), dissolved ions 

(Masoudi & Tohidi, 2005), and the presence (Duan & Mao, 2006; Sun & Duan, 2007) or the 

absence of gas hydrates in the solution (Tishchenko et al., 2005). Hydrate will only form 

when the concentration of the hydrate former (i.e., CH4) exceeds solubility. The deficiency of 

hydrate in shallow marine sediments within the GHSZ can result from escape of CH4 into the 

ocean, which is much under-saturated with CH4. The anaerobic oxidation of methane is a 

further cause for a lack of CH4 in shallow sediments (AOM; see Section 1.1.3.4). Of all seas 

in the world, the Black Sea has the highest amount of CH4 dissolved in the water, which is 

ca. 15 �mol/l (Kessler et al., 2006). This value is far below saturation (ca. 100 mmol/l; Pape 

et al., 2008). 

Figure 1.3 illustrates the GHOZ in relation to the CH4 solubility and concentration: In 

shallow sediments within the GHSZ, CH4 concentration is below saturation values. The CH4 

concentration increases with depth, because the influence of both AOM and seawater 

undersaturated in CH4 declines. Once the CH4 concentration reaches solubility, gas hydrates 

flocculate defining the upper onset of the GHOZ. The depth in which the CH4 concentration 

falls below the solubility value marks the base of hydrate occurrence. The relationship shows 

that as the CH4 flux increases or decreases the GHOZ will expand or bate, respectively. 

 

1.1.3.3 Influence of salinity 

 

The GHSZ is affected by dissolved ions from salts in the formation waters in that 

dissolved ions decrease hydrate stability. This is because the ions interchange with polar 

water molecules decreasing the probability of water molecules to arrange in a cage 

structure. Also, dissolved ions from salts affect the solubility of gas molecules (Duan and 

Mao, 2006; Masoudi et al., 2004). Salts sometimes have a major effect on hydrates and 

inhibit hydrate formation, even though sufficient guest molecule concentrations and 

adequate P,T conditions are established (Masoudi & Tohidi, 2005; Østergaard et al., 2002; 

Ruppel et al., 2005). In this thesis, examples of salts in gas hydrate microstructure are 
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shown in Chapter 6 as well as in Appendix IV. The possible effect salt brines may have on 

gas hydrate crystal growth is discussed in Chapter 4.

Figure 1.3: Gas hydrate occurrence zone (GHOZ) defined by the mass fraction of methane (example 
from Tréhu et al., 2006a). Gas hydrates flocculate when the CH4 concentration reaches solubility.

1.1.3.4 Effect of methane oxidation on the gas hydrate interface in sediments

Microbial CH4 consumption within the sulfate-methane interface zone (SMI) can lower the 

CH4 concentration to levels below solubility (Borowski et al., 1996) and accounts for the 

offset between the upper limit of the GHSZ in the sediments and the gas hydrate occurrence 

zone (GHOZ; Figure 1.3). The thickness of the methane-depleted zone between the seafloor 

and the onset of CH4 and methane hydrates is governed by the activity of microbial consortia 

performing anaerobic oxidation of methane (AOM) coupled to sulfate reduction (Boetius et 

al., 2000; Orphan et al., 2001). Hence, outcropping gas hydrates at the seafloor are 

uncommon. However, gas hydrate deposits near the seafloor or even outcropping are known 

at the Bush Hill site in the Gulf of Mexico (e.g., MacDonald et al., 1994; 2005) or at Barkley 

Canyon (Chapman et al., 2004). These hydrate outcrops are explained by thermogenic 

hydrocarbons as well as by rapid CH4 flux (MacDonald et al., 2005; Chapman et al., 2004). 

Suess et al. (2001) report on outcropping gas hydrates at Hydrate Ridge, which are 

dominated by biogenic CH4 and characterized by high CH4 flux (Torres et al., 2004), such 

that the methane consumption is outbalanced by the high gas flux from below.

1.1.4 Marine environments promoting gas seepage and gas hydrate formation

1.1.4.1 Cold seeps

The mineralogical investigations on the hydrates presented in this study help to better 

understand so-called cold seep systems, where the hydrates were retrieved. Cold seeps are 

sites of localized fluid escape on the seafloor, which is not related to geothermal activity 

(Bohrmann & Torres, 2006). Cold seeps are characterized by fluid fluxes transporting gases, 

oil or fresh water and are typically found at locations where the structure of the subsurface 

fosters fluid flow from deep reservoirs towards the sediment surface (Ding et al., 2008; Judd 

& Hovland, 2007; Tréhu et al., 1999). Depending on the escaping fluids and on the oxygen 

concentrations in the bottom waters, cold seeps are frequently accompanied by seep fauna 
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(Sahling et al., 2003), which is adapted to nutrient cycles often related to the CH4 flux 

(Sahling et al., 2002). Fluid migration and fluid discharge into open water can be forced from 

deep sediments by landsliding, sediment compaction, tectonic compression, and more 

geological processes or a combination of those (Bohrmann et al., 2002; Judd & Hovland, 

2007). Hence, practically every regime with sedimentation, plate tectonics, salt-diapirism 

induced tectonics, eustatic rebounce or ground water movement can foster cold seeps. 

Accordingly, seeps occur both on land and in marine settings. Within the GHSZ in marine 

environments, most cold seeps are found along continental margins but they also occur near 

abyssal plains (Sahling et al., 2008). Seeps can be identified by various techniques. Rising 

gas bubbles in the water column (gas flares) indicate gas seepage at the seafloor (Greinert 

et al., 2006; Sahling et al., 2008). Anomalous reflections of hydro-acoustic echo sounders 

point to shallow gas hydrates if AOM is limited to shallow sediment depths (Section 1.1.3.4) 

(Klaucke et al., 2006; Paull et al., 2008). Video observations of deep-towed TV-sleds can 

identify cold seeps basing on seep fauna (Bohrmann et al., 2002). 

Hydrocarbon seeps can be categorized according to the hydrocarbon homologs, i.e., the 

hydrocarbon chain lengths or the viscosity. Some eastern Black Sea hydrocarbon seeps 

such as the Colkheti Seep or the Pechori Mound are characterized by both gas and oil 

seepage (Akhmetzhanov et al., 2007; Bohrmann & Pape, 2007). Such seeps can be 

categorized as oil seeps. Oil seeps are also frequent in the Gulf of Mexico (MacDonald et al., 

1989, 1996; Sassen et al., 1999), where gas hydrates form from thermogenic gases (Brooks 

et al., 1984), which migrate together with oil from deep reservoirs to shallow sediment 

depths (e.g., Chen and Cathles, 2003; Sassen et al., 2001a, 2001c). 

Similar to cold seeps, mud volcanoes (MV) expel significant amounts of fluidized mud, 

(Kopf, 2002, 2003) and hydrocarbons (Feseker et al., 2008; Sauter et al., 2006). The 

formation and decomposition of gas hydrates at MV is more dynamic than at cold seeps, 

e.g., at the Dvurechenski MV in the Black Sea (Bohrmann et al., 2003; Wallmann et al., 

2006a; Appendix I) or the Vodyanitskii MV in the Black Sea (Appendix II). 

 

1.1.4.2 Gas seepage – is there an effect on the atmosphere? 

 

In Chapter 8 of this study gas hydrate occurrence in the Batumi seep area in the Black 

Sea is described. Possible mechanisms are discussed in how far hydrocarbons from these 

hydrates may break the sea surface. In this section a brief discussion is provided on the fate 

of gas bubbles released from seeps into the water. This section also provides a background 

for Chapter 7, where the coexistence of different gas hydrate structures (introduced in 

Chapter 1.2.1) is reported. One possibility for the co-occurrence lies in the presence of 

bubbles with different gas compositions. 

 

It has repeatedly been suggested that hydrocarbons and carbon dioxide (CO2) discharged 

as gas bubbles from seeps into the ocean water may travel all the way from the seafloor to 

the surface of the ocean and from there into the atmosphere, where they act as greenhouse 

gases and contribute to global warming (e.g., Etiope et al., 2008a, 2008b; Judd, 2002; Judd 

& Hovland, 2007; Kopf, 2003; Milkov et al., 2003a; Solomon et al., 2009). This gas flux has 

been acknowledged as a source of atmospheric carbon in the fourth assessment report of 

the Intergovernmental Panel on Climate Change (Denman et al., 2007). The total annual flux 

from marine seeps to the atmosphere is 20 Tg of CH4, 0.45 Tg of ethane and 0.09 Tg of 
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propane (Etiope & Ciccioli, 2009; Judd, 2004). The effect of offshore gas seepage on climate 

change is, however, still debated controversially, as calculations (McGinnis et al., 2006; 

Rehder et al., 2009; Yamoto et al., 2009) and open sea experiments (Brewer et al., 2002; 

Rehder et al., 2002) suggest that rising gas bubbles dissolve or exchange the gases during 

their ascent due to the undersaturation of CH4 in seawater (Leifer & MacDonald, 2003; Leifer 

& Patro, 2002; Rehder et al., 2004). While traveling a few tens of meters upwards in the 

ocean, gas bubbles without a hydrate skin lose about half their volume to the surrounding 

water (Rehder et al., 2002). If the distance from seafloor to sea surface is longer than a few 

tens of meters, the gas from the bubble is dissolved completely. McGinnis et al. (2006) and 

Schmale et al. (2005) conclude from both calculations and field observations, respectively, 

that only CH4 emitted from less than 100 m water depth reaches the atmosphere at all. CH4 

emissions from deeper located seeps will be dissolved while rising upwards in the water 

column.  

 
Figure 1.4: Gas seepage. A. Hydro-acoustic echo-sounder image of a gas flare (Flare no. 7; Makran 
accretionary wedge offshore Pakistan, ca. 1600 meters below sea level (mbsl); Nov./Dec. 2007; R/V 
Meteor cruise M74/3; Bohrmann et al., 2008). B. Gas bubbles coated by a hydrate skin; the bubbles 
were caught in a transparent plastic funnel (Kobuleti Ridge, Black Sea, offshore Georgia, ca. 1100 
mbsl; R/V Meteor cruise M72/3; Bohrmann & Pape, 2007). 

 

In contrast, emissions of CH4 inside the GHSZ reach further upwards into the water 

column. CH4 bubbles within the GHSZ have been observed to form a hydrate rim on the 

surface of the bubble (e.g., Appendix II), which forms from the combination of water with the 

gas (Maini & Bishnoi, 1981). Although hydrates dissolve in open water (Rehder et al., 2004), 

the traveling distance until half of the bubble volume is dissolved in the water is almost four 

times longer than without a hydrate skin (Rehder et al., 2002). Figure 1.4A shows an image 

of a gas flare from the Makran area in the northwest Indian Ocean. There, hydrate-coated 

bubbles from gas discharge are imaged by acoustic tools. Figure 1.4B shows hydrate-coated 

gas bubbles in high resolution from a seep in the Black Sea. Greinert et al. (2006) observed 

gas flares originating from gas emanation at seepage sites in the Black Sea rising 1300 m 
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high into the water up to ca. 720 m water depth. The authors related the dissolution of the 

gas bubbles in that depth to the disintegration of the hydrate skins on the bubble surface, as 

the calculated methane hydrate stability limit in the Black Sea is in about the same depth 

(Bohrmann et al., 2003). 

From the current information available in the literature the picture emerges that even high 

gas flux seepage deeper than 100 m water depth in marine basins does not significantly 

contribute to the atmospheric CH4 concentration, because the gas is dissolved in the water 

before it can reach the atmosphere (Judd, 2004; Leifer & Patro, 2002; McGinnis et al., 2006; 

Greinert et al., 2006; Rehder et al., 2002; Yamoto et al., 2009). 

An alternative CH4 transport mechanism through the water is discussed in Chapter 8. 

MacDonald et al. (1994) discussed the possibility of massive gas hydrate chunk detachment 

from the seafloor in the Gulf of Mexico. Such gas hydrate rafting has been observed on 

Hydrate Ridge at the Cascadia Margin (Suess et al., 2001). At the Batumi seep area in 840 

m water depth near-seafloor gas hydrates were investigated, as shallow hydrates are more 

easily affected by changes in the environmental conditions than deeper-seated hydrates. 

Video-documented massive gas ebullition co-occurred with fresh fractures in the sediments 

on the scale of meters, which were interpreted as the results of gas hydrate rafting, i.e., 

detached chunks of hydrate that drifted from the seafloor due to their buoyancy (Chapter 8; 

Suess et al., 2001; MacDonald et al., 1994). Large chunks of massive hydrates have a much 

bigger chance of breaking the sea surface than hydrate skinned-bubbles (Brewer et al., 

2002; Paull et al., 2003). 

 

1.1.5 Occurrence of gas hydrates in marine sediments 

 

Gas hydrates precipitate as authigenic minerals in marine sediments. They occur in 

different fabrics in the sediments, which are related to the lithology and porosity, gas flux, 

water content and overburden pressure (Bohrmann & Torres, 2006). 

 

1.1.5.1 Hydrate fabric and relation to burial depth 

 

In the cores of the ODP Leg 204 drillings (Tréhu et al., 2006b) crystal sizes of deep-

seated hydrates seemed to be larger than the shallower ones (Klapp et al., 2007; Appendix 

V). During the ODP Leg 204 drilling campaign a relation between burial depth and the fabric 

of the gas hydrates was recognized (Abegg et al., 2006; 2007; Bohrmann & Torres, 2006). 

The gas hydrate system at Hydrate Ridge is fed by rising gas bubbles from below 

(Haeckel et al., 2004; Milkov et al., 2005) precipitating as hydrates in the upper ca. 180 m of 

the sediment column in the pore space of the sediment (e.g., Torres et al., 2002; Tréhu et 

al., 2004). If the hydrates form in shallow sediment depths, accumulating and growing 

hydrates will displace the sediment in order to gain space. This is impossible at greater 

depth due to the overburden; at Hydrate Ridge the approximate sediment depth at which the 

force of gas hydrate crystallization (see Torres et al., 2004) cannot overcome the overburden 

pressure is 25 meters below seafloor (mbsf) (Torres et al., 2004). Accordingly, in the deeper 

sediments gas hydrates form only along surfaces of cracks and fissures (Abegg et al., 2007) 

and have distinctly different fabrics than the shallower hydrates (Abegg et al., 2006; 

Bohrmann et al., 1998). It has been suggested that the bubble fabric of the gas hydrates 

gradually decreases with increasing depth down to that particular horizon where the 
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pressure from the overlying sediments exceeds the force of crystallization to displace 

sediment particles in order to grow (Torres et al., 2002; 2004). 

Gas hydrates can be classified into disseminated, nodular, layered and massive hydrates 

(Malone, 1985) according to the size of hydrate occurrences. Bohrmann et al. (1998) and 

Suess et al. (1999; 2002) described gas hydrates from Hydrate Ridge occurring in layers or 

joints with thickness from millimeters to decimeters. The classification of Malone (1985) 

combined with a hydrate size characterization allowed to describe the gas hydrate fabric 

within the host sediments of ODP 204 cores and therefore to relate the formation of gas 

hydrates to their host environment (Abegg et al., 2006). The relation of gas hydrate fabric, 

dipping angle of gas hydrate layers and the respective burial depth revealed that deep-

seated gas hydrate layers have very steep dipping angles (60° - 90°), whereas shallow 

hydrates have a flat dipping (Abegg et al., 2007). A graphical description of the relation of 

depth and dipping of hydrate layers as measured in sediment cores by computer 

tomography analyses is shown in Figure 1.5.  

 

 
Figure 1.5: Relation of dipping of gas hydrates and burial depth at ODP Leg 204 drilling sites (after 
Abegg et al., 2007). 

 

Abegg et al. (2006; 2007) and Bohrmann et al. (1998) showed that gas hydrate 

occurrence on Hydrate Ridge could be classified into two major groups with respect to the 

burial depth: In shallow depths massive hydrates, hydrate nodules and hydrates which were 

intercalated with the sediments occurred, the layers formed (sub-)parallel to the bedding. 

The size of such hydrates varied from millimeters to decimeters, the transition to massive 

hydrates occurred gradually. At depths greater than the horizon where the overburden 

pressure overcomes the gas hydrate crystallization force to displace sediment grains, 

massive hydrates only occurred if large spaces and cavities were present in the sediments. 

Otherwise, hydrates were found in veins and veinlets with steep dipping angles (Figure 1.5). 

This is due to upwards-migrating gases and hydrate precipitation along fractures and faults 

within the sediments (Abegg et al., 2007; Bohrmann & Torres, 2006; Torres et al., 2004; 

Tréhu et al., 2004). 

The focus of the gas hydrate investigations presented in this thesis was laid on hydrates 

from shallow sediment depths of a few mbsf in order to better understand near seafloor 
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hydrate deposits. An exception is one hydrate piece from the Indian drilling campaign 

(Collett et al., 2008a) as well as the ODP Leg 204 hydrates (Appendices IV, V). 

 

1.1.5.2 Shapes of shallow gas hydrates in marine deposits 

 

 
Figure 1.6: Shapes of gas hydrate in shallow marine sediments. A. Vein, several centimeters thick 
and on a length scale of a meter. B. Hydrate layer. C. Massive, elongated nodule or a thick hydrate 
tube. D. Tube-shaped hydrate piece and a nodule. E. Massive gas hydrate layer parallel to the 
stratification. F. Inside view of a hydrate tube: the hydrate precipitated on the inside of the tube, 
which is in contact to host sediments. The conduit in the center of the tube facilitates gas transport. 
G: Thin Section of pure gas hydrate layer; the globular structure of gas hydrate shows that it is 
formed from gas bubbles. Figures A, B, C, D, F: R/V Meteor expedition M74/3a, African continental 

margin offshore Congo river; courtesy T. Pape. Figures E, G: changed from Bohrmann et al., 1998. 

 

Diverse shapes and fabrics of shallow gas hydrates are known (Figure 1.6). Shallow 

hydrates can be quite massive and deposits can have large sizes near the seafloor. At the 

Bush Hill in the northern Gulf of Mexico (GOM) and at the Barkley Canyon in the northeast 

Pacific Ocean massive hydrate deposits several meters in size crop out at the seafloor 

(MacDonald et al., 1994; Chapman et al., 2004, respectively). At the Chapopote asphalt 

volcano (short: Chapopote) in the southern GOM hydrate layers of some centimeters in 

thickness are trapped below layers of asphalt (MacDonald et al., 2004; Chapter 7). Figure 

1.6 shows typical examples of shallow gas hydrates. Veins (Figure 1.6 A) typically form 

when gas is transported vertically along conduits and combines with water to hydrate. When 

hydrates in shallow sediments force their own space during growth by fracturing or pushing 

apart the sediment framework (Suess et al., 1999; 2001), they typically form veins (Figure 

1.6A), layers (1.6B), tubes (1.6C) and nodules (1.6D) of pure gas hydrate (Abegg et al., 

2006; Trèhu et al., 2006a). Nodules can be spherical or elongated (Figure 1.6C, D) 

depending on gas flux, bedding and fractures in the sediment. Figure 1.6F shows the inside 

of a tube of gas hydrate; it indicates a high gas flux site where gas both precipitates as 

hydrate but is also transported further upwards in the sediments through the GHSZ. 

Occasionally, matrices of massive gas hydrate can encase small sediment clasts. Shallow 

hydrates can be tightly intercalated with soft and fine-grained sediments, e.g. at Hydrate 

Ridge. Thin sections of pure hydrate layers and cross sections perpendicular to stratification 
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revealed dense interfingering of hydrates and sediments (Figure 1.6 E; Bohrmann et al., 

1998). Hydrates occurring in layers dominantly form parallel to the bedding but sometimes 

cross-cut the bedding obliquely (Suess et al., 1999). The fabric of hydrates from Hydrate 

Ridge was characterized by a spongy structure filled by small bubbles from millimeters to 

several centimeters, which are elongated parallel to the bedding (Figure 1.6E, G; Bohrmann 

et al., 1998; Suess et al., 1999). 

Shallow gas hydrates from Hydrate Ridge are reported to have a globular fabric, which is 

formed from trapped gas bubbles under an impermeable layer in which subsequent addition 

of free gas leads to the formation of globular gas hydrate (Figure 1.6 G; Bohrmann et al., 

1998). A similar situation is proposed to exist underneath the asphalt layers at the 

Chapopote (see MacDonald et al., 2004) for the gas hydrate samples presented in Chapter 

7. Impermeable layers can be mandatory in a geological environment to facilitate unusual 

gas hydrate structural compositions (Chapter 7).  

 

1.1.6 Gas hydrates and energy industry 

 

Gas hydrates are interesting for industry, in particular for the energy industry for several 

reasons. 

Flow assurance: Hydrates cause problems in gas or oil transport, as they can clog 

pipelines (Wilcox, 1934; Koh, 2002; Sloan & Koh, 2007). Faster flow rates, answering to 

higher energy demand, cause higher pressures in pipelines, evoking increased hydrate 

formation (Sloan & Koh, 2007). The economic damage seems to be severe enough that in 

the major oil companies much work is dedicated to inhibit gas hydrate formation during gas 

and oil recovery and transport. 

Energy/ gas production: Hydrocarbons from hydrates are considered as a potentially 

significant energy resource (e.g., Max et al., 2006). In a conceptual study Walsh et al. (2009) 

showed that the range of gas prices necessary to produce gas from hydrates is not 

significantly higher than it already is in the North American energy market. In Canadian and 

US-American permafrost, production tests and reservoir models have been conducted at 

several sites over the past years, such as the Mallik 5L-field test (Dallimore and Collett, 

2005), the Mt. Albert stratigraphic test well (Anderson et al., 2008; Collett et al., 2008b), and 

more (see Anderson et al., 2008). Still, for North America energy production from 

conventional gas reservoirs in the Arctic is economically more attractive than from gas 

hydrate reservoirs, therefore Walsh et al. (2009) conclude that the production from gas 

hydrates will commence once unique market conditions exist. 

Gas production from marine hydrate resources on the other hand may proceed even 

earlier although financial and technological efforts will be greater (Max et al., 2006; Walsh et 

al., 2009). This can happen if no conventional gas resources exist, diversification of energy 

supply becomes a concern, or the security of supply becomes part of the political agenda of 

a country. For those reasons, several countries have launched national gas hydrate 

programs targeting marine resources. For instance, India launched the National Gas Hydrate 

Program Expedition 01 (Collett et al., 2008a); China started the Chinese Guangzhou Marine 

Geological Survey Expedition 1 (Zhang et al., 2007; Han et al., 2008); South Korean 

scientists currently investigate the Ulleung back-arc basin for gas hydrates (Chun et al., 

2008; Ryu et al., 2009) and Japanese scientists explore the Japanese Sea for hydrate 

deposits (Matsumoto et al., 2009). Various contributions to the 6
th

 International Conference 
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on Gas Hydrates report on the efforts of those mentioned and more countries to assess their 

gas hydrate provinces (Englezos & Ripmeester, 2008). 

Methane production and simultaneous CO2 sequestration: Carbon capture and 

sequestration (CCS) into deep strata reduces carbon emissions and has been done for 

years (e.g., Lackner, 2003; WBGU, 2006). One option currently being discussed is the 

incorporation of CO2 in hydrates, as CO2 is a hydrate forming gas (e.g., Brewer et al., 1999; 

House et al., 2006; Rochelle et al., 2009). A variation of CO2 sequestration by incorporation 

into gas hydrates is to replace existing gas hydrate deposits in natural systems and 

sequester CO2 while simultaneously recovering CH4 from the hydrates. Experiments 

eventually targeting such large-scale gas replacement strategies are currently being carried 

out (Stevens et al., 2008; Husebø et al., 2008; Ersland et al., in press; J. Howard, pers. 

comm., July and August 2008). In Germany, which has no own gas hydrate resources, the 

SUGAR project (short for Submarine Gas Hydrate Reservoirs), launched in 2008, targets the 

prospection, exploration and quantification of suitable methane hydrate deposits, where CH4 

is planned to be replaced by CO2, and the transportation of methane hydrate.  

Further applications: Gas hydrate is an interesting material for more applications due to 

the high volumetric density of guest molecules compared to free gas. Currently, companies 

and academia are testing methods to safely transport reactive gases bound in hydrates, for 

instance hydrogen (Mao and Mao, 2004; Lee et al., 2005; Strobel et al., 2006). Because gas 

hydrates only form from water and gas and thereby expel other substances dissolved in the 

water, for instance salts in the case of seawater (e.g., Chapter 6), hydrates can be used for 

desalination or water purification (Max, 2002; 2006). 

 

1.2 Mineralogical aspects of gas hydrates 

 

Most of the attention gas hydrates receive is due to the volumetric density of gas 

molecules in the hydrate structure. Often a ratio of 1:164 is quoted, which returns the 

volumetric ratio of CH4 gas under standard conditions to an ideally saturated CH4 hydrate 

(sI, Section 1.2.1). This ratio was first reported by Davidson et al. (1978). The maximum 

amount of CH4 that a hydrate unit cell can store is fixed by the geometry of the water 

molecules, which span different cage structures. 

In the following section different hydrate structures and hydrate forming gases are 

explained (1.2.1). In section 1.2.2 the microstructure of gas hydrates is introduced. A 

background on crystallite sizes, growth and ripening of crystals is provided in section 1.2.3.  

 

1.2.1 Structure of gas hydrates 

1.2.1.1 Crystallographic structures 

 

Gas hydrates are mostly classified according to their crystallographic structure, which is 

governed by the local P,T conditions as well as by the gas chemical composition, particularly 

by the diameter of the gas molecule. Three hydrate structures are known in nature, which 

are the structures I, II and H (von Stackelberg & Müller, 1951; 1954; Ripmeester et al., 

1987). They are typically abbreviated sI, sII and sH, respectively. The unit cells of the 

hydrate structures comprise different polyhedral cages, and these cage types occur in a 

certain ratio in a unit cell (Figure 1.7). The cages are described according to the number of 

faces [m], which form the cage, and the number of edges [b] in the form [b
m
]. For instance, 



1.2 Mineralogical aspects of gas hydrates 

 14 

the large cage (LC) of sI (top left in Figure 1.7) comprises 12 pentagons (5
12

) and 2 

hexagons (6
2
), therefore the cage is named 5

12
6

2
. Six LC and two small cages (5

12
; SC) form 

a sI unit cell. sII is formed from 16 SC and 8 LC, the LC of sII (5
12

6
4
) are bigger than those of 

sI. The diameters of the cages are given in Table 1.1. sH comprises 3 different cage types: 3 

SC, which are the same small cages as for sI and sII, 2 medium sized cages, comprising of 

3 different crystal planes (4
3
5

6
6

3
), and 1 very large cage (5

12
6

8
). 

 

 
Figure 1.7: Relation of cages and crystal structure of gas hydrates. Depicted are the five different 
cages, which form three different crystallographic hydrate structures discovered in nature. The 
smallest cage (5

12
), shown in the center of the upper three cage types, occurs in all three structures 

(after Bohrmann and Torres, 2006). 

 

Parameters describing the gas hydrate structures sI, sII and sH are listed in Table 1.1. 

The SC of sI are connected in space by the vertices of the cages, for sII the faces are 

shared. For both structures, the spaces between the SC are formed by the LC (Figure 1.7). 

In sH, face sharing occurs in two dimensions, such that a layer of SC connects to a layer of 

medium and LC (Sloan & Koh, 2007; Ribeiro & Lage, 2008). All three structures can 

incorporate different guest molecules into a single unit cell, but sH needs two different-sized 

molecules to form: one small molecule as a helping gas (Ripmeester et al., 1987) such as 

CH4 filling the SC, and a large molecule. 

 

1.2.1.2 Hydration number 

 

Each hydrate cage is formed from water molecules which are hydrogen-bonded. The 

guests, which are mostly gas molecules, stabilize the cage. To remain stable the ratio of 

guest and cage diameter needs to be within certain thresholds to assure stability. As gas 

hydrates are non-stoichometric compounds, not all cages need to be filled with guest 

molecules, but if too many cages are empty the structure becomes fragile. However, it has 

been observed that some cages are occupied by more than one guest molecule. N2 forms sII 

hydrate, but due to the small molecule diameter, two N2 molecules are incorporated into the 

LC of sII (Kuhs et al., 1997). Also, for hydrogen transport, experiments were conducted 
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trying to implement as many as 6 H2 molecules into the LC of sH (Susilo, 2008; R. Susilo, 

pers. comm. July 2006; July 2008). 

The hydration number (n) expresses the ratio of water molecules to gas molecules within 

a unit cell, assuming single occupancy. It is directly correlated to the cage occupancy (�), as 

each unoccupied cage adds more water but no gas molecule to the equation, therefore a 

high n implies a low �. sI can host a maximum of 8 guest molecules (Figure 1.7), assuming 

single occupancy. Because the SC and LC of sI comprise a total of 46 water molecules, the 

ideal n would be 5.750. For both sII and sH, n ideally would be 5.667. This means that for 

natural hydrates, n could never drop below this value, otherwise multiple cage occupancy 

would occur. 

The cage occupancy � is important to determine the amount of gas captured in hydrates. 

Early gas hydrate assessments assumed an ideal hydration number (Table 1.1), with all 

cages occupied (Kvenvolden, 1995; 1999). However, literature from various oceanic 

locations shows that full occupancy so far has never been observed in nature (Kida et al., 

2009 and references therein; review in Sloan & Koh, 2007). Udachin et al. (2007) presented 

the first single crystal data from marine hydrates from two locations, and reported that the LC 

of both sI and sII were fully occupied. The SC were occupied only by CH4 and were filled to 

89.8%, which agrees to earlier publications (Koh, 2002). Laboratory studies on CH4 and CO2 

hydrates showed that � is dependent on P in that n decreases with increasing P, i.e., more 

cages are occupied at higher P and constant T (Klapproth et al., 2003). That was also 

observed for other gases, such as H2S (Cady, 1983). Laboratory investigations on CH4 

hydrate over a wide range of P,T conditions but always close to hydrate dissociation showed 

that the hydration number for pure CH4 hydrate remained constant at 5.99 ±0.07 (Circone et 

al., 2005). Theoretical calculations for gas hydrate from the Batumi Seep area in the Black 

Sea comprising mostly CH4 revealed that at fixed T, � would increase with increasing P 

(Figure 1.8). This aspect needs to be considered in quantifications of gas captured in gas 

hydrates. Chapter 8 addresses the quantification of gas hydrate at the Batumi Seep area. 

 

Table 1.1: Structures of gas hydrate cells (from Sloan & Koh, 2007). Space group reference 
numbers from the International Tables of Crystallography. 

Structure I II H 

Crystal system Cubic Cubic Hexagonal 

Space group Pm3n (No. 223) Fd3m (No. 227) P6/mmm (No. 191) 

Lattice  
parameters 

a = 11.88 Å a = 17.3 Å a = 12.2 Å; c = 10.1 Å 

 � = � = � = 90° � = � = � = 90° � = � = 90°;  � = 120° 

Ideal unit cell 
2(5

12
) x 6(5

12
6

2
) x 

46 H2O 

16(5
12

) x 8(5
12

6
4
) x 

136 H2O 

3(5
12

) x 2(4
3
5

6
6

3
) x 

18(5
12

6
8
) x 34 H2O 

Ideal hydration 
number 

5.750 5.667 5.667 

Cages small large small large small medium large 

Average cavity 
radius [Å] 

3.95 4.33 3.91 4.73 3.94 4.04 5.79 

Variation in 
radius [%] 

3.4 14.4 5.5 1.73 4.0 8.5 15.1 

Water 
molecules 
per cavity 

20 24 20 28 20 20 36 
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Figure 1.8: Isothermal cage occupancy (�) against pressure. Calculations were done by the 
Colorado School of Mines Gibbs Energy Minimization software (CSMGem) (Sloan & Koh, 2007), 

using gas chemistry data of a gas hydrate piece retrieved from the Batumi seep area during R/V 
METEOR expedition M72/3 (Bohrmann & Pape, 2007; core GeoB 11925; CH4: 99.93 mol%; C2H6: 
0.02 mol%; CO2: 0.04 mol%. T = 9.0 °C). 

 

1.2.1.3 Relation of gases and hydrate crystal structures 

 

The formation of a discrete gas hydrate structure is determined by the P,T conditions as 

well as by the size of the guest molecule. Many guests from H2 to tetrahydrofuran are known 

to form hydrates (Sloan & Koh, 2007). Not only molecules can be incorporated into hydrates 

but also noble gases, i.e. elements. Hydrocarbons were most important for the samples 

presented in this thesis. Also, in the studied marine environments, the P,T field is 

constrained by P � 300 bar and T in the range of 0 to 20 °C. 

At most known marine hydrate deposits, CH4 is the prevailing hydrate forming gas (Hester 

and Brewer, 2009 and references therein; Kvenvolden, 1993), which is due to the fact that 

microbial degradation of organic material produces CH4. CH4 is incorporated into the SC of sI 

and sII and into the LC of sI. Other than from CH4, sI also forms from small gas molecules 

such as H2S and CO2 (Figure 1.9; Table 1.2). sII hydrate forms when larger guest molecules, 

e.g. propane (C3H8), iso- and n-butane (C4H10) are present in the feeding gas (Figure 1.9; 

Table 1.2). The ratios of guest molecule sizes and cavity diameters (Table 1.2) help to 

estimate whether a certain cage type of a crystal structure is likely to be formed from the 

respective gas molecule. The ratios were calculated using the cage radii given in Table 1.1 

(Sloan & Koh, 2007). At guest/cavity ratios >1 (Table 1.2) the incorporation of the respective 

guest is unlikely under natural conditions on Earth, however laboratory experiments using 

various gases showed that this is possible under more extreme P,T conditions (e.g., Chou et 

al., 2000; Moudrakovski et al., 2001). 

The samples of the present thesis contain several hydrocarbon species (Chapters 5, 8; 

Appendix III). If two or more gases are present, the crystal structure is governed both by the 

size of the largest guest molecule present and by the concentrations of the guests. Ethane 

(C2H6) fits into the LC of both sI and sII. As single guests CH4 as well as C2H6 both form sI 

hydrate, but when occurring together, either sI or sII can form depending on P,T and the 

relative concentrations of the potential guests. A CH4—C2H6 mixed hydrate persists at 

various P,T conditions as sI if the CH4 concentration stays below 72.2 – 75.0 mol% 

(Subramanian et al., 2000a) or above 99.2 – 99.4 mol% (Subramanian et al., 2000b). At  
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Table 1.2: Guest molecules and hydrate cages; ratio of guest molecule diameter versus cavity 
diameter (from Sloan and Koh, 2007).

Ratio: Guest molecule diameter / cavity diameter

Guest molecule Structure I Structure II

Molecule Diameter [Å] SC LC SC LC

N2 4.1 0.804 0.7 0.817 0.616

O2 4.2 0.824 0.717 0.837 0.631

CH4 4.36 0.855 0.744 0.868 0.655

H2S 4.58 0.898 0.782 0.912 0.687

CO2 5.12 1.00 0.834 1.02 0.769

C2H6 5.5 1.08 0.939 1.10 0.826

C3H8 6.28 1.23 1.07 1.25 0.943

i-C4H10 6.5 1.27 1.11 1.29 0.976

n-C4H10 7.1 1.39 1.21 1.41 1.07

Figure 1.9: Hydrate-forming gases and element/molecule diameters (left column) and the respective 
cages, where they occur (right column). Depending on the size, some molecules fit only into one 
cage type, therefore the hydration number (middle column) is high, given that no other molecules 
are present. Molecules smaller than 3.5 Å do not form hydrates under natural conditions on Earth, 

and molecules larger than 7.1 Å are incorporated into sH (note that sH needs also small molecules 
to stabilize the SC) (from Sloan & Koh, 2007).
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concentrations between these thresholds, sII hydrate forms. Ballard and Sloan (2001) 

calculated for a broader P range at 3-4 °C, that depending on P and the relative gas 

concentrations sI, sII or a mix of both can be expected. The results were confirmed in 

laboratory experiments by Takeya et al. (2003). 

The structural change from sI to sII and sII to sI with mole fractions of ca. 75 and ca. 99 

mol% CH4 and the balance being C2H6 can be understood as a structural transition and is 

explained by the guest molecule diameter/cavity diameter ratio (Ballard & Sloan, 2001; Table 

1.2) and the relative abundances of the LC and SC in each structure type (Figure 1.7). At 

low CH4 and high C2H6 concentrations, sI is the preferred phase because it contains three 

times as many LC than SC (Figure 1.7; Table 1.1) and in both structures C2H6 occupies the 

LC. At higher CH4 concentrations the transition to sII occurs because CH4 is more abundant 

and is incorporated into the SC of sII, of which sII has twice as many as of the LC. At very 

high CH4 concentrations sI is the incipient hydrate structure (Subramanian et al., 2000b). It 

has been shown that CH4 and C2H6 compositions close to the transition points can coexist in 

a metastable state (Ballard & Sloan, 2001; Ohno et al., 2009; Subramanian et al., 2000a, 

2000b; Yeon et al., 2006). However, recent long-term observations of CH4—C2H6 sI/sII 

hydrate (95 mol% CH4; P=50 bar; T= –3 °C) lasting almost six months demonstrated that 

eventually the coexistence might not be a transient, metastable state but that instead 

miscibility gaps exist and both structures are stable (Murshed & Kuhs, 2009). 

 

1.2.1.4 Incipient structure and long-term stability 

 

The literature reviewed in this section is important for understanding the coexistence of 

two closely associated gas hydrate structures. Chapter 7 addresses the co-occurrence of sI 

and sII gas hydrates from the Chapopote asphalt volcano, which are formed by C1 to C5 

hydrocarbons. 

Under marine conditions, pure CH4 and water combine to sI hydrate which remains stable 

in that no structural conversion occurs. However, in recent years researchers have observed 

that some hydrates undergo transformation, that is, they crystallize in an incipient structure 

and then transform either completely or partly into another structure. Single guest 

experiments showed that CO2 hydrate formed incipiently both as sI and sII mix (Klapproth et 

al., 2003; T = —1 °C, P = 20 bar; from ice powder, after Kuhs et al., 1992; and Stern et al., 

1996). CO2-sII had initially higher formation kinetics, forming faster than sI. After ca. five 

hours of reaction, sI formation was faster than sII and sII transformed into sI. The time lapse 

between the completed formation of sII crystals and the transformation to sI was considered 

as a transient existence of sII (Klapproth et al., 2003). 

Likewise, metastable transient coexistences of sI and sII were observed for CH4 and C2H6 

mixes (Ohno et al., 2009). In their experiments, mixed hydrate structures coexisted for a gas 

composition with 65 mol% CH4 for one week, while for a gas mix comprising 93 mol% CH4, 

all hydrate transformed into sII after three hours. Ohno et al. (2009) proposed that the 

metastability depended on the gas composition, as the structural conversion happened 

faster for the higher CH4 concentration. That was explained by the degree of guest-gas 

redistribution and the water molecule rearrangement, as well as by differences the driving 

force for the conversion (Ohno et al., 2009). The driving force is the difference in the 

chemical potential of water in the liquid and in the hydrate phase (Kashchiev & Firoozabadi, 

2002). It is also an important factor in the induction time for gas hydrate nucleation of 
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different compositions and at different P,T conditions (Ribeiro & Lage, 2008; Skovborg et al., 

1993). 

Structural transitions of gas hydrate were observed by exposing C2H6 sI hydrate to a CH4 

atmosphere (Murshed & Kuhs, 2007; Murshed et al., submitted). A gas replacement reaction 

occurred in combination with a structural change from sI to sII starting at the surface of the 

preexisting hydrate with a shrinking core (see Kuhs et al., 2006) of yet unreacted parent 

material. Murshed and Kuhs (2007) and Murshed et al. (submitted) concluded that a 

regrowth process of gas hydrate crystals, which is stimulated by a change in the feeding gas 

composition must be limited by diffusion control of the reacted shell towards the core. This 

implies that at any given time different structures may coexist, controlled by a change in the 

feeding gas, which can be stable over long time periods (Murshed & Kuhs, 2009). Similar to 

the experiment, hydrocarbon feeds from different sources were reported for hydrate deposits 

in the Kukuy Canyon in Lake Baikal and were related to different hydrate structures, which 

were found in the canyon (Kida et al., 2006, 2009). A sI and sII hydrate mix was also found 

in bulk samples of outcropping gas hydrates at Barkley Canyon; the hydrates were 

characterized by heterogeneous CH4 dominated gas compositions (Hester et al., 2007a). To 

study the structure co-occurrence, the authors grew sI and sII hydrates, which formed 

simultaneously from an artificial gas mixture (92.5 mol% C1, 7.5 mol% C2—C5) in natural 

settings. 65 days after the reaction, the authors found a heterogeneous mix of sI and sII, 

which Hester et al. (2007a) ascribed to a formation mechanism that allowed for hydrate 

growth in isolated pockets and reactors such as gas bubbles coated by hydrate skins (Mori 

and Mochizuki, 1997; Tophan, 1984; see also Figure 1.4B). Also at Barkley Canyon, a sII-sH 

hydrate mix was found (Lu et al., 2007). The co-occurrence was ascribed to the 

circumstance that the gases captured in the hydrate mix would neither all fit into sII nor into 

sH, such that a coexistence of both structures emerged (Lu et al., 2007). This interpretation 

corresponds to the observation of a miscibility gap for CH4 and C2H6 (Murshed & Kuhs, 

2009). An equilibrating system seeks to reduce the Gibbs free energy (Lasaga, 1998), and 

from the cited studies it emerges that for hydrocarbon compositions of C1—C5 and P,T 

conditions relevant for marine hydrate systems a coexistence of more than one structure 

may provide the lowest intrinsic energy and stabilize the system. 

Isobaric subcooling from outside to inside of the CH4 sI stability horizon de-mixed a sII 

hydrate formed from CH4, C2H6 and C3H8 into a coexistence of CH4 dominated sI and C2H6- 

and C3H8-rich sII hydrate (Schicks et al., 2006). During the transition process, all crystals first 

decomposed and then regrew. It is unknown how stable the coexistence is for longer time 

periods, but the de-mixing process was reversible and commenced rapidly (Schicks et al., 

2006). The reversibility of the structure conversion is remarkable as it suggests that the 

transition comprising rapid decomposition and regrowth into different structures, as observed 

by Schicks et al. (2006), is a thermodynamically stable process instead of a metastable 

phenomenon. 

 

1.2.1.5 Volatility 

 

The volatility of hydrate guest molecules is not only relevant for hydrate formation but is 

also considered to be important for certain microstructural features, in particular the porosity 

or non-porosity of gas hydrates. In Chapter 5 the microstructure of gas hydrates is discussed 

in relation to the crystallographic structure and gas composition. 
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During gas hydrate formation the incipient hydrate structure provides the greatest 

reduction of Gibbs free energy coming from the vapor and water phase (Ballard & Sloan, 

2001). Also, the frequently used modeling software CSMGem, used here to obtain 

information on phase boundaries and flash calculations for incipient hydrate structures, uses 

convergence criteria to minimize the Gibbs free energy in hydrate/water/ice/vapor systems 

(Ballard & Sloan, 2001; Sloan & Koh, 2007). The greatest reduction in free energy can be 

achieved with a high cage occupancy �, i.e. optimal filling of the available cages for the given 

hydrocarbons. Critical reviews of different proposed hydrate nucleation models are given by 

Ribeiro & Lage (2008) and Sloan & Koh (2007). The actual P,T coordinates for the phase 

transition into the hydrate stability also depend on the volatility of the hydrate forming gases. 

This is because in either of the models for hydrate nucleation, gas molecules need to be 

captured in cages of water molecules. More volatile gases are more fugitive, therefore, 

volatile gases require more subcooling compared to less volatiles. At P,T conditions relevant 

for marine seep environments, CH4 has a vapor pressure 10 to 20 times higher than C2H6, 

which has a vapor pressure more than 10 times higher than C3H8. C3H8 has a vapor 

pressure about 8 times higher than C4H10 (Perry & Green, 1997). 

 

1.2.2 Microstructure 

 

The microstructure is understood as the structure of a sample at high magnifications 

(Goldstein et al., 2003). It implies surface characteristics of a material (Chapter 5; Appendix 

IV) as well as the three-dimensional architecture (Friis et al., 2007; Medalia et al., 2002; 

Chapter 6), structural effects of compositional changes in composite materials, the inclusion 

or exclusion of components in multi-component systems (e.g., liquids, gases or solids; 

Chapter 5), crystallographic phases forming the material (although there, the transition 

passes over into the nanostructure, e.g., Wang et al., 2008), the fabric of the material, and 

properties of the grains or crystals forming the material. The properties of grains and crystals 

are subdivided into the texture and orientation of grains, assemblages of crystallites to 

agglomerates, and the crystallite sizes and size distributions. The microstructure of a 

material can influence physical properties such as strength and behavior at different 

temperatures and pressures (e.g., Durham et al., 2003). Several of these aspects with 

respect to gas hydrates are described in the following sections. 

 

1.2.2.1 Sub-micrometer sized porosity 

 

The meso- or microporosity of hydrates is a characteristic that has been investigated over 

the past ten years: Artificially formed hydrates from CH4, argon (Ar), N2 and CO2 are known 

to feature a porous microstructure (Genov et al., 2004; Klapproth et al., 2003; Kuhs et al., 

2000a, 2004a, 2004b; Staykova et al., 2003). Also, sI hydrates recovered from marine and 

permafrost deposits show the same porous microstructure. All mesopores have almost the 

same size, irrespective of burial depth, transfer during recovery (given that the hydrates did 

not decompose completely), hydrate forming P,T conditions and pore water composition 

(Kuhs et al., 2004a, 2004b; Suess et al., 2002; Techmer et al., 2005; Chapters 3, 4, 5; 

Appendices IV, V). Except for CO2, the pores have diameters in range from ca. 200 to 400 

nm and therefore are named micro- or mesopores. CO2 hydrate pores have diameters of 

less than 100 nm (Kuhs et al., 2000a; Genov et al., 2004). 
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Dense hydrate surfaces have been synthesized for sI hydrates above the ice point by 

Falenty et al. (2007), Klapproth et al. (2007) and Stern et al. (2004; 2005), but they were not 

distinguished in relation to the crystal structure or gas composition. In Chapter 5 dense, i.e. 

non-porous sII hydrates from the Gulf of Mexico are described comprising significant 

amounts of C2—C5 molecules. There, microstructural observations are discussed regarding 

the volatility of the gases, the thermodynamic stability and the crystal structure. 

 

1.2.2.2 Microstructure and anomalous self-preservation 

 

Microstructure observations on gas hydrates helped to shed light on the anomalous self-

preservation of gas hydrates (Kuhs et al., 2004b; Stern et al., 2001; Takeya et al., 2001). 

Intense studies over the past years on decomposition and dissociation kinetics (Falenty et 

al., 2007; Circone et al., 2003), particularly aided by neutron diffraction (Falenty & Kuhs, 

2008; Kuhs et al., 2004b; Kuhs & Hansen, 2006), helped to define certain isobaric 

temperature and isothermal pressure ranges (so-called “islands”) of meta-stability, where the 

decomposition of hydrates is slowed down. For instance, at atmospheric pressure and –5 °C 

CH4 hydrate is metastable such that the time that passes to decompose 50% of the hydrate 

is almost one month (Stern et al., 2001). Stern et al. (2002) suggested that ice, which is 

produced from the endothermic decomposition, shields the still intact hydrate temporarily. 

The self-preservation seems to be related to the ice cover. Defects in the ice are supposed 

to facilitate the diffusion of gas molecules through the ice during the decomposition (Kuhs et 

al., 2004b; Falenty & Kuhs, 2008). Microstructure inspections on partly dissociated hydrates 

with well constrained and monitored decomposition histories revealed differences in the 

microstructure of ice and hydrate. Samples, which were decomposed at comparatively high 

temperatures were covered by large ice crystals with well defined grain boundaries (Falenty 

& Kuhs, 2008). Apparently the ice anneals faster at warmer temperatures due to higher 

water molecule mobility (e.g., Devlin, 2000). Instead, open pores from degassing were found 

in samples which decomposed at lower temperatures (Falenty & Kuhs, 2008). These results 

on the microstructure show that the anomalous preservation is not only controlled by the 

temperature gradient shifting hydrates outside of the stability but also by the degree of 

annealing of the ice coverage, which seals open pores where the hydrate degasses. 

 

1.2.2.3 Microstructure imaging of decomposing hydrates 

 

Awareness of the decomposition history is mandatory when dealing with gas hydrate 

samples, as it was for this thesis. Bohrmann et al. (Appendix IV) investigated systematically 

the grade of decomposition of samples from the Hydrate Ridge (ODP Leg 204). For samples 

with large ice fractions and little hydrate left over, extensive decomposition pores in the 

micrometer range were observed by Scanning Electron Microscope investigations (Section 

2.1.5). In contrast, well-preserved samples with large hydrate fractions and little ice were 

characterized by typical monotonous mesoporosity (Kuhs et al., 2000a; Appendix IV Clear 

differences exist between the dissociation-derived pores and the intrinsic porous 

microstructure of hydrates (Section 1.2.2.1).  

In contrast to the almost mono-disperse mesopores, as a result of dissociation every 

decomposition pore has a different diameter. Dissociation pores are much larger than 

mesopores and often have a pore diameter of more than 10 �m, sometimes even 50 to 100 
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�m (see Appendix IV). Also, the dissociation-derived pores are fewer than mesopores 

(unless the hydrate is completely dissociated), i.e. there are larger dense parts of the sample 

between the pores. EDX analyses tell that the matrices in which the dissociation pores are 

found comprise ice, indicating a dissociation of the hydrate accompanied by the release of 

the gas. Bohrmann et al. (Appendix IV) showed that the quantitative ice-hydrate ratio 

corresponds well to the observations of the surface of the specimen covered by dissociation 

pores, suggesting that the large pores in the ice matrix are dissociation features, as was 

suggested by Kuhs et al. (2004a) and Stern and Kirby (2007). 

Macroscopic inspections of hydrate samples indicated that some pores, or rather bubbles, 

are inclusions of free gas in the hydrate matrix. Such free gas bubbles can be considered as 

the original part of the in situ structure (Bohrmann et al., 1998), whereas decomposition 

pores are secondary alterations. These gas bubbles would add to the porosity estimation 

(e.g., Suess et al., 2002). Recent experiments both in laboratory (Schicks et al., 2006) and in 

open water (Hester et al., 2007a) showed that occluded gas (small bubbles of a few 

micrometers size) co-occurs with gas hydrates in samples, which confirms previous gas 

bubble observations in microanalysis. 

 

1.2.2.4 Developments for microstructure characterization of hydrates 

 

Presently, research in gas hydrate microstructures focuses on imaging and recording 

different stages in gas hydrate formation and decomposition under various conditions 

(Camps et al., 2008; Falenty & Kuhs, 2008; Murshed et al., submitted; Stern & Kirby, 2008; 

Stern et al., in press). Recent advances in microstructure work tried to overcome certain 

limitations; for once, by studying time-resolved subsamples with constrained P,T and gas 

composition backgrounds, where processes could be resolved (e.g., Falenty & Kuhs, 2008; 

Murshed & Kuhs, 2009; Murshed et al., submitted), and also by implementing modern 

computer-tomographic techniques into hydrate research (Chapter 6), which allows to image 

three dimensions of the sample. 

On a microscale, for natural samples the identification of ice from hydrate decomposition 

and from frozen pore water can be made on the basis of salt crusts, which are excluded 

during the formation of ice from pore water (Stern & Kirby, 2008; Chapter 6; Appendix IV). 

Also, tunnel-like structures connecting intact gas hydrate and areas of decomposition were 

interpreted as the beginning of hydrate decomposition. The progression of so-called 

decomposition fronts can be traced by these proxies and has been done both by SEM 

(Techmer et al., 2005; Appendix IV) and micro-computer tomography (Chapter 6). 

Since in natural deposits gas hydrates form from gas bubbles (Clennell et al., 1999; Leifer 

& Judd, 2002; see Topham, 1984) microstructure analysis of gas bubbles can be used to 

investigate hydrate formation. Similar to time-resolved studies of hydrate decomposition 

kinetics (Falenty & Kuhs, 2008; Kuhs et al., 2004b), time-resolved formation experiments 

can be performed in open ocean (unpublished data), in that hydrates, which are sampled at 

different time intervals, and are studied onshore by microstructure analyses tools. Evaluation 

and interpretation of underwater experiments, conducted in the Monterey Canyon offshore 

California together with the Monterey Bay Aquarium Research Institute in summer 2008, are 

underway. 

Microstructure analyses have been found helpful to distinguish between different hydrate 

structures and volatile hydrocarbons forming these structures. Chapter 5 describes how 
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SEMs were used to identify porous and non-porous microstructure on hydrates having 

discretely different gas chemical composition and crystallographic structures. 

 

1.2.3 Grain growth 

 

Air hydrates have been observed in polar ice (Shoji & Langway, 1982), where these 

hydrates crystallize from air inclusions and ice (Pauer et al., 1999). Initially, many small 

hydrate crystallites form from one air bubble in the ice (primary air hydrates) and 

subsequently regrow to a single hydrate crystal (secondary air hydrate) (Kipfstuhl et al., 

2001; Ohno et al., 2004; Pauer et al., 2000; Salamatin et al., 2003). In an earlier publication 

(Klapp et al., 2007), which preceded this thesis and the publications herein, it was assumed 

that similar recrystallization processes happen in marine settings, where freshly flocculated 

hydrate crystallites regrow (Appendix V). 

In this thesis the terms grains, crystals and crystallites are used to describe a single 

hydrate crystallite. Technically, crystallite sizes of gas hydrates belong to the microstructure 

characterization (Section 1.2.2). However, because grain growth is an important subject of 

this thesis, it is introduced here in an own section. 

Crystallite size distributions can help to understand gas hydrate formation and subsequent 

evolution. The crystal size evolution is mainly governed by the free energy differences 

between grains, that is, the grain boundary surface energy and the contribution of 

deformational work to the free energy (Ricard & Bercovici, 2009). 

 

1.2.3.1 Ostwald ripening 

 

Ostwald ripening is considered as the underlying process governing the crystal growth of 

the hydrates presented in this thesis. Ostwald ripening is discussed in Chapter 4 in 

particular, but also in Chapters 3 and 7 as well as in Appendix V. 

The regrowth process from small to large crystrallites can be described as grain 

coarsening. If the mobilities of present water and gas molecules are high, such as at 

relatively warm temperatures, grains can grow in a process called “normal grain growth” or 

“Ostwald ripening”. In those coarsening processes large grains grow on the expense of 

smaller grains in order to decrease the free energy in the system by lowering the total 

surface or grain boundary energy. This is considered as one of the major driving forces in 

regrowth of marine gas hydrates (Klapp et al., 2007; Appendix V) and is also supposed to be 

the driving force in the regrowth of primary to secondary air hydrates in polar ice (Kipfstuhl et 

al., 2001). Normal grain growth is controlled by a diffusive mass transfer from small to large 

grains, which also implies that the presence of impurities or particles within the grain 

boundary network could hinder the coarsening or slow it down (Doherty et al., 1997).  

Originally, Ostwald ripening was considered as a process occurring in liquids. According 

to Wagner (1961), Ostwald ripening occurred in an emulsion in which diffusive mass transfer 

happens between droplets of one phase through a second liquid phase. Thereby, mass is 

transported from small droplets to the increasing surface of larger droplets. The higher 

solubility of small droplets of one liquid within a second liquid is the driving force for Ostwald 

ripening (Wagner, 1961). A further reason is the minimization of the interfacial energy which 

is accomplished by the reduction of the contact area to the surrounding medium (Lasaga, 

1998; Lifshitz & Slyozov, 1961). This second argument does not only apply for liquid phases. 
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Instead, minimization of the interfacial energy also occurs in gases or solid materials 

(Lasaga, 1998), for instance in ice. Legagneux (2003) explained the metamorphosis of snow 

by Ostwald ripening of ice crystals. For solid materials Ostwald ripening means coarsening 

of larger particles by dissolution of small particles and diffusive transport through the media, 

driven by the reduction of the interfacial energy. 

Assuming that in a model (see Lasaga, 1998; Wagner, 1961) all particles were spherical 

and disconnected from others then the diffusion field of each particle would be also 

spherical. Every molecule hitting a surface of a particle is incorporated into the lattice. The 

system is developing into a dynamical steady-state. This implies that the shape of the 

particle size distribution stays the same if it is normalized with the mean crystallite size. It 

also means that the model can be described using a growth equation: 

 

RC
n

� R0
n

= Kt      (1) 

 

with Rc = mean crystallite size; R0 = mean crystallite size at t = 0; n = growth exponent; 

und K = growth rate. Models suggest a growth exponent of 2 (Wagner, 1961) or 3 (Lifshitz 

and Slyozov, 1961). 

The growth rate K depends on the shape of the particles (Humphreys & Hatherley, 2004). 

Impurities between the crystals can hamper mass transport, which is known as Zener-

pinning (Doherty et al., 1997). This might be relevant for gas hydrate crystal growth because 

while water molecules from pore waters form hydrate cages, ions which were dissolved in 

the water are excluded and salts crystallize from those ions in the interspaces between 

crystals. Also, larger hydrocarbons, which occur at oil and asphalt seeps and cannot be 

incorporated into the hydrate lattice, can stay occluded between crystals. Salts or oil 

between crystals might act as impurities between grains in that they slow down diffusive 

mass transfer Chapter 3; 4). 

 

1.2.3.2 Static grain growth 

 

The steady-state grain sizes are balanced by normal grain growth and dynamic grain size 

reduction (Austin & Evans, 2007). Contribution of grain damage to the free energy is 

important if stress affects grain growth or reduction. Austin & Evans suggested that crystals 

grow to a stable size, which would be constrained by the deformation conditions, given that 

all other microstructural controls are either in steady-state or otherwise do not affect the 

partitioning work. 

For interpreting crystallite sizes of gas hydrates, it is important that normal grain growth 

and dynamic grain size reduction work independently (Austin & Evans, 2007). A static grain 

size will occur when grain growth and reduction are equal. The grain growth equals the static 

grain growth when the grains are not under deformation stress. As the soft sediments 

hosting gas hydrates in shallow marine deposits are not rigid enough to transfer stress on 

hydrate crystals, which would damage the grains, the grain growth of hydrates can be 

considered as static (see Austin & Evans, 2007; Ricard & Bercovici, 2009). However, 

deformational stress might be relevant for gas hydrates in greater sediment depth (see 

Section 1.1.5.1; Torres et al., 2004). 
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Crystallite sizes of gas hydrates are discussed throughout Chapters 3 to 9. Chapter 3 

provides an introduction to the methods how hydrate crystal size information were acquired, 

about the challenges, and reports crystallite sizes of natural gas hydrate samples. Chapter 4 

provides further data and interpretation; the data are discussed in respect of the geological 

hydrate environment and implications. Chapter 6 shows how microstructural features can be 

imaged by micro-computer tomography and thereby highlights a novel approach of how 

hydrate crystallite sizes might be obtained in future. Chapters 7 and 8 discuss grain size 

information as one factor of several in a broader context: Chapter 7 reports on co-

occurrence of hydrate structures which have different grain sizes; and Chapter 8 describes 

shallow hydrate accumulations in a high gas flux seepage area, where grain sizes are 

interpreted as one proxy of several in describing the dynamics of the system. The 

interpretations of these chapters are reviewed in Chapter 9, where also future perspectives 

are presented. 

 

1.3 Motivation and main questions 

 

It has become clear over the past years that considerable delicacy and complexity exist in 

the relationship between crystal structure and size of hydrate formers if more than one gas 

species is present. This emphasizes the need to obtain structural information together with 

thermodynamic parameters, especially in multicomponent systems. Current interest in 

hydrate persistence and decomposition requires the application of new techniques that allow 

acquiring high-resolved structural and statistically significant crystallite size information. A 

better comprehension of the growth of hydrate crystals and of the crystallite size evolution, 

as well as understanding of interfacial properties, is the key to understanding hydrates in 

natural environments. 

The driving force for this thesis was to learn more about how gas hydrates occur on Earth, 

in particular in high magnification, at which the basic properties are discernable that govern 

the evolution of large hydrate deposits. The main question was not how they nucleate in the 

subsurface, but rather how they persist, how they change over time, whether a second 

structure forms, and how the gases could reach the atmosphere when the hydrates 

decompose. 

 

What is the relation between the guest molecules, the prevailing crystallographic 

structure and the microstructure? 

When the thesis was started in September 2006, it was assumed that gas hydrates in 

general feature a microporous microstructure. There was good evidence for that: whatever 

gases were used to produce hydrates, and no matter which hydrates from natural 

occurrences were studied – all samples had micropores. Occasionally, some samples also 

revealed dense parts but dense hydrates had rarely been observed in nature. Therefore, the 

questions raised here are: How and when do porous and non-porous hydrates form, how 

does the (lacking) porosity relate to the ambient thermodynamic stability, and how does it 

relate to the crystallographic structure and gas chemical composition? 

 

What do hydrate crystallite sizes and size distributions reveal? 

Early results of grain size analyses from Hydrate Ridge (ODP Leg 204) preceding this 

thesis showed that the sizes of gas hydrate crystals from Hydrate Ridge were quite large 
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and much larger than synthetic samples prepared in the lab. That were very exciting results. 

Of course these first results urged investigating the crystallite sizes of more hydrate samples 

from other locations. The questions asked for this study are: What are the crystallite sizes of 

hydrates from other places? How much do they vary? How are the crystallite size 

distributions shaped and what does this reveal about particular hydrate deposits? What 

factors could possibly control the grain sizes and how are time and ripening processes 

involved? 

 

How do two gas hydrate structures form at one geological site? 

The first report on the coexistence of two hydrate structures in a natural deposit was 

published half a year after this thesis started and it described the coexistence of sI and sII in 

one gravity core in Lake Baikal (Kida et al., 2006). In 2007, a paper was launched reporting 

on intimately associated sII/sH hydrates from Barkley Canyon, which was also the first 

publication showing evidence of natural sH hydrates (Lu et al., 2007). From a mineralogical 

point of view it is quite likely that at a thermogenic gas seep discharging methane and higher 

hydrocarbons not only one structure is formed. Both laboratory experiments and free energy 

minimization calculations show that miscibility gaps are possible in the case of hydrates 

under certain P,T conditions and gas mixtures. In this thesis, the Chapopote asphalt volcano 

in the Gulf of Mexico was identified as a third location where two structures co-occur. The 

questions asked are: How did the two structures form? Did one structure form first? What is 

the role of the environment where the hydrates precipitated? These questions are still largely 

unanswered in the case of Lake Baikal and are also the reason for ongoing research at the 

Barkley Canyon. 

 

Amount of gas hydrate at the Batumi seep and possible transport mechanisms to the 

sea surface 

In order to look beyond the microstructure of gas hydrates, an approach to constrain the 

extend of a gas hydrate province related to an area of active, at some spots ferocious 

seepage was conducted at the Batumi seep area (Black Sea) by integrating different 

methods. The extent of the seepage area was obtained by hydro-acoustic techniques and 

the gas was quantified by controlled degassing of pressurized sediment cores. Calculations 

on the amount of hydrates were done by considering pore volume, salinity, solubilities of the 

gases, dissolved and free gas as well as hydrate-bound gas. The questions are: How much 

gas is stored in hydrates within the constrained area? Which mechanisms can be considered 

for transporting the gas to the sea surface? 
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CHAPTER 2 

METHODS AND SAMPLING LOCATIONS 

 

2.1 Methods 

2.1.1 Recovery of samples 

 

The gas hydrates presented in this thesis were retrieved either with gravity corers or 

video-guided grab sampler (TV-grabs). The gravity corers were deployed with a 6 m or a 3.5 

m-core barrel with an inner diameter of 13.2 cm. For the deployment the winch speed was 

commonly set to 1.0 m/s to slack and 1.3 m/s to heave the gravity corers in the water col-

umn. Heaving of the sediment-loaded gravity corers out of the subsurface was done with 0.2 

to 0.5 m/s. The head of the gravity corers was burdened with approximately 0.8 to 2.5 t of 

lead. The coring was conducted with a soft plastic hose inside the barrel, which allowed 

rapid access to the hydrates on deck minimizing their dissociation after recovery. The gas 

hydrates were swiftly carried into liquid nitrogen (—196 °C), where they are stable for long-

term storage (Tulk et al., 1999). Gravity corers were used for gas hydrate recovery during all 

research cruises relevant for this thesis. 

The TV-grab was used to recover large sample volumes (� 0.8 m
3
) from a defined sam-

pling location in the sediment. In contrast to gravity cores, due to the operation of the TV-

grab, the samples are not oriented within their sediment matrix after the release from the 

grab on the ship’s deck. The TV-grab was operated during the R/V SONNE expedition SO 

174 in 2003 (Bohrmann & Schenk, 2004). 

 

2.1.2 Gas chemistry 

 

The molecular compositions of the hydrate-bound gas were obtained by gas chromatog-

raphy. For all samples presented in this study, in total two gas chromatographs (GC) were 

used. 

During the R/V SONNE expedition SO 174, for analyzing C1—C5 hydrocarbons, a Thermo-

Electron GC equipped with a capillary column (Alltech AT-Q; 30 m length; 0.32 mm inside 

diameter) and a flame ionization detector was used, as described in Heeschen et al. (2007). 

For hydrates from all other expeditions a two-channel GC from Agilent Technologies type 

6890N was employed. C1—C6 hydrocarbons were quantified with a capillary column 

(OPTIMA-5; 50 m length; 0.32 mm inside diameter) connected to a flame ionization detector, 

whereas O2, N2, and CO2 as well as CH4 and C2H6 were determined using a packed (mo-

lecular sieve) stainless steel column coupled to a thermal conductivity detector. Further de-

tails on the CGs are described in Heeschen et al. (2007) and Pape et al. (submitted). 

The molar ratios of hydrocarbons were used to relate the hydrate-bound components to 

thermogenic or biogenic sources (section 1.1.2.2; Bernard et al., 1976), to estimate the crys-

tallographic structure (section 1.2.1), and to calculate the hydrate thermodynamic stability. 

That was accomplished using the HWHYD software (HWHYD, 2005), which is a commercial 

program from Heriot-Watt-University; as well as CSMGem software (Ballard & Sloan, 2001; 

Sloan & Koh, 2007). CSMGem is a multi-phase flash program for hydrate prediction. It is a 

Gibbs energy minimization program, which incorporates the mechanical model for hydrates 

of Van der Waals and Platteeuw (1959) and funds on spectroscopic and diffraction meas-

urements (Ballard & Sloan, 2001). 
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2.1.3 X-ray diffraction 

 

X-ray diffraction (XRD) is one of the key methods in this thesis. It was used both to ana-

lyze and quantify the hydrate phases present in a sample and to measure the sizes of hy-

drate crystallites. 

The XRD data were obtained either at a high-energy Synchrotron facility or – only in the 

case of phase analyses – also with a laboratory powder diffractometer. The Synchrotron 

beamlines BW 5 and HARWI II of the ‘Hamburger Synchrotronstrahlungslabor’ (HASYLAB) 

at the ‘Deutsches Elektronenstrahl-Synchrotron’ (DESY) were used. The storage ring of the 

HASYLAB provides high beam energy (ca. 100 keV) corresponding to a short wavelength of 

ca. 0.12 Å (see Nielsen & McMorrow, 2001). An imperfect Silicon single crystal was used as 

a monochromator. The high beam energy provides deep sample penetration and hence is 

well suited for bulk sample investigations. Synchrotron radiation is also advantageous over 

conventional laboratory X-ray sources as the X-ray beam is very parallel and therefore al-

lows for a high angular resolution. The diffraction patterns obtained by Synchrotron XRD 

were recorded on a two-dimensional area detector (type mar345). For more details on the 

XRD measurements at the BW5 beamline see Bunge et al. (2002, 2003), Klein et al. (2004), 

Wcislak et al. (2003) and also Chapter 3 of this thesis. A general overview of X-ray diffrac-

tion is given in Nielson and McMorrow (2001).  

During the measurements, the gas hydrate samples were kept stable by using a cryostat 

cooled by a closed helium cycle. The temperature was set to 80 K (—193 °C) and was moni-

tored by a ‘Lake Shore’ temperature controller. 

 

2.1.3.1 Phase analysis 

 

Phase analyses comprised of several successive steps: For the data processing, the two-

dimensional diffracted Debye-Scherrer-rings from the Synchrotron measurements were 

transformed into a digital format displaying the recorded diffracted X-ray intensity as a func-

tion of the diffraction angle (Figure 2.1). That was done using the software fit2d (Hammer-

sley et al., 1996), which provides tools to integrate the diffracted Debye-Scherrer-cones as 

well as a masking tool to hide (or exclude) high-intensity spots on the Debye-Scherrer-

cones, which can derive from large crystallites in the sample. The masking function is con-

venient tool when samples are X-rayed both to obtain the phase composition and the crystal-

lite sizes, such that the sample cannot be crushed prior to the measurements and accord-

ingly comprises larger crystals. 

In addition to Synchrotron measurements also a laboratory diffractometer was used for 

phase analyses. The diffractometer is a Philipps Materials Research Diffractometer cryo-

goniometer operating at a wavelength of 0.7093 Å from a molybdenum anode. It is equipped 

with a closed-cycle helium-cryostat facilitating cold-temperature measurements and is lo-

cated in the laboratories of the ‘Abteilung Kristallographie’ at the University of Göttingen. A 

temperature of 80 K (—193 °C) was maintained during measurements, monitored by a ‘Lake 

Shore’ temperature controller. 

For quantitative phase analyses, the diffraction data of both laboratory diffractometer and 

Synchrotron facilities are treated with the Rietveld method, which is a least square method 

allowing to iteratively fit the structural data of the sample with the structural data of the an-

ticipated phases the sample is supposed to contain (Allmann & Kern, 2002). For this thesis, 
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the Rietveld software GSAS (Larson & Von Dreele, 1994) was used within the software envi-

ronment of EXPGUI (Toby, 2001). The crystal structure parameters for sI were taken from 

Klapproth (2002), for sII modified from Rawn et al. (2002) (M.M. Murshed, pers. comm., 

Sept. 2006) and for sH from Kirchner et al. (2004). The crystal structure parameters for hex-

agonal ice (Ih) were modified from Leadbetter et al. (1985). For the Rietveld refinement, a 

Chebychev background function of 6 polynomial terms was assumed and subsequently re-

fined. The Rietveld refinement also included the weight fractions of the phase constituents 

as well as their lattice parameters (see Table 1.1; Section 1.2.1), the zero point on the detec-

tor and three Gaussian profile parameters (GU, GV and GW) to fit the shapes of the peaks. 

Ideal powder diffractions of the three known crystallographic structures occurring in nature 

are shown in Figure 2.1 (A, B, C). A XRD pattern of sH is shown for completeness, although 

the structure was not found in any sample investigated in this thesis. sI hydrate was identi-

fied by the characteristic reflections (321), (320) and (210) (Figure 2.1 A); the characteristic 

peaks to identify sII gas hydrate are the strong (531) and (440) signals (Figure 2.1 B). How-

ever, in the mixed sI/sII hydrate (Chapter 7), where sII was not the dominant hydrate phase, 

sII could be clearly identified by the (400) and (111) reflections, which do not overlie with 

reflections from other phases. Typically, during Synchrotron measurements the diffraction 

angles in the 2theta spectrum from 0° to 3.0° 2theta are refined for gas hydrate analyses due 

to reflections of the sample containers at higher diffraction angles. For completeness, Figure 

2.1 displays the spectrum up to 7.2° 2theta. 

 

2.1.3.2 Crystallite size analyses 

 

Investigating crystallite size was a major objective of this thesis. The ‘moving area detec-

tor method’ applied on gas hydrates is a new technology to obtain crystallite size information 

in a statistically significant quantity and provides the crystallite size distributions, which al-

lows to draw conclusions on the crystallite size evolutions of gas hydrates.  

The crystallite sizes were measured by the use of Synchrotron XRD. However, in contrast 

to phase analyses measurements, both the detector and the sample were moved in order to 

obtain two dimensions of the crystals. The two dimensions are the orientation coordinates of 

the crystal on the respective Debye-Scherrer-ring, also known as the orientation angle [�] 

(Bunge et al., 2003), of which the crystallites are measured, and the lengths of the reflec-

tions. The ‘moving area detector method’ was developed for material science purposes 

(Bunge et al., 2002, 2003; Klein et al., 2004; Wcislak et al., 2003). Because Bragg diffraction 

is used to obtain information on the internal structure of a sample – i.e. the grain sizes –, the 

name ‘Bragg tomography’ is used synonymously with ‘moving area detector method’. This 

emphasizes that the method is in fact a tomographic technique, operating with XRD instead 

of absorption as most tomographic techniques do (e.g., Chapter 6). 

Detailed accounts on the experimental set up of the ‘moving area detector method’, the 

requirements on sample and beam quality, and on data processing are given in Chapter 3, 

which is considered as a methodological manuscript describing the ‘moving area detector 

method’ with respect to gas hydrate analysis. Also, the manuscript in Appendix V gives a 

description of the method. 

Other than Bragg tomography, further methods exist to obtain some crystallite size infor-

mation of gas hydrates, including calculating the crystallite size from the spot size on a De-

bye-Scherrer-ring (Klapproth, 2002; Rodriguez-Navarro et al., 2006; S. Hemes, W.F. Kuhs, 

H. Klein, pers. comm. July 2009) or electron microscopy (Falenty & Kuhs, 2008; Staykova et 
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al., 2003). Optical microscopy is used to observe hydrates during formation experiments 

(Makogon, 1994; Ohmura et al., 2004; Schicks et al., 2006; Smelik & King, 1997; Tohidi et 

al., 2001), or investigating hydrates from air molecules (Pauer et al., 1999; Kipfstuhl et al., 

2001). 

 
Figure 2.1: Ideal powder XRD patterns of sI (A), sII (B) and sH hydrate (C). The XRD patterns were 

calculated using the software PowderCell (2006) assuming a wavelength of 0.12 Å. 
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2.1.4 X-ray computer tomography 

 

Computerized Tomography (CT) is becoming popular with geoscientists but was originally 

developed for medical purposes, because it is a rapid, non-destructive technique to image 

objects three-dimensionally. CT allows to image samples with minimal preparation and 

hence requires no change in the state of the sample, which is important for gas hydrates. As 

the technology is primarily based on density contrasts of the different sample components, 

free gas, gas hydrate, sediments including frozen pore water as well as the fabric of the con-

stituents inside any sample can be visualized. CT-inspections of sediment cores related to 

gas hydrate occurrence or core-scale laboratory experiments were carried out by Abegg et 

al. (2007; 2008), Freifeld et al. (2006), Jones et al. (2007), Kneafsey et al. (2007), and were 

also conduced in the context of both the ocean drilling programs at Hydrate Ridge (Abegg et 

al., 2006; Tréhu et al., 2006a, b) and the Indian and Corean gas hydrate programs (Collett et 

al., 2008a; Holland et al., 2008; Priest et al., 2008). Parallel to CT, Magnetic Resonance 

Imaging tomography has been adapted in geosciences as a three-dimensional imaging 

method (Ersland et al., 2008). 

In CT imaging, every slice represents a two dimensional (2D) matrix of digital values, 

which is used to construct the image. The digital values are directly related to X-ray attenua-

tion of a small volume element of the scanned sample: A volume element is equivalent to a 

pixel multiplied by the slice thickness and is termed a ‘voxel’. Although several factors influ-

ence the X-ray attenuation, the primary control is the bulk density of the material in a voxel. 

Thus the matrix of digital values, with suitable calibration, is interpreted as a matrix of bulk 

density values.  

 

2.1.4.1 Medical computer tomography 

 

Sediment cores containing hydrate samples investigated in this thesis were three-

dimensionally reconstructed by using the MARUM medical CT scanner (type General Electric 

Pro Speed SX Power). The aim of the scans was to investigate the cores for gas hydrate 

and for sedimentary structures. The scans were used to locate core sections with massive 

hydrate occurrence. To accomplish this purpose, scans of 1.0 mm resolution were sufficient 

to obtain an overview over larger sample volumes as demonstrated in Figure 2.2. An over-

view scan of a core section is shown in Figure 2.2A; the core section is 55 cm long and 

stems from 1.65 (top) to 2.20 mbsf (bottom). The central part indicated by the scale bar 

comprises gas hydrate. Figure 2.2B shows a top view of a slice through the hydrate section 

in 2.2 A. The grey shaded material is gas hydrate; black patches are cavities with low X-ray 

absorption, such as gas fillings. The very bright material comprises high-absorbing minerals 

of the hosting sediment. 

 

2.1.4.2 Microscale computerized tomography 

 

The TOMCAT beamline is the first powerful microscale X-ray computerized tomography 

(�CT) beamline suitable for gas hydrates, which resolves on a micrometer scale and pro-

vides full volumetric (three dimensional – 3D) information. In contrast to medical X-ray scan-

ners, synchrotron X-ray micro-tomography at the TOMCAT beamline (short for TOmographic 

Microscopy and Coherent rAdiology experimenTs) at the Swiss Light Source (SLS), Paul- 
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A 

 

B 

 

Figure 2.2: Example of a CT scan from the gravity core GeoB 11946 retrieved at the Batumi 
seep in the eastern Black Sea. (A) Overview of a core section. The location of the massive 
gas hydrate layer is indicated. (B) Single slice from the massive hydrate showing fractures 
and bubbles inside. 

 

Scherrer-Institute in Villigen, Switzerland, facilitates very high resolution; pixel sizes are 

equivalent to a few hundred nanometers (370 nm – 6 �m) (Donogue et al., 2006; Stampan-

oni et al., 2006). The beamline is in operation since 2006 (Stampanoni et al., 2006). 

Most of the tomograms were recorded at the SLS using a beam energy of 20 keV, taking 

1501 projections with each projection lasting mostly 375 milliseconds exposure time to the 

beam. Typically, an aluminum filter of 250 �m thickness was applied, reducing the beam 

energy. The voxel size was mostly set to an edge length of 740 nm. The tomography data 

were processed by MATLAB® and Amira® Visage Imaging® software packages. The com-

bination of the software allows both visualizing certain compounds of the samples (for in-

stance, pores or solid gas hydrate crystals, see Figure 2.3, or salt crystals, Figure 2.4) and 

also calculating the corresponding properties of the compounds, e.g. volumes of pores within 

certain thresholds. 

In this thesis it is shown that synchrotron radiation X-ray cryo-tomographic microscopy 

(SCXRTM) is a well-suited method to analyze natural gas hydrate samples (Chapter 6). The 

X-ray attenuation contrast allows to distinguish crystallites and to establish their spatial dis-

tribution in the samples. As an example, Figure 2.3 shows a gas hydrate crystal from the 

Colkheti oil seep in the eastern Black Sea. In the image, parts of the matrix in which the hy-

drate was embedded are blanked out such that only gas hydrate within certain density 

thresholds is displayed.  

The obtained SCXRTM images (Chapter 6; see also Figures 2.3, 2.4) demonstrate the 

feasibility of the method to address a variety of missing information such as internal surface 

area, the individual volume of each inclusion, and the morphology of the voids of natural 

gases in a specified volume. Likewise, SCXRTM can give access to the crystallite shapes, 

crystallite sizes and grain boundary network topology; quantities which are of prime impor-

tance for understanding any coarsening processes related to gas hydrates. However, the 

first �CT on gas hydrates at the SLS were measured in the middle of this thesis project such 

that no routine has been established yet to process SCXRTM data on gas hydrates. 

 



2. Methods and sampling locations 

 33 

 
Figure 2.3: 3D, gray scale image generated by SCXRTM of a gas hydrate crystal from the Colkheti 
oil seep in the eastern Black Sea. The orange bounding box marks the scanned sample volume. It is 
shown for orientation; the edge length of the box is 1.1 mm. 
 

A 

 

B

 

Figure 2.4: Sample GeoB10618, Chapopote asphalt volcano, Gulf of Mexico: Salt grain embedded 
in gas hydrate matrix. (A) Salt grain in 3D (yellow); (B) Grain in hydrate matrix (2D gray scale im-
age). The edge length of the orange bounding box is 150 �m. 

 

2.1.5 FE - Scanning Environmental Electron Microscopy 

 

Field-Emission Scanning Electron Microscopy (FE-SEM, further abbreviated: SEM) is one 

of the fundamental methods for studying gas hydrate microstructure (Camps et al., 2008; 

Kuhs et al., 2000a, 2004a,b; Suess et al., 2001; Stern et al., 2004, 2005). Accordingly, it has 

been used in this thesis for several publications, including Chapters 3 and 4 as well as Ap-

pendix V; however, SEM is in the focus of Chapter 5 as well as Appendix IV. Compared to 

tomography SEM has the advantage to accomplish element analysis with the onboard en-

ergy-dispersive X-ray micro-analysis (EDX) unit. Both SEMs used for this thesis facilitate this 

option. EDX allows analyzing the chemical compounds within a defined ‘area of interest’. 

The EDX units helped significantly to uncover small hydrate patches in largely decomposed 

samples (Appendix IV) based on small carbon signals; and to constrain oil (carbon-rich) 

patches and dense gas hydrate structures from oil seeps in the Gulf of Mexico (Chapter 5). 

Both SEMs are located in the ‘Geowissenschaftliches Zentrum’ at the University of Göttin-

gen (GZG). One is a Cryo-Field-Emission-Environmental-Scanning Electron-Microscope 

(FEI Quanta 200 FEG) (located in the ‘Abteilung Kristallographie’ of the GZG), the other a 



2. Methods and sampling locations 

 34 

Cryo-Field-Emission Scanning Electron Microscope (FE-SEM) Zeiss Leo 1530 Gemini (lo-

cated in the Applied Geology group of the GZG). The SEMs are equipped with cryo-stages, 

cooled by liquid N2 allowing for cold-temperature analyses. The sample stages are evacu-

ated during the analyses (P � 10
-5

 bar), therefore, in order to keep the hydrates stable, the 

temperature was constantly kept below –175 °C. The SEM images were taken by secondary 

electrons (see Goldstein et al., 2003) with an acceleration voltage of 1.7 – 2.3 kV to avoid 

edging effects on the sample surface (e.g., Stern et al., 2004). For EDX measurements the 

energy needs to be increased to 5.0 kV, hence the EDX spectra are taken once the SEM 

pictures are saved. The hydrate specimens had sizes up to 0.5�0.5�0.5 cm and are un-

coated. More details on the SEM investigations are given in Chapter 5 and Appendix IV. 

 

2.1.6 Raman spectroscopy 

 

Raman spectroscopy has been widely used as a powerful tool for identifying the hydrate 

structure type and relative cage occupancy of guests enclathrated in the hydrates. With re-

spect to the description of natural gas hydrate samples, which often stem from larger sam-

pling volumes, Raman spectroscopy provides small-scale (local) information. Unlike powder 

diffraction and gas chromatography, it does not necessarily allow concluding on the mineral-

ogy of larger piece of a sample. Therefore, a suitable combination of investigating tools for 

both local and bulk representation will help provide useful information for the description of 

natural gas hydrates. More details for the application of laser Raman spectroscopy on gas 

hydrates can be found elsewhere (Brewer et al., 2004; Murshed & Kuhs, 2009; Sum et al., 

1997; Tulk et al., 2000; Uchida et al., 2002). 

The laser Raman spectroscopy is a light scattering technique. From a classical point of 

view, Raman light scattering can be thought of as a coupling between the electromagnetic 

fields of the incident light with the polarizability tensor of the scattering material. The incident 

laser light induces oscillating dipoles that are modulated by molecular or lattice vibrations 

within the material. If the light is scattered elastically (i.e., the frequency of the scattered light 

is the similar to that of incident light), the process is known as Rayleigh scattering. But light 

is scattered inelastically when lattice or internal molecular vibrations [�k] are involved, and 

the process is then known as Raman scattering. When an electrical field is applied from a 

laser beam with the frequency [�], the induced dipole oscillates at the induced frequency of 

the laser (Rayleigh scattering) and also at additional frequencies ([� – �k], Stokes scattering; 

[� + �k], Anti-Stokes scattering) arising from the Raman effect. Raman scattering occurs 

when the derived polarizability tensor changes during the molecular oscillation. For mole-

cules like CH4, this can happen when the nuclei of the molecules are displaced from their 

equilibrium positions as in the case during a molecular vibration. An in-depth description of 

the method can be found in Long (1977) and McCreery (2000).  

The vibrational modes of molecules shift in frequency depending on the local environment 

of the molecules. The electrical fields produced by water molecules forming the hydrate 

cages are considered responsible for changing the electronic structure of the guest mole-

cules such that the force constants (Tulk et al., 2000) of the trapped molecules in each of the 

cage types are slightly different. Therefore, the frequency shift measured by Raman spec-

troscopy allows the discrimination between a molecule in the gas phase and in a discrete 

form in different hydrate cages (Subramanian et al., 2000b). It has been also reported that 

the host-guest interaction changes due to presence of a different guest in the adjacent 
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cages. For example, CO2 in the neighboring cages perturbs the C—H bond length (also the 

relative Raman scattering cross section) of methane in the hydrate cages, which affects the 

polarizability derivatives as well as the relative intensities of the Raman spectra (Wilson et 

al., 2002; Chazallon et al., 2007). 

The totally symmetric C—H stretching of methane [�1] is helpful for investigating natural 

hydrates. The �1 frequencies at ca. 2905 cm
-1

, 2915 cm
-1

 and 2917 cm
-1

 are assigned to 

methane in the SC (5
12

), LC (sI-5
12

6
2
; sII-5

12
6

4
) of hydrates and methane in the gas phase, 

respectively. The frequencies of �1 in sI cages differ as much as 1 cm
-1

 from those of sII hy-

drate and hence can help discriminate methane enclathration in different structure types. 

It is worthwhile to note that the O—H stretching modes cannot distinguish the different hy-

drate structures although liquid water can be clearly distinguished from that of solid water 

phases (ice). Therefore, the stretching modes of the hydrate guests have been usually used 

for the assignment of hydrate structure, cage occupancy [�] and quantification. 

The Raman spectra obtained in this study were interpreted comprehensively using the 

references cited earlier in this section. Further information on Raman scattering of hydrocar-

bon molecules was obtained from Charlou et al. (2004), Evans and Bernstein (1956), Herz-

berg (1945) and Prasad et al. (2008). For Raman spectroscopy presented in Chapter 7, a 

Horiba Jobin Yvon HR800 UV Micro-Raman spectrometer was used, which was equipped 

with an air-cooled Ar-laser working at 488 nm with a laser power of less than 20 mW. For the 

microscope laser a long distance objective (brand Olympus) with 50x magnification was 

used. Raman spectra were collected in the range from 200 cm
-1

 to 4000 cm
-1

 with a spectral 

resolution of ca. 2.2 cm
-1

 using a grating of 600 grooves/mm and a Peltier-cooled charge-

coupled device (CCD) detector (brand Andor, 1024x256 pixels). For the calibrations of the 

spectral positions the Raman mode of silicon was used, which was calibrated against the 

Rayleigh line, both before and after the measurements. A more detailed description of the 

laser Raman spectrometer and the measuring conditions can be found in Murshed and Kuhs 

(2009) and Murshed et al. (submitted). The spectrometer is furnished with a freezing stage 

(type Linkam THMS600), were the hydrate samples are investigated at liquid N2 temperature 

and atmospheric pressure. These conditions allow for investigations over several hours on 

the same specimen. The sample stage can be moved in lateral (X, Y) and horizontal direc-

tions (Z), allowing for a spatial resolution. The focus spot has a diameter of about 1.1 �m 

and a depth resolution of about 15 �m (confocal length). The spectra were baseline cor-

rected and fitted with the dmfit software (Massiot et al., 2002). 

 

2.2 Sampling Locations 

 

The samples investigated in this thesis were retrieved from both the northern and south-

ern Gulf of Mexico (Figure 2.5) and from the eastern Black Sea (Figure 2.6). The following 

site descriptions provide information on the geological environments of the seeps. 

 

2.2.1 Gulf of Mexico 

 

The Gulf of Mexico basin had its origin in the Late Triassic as the result of rifting within the 

North American Plate as it began to crack and drift away from the African and South Ameri-

can plates (Bartolini et al., 2002). The rifting phase continued until the Middle Jurassic 

(Humphris, 1979; Worrall & Snelson, 1989). The progression of the sea into the continental 
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area during late Middle Jurassic resulted in the formation of the extensive salt deposits 

(Watkins et al., 1978). The time after the formation of the salt deposits in the Late Jurassic is 

considered as main drifting episode, during which the Yucatan block was separated from the 

North American Plate and moved southwards (Bartolini et al., 2002). During that period oce-

anic crust formed in the central part of the basin. Since the Late Jurassic, the basin has been 

a stable geologic province characterized by the persistent subsidence of its central part, due 

to sediment loading as the basin filled with thick clastic sediments along its northwestern and 

northern margins, particularly during the Cenozoic (Bartolini et al., 2002). 

 

2.2.1.1 Northern Gulf of Mexico 

 

The study site of this thesis in the northern GOM is the Green Canyon; there, two loca-

tions were probed (Figure 2.5): Bush Hill (GC185) and GC415. 

The northern Gulf of Mexico (GOM) is a prolific hydrocarbon province. The seafloor is 

covered by siliciclastic sediments overlying Jurassic salt sheets (Humphris, 1979; Worrall & 

Snelson, 1989). Salt domes intruding into more shallow sediments generate faults, which 

serve as pathways for oil, gas, and brine migration from sub-bottom reservoirs to the sea-

floor (Macgregor, 1993; Reilly et al., 1996). The fluxes of hydrocarbons from below evoke 

the formation of localized seeps at the seafloor, where the hydrocarbons are discharged into 

the water (Brooks et al., 1984; Kennicutt et al., 1988; Roberts & Carney, 1997; Sassen et al., 

1999; MacDonald et al., 1989, 2003; Sager et al., 2003). Light hydrocarbons form shallowly 

buried hydrate deposits near the seafloor, which locally crop out (MacDonald et al., 1994). 

The hydrate deposits are reported to generate an irregular bathymetry (MacDonald et al., 

2003) and to support seep fauna, such as annelid “ice worms” (Fisher et al., 2000). sI and sII 

hydrate are known in the northern GOM (Brooks et al., 1984; Rawn et al., 2008). 

 
Figure 2.5: Study sites in the Gulf of Mexico (GOM). In the northern GOM, Bush Hill and GC415 
were sampled, in the southern GOM the Chapopote asphalt volcano. Map produced by Generic 

Mapping Tools; M. Weinelt, http://www.aquarius.ifm-geomar.de/. 
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Bush Hill is a mound located 550 mbsl, aligned along a N—S antithetic fault (Reilly et al., 

1996) and is covered with up to 30 cm of hemipelagic mud (e.g., Roberts & Aharon, 1994; 

Sassen et al., 1994; MacDonald et al., 2003). Gas originates from the Jolliet gas field (Chen 

& Chathles, 2003; MacDonald et al., 1994) and is discharged from the Bush Hill into the 

water (MacDonald et al., 1989). The total gas hydrate volume at the Bush Hill is estimated 

on 6.2 to 15.6 � 10
6
 m

3
, which has supposedly accumulated over the past 10,000 years 

(Chen & Cathles, 2003). 

Site GC415 is a hydrate deposit in 1000 mbsl. The seep is characterized by strong oil and 

gas discharge. The location was inferred from oil-slicks at the sea surface (MacDonald et al., 

1996), by hydro-acoustic imaging of gas flares in the water column, and by typical seep 

fauna communities at the seafloor evidenced by deep-towed TV-sleds (Bohrmann & 

Schenck, 2004). Pore water profiles indicate strong fluid migration (Reitz et al., 2007). Site 

GC415 comprises two main seep locations, which are found 950 mbsl (GC415 west) and 

1050 mbsl (GC415 east) and host large amounts of gas hydrates. 

 

2.2.1.2 Southern Gulf of Mexico 

 

The study site in the southern GOM was the Chapopote asphalt volcano (in the following: 

Chapopote; Figure 2.5). The Chapopote is part of the Campeche Knolls province. These 

knolls are formed from uplifted salt domes; the uplifting is considered to be analogue to the 

halokinetic activity at the Texas/Louisiana shelf in the northern GOM (Garrison & Martin, 

1973). Likewise to the northern GOM, the salt has Jurassic age (Watkins et al., 1978) and 

was deposited during the rifting phase of the Gulf (Bartolini et al., 2002). The source rocks 

for petroleum are of late Jurassic and Cretaceous age (Magoon et al., 2002; Santamaria-

Orozco et al., 1998) and are covered by 5 –10 km thick Cenozoic sediments. 

The Chapopote is a cold seep in almost 3000 mbsl extruding hydrocarbons from molecu-

lar sizes of CH4 to very long chain lengths and hosting seep communities (MacDonald et al., 

2004). It was detected with the help of satellite data, which imaged oil slicks on the sea sur-

face (Bohrmann & Schenck, 2004; MacDonald et al., 2004). The asphalt cover at the 

Chapopote comprises many individual patches distributed over several hundred of square 

meters (Brüning et al., submitted). ROV-based video documentations showed that the as-

phalt flows apparently have different ages and could be used to identify the center of the 

asphalt volcano (Brüning et al., submitted). Shallow gas hydrates were found beneath the 

asphalt cover on the seafloor. High-resolution 2D seismic profiles revealed that a shallow 

hydrocarbon reservoir is located beneath the area of asphalt extrusion, and that hydrocar-

bons invaded shallow sediments beyond the area of known asphalt occurrence (Bohrmann 

& Spiess, 2008; Ding et al., 2008).  

 

2.2.2 Study sites offshore Georgia in the eastern Black Sea 

 

The Black Sea is a back-arc basin formed in the Cretaceous/Palaeogene (Starostenko et 

al. 2004), and is in the current tectonic regime being subjected to deformation by compres-

sion due to the northwards movement of the Arabian plate and the westwards movement of 

the Anatolian plate (McClusky et al., 2000). The Black Sea is separated into a western and 

an eastern sub-basin by the Andrusov Ridge. Both sub-basins are covered with 12–16 km 

thick organic-rich sediments (Starostenko et al., 2004). Of those, the Late Oligocene/Lower 
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Miocene Maikopian formation comprising organic rich clay sediments 4–5 km in thickness is 

of major interest for oil and gas supply (Starostenko et al., 2004). 

Deep-water cold seeps were discovered at many sites in the Black Sea (see Pape et al., 

2008), including the study sites on the continental slope offshore Georgia, eastern Black Sea 

(Figure 2.6). The study area offshore Georgia comprises a system of W-E striking canyons 

and ridges (Klaucke et al., 2006; Wagner-Friedrichs, 2007). The investigated cold seeps are 

the Batumi seep area, the Colkheti Seep, and the Pechori Mound (Figure 2.6). They are 

located between 850 and 1200 mbsl on the tops and flanks of ridge structures. Gas flares in 

the water column as well as localized and focused seafloor gas emissions were detected by 

hydro-acoustic measurements and video observations, sidescan sonar mapping as well as 

seismic surveys (Brüning et al., pers. comm. Aug. 2009; Klaucke et al., 2006; Wagner-

Friedrichs, 2007, respectively). 

The Colkheti Seep and Pechori Mound are characterized by gas seepage, gas hydrate 

occurrence, oil-stained sediments, and authigenic carbonates (Akhmetzhanov et al., 2007; 

Bohrmann & Pape, 2007). At the Batumi seep area intense gas seepage, shallow gas hy-

drate accumulations, and authigenic carbonates were found; oil seepage was not observed 

(Akhmetzhanov et al., 2007; Bohrmann & Pape, 2007; Chapter 8; Appendix III). The Batumi 

seep area is characterized by a rugged seafloor (M. Brüning & H. Sahling, pers. comm. July 

2009; Chapter 8). 

The hydrocarbons discharged from the investigated seep sites most likely originate from 

the organic-rich sediments of the Maikopian formation (Akhmetzhanov et al., 2007; 

Bohrmann & Pape, 2007). Seepage at the Batumi seep area seems to be related to fluid 

migration along faults (Akhmetzhanov et al., 2007; Wagner-Friedrichs, 2007). The presence 

of higher hydrocarbons in the seepage fluids at oil seeps point to the admixture of hydrocar-

bons from deeper sources (Heeschen et al. 2007; A. Reitz & T. Pape, pers. comm. July 

2009; Appendix III). Cold seeps and decomposing gas hydrates are considered to contribute 

to 86–91% of the Black Sea CH4 budget (Kessler et al. 2006), which comprises a total of 96 

Tg of dissolved CH4 (Reeburgh et al., 1991). 

 
Figure 2.6: Eastern Black Sea and seep locations discussed in this thesis. Map produced by Ge-
neric Mapping Tool; M. Weinelt, http://www.aquarius.ifm-geomar.de/. 
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3.1 Abstract 

 

Due to experimental difficulties, size distributions of gas hydrate crystallites are largely 

unknown in natural samples. For the first time, we were able to determine crystallite size 

distributions of several natural gas hydrates for samples retrieved from the Gulf of Mexico, 

the Black Sea and from Hydrate Ridge offshore Oregon from varying depth below the sea 

floor. High-energy synchrotron radiation provides high photon fluxes as well as high 

penetration depth and thus allows the investigation of bulk sediment samples. The gas 

hydrate crystallite sizes measured with a newly developed diffraction technique, utilizing 

the excellent beam collimation, appear to be (log-) normally distributed in the natural 

samples and to be of roughly globular shape. The mean crystallite sizes are typically in the 

range from 200-400 �m for hydrates recovered from the sea floor while a tendency for 

bigger grains was noticed in greater depth for the Hydrate Ridge samples, indicating a 

difference in the formation age or formation process. Laboratory produced methane 

hydrate, starting from ice and aged for 3 weeks, shows half a lognormal curve with a mean 

value in the order of 40�m. This one order-of-magnitude smaller grain sizes suggests that 

care must be taken when transposing crystallite-size sensitive (petro-) physical data from 

laboratory-made gas hydrates to natural settings. 

 

3.2 Introduction 

 

Gas hydrates are materials which crystallize under inclusion of gas molecules into rigid 

cages of water molecules. On Earth, gas hydrates form in polar environments, particularly 

in onshore and offshore sediments, as well as on continental margins (Kvenvolden et al., 

1993). Hydrates need elevated pressure and cold temperature to form; in marine 

environments gas concentrations must exceed solubility in interstitial waters (Kashchiev & 

Firoozabadi, 2002). Ambient gas composition governs the crystallizing gas hydrate 

structures. Methane and small fractions of ethane form structure I gas hydrate. Methane 

and hydrocarbon molecules up to the size of butane (C4) form structure II gas hydrate. C5 



3. Crystallite size distributions of marine gas hydrates 

 40 

molecules within the gas mixture of hydrates would lead to the formation of a hexagonal 

gas hydrate (structure H). 

Gas hydrates are considered a large hydrocarbon reservoir on Earth (Collett, 2002; 

Dickens et al., 1997a; Max et al., 2006). The absolute quantity of carbon stored in gas 

hydrates is uncertain, yet Buffett and Archer (2004) figure 3000 Gt carbon being stored in 

gas hydrates. Klauda and Sandler (Klauda & Sandler, 2005) report 74,400 Gt of methane 

being stored as hydrates; their model is regarded state-of-the-art as it enables prediction of 

almost all known hydrate occurrences (Sloan & Koh, 2007). The significance of hydrates 

as reservoirs for methane and other hydrocarbons lies in their potential role as a source for 

greenhouse gases and consequently as a probable driving force for global warming 

(Kennett et al., 2000; Archer & Buffett, 2005; Zachos et al., 2008). Additionally, hydrates 

might turn into hydrocarbon sources in the future satisfying the still increasing global 

demand in energy. 

Many examinations on laboratory produced and natural gas hydrates as well as 

theoretical predictions involve crystallite-size dependent physical properties, whether they 

address glaciology (Kipfstuhl et al., 2001), rheology (Durham et al., 2003), chemical 

engineering (Sloan & Koh, 2007) or numerical modeling (Torres et al., 2004; Haeckel et 

al., 2004; Wallmann et al., 2006b; Bhatnagar et al., 2008).  

For marine hydrate deposits, for instance at gas seeps, gas exchange reactions of free 

gas with gas hydrates are fundamental to understand the importance of gas hydrates in 

those systems. Laboratory experiments suggest that gas replacement occurs from 

methane to CO2 (Yoon et al., 2004) or to ethane (Murshed & Kuhs, 2007) but little is 

known about gas substitution in nature. Scientific and economic interest, however, is large 

on such reaction kinetics due to anticipated CO2 sequestration projects by gas 

replacement in hydrates. The mean crystal size of gas hydrates and the crystal size 

distribution (CSD) is a particularly crucial aspect: exchange reactions of gas hydrates to 

adjust their cage filling to changing p-T conditions are likely to take place along grain 

boundaries of gas hydrate crystallites and the exchange rates will differ depending on the 

grain size. Also, the mechanical properties, in particular concerning static and dynamic 

deformation of gas hydrate aggregates will depend on the crystallite size and may take 

place differently in nature than what is anticipated from laboratory experiments. 

Sizes of gas hydrate crystallites are essentially unidentified particularly in nature despite 

their significance for our understanding of gas hydrate formation and the physical 

properties of gas hydrate aggregates. In this study, grains are understood as crystallites 

and vice versa. Crystallite sizes and shapes of gas hydrates yield insights relevant to 

geosciences, glaciology and chemical engineering: The understanding of gas hydrate 

crystal growth could be much enhanced by knowing the CSDs of gas hydrates. They could 

help identifying processes occurring during a possible time-dependent continued growth 

(Klapp et al., 2007): The growth of gas hydrate crystals may well resemble a ripening 

process similar to Ostwald ripening (Lifshitz & Slyozov, 1961; Wagner C, 1961). In such a 

process, big grains grow on the expense of smaller grains in order to minimize the free 

energy within a system. This happens both because of the higher solubility of smaller 

compared to bigger grains (Wagner C, 1961) and because the grain boundary energy of 

bigger particles is relatively less than that of smaller particles. Hydrate re-growth is 

witnessed from polar air hydrates, which occur in Greenland and Antarctic ice sheets and 

initially crystallize from air inclusions (Kipfstuhl et al., 2001). 



3. Crystallite size distributions of marine gas hydrates 

 41 

Assessing the CSDs of gas hydrates is a notoriously difficult enterprise; all established 

methods for measuring grain sizes which geoscientists are familiar with fail when it comes 

to gas hydrates, which is mostly due to the thermodynamic conditions compulsory to 

preserve hydrates during the study.  

Optical microscopy is inappropriate, because conditions to keep gas hydrates stable 

cannot easily be maintained during the preparation of thin sections. For short time and on 

a coarse length scale, however, photographs can be obtained for fabric inspections 

(Bohrmann et al., 1998) yet are not very suitable for identifying grain boundaries. Optical 

microscopy in cold room environments (below –20 °C) is a very good tool for investigating 

ice thin sections containing polar air hydrates (e.g., Kipfstuhl et al., 2001). This only works 

for hydrates encased by ice acting as a pressure vessel but not for pure gas hydrate 

specimen. Also, tracking down grain boundaries by crossing polarizers would not work, as 

structure I and II gas hydrates crystallize in the cubic crystal system and thus behave 

isotropically in that no change in the crystal orientation would be discernable, adding to the 

difficulty of identifying grain boundaries. Further, the cooling of the samples would become 

difficult, since at atmospheric pressure methane hydrate is only stable at temperatures 

below ~ –80 °C.  

Electron microscopes with cryo-stages allow for low-temperature investigations and 

hence are excellent tools for gas hydrate microstructure assessment (Kuhs et al., 2000a, 

2004; Techmer et al., 2005; Appendix IV). The advantage of electron microscopy lies in its 

excellent local resolution, which allows for sharp images at more than 24,000x 

magnification at cooled gas hydrate samples. Because electron microscopes can only 

image the surface of specimens but not their interior, the determination is a priori limited to 

what can be seen on the sample surface. 

In our earlier work we reported on CSDs of gas hydrates obtained from synchrotron 

radiation measurements (Klapp et al., 2007). Here we present new data and describe the 

experiments in more detail. 

 

3.3 Experimental 

3.3.1 Sample origin and preservation 

 

All new data presented in this work stem from hydrates recovered from shallow depths 

of the upper three meters of sediment at gas seepage systems. Samples described in this 

study are retrieved from the Eastern Black Sea (Pechori Mound, Colkheti Seep, Samsun 

Seep) and from the Gulf of Mexico (Bush Hill area in the Northern Gulf and Campeche 

Knolls in the Southern Gulf). The Black Sea samples were retrieved during the TTR 15 

cruise in 2005 with the R/V PROF. LOGACHEV. Samples from Pechori Mound and Samsun 

Seep were recovered by gravity-coring, from Colkheti Seep by a TV-guided grab. Hydrates 

from Campeche Knolls were gravity-cored during R/V METEOR cruise in 2006, Bush Hill 

samples were retrieved by a TV grab during R/V SONNE cruise in 2003.  

The samples were not pressure-cored, and despite immediate storage in liquid nitrogen 

to avoid decomposition after recovery, the outer parts of the hydrate could decompose 

during the transfer from sea floor to the research vessels. Consequently, for the CSD 

measurements we took care to only use unaltered or almost unaltered samples. All 

hydrate samples were comprehensively studied before actual crystal size investigations by 

x-ray computer tomography, x-ray diffraction and electron microscopy (for Gulf of Mexico 
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samples: (Chapter 5); for Black Sea: unpublished data). X-ray diffraction, combined with 

quantitative phase analysis, allows for choosing samples with high gas hydrate content. 

Electron microscopy visualizes the state of preservation of the samples (Kuhs et al., 

2004b). 

The crystallite sizes of gas hydrates are measured by imaging the length of the crystals 

with high-energy synchrotron radiation. In a first step, however, the specimens were 

investigated using two Cryo-Scanning Electron Microscopes.  

 

3.3.2 Electron microscopy 

 

One of the used electron microscopes is a Field-Emission Scanning Electron 

Microscope (FE-SEM), Zeiss Leo 1530 Gemini; the other one is a Cryo-Field-Emission-

Environmental-Scanning Electron-Microscope (FEI Quanta 200 FEG). The FE-SEMs are 

designed for work at low acceleration voltages of less than 2 kV, which is mandatory for 

ice or gas hydrates in order to minimize sample alteration due to beam damage (Stern et 

al., 2004; Kuhs et al., 2004a). During the measurements, the samples are stored in a 

liquid-nitrogen cooled sample stage inside a vacuum chamber at temperatures of about 90 

K (–183 °C) and at a pressure of about 1�10
-6

 bar. 

The uncoated specimens are pieces of gas hydrate bearing samples with dimensions of 

about 0.5�0.5�0.5 cm. The SEM is equipped with a thin window EDX-detector (energy 

dispersive X-ray analysis) allowing for a local low-Z elemental analysis. 

 

3.3.3 Sample preparation 

 

One investigated gas hydrate sample was laboratory-produced following methods 

described in Kuhs et al. (1992) and Stern et al. (1996). It was synthesized from a sieved 

ice grain fraction of 200-400 �m, set under methane pressure of 60 bar and reacted for 3.5 

weeks. The temperature was gradually increased from –5 °C to +2 °C. Each commencing 

step took place when the gas consumption by the specimen at the previous temperature 

step almost ceased. 

The objective of this study is to find out the sizes of individual gas hydrate crystals. 

Therefore, it was important not to change the state of a sample, for instance by crushing. 

Instead, intact pieces of the sample of about one cubic centimeter were measured.  

For the synchrotron measurements, pieces of pure hydrate were broken off each of the 

natural samples under visual inspection and then fixed into aluminum cans of 7 mm (Klapp 

et al., 2007) or 12 mm inner diameter and 40 mm length in an arbitrary orientation. In order 

to measure the natural sizes of the grains, only large pieces almost the size of the inner 

diameter of the cans were selected. 

 

3.3.4 Synchrotron measurements 

 

The gas hydrate grain sizes were measured at the beam line BW 5 at the Hamburg 

Synchrotron Laboratory (HASYLAB) of the Deutsche Elektronen Synchrotron (DESY).  

High-energy synchrotron radiation provides a short X-ray wavelength (�~0.12 Å, the 

appropriate beam energy 100 keV) and thus allows investigating bulk sediment samples 

up to a thickness of some centimeters in X-ray diffraction experiments. The penetration 
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power is essential because the samples are 7 or 12 mm thick (inner diameter) and located 

in a cryostat with aluminum shields (Figure 3.1).  

 

Figure 3.1. Set up at beam line 
BW5, HASYLAB, DESY. The 
broken white line shows the 
direction of the primary beam. The 

gas hydrate sample is stored 
during measurements in a 
cylindrical (12.7 mm outer 
diameter) aluminum can which is 
located within the cryostat. 

 

Because the crystals of natural samples were possibly quite small, a particularly good 

angular and spatial resolution is needed. This is provided by high collimation, i.e. 

extremely low divergence of the high-energy synchrotron radiation and a high photon flux 

allowing for small beam diameters. During measurements, the cryostat stage is cooled by 

a closed cycle helium system to temperatures of ~ 70 K (—208 °C). A Lake Shore 

controller (Cryotronics Inc.) monitors the temperature of the sample. A vacuum of about 

1�10
-5

 bar between the sample can and the shields of the cryostat prevents the heat flow 

from outside towards the sample.  

The CSD measurements are performed with synchrotron radiation using the Moving 

Area Detector Method (Wcislak et al., 2003); this method was originally developed for 

material science purposes such as metals or ceramics (Bunge et al., 2002; Klein et al., 

2004). In conventional powder diffraction experiments, the diffracted Debye-Scherrer-

cones of individual crystal planes of sample crystallites are imaged as rings on a two-

dimensional image plate detector. For this study, a mar345 image plate detector was used. 

A diffraction image of a gas hydrate sample is shown in Figure 3.2; the exposure time for 

such images is circa 1 minute.  

Using the Moving Area Detector Method to measure grain sizes, only one specific 

Debye-Scherrer-ring is used which is strong and shows no overlap with other reflection 

lines. For gas hydrate structure I the (321)-reflections, for structure II the (511)-reflections 

are used. In order to exclude all other reflections except the selected one, Bragg slits are 

positioned between sample and detector (Figure 3.3). A "location scan method" delivers 

grain sizes in scanning direction (Figure 3.3). 

Both the sample and the detector are moved perpendicular to the beam; consequently, 

all crystal planes are imaged as streaks as long as they remain within the beam. The 

streaks correspond to individual crystallites, their lengths represent their diameters in 

scanning direction. Figure 3.3 schematically shows this method. Because of the large 

diffracted sample volume this method results in very good grain statistics. 
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Figure 3.2. Debye-Scherrer-cones 
are imaged as rings on the area 
detector; each diffraction ring 

represents a (hkl)-crystal plane. 
One such ring is then selected for 
further grain size measurements 
(sample: TTR 15, Pechori Mound, 
eastern Black Sea). The sample 
was exposed to the synchrotron 
radiation for 90 seconds, beam 
energy was 100 keV. 

Figure 3.3. Schematic drawing of the Moving Area 
Detector Method: Sample and area detector are moved 
simultaneously during the measurement.  Subsequently, 

the sample is moved in Y-direction through the locally 
fixed beam, the orientation angle � stays in a fixed 
position. The Bragg-angle-slit lets pass only the chosen 
Debye-Scherrer-ring. The reflections of the crystallites 
reach the detector and a continuous image of the scanned 
volume is recorded (see Figure 3.4). In succeeding 
measurements the orientation angle � is changed to 
another value. 

 

Figure 3.4 depicts two orientation-location scans of natural gas hydrates from the Gulf of 

Mexico (Figure 3.4 A) and ODP Leg 204 (Figure 3.4 B); exposure times for these scans 

were circa 90 minutes. Typically, a central part of the 40 mm can was measured. In order 

to examine whether crystals might be elongated in one direction, a second set of 

measurements was carried out for one sample with the sample rotated by 90° so that the 

y-axis and z-axis were interchanged (see Figure 3.3). For these latter measurements, 

several sections through the diameter of the can were measured, each section 3.5 mm 

long, i.e. half of the inner diameter of the cylindrical can. In order to obtain reflections from 

differently oriented crystallites, two to six scans at different �-positions (see Figure 3.3) 

were made for each sample. Between two scans, samples were rotated 0.2° about their 

length axis. 

 

3.3.5 Data processing 

 

Detector images were saved as digital images and processed by the marView software. 

Measuring and counting of the streaks was done by using the Image-Pro software, 

allowing an automatic detection and measurement of discrete features within an image. 

However, gas hydrates are weak scatterers unlike technical materials like metals, for 

which the Moving Area Detector Method was originally developed (Bunge et al., 2003). 

The detector image processing and the measurements of the streaks are time consuming, 

because two subsequent challenges need to be met: First, the data processing needs to 

enhance the contrast between background and reflections because the weak scattering of 

the synchrotron radiation by the gas hydrate crystal planes results in low intensities. 

Second, enhancing the displayed intensities produces artifacts on the image plate 

detector, which start resembling features from true reflections. Artifacts are pixels with 

intensities higher than the background, which do not belong to gas hydrate reflections. 
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Figure 3.4. Detector images of 

samples. The streaks correspond 
to individual crystals; only 
reflections from the crystal plane 
(321) are recorded. The samples 
were scanned 10 mm in Y-
direction (see Figure 3.2). The 
total exposure time for this image 
was ca. 90 minutes, the beam 

energy was100 keV. Different 
size of the images is due to slight 
differences in the orientation 
angle � (a) GeoB 10618 (CT 2); 
Campeche Knolls, southern Gulf 
of Mexico (b) ODP 204 1249C-
1H-CC, 0-10cm, Hydrate Ridge. 

 

 

Unlike true reflections, they are not extended into the scanning direction nor do they have 

an increase in intensity at the rim of the reflection. 

The problems were solved in three succeeding steps for each individual sample: First, 

the background noise of the raw data from the synchrotron beam line was reduced by the 

image processing software. In the next step, objects with high intensities were counted and 

measured on the whole detector image of the sample. By doing that, intense gas hydrate 

reflections were measured but no artifacts or weak gas hydrate reflections. To include 

streaks of gas hydrates with low intensities, the global detector image was segmented. For 

such segments, the intensity threshold was decreased which allowed adding weakly 

reflecting objects to the results. In a third step, the results were double-checked whether a 

measured object is a gas hydrate reflection or an artifact.  

A reflected crystallite on the detector of just one pixel is equivalent to about 6 �m of 

crystal size. Theoretically, a crystal of that size could be imaged on the screen; practically, 

streak lengths starting at 4 pixels (which is equivalent to 24 �m) are included in the data. 

This is done to minimize the number of artifacts.  

Three images were measured both automated and manually using the same images 

and the same software in order to scrutinize whether there are differences in results 

measured either by a scientist or an automatic program. 

 

4. Results 

 

The goal of SEM-imaging is to find boundaries between gas hydrate grains on the 

surface of the specimen. Gas hydrate could be distinguished from other phases like ice 

and sediments by typical homogeneously distributed sub-�m sized pores. These pores 

were described as a typical feature representing the gas hydrate phase in SEM studies 

(Kuhs et al., 2000a; Techmer et al., 2005; Kuhs et al., 2004a; Staykova et al., 2003; 

Appendix IV) and can be regarded as an established tool to identify gas hydrates. The 
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pores are largely not connected and have diameters ranging from 200 to 400 nm in 

methane hydrate (Kuhs et al., 2000a). 

The SEM images depict porous gas hydrates in all samples except those from the Bush 

Hill area in the northern Gulf of Mexico. There, structure II gas hydrates were recovered 

with higher hydrocarbon content within the hydrate structure (Heeschen et al., 2007); those 

hydrates feature a smoother, brick- or tier-like microstructure on the surface (Figure 3.5A), 

details are given in Chapter 5. 

 
Figure 3.5. SEM images of gas hydrate samples. (a) dense gas hydrate; tier-like etch structures 
do not allow to draw conclusions on grain boundaries (Bush Hill, northern Gulf of Mexico). (b) in 
sub-�m porous gas hydrates: no grain boundaries are discernable (Samsun gas seep, eastern 
Black Sea). 

 

Grain size information from SEM images could only be inferred from clearly discernable 

grain boundaries, but both micropores and brick-like surface structures do not allow 

deducing any conclusions regarding grain boundaries or grain sizes for the hydrates 

(Figure 3.5 A). Partially decomposed hydrates (though eventually, they where not used for 

synchrotron measurements) are recognizable from sub-�m porous hydrate patches 

surrounded by dense ice from hydrate decomposition (Appendix IV; Figure 3.6 A, B). It can 

be assumed that the decomposition of the hydrates progresses from the grain boundaries 

towards the interior; at least it is unlikely that decomposition starts inside a grain and 

advances outside. Accordingly, the size of these hydrate patches certainly cannot reflect 

the true, intrinsic crystal sizes, since decomposition already set in (see Figure 3.6). 

In contrast to electron microscopy, the Moving Area Detector Method using high-energy 

synchrotron radiation allows to obtain crystal size information of gas hydrates. Moreover, it 

provides bulk information with good statistical precision rather than surface information 

from individual observations as in SEM. 

All measurements of individual samples in different �-positions (see Figure 3.3) add up 

to a total of several hundred data points per sample, which were plotted in histograms. For 

the synthetic sample ~ 1,400 data points are counted, which is due to the smaller grain 

sizes (Klapp et al., 2007). The distributions of the crystallite sizes from natural samples 

appear to be (log-) normally distributed; a clear distinction between normal and lognormal 

CSD cannot be made on the basis of the present data. 

For all natural samples investigated here, crystals are on average a few hundred 

micrometers in diameter. Table 3.1 gives the mean crystal sizes for all gas hydrates 

samples; for comparison, it also includes data from an earlier publication (Klapp et al., 

2007). The mean grain size of the synthetic gas hydrate sample is about 43 ±23 �m. Since 

the grain sizes of the ice, which reacted with the methane gas to crystallize to synthetic 
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methane hydrate were much larger (a sieved fraction of 200 – 400 �m), there is confidence 

that the measurements are neither limited nor biased by the initial size of the ice grains. 

This demonstrates that the crystal sizes of fresh laboratory-produced hydrates lie in the 

range given by Klapproth (2002) and Staykova et al. (2003).  

 All three hydrate samples from different Black Sea seeps scatter around 220 �m (table 

1); hydrates from the Campeche Knolls (Gulf of Mexico) range from ~190 to ~230 �m and 

Bush Hill hydrates from ~200 to ~300 �m. Crystals of gas hydrate specimens from the 

ODP 204 drillings on the Hydrate Ridge (Northwest Pacific) are larger, ranging between 

~300 and ~600 �m in diameter. 

 

 
Figure 3.6. SEM images of gas hydrate sample (ODP 204 1247B-12H-2, 41-51cm) (a) Overview 
of patches of gas hydrate (PGH), characterized by sub-micrometer sized pores. The patches are 
limited by dense ice parts containing larger pores of tens of micrometer size in diameter. No 
information can be obtained about the actual size of crystallites within the patches, nor is it certain 

that larger pores within the dense matrix are forming grain boundaries between gas hydrate 
grains. (b) Boundary between sub-micrometer sized porous gas hydrate and decomposed hydrate 
(fewer and larger pores) seen in particular in the lower left part; a crack is seen in the porous 
hydrate. 

 

5. Discussion 

 

A comprehensive characterization of gas hydrates – whether in terms of mineralogical 

description or by modeling time-dependent exchange rates (Torres et al., 2004; Haeckel et 

al., 2004; Wallmann et al., 2006b) – needs information on the crystallite size and grain-

boundary area. Still, previous attempts to obtain statistically sound CSDs of natural gas 

hydrates failed, because no adequate method was available. At best there was some 

information on individual crystallite sizes or on averaged hydrate crystallite sizes without 

access to the CSD; Klapproth (2002) and Staykova et al. (2003) quote crystal sizes of 15-

40 �m from estimates based on the inhomogeneities of Debye-Scherrer rings for hydrates 

prepared by a reaction of methane gas with ice. Schicks et al. (2006) reacted water with 

pressured gas and produced larger single crystals up to the size of 100 �m. However, this 

technique is not as rapid (e.g., Tohidi et al., 2001) and generally not used for hydrate 

production. Using ice instead of water as a starting material is a popular method, but – as 

shown here – results in smaller crystal sizes than what is encountered in nature. 

Scanning electron microscopy is an effective tool for investigating gas hydrates surfaces 

like studying the microstructure or phenomena related to the decomposition of gas 

hydrates (Stern et al., 2004; Techmer et al., 2005). Gas hydrate patches are identified by 

carbon signals in EDX analysis and sub-micrometer sized pores (see Figures 3.5 B; 3.6). 

The patches are surrounded by a dense matrix, which could lead to the impression that a 
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single patch is a single grain. Actually, several single crystallites, which are connected to 

agglomerates, would have the same appearance in scanning electron microscopic images. 

Furthermore, the patches are likely to be shaped by partial decomposition of gas hydrates 

during retrieval; accordingly, single patches of hydrate cannot necessarily be addressed as 

single gas hydrate crystals. Yet, crystals, which are attached to each other, can be 

distinguished by different orientations of the crystals by diffraction. This principle is used in 

our synchrotron measurements (Figure 3.7 a). 

 

Table 3.1. Mean grain sizes and standard-derivations of gas hydrate samples. 

 
Provenience sample 

grain 

size [�m] 

standard 

dev [�m] 
  

Bush Hill (SO 174 stat 157 TVG-10 GH 4) 204 89 this study 

Bush Hill (SO 174 stat 157 TVG-10 GH 1) 301 114 (Klapp et al., 2007) 

     

Campeche Knolls (GeoB 10618, CT 2) 227 99 this study 

Campeche Knolls (GeoB 10618, CT 2), 
manually 207 97 this study 

Gulf of 

Mexico 

Campeche Knolls (GeoB 10618, CT 6) 187 109 this study 

       

TTR 15, Colkheti Seep 223 101 this study 

TTR 15, Colkheti Seep, manually 214 130 this study 

TTR 15, Pechori Mound 213 89 this study 

TTR 15, Pechori Mound, manually 210 91 this study 

Black Sea 

TTR 15, Samsun Seep 236 106 this study 

       

204 1248C-8H-6, 68-87cm 361 79 (Klapp et al., 2007) 

204 1247B-12H-2, 41-51cm 592 374 (Klapp et al., 2007) 

204 1249C-1H-CC, 0-10cm 373 134 (Klapp et al., 2007) 

204 1248C 11H-5 (no tilt) 517 176 (Klapp et al., 2007) 

204 1248C 11H-5 (90° tilted) 569 342 (Klapp et al., 2007) 

Hydrate 
Ridge (ODP 

Leg 204) 

204 1250C 2H-CC 0-1 cm 451 132 (Klapp et al., 2007) 

       

Synthetic CH4-Hydrate 43 24 (Klapp et al., 2007) 

 

In the following, the reliability of both methods applied to gas hydrate investigation is 

presented before the results themselves will be discussed. The Moving Area Detector 

Method is already regularly applied to materials like metals or ceramics (Bunge et al., 

2003; Klein et al., 2004) and, as recently shown in (Klapp et al., 2007), it can successfully 

be used also for gas hydrates. Previous cursory studies on laboratory-made hydrates 

(Staykova et al., 2003; Klapproth, 2002; Schicks et al., 2006), are confirmed by the Moving 

Area Detector Method (Table 3.1).  

Repeated measurements of one sample turned by 90° indicate that the crystallites are 

not elongated into a preferred sample direction. This gives confidence that the crystallites 

inside the sample have an approximately globular shape.  

Unaltered crystallite sizes are granted by avoiding crushing of the hydrates and by 

investigating only hydrates with little decomposition. The latter is manifested in low ice 

fractions (checked by x-ray diffraction) of the investigated samples, pre-selected using 

scanning electron microscopy (details for Gulf of Mexico hydrate samples in Chapter 5; 

Black Sea: unpublished). 
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The grain sizes are not affected by any post-sampling re-arrangement. The time when a 

sample is transferred from a liquid nitrogen filled vessel to the pre-cooled sample holder is 

by far too short for any annealing effect due to the low mobility of water molecules at 

temperatures below 120K – the samples after recovery never experienced temperatures 

higher than this. Annealing effects are unlikely during the sample recovery, too, since no 

annealing effects have been observed on gas hydrate specimen which were sequestered 

in the ocean and recovered later (Stern et al., 2004). 

Care was taken to include weak reflections of small grains and at the same time exclude 

artifacts. Figure 3.7 (B) shows a zoomed area of a diffraction image showing a small 

crystallite with low intensities. Such weak reflections would be outside thresholds during 

global image investigation, because its intensity is too close to that of the background. 

Including weak reflections during a global evaluation of the total detector image would 

unavoidably also include a significant number of artifacts. But due to adjusted thresholds 

within individual image segments, weaker streaks could successfully be added to the 

results. 

In order to prove the reliability of the image processing method three selected images 

were evaluated manually by a scientist in addition to the automated measurements. The 

advantage of an interactive evaluation lies in the human ability to differentiate between 

shape and intensity simultaneously in that long streaks, even if they are just a little 

stronger than background values, are identified as reflections of hydrate crystals. No 

segmentation and no exclusion of artifacts are necessary. The good agreement of both 

human and computer measured grain sizes gives confidence into the reliability of the 

results obtained from automated image processing (see Table 3.1). 

All determined grain sizes of gas hydrates recovered from natural environments are 

approximately an order of magnitude larger than those from synthetic samples. The crystal 

size of the synthetic product clearly documents that new gas hydrate crystals as prepared 

for various laboratory tests (Kuhs et al., 1992; Stern et al., 1996) are small in size and 

even smaller than what can be inferred about the size of single crystals from the methods 

used in (Schicks et al., 2006). 

 

 
Figure 3.7. Close-ups of detector images of gas hydrate crystals. (a) Agglomerates of gas hydrate 

crystals (204 1247B-12H-2, 41-51cm). The length of the section is several hundred pixels. (b) A 
weak gas hydrate reflection, which would not be measured during global image analysis, because its 
intensities are close to those of artifacts, e.g. elevated background intensity. Individual pixels are 

visible. 

 

The synchrotron measurements indicate that the sizes of different natural samples vary 

from 190 up to 600 �m. This allows concluding that larger natural gas hydrate crystals 
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have been undergoing a ripening process, considering that for polar air hydrates, which 

incorporate air molecules such as oxygen or nitrogen, such re-growth is known (Kipfstuhl 

et al., 2001).  

However, care needs to be taken when comparing natural and synthetic gas hydrate 

grain sizes: Although mean crystallite sizes of natural hydrate samples are larger than 

freshly produced synthetic ones, this does not necessarily imply that in marine 

environments newly flocculated gas hydrates crystallites were similarly small. It appears 

that from pressurized gas and water crystallites of up to ~100 �m are produced, although 

this number still needs to be put onto statistically firm grounds (Schicks et al., 2006). 

Having pointed this out, it is interesting to note that the crystallite sizes of sub-samples 

from two sampling stations in the Gulf of Mexico in shallow sediment depths are different, 

which suggests grain size controls in marine environment working on short distance. 

Two samples from different position from Bush Hill (TVG 10) show a difference of mean 

crystallite sizes of nearly 100 �m (Figure 3.8). These samples were recovered by TV-

guided grab and stem from a volume of approximately 0.8 m� of almost pure gas hydrate 

(Bohrmann & Schenck, 2004). Since the hydrates were recovered from a water depth of 

540 m and left the zone of gas hydrate stability in the water column in ca. 330 m water 

depth (Chapter 5), they stem from deep within the hydrate stability zone. The two sub-

samples, which own different crystal sizes, come from different parts of the bulk TV-grab. 

The reason for the two varying grain sizes is unclear, yet several causes could account for 

the difference. First, given that ripening of crystals takes time (Lasaga, 1998), it would be 

consequent to reason that the sub-sample with the larger grains comprises older crystals. 

That, in turn, would suggest a very dynamic hydrate system, because the assumption 

implies that hydrates of different age were virtually neighboring. In fact, MacDonald et al. 

(MacDonald et al., 2005) find that the Bush Hill hydrates accumulate gradually on a yearly 

scale, which supports this thesis. Chen and Cathles (Chen & Cathles, 2003) figure that the 

Bush Hill deposit has been increasing in size since ca. 10,000 years. Yet, there are more 

arguments which might account for different grain sizes of these two sub-samples. Gas 

hydrate occurrence at Bush Hill has been described being massive (e.g., MacDonald et al., 

1994). Hence, before being grabbed with a 0.8 m� TV-grab hydrate crystals could grow 

freely, because hydrate is encased and surrounded only by more hydrate but not much 

sediment. Using TV-guided grabs for hydrate recovery provides a large aggregate where 

to pick samples from, but a geological reconstruction is not possible due to disturbance of 

the structure during the grab. 

Instead, the vertical orientation is known from the gravity cored samples, which were 

retrieved from the Campeche Knolls gas hydrates. The difference in crystallite size of the 

two Campeche Knolls sub-samples is not as large as from Bush Hill samples and amounts 

to ~ 40 �m. Hydrates at the site of sampling occur together with massive asphalts and 

highly viscous hydrocarbons (MacDonald et al., 2004), which might have affected the re-

growth of hydrates on small scale. In any case, the distance of the two sub-samples is ~ 

40 cm, matching the grain size difference of the Bush Hill hydrates, which are more 

distant. 

The three gas hydrate samples from the eastern Black Sea stem from different gas and 

oil seeps, which are far remote from one another (Akhmetzhanov et al., 2007). Their mean 

crystallite sizes (Figure 3.9) are in a similar range to those from the Campeche Knolls in 

the southern Gulf of Mexico. On the other hand, hydrates from ODP Leg 204 are larger 
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and scatter much more. One possible explanation for these differences could be ripening 

of the crystals:  

 
Figure 3.8. Crystal size distributions from two sub-
samples retrieved at the Bush Hill site in the Gulf 
of Mexico. The two samples stem from the same 
TV-grab. 

Figure 3.9. Crystal size distributions from 
hydrates sampled in eastern Black Sea seeps. 

 

Klapp et al. (Klapp et al., 2007) suggested that ripening might happen to gas hydrates in 

oceanic environments, such that larger grains grow on the expense of smaller grains. 

Figure 3.4 A depicts a detector image of a sample from the Campeche Knolls in the Gulf of 

Mexico, Figure 3.4 B shows an detector image of a sample from the Hydrate Ridge; the 

mean grain size difference of the two samples is 146 �m. The detector image of the 

Hydrate Ridge sample displays larger reflections. Ripening, understood as a growth of the 

larger crystals on the expense of smaller ones, will ultimately lead to a CSD with larger 

mean values. Given similar CSDs upon hydrate formation, the samples from the Gulf of 

Mexico and from Black Sea seeps seem to be less ripened than those from Hydrate Ridge, 

if ripening is the cause for the different CSDs. 

Ripening of crystals is a function of time, so larger grains may be older than smaller 

ones given that the initial crystal size and formation conditions are the same. Therefore, 

crystallite size information might possibly add to resolving formation ages of gas hydrates 

once the formation processes and conditions are constrained. What is needed to proceed 

further is the determination of the CSD of freshly grown marine gas hydrates, e.g. in 

dedicated sea-floor experiments.  

 

6. Conclusions 

 

Gas hydrate crystal sizes are difficult to measure, since previously, no adequate method 

existed to obtain statistically sound size distributions; a first approach was reported by 

Klapp et al. (Klapp et al., 2007). High-energy synchrotron radiation is an appropriate tool to 

investigate gas hydrate crystals, if combined with the Moving Area Detector Method (Klein 

et al., 2004; Bunge et al., 2003). Weak scattering of x-rays can be overcome by a multi-

step image processing. 

It turns out from our experiments that there are differences in crystallite size of natural 

and synthetic gas hydrate samples. Fresh, laboratory-produced hydrates are quite small 

with a mean grain size of near 40 �m. Shallow-buried, seepage associated marine gas 

hydrates from the Black Sea and Gulf of Mexico are 190-300 �m in size. Comparing the 
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latter to deeper buried, larger hydrates from the Hydrate Ridge, suggests that hydrate 

crystals in marine environments may well continue to grow. These results indicate that the 

sizes of gas hydrate crystals may add at least to qualitative constraining of formation ages.  

With respect to the broad variety in the results of the measured grain sizes, modeling 

work (e.g., Luff & Wallmann, 2003), addressing diffusion or mechanical properties (in 

particular plastic deformation), should take the differences between natural and synthetic 

gas hydrates into account. 
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4.1 Abstract 

 

Methane hydrates are present in marine seep systems and occur within the gas hydrate 

stability zone. Very little is known about their crystallite sizes and size distributions as they 

are notoriously difficult to measure. Crystal size distributions are usually considered as one 

of the key petrophysical parameters as they influence mechanical properties and possible 

compositional changes, which may occur with changing environmental conditions. Varia-

tions in grain size are relevant for gas substitution in natural hydrates by replacing CH4 

with CO2 for the purpose of carbon dioxide sequestration. Here we show that crystallite 

sizes of gas hydrates from some locations in the Indian Ocean, Gulf of Mexico and Black 

Sea are in the range of 200-400 �m; larger values were obtained for deeper-buried sam-

ples from ODP Leg 204. The crystallite sizes show generally a (log-) normal distribution 

and appear to vary sometimes rapidly with location. 

 

Keywords 

gas hydrates; grain sizes; crystallite size distribution; synchrotron radiation; Black Sea; 

Gulf of Mexico; Indian Ocean 

 

4.2 Introduction 

 

Gas hydrates are solid materials, which crystallized under inclusion of gas molecules 

into rigid cages of water molecules. On Earth, gas hydrates form in permafrost sediments 

as well as in the oceans predominantly along continental margins (Kvenvolden et al., 

1993). Hydrates need elevated pressures and/or cold temperatures to form. The gas con-

centrations must exceed the solubility in interstitial waters (Kashchiev and Firoozabadi, 

2002). The prevailing gas composition governs the crystal structure of the forming gas 

hydrate (Sloan and Koh, 2007). 
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It appears important to establish the crystallite size distributions as they have an influ-

ence on petrophysical properties like gas hydrate rheology (Durham et al., 2003), chemical 

engineering (Koh et al., 2002) or numerical modeling of geochemical processes (Torres et 

al., 2004; Haeckel et al., 2004; Wallmann et al., 2006b). For marine hydrate deposits, ex-

change reactions of free gas with existing gas hydrates of different composition may lead 

to re-growth processes and to changing gas composition, possibly influencing the hydrate 

stability. All exchange reactions can be expected to take place along the grain boundary 

network of gas hydrates, which is related to the crystallite size distributions. Laboratory 

experiments suggest that a gas replacement occurs exchanging methane by carbon diox-

ide (Yoon et al., 2004) or by ethane (Murshed and Kuhs, 2007) but little is known about 

gas substitution in nature. Scientific and economic interest, however, is large to better un-

derstand the replacement kinetics in particular in the context of carbon dioxide sequestra-

tion projects achieved by gas replacement in hydrates. The mean crystal sizes of gas hy-

drates and the crystallite size distributions are of particular interest here, as the exchange 

rates will be contingent on the extent of the grain boundary networks. Likewise, the me-

chanical properties, in particular the deformation of gas hydrate aggregates depend on the 

distributions of crystallite sizes. It turns out that synthetic samples often have smaller crys-

tallites sizes than natural samples and mechanical laboratory tests may not reproduce 

faithfully the situation in natural settings (Klapp et al., 2007).  

Gas hydrate crystallite size distributions are also important for our understanding of hy-

drate formation and evolution processes. The crystal size evolution is mainly governed by 

the free energy differences between grains, that is, the grain boundary surface energy and 

the contribution of deformational work to the free energy (Ricard and Bercovici, 2009). The 

latter is important if stress affects grain growth or grain size reduction, then the grain size 

evolution is determined by the rate of mechanical work (e.g., Austin and Evans, 2007). 

Mechanical deformation work on grains is typically found in tectonically active settings 

where tectonic stress forms crystal defects. As the soft sediments hosting gas hydrates in 

shallow marine deposits are not rigid enough to transfer stress on hydrates crystals, which 

would alter the grain sizes, the grain growth of hydrates can be considered as static (see 

Austin and Evans, 2007; Ricard and Bercovici, 2009). In that case, at elevated tempera-

tures where local water and gas mobilities are high, a hydrate crystal coarsening may be 

expected in a process called “normal grain growth” or, for dispersed systems, “Ostwald 

ripening”. Corresponding models predict a change of mean crystallite size in time to the 

power of 2-3 dependency (Lifshitz and Slyozov, 1961; Wagner, 1961, summarized in 

Humphreys and Hatherly, 2004). In all these coarsening processes large grains grow on 

the cost of smaller grains in order to decrease the free energy in the system by lowering 

the total surface or grain boundary energy. Such a clathrate hydrate coarsening and re-

growth is witnessed from polar air hydrates occurring in Greenland and Antarctic ice 

sheets and initially crystallizing from gaseous air inclusions (Pauer et al., 1999; Kipfstuhl et 

al., 2001). Normal grain growth is governed by a diffusive mass transfer from small to large 

grains, which also implies that the presence of impurities or particles within the grain 

boundary network could hinder the coarsening or slow it down (Doherty et al., 1997). 

 

Establishing the crystallite size distributions of gas hydrates is a notoriously difficult en-

terprise; all optical standard methods for measuring grain sizes fail when it comes to gas 
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hydrates, mostly due to their thermodynamic instability during sampling, preparation or 

measurement. 

Optical microscopy is inappropriate, because conditions to keep gas hydrates stable 

cannot easily be maintained during the preparation of thin sections. For short time and on 

a coarse length scale, however, photographs can be obtained for fabric inspections 

(Bohrmann et al., 1998) but are not suitable for identifying grain boundaries. Optical mi-

croscopy in cold room environments (below —20 °C) is a very good tool for investigating 

ice thin sections containing polar air hydrates (e.g., Kipfstuhl et al., 2001). This only works 

for hydrates encased by ice acting as a pressure vessel but not for pure gas hydrate speci-

men. Also, tracking down grain boundaries by crossing polarizers would not work, as 

structure I and II gas hydrates crystallize in the cubic crystal system and thus behave isot-

ropically in that no change in the crystal orientation would be discernable, adding to the 

difficulty of identifying grain boundaries. Further, the cooling of the samples would become 

difficult, since at atmospheric pressure methane hydrate is only stable at temperatures 

below ~ —80 °C.  

Scanning electron microscopy (SEM) at cryogenic temperatures allow for investigations 

of gas hydrates in their region of (meta)stability and hence are excellent tools for gas hy-

drate microstructural assessment (Kuhs et al., 2000a; Stern et al., 2004; Techmer et al., 

2005; Appendix IV). The advantage of electron microscopy lies in its excellent local resolu-

tion, which allows for sharp images at more than 24,000x magnification at cooled gas hy-

drate samples. Yet, as electron microscopes can only image the surface of specimens but 

not their interior, the determination is a priori limited to what can be seen on the sample 

surface. Statistically relevant crystallite size distributions can hardly be expected from this 

technique. Recently, Murshed et al. (Chapter 6) showed first micro-scale computer-

tomographic images of gas hydrate; grain size information was not communicated in this 

paper but might be inferred in the future from the grain boundary networks which were 

detected and discussed. 

In our earlier work we reported the first crystal size analyses of gas hydrates as ob-

tained from Bragg tomography (Klapp et al., 2007); here we present new data of natural 

marine hydrates of different locations from which a preliminary picture of typical gas hy-

drates crystallite size distributions emerges.  

 

4.3 Materials and methods 

 

All new data presented in this work stem from hydrates recovered from shallow burial-

depths of the upper three meters of sediment in gas seepage systems, except one hydrate 

sample from offshore the Indian east coast. The Indian sample was retrieved during the 

Indian gas hydrate drilling campaign NGHP expedition 01 in 2006 from the Krishna-

Godawari basin (Collett et al., 2008a). It stems from the drilling site 10D from 132,41 me-

ters below the sea floor. The near-surface samples described in this study were retrieved 

from the Eastern Black Sea (Batumi Seep, Pechori Mound, Colkheti Seep, Samsun Seep; 

Table 4.1) and from the Gulf of Mexico (Bush Hill area in the Northern Gulf and Chapopote 

Asphalt volcano in the Southern Gulf; Table 4.1). The Black Sea samples were recovered 

during the R/V Meteor cruise M72/3 in 2007 (Bohrmann and Pape, 2007) and during the 

TTR 15 cruise in 2005 with the R/V Prof. Logachev (Akhmetzhanov et al., 2007). Samples 

from the Batumi Seep, Pechori Mound and Samsun Seep were recovered by gravity-



4. Grain Size Measurements of Natural Gas Hydrates 

 56 

coring and from Colkheti Seep by a TV-guided grab. Hydrates from Chapopote were cored 

by a gravity corer during R/V Meteor cruise in 2006 (Bohrmann and Spiess, 2008), the 

Bush Hill samples were retrieved by a TV grab during R/V Sonne cruise in 2003 

(Bohrmann and Schenk, 2004). 

The samples were not pressure-cored, and despite immediate storage in liquid nitrogen 

to avoid decomposition after recovery, the outer parts of the hydrate could decompose 

already during the transfer from sea floor to the research vessels. Consequently, for the 

crystallite size distribution measurements we took care to only use largely unaltered sam-

ples from central parts of recovered cores, consisting for the most part of sediment-free 

aggregates of gas hydrate. All hydrate samples were comprehensively studied by X-ray 

diffraction and SEM before actual crystallite size distribution investigations using Bragg-

tomography were undertaken: Quantitative X-ray phase analysis allowed to chose samples 

with high gas hydrate content, SEM visualizes the state of preservation of the samples 

(Kuhs et al., 2004a; Stern et al., 2004).  

The gas hydrate crystallite size distributions were measured at the beam line BW 5 at 

the Hamburg Synchrotron Laboratory (HASYLAB) of the Deutsches Elektronen Synchro-

tron (DESY). High-energy synchrotron radiation at short X-ray wavelength (� ~0.12 Å, cor-

responding to a beam energy of 100 keV) is used to investigate bulk samples. The actual 

gas hydrate grain sizes were measured using Bragg tomography in the Moving Area De-

tector Method (Wcislak et al., 2003); this method was originally developed for material 

science purposes such as metals or ceramics (Bunge et al., 2002; Klein et al., 2004). The 

data treatment was done by using the MarView software for the raw data as well as the 

ImagePro Plus and ImageJ packages for the size measurements of the gas hydrate crys-

tallites. A detailed account of these procedures is given in Klapp et al. (2007; Appendix V). 

 

4.4 Results 

 

Gas hydrate grain sizes, obtained by synchrotron Bragg tomography, vary between less 

than 200 �m and more 500 �m for marine gas hydrates with good sample preservation. 

Other than checking the state of preservation, SEM was also applied in an attempt to de-

tect grain boundaries on the 2-D surfaces. Gas hydrate sI could be distinguished from 

other phases like ice and sediments by typical homogeneously distributed sub-�m sized 

pores (diameter ranging from 200 to 400 nm in methane hydrate). These pores were de-

scribed as a typical feature representing the sI gas hydrate phase in SEM studies (Kuhs et 

al., 2000a, 2004a; Staykova et al., 2003; Techmer et al., 2005; Appendix IV). 

The SEM images depict porous gas hydrates in all samples except those from the Bush 

Hill area in the northern Gulf of Mexico. There, structure II hydrates were recovered with 

higher hydrocarbon content within the hydrate structure; those hydrates feature a 

smoother, tier-like microstructure on the surface (Figure 4.1a, b; see Chapter 5). Figure 4.1 

gives an overview over the typical gas hydrate microstructure. The monotonous micro-

structure of intact (e.g., not dissociated) gas hydrate does not allow deducing any definite 

conclusions regarding grain boundaries or grain sizes for the hydrates, no matter whether 

the microstructure is dense and tier-like (Figure 4.1a, b) or porous (Figure 4.1c, d).  

Partially decomposed hydrates (though eventually, they were not used for synchrotron 

measurements) are recognizable in SEM images by the sub-�m porous hydrate patches 

surrounded by dense ice (frozen water) resulting from hydrate decomposition (Kuhs et al., 
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2004a; Appendix IV) and larger pores within the ice matrix (Figure 4.2a, b). It can be as-

sumed that the decomposition of the hydrates progresses from the grain boundaries to-

wards the interior. Accordingly, results from such partly decomposed hydrate patches may 

not reflect the true, intrinsic crystal sizes. 

 

 
Figure 4.1: SEM images of gas hydrate samples. (A) Dense gas hydrate; tier-like surface structures 
do not allow to draw conclusions on grain boundaries (Bush Hill, northern Gulf of Mexico; TVG-10). 

(B) Higher resolution of dense, tier-like microstructure (Bush Hill, TVG-10). (C) In sub-�m porous gas 
hydrates are no grain boundaries discernable (Chapopote Asphalt volcano, Gulf of Mexico, GeoB 
10618 CT6). (D) The monotonous porous fabric makes it impossible to detect any grain boundaries 
(Chapopote, GeoB 10618 CT6). 

 

In contrast to optical methods, X-ray Bragg tomography provides bulk information with 

good statistical precision and accessing size information of several hundred grains in one 

experimental run, which can be plotted in histograms. The distributions of the crystallite 

sizes from natural samples appear to be in many cases (log-) normally distributed; a clear 

distinction between normal and lognormal crystallite size distribution cannot be made on 

the basis of the present data. Table 4.1 gives the mean crystal sizes for all gas hydrate 

samples. The arithmetic mean values of the two Batumi Seep hydrate samples are about 

400 �m (Figure 4.3a, b), those of the other three hydrate samples from different Black Sea 

seep sites are centered around 220 �m (Table 4.1, Figure 4.3c-e); hydrates from the 

Chapopote (Gulf of Mexico) range from ~190 to ~230 �m and Bush Hill hydrates from 

~200 to ~300 �m (Figure 4.4a, b). The hydrate sample from the Indian drilling campaign 

(NGHP-01) has an arithmetical mean crystallite size of 217 �m (Figure 4.4c). Crystals of 

gas hydrate specimens from the ODP 204 drilling campaign at Hydrate Ridge (Northwest  



4. Grain Size Measurements of Natural Gas Hydrates 

 58 

 
Figure 4.2: SEM images of gas hydrate samples. (A) Overview of patches of porous gas hydrate 

(PGH), characterized by sub-micrometer sized pores. The patches are surrounded by dense ice 
containing larger pores of tens of micrometer size in diameter. No information can be obtained about 
the actual size of crystallites within the patches, nor is it certain that larger pores within the dense 
matrix are forming grain boundaries between gas hydrate grains (ODP 204 1247B-12H-2, 41-51cm). 
(B) Boundary between sub-micrometer sized porous gas hydrate and decomposed hydrate (fewer 
and larger pores); a crack is seen in the porous hydrate (Batumi Seep, Black Sea, GeoB 11949). 
Abbreviation: PGH - porous gas hydrate; diss. GH - dissociated gas hydrate (frozen to ice). 

 

Pacific) are larger, ranging from ~300 and ~600 �m in diameter with a tendency to in-

crease with depth below the sea-floor (Klapp et al., 2007). In order to prove the reliability of 

the image processing method, three selected images were evaluated manually by a scien-

tist in addition to the automated image analysis. The advantage of an interactive evaluation 

lies in the human ability to differentiate between signal and noise for small and thus very 

weak reflections using the shape of the trace of Bragg reflections; also the human brain is 

readily able to differentiate between accidentally overlapping and a single large grain; the 

software implementation of corresponding logical chains turned out to be difficult. Never-

theless, there is a very reasonable agreement of both human and computer measured 

grain sizes which gives us confidence into the reliability of the results obtained from the 

generally applied automated image processing (see Table 4.1). 

 

4.5 Discussion 

 

A comprehensive characterization of gas hydrates – whether in terms of mineralogical 

description or by modeling time-dependent exchange rates (Luff & Wallmann, 2003; Torres 

et al., 2004; Haeckel et al., 2004; Wallmann et al., 2006b) – needs information on the crys-

tal size and grain-boundary area. Previous information on grain sizes was rudimentary. At 

best there were some data on individual crystallite sizes or on averaged hydrate crystallite 

sizes without information on the crystallite size distributions; Klapproth (2002) and Stayk-

ova et al. (2003) for example quote crystal sizes of 15-40 �m from estimates based on the 

inhomogeneities of X-ray Debye-Scherrer rings for laboratory-made hydrates prepared by 

an isothermal reaction of methane gas with ice close to 0°C, a method frequently applied 

for gas hydrate synthesis. Schicks et al. (2006) reacted water with pressured gas and pro-

duced larger single crystals up to the size of 100 �m. This and similar techniques (e.g., 

Tohidi et al., 2001) is not very rapid and generally not used for hydrate production in the 

laboratory. Clearly, synthetic gas hydrates prepared by a reaction of fine-grained ice with 
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gas results in crystal sizes smaller by an order of magnitude than what is encountered in 

nature as inferred from our Bragg tomography data which fully confirm our earlier esti-

mates mentioned above. Care must therefore be exerted when comparing results from 

petrophysical lab tests to the natural settings when samples are prepared by the ice 

method. 

 

 
Figure 4.3: Crystal size distributions from hydrates sampled in eastern Black Sea seeps. (A) 

Batumi Seep, GeoB 11927-7; (B) Batumi Seep GeoB 11956; (C) Pechori Seep; (D) Colkheti Seep; 
(E) Samsun Seep. 

 

It is unlikely that the grain sizes are affected by any post-sampling re-arrangement. The 

time during sample transfer from a liquid nitrogen filled vessel to the pre-cooled sample 

holder is by far too short for any annealing effect due to the low mobility of water molecules 

at temperatures below 120K – the samples never experienced temperatures higher than 

this after recovery. Annealing effects are unlikely during the sample recovery, too, since no  



Table 4.1 Mean grain sizes and standard-deviations of gas hydrate samples. Site conditions (water depth, meters below sea floor [mbsf] and temperature) are given for 

marine samples to provide information about the stability conditions for the hydrates.  

sample 
Mean grain 
size [�m] 

standard 
dev [�m] 

number of 
data points Temp. [°C] 

water 
depth  [m] mbsf Latitude Longitude 

Black Sea          

Colkheti Seep, BS 380GR 223 101 286 9.1
a 1142

a < 1.00
a 41°58.08 N 41°06.17 E 

Colkheti Seep, BS 380GR, manually 214 130 299 9.1
a 1142

a < 1.00
a 41°58.08 N 41°06.17 E 

Pechori Mound, BS 360G 213 89 217 9.1
a 1030

a 0.70-1.95
a  41°59.00 N 41°07.41 E 

Pechori Mound, BS 360G, manually 210 91 63 9.1
a 1030

a 0.70-1.95
a 41°59.00 N 41°07.41 E 

Samsun Seep, BS 383G 236 106 69 9.1
a 1431

a 4.65-4.75
a 41°28.46 N 37°35.83 E 

Batumi Seep, GeoB 11927-7 400 146 613 9.0 843
b 1.50-3.30

b 41°57.41 N 41°17.32 E 

Batumi Seep, GeoB 11956 410 95 119 9.0 856
b 0.80-0.90

b 41°57.45 N 41°17.44 E 

Indian Ocean, NGHP Expedition 01         

Site 10D, Core 20X, Section 6, 52-59cm 217 99 189 11.5
g 1038

g 132.41
g 15°51.86 N 81°50.08 E 

           
Gulf of Mexico          

Bush Hill (TVG-10 GH 4) 204 89 377 8.7
c 547

c < 1.00
c 27°46.97 N 91°30.47 W 

Bush Hill (TVG-10 GH 1) 301
d 114

d 261 8.7
c 547

c < 1.00
c 27°46.97 N 91°30.47 W 

           

Chapopote (GeoB 10618, CT 2) 227 99 672 4.4 2904
e < 1.00

d 21°53.95 N 93°26.21 W 

Chapopote (GeoB 10618, CT 2), manually 207 97 509 4.4 2904
d < 1.00

d 21°53.95 N 93°26.21 W 

Chapopote (GeoB 10618, CT 6) 187 109 743 4.4 2904
d < 1.00

d 21°53.95 N 93°26.21 W 
                  
Hydrate Ridge (ODP Leg 204)          

1249C-1H-CC, 0-10cm 373
d 134

d 317 4.3
f 775

f 1.50
f 44°34.24 N 125°08.84 W 

1250C 2H-CC 0-1 cm 451
d 132

d 124 4.4
f 792

f 5.06
f 44°34.13 N 125°09.02 W 

1248C-8H-6, 68-87cm 361
d 79

d 99 8.8
f 828

f 74.46
f 44°34.45 N 125°09.15 W 

1247B-12H-2, 41-51cm 592
d 374

d 40 8.5
 f 845

f 93.01
f 44°34.66 N 125°09.08 W 

1248C 11H-5 (no tilt) 517
d 176

d 231 9.9
f 828

f 100.89
f 44°34.45 N 125°09.15 W 

1248C 11H-5 (90° tilted) 569
d 342

d 49 9.9
f 828

f 100.89
f 44°34.45 N 125°09.15 W 

Synthetic CH4-Hydrate 43
d 24

d 1793     see text     

Notes: a = Cruise TTR 15 R/V Prof. Logachev, Achmetzov et al., 2007; b = R/V Meteor cruise M72/3, Bohrmann and Pape, 2007; c = R/V Sonne cruise SO174, 
Bohrmann and Schenk, 2004; d = Klapp et al., 2007; e = R/V Meteor cruise M67/2, Bohrmann and Spiess, 2008; f = Tréhu et al., 2006b; g = Indian NGHP Expedition 01, 
Collett et al., 2008a. 



4. Grain Size Measurements of Natural Gas Hydrates 

 61 

annealing effects have been observed on gas hydrate specimen which were sequestered 

in the ocean and recovered later (Stern et al., 2004), thus we are very confident that the 

measured crystallite size distributions faithfully represent the situation of the natural set-

tings. The synchrotron measurements indicate that the arithmetic mean grain sizes of dif-

ferent natural samples vary from 190 up to 600 �m (Figure 4.5). The much larger sizes 

when compared to synthetic material may have the following reason: either (1) the natural 

formation process yields distinctly larger grains than what is produced by any standard 

laboratory method or (2) gas hydrates with initially smaller crystallite sizes grow to larger 

grains by a coarsening process as observed in polar air hydrates (Kipfstuhl et al., 2001). 

 

 
Figure 4.4: Crystal size distributions: (A) Two sub-samples retrieved at the Bush Hill site in the 
Gulf of Mexico. The two samples stem from the same TV-grab. (B) Two sub-samples from the 
gravity core GeoB 10618 at the Chapopote in the Southern Gulf of Mexico. One distribution shows 
the crystallite size distribution of sub-sample CT2, the other sub-sample CT6. (C) Crystal size dis-

tribution of a gas hydrate sample from the Indian NGHP expedition 01. 
 

It is interesting to note that one of the samples (Chapopote, GeoB 10618 CT 6) shows a 

crystallite size distribution distinctly skewed towards smaller grains (Figure 4.3B) which is 

unexpected for a distribution growing in steady-state (see e.g., Humphreys and Hatherly, 

2004). A possible explanation is the fairly recent formation of this hydrate with insufficient 

time to adjust to a better-equilibrated distribution by reducing the number of smaller grains. 

Alternatively, particles or impurities between the grains – inside the grain boundary net-

work, see Chapter 6 – could have slowed down the grain coarsening. For normal grain 

growth mass is diffusively transported from small to large grains (Humphreys and Hatherly, 

2004), therefore particles between two crystals could inhibit the diffusion between them 

(e.g., Doherty et al., 1997). In fact, hydrates at the sampling site occur together with mas-
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sive asphalts and highly viscous hydrocarbons (MacDonald et al., 2004). It is plausible that 

heavy hydrocarbons act as inhibitors for hydrate crystal growth, if they are located in the 

grain boundary network. In oil seepage areas, oil and heavy hydrocarbons diffuse through 

massive hydrate layers (Bohrmann and Schenk, 2004; MacDonald et al., 2003; Sassen et 

al., 2001c) and are known to be in direct contact with the hydrate crystals on a microscopic 

scale (Chapter 5), emphasizing the possibility that at the Chapopote Asphalt volcano, as-

phalts might be stuck inside the grain boundary network. The difference in arithmetic mean 

crystallite size of the two Chapopote sub-samples amounts to ~ 40 �m. It is possible that 

the viscous hydrocarbons occurring at the location might have affected the coarsening of 

hydrates on a small local scale.  

 
Figure 4.5: Bar diagram of the arithmetic mean crystal sizes given in Table 1. Geological locations 
are grouped. The two samples from Bush Hill/Gulf of Mexico are sII gas hydrates. Error bars indicate 
the standard deviation. 

 

Remarkably, the crystallite sizes of two sub-samples from the Bush Hill sampling station 

in the Gulf of Mexico are different, suggesting that grain size controls in marine environ-

ment act differently over short distances: The two sub-samples from slightly different posi-

tions from Bush Hill (TVG 10) show a difference of mean crystallite sizes of nearly 100 �m 

(Figure 4.5). These samples were recovered by TV-guided grab and stem from a volume 

of approximately 0.8 m� of almost pure gas hydrate (Bohrmann and Schenk, 2004). The 

hydrates crystallized to structure II hydrate and were recovered from the sea floor in 540 m 

water depth and left the zone of gas hydrate stability in the water column in ca. 330 m wa-

ter depth. The two sub-samples with different crystal sizes are from different parts of the 

bulk TV-grab. The reason for the two varying grain sizes is unclear, yet several causes 

could account for the difference. First, given that coarsening of crystals proceeds with time 

(see e.g. Lasaga, 1998), it would be consequent to argue that the sub-sample with the 

larger grains comprises older crystals. That, in turn, then suggests a very dynamic hydrate 

system, because the assumption implies that hydrates of different age are virtually neigh-

boring. In fact, MacDonald et al. (2005) find that the Bush Hill hydrates accumulate gradu-
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ally on a yearly scale, which supports this theory. Chen and Cathles (2003) propose that 

the Bush Hill deposit has been increasing in size since ~ 10,000 years. Yet, other reasons 

may account for the different grain sizes of these two sub-samples; differences in the 

thermodynamic conditions in terms of supersaturation or subcooling could lead to different 

conditions for nucleation and growth at different periods of time. Also, similar to the 

Chapopote site, the Bush Hill area is an oil seep with oil discharge into the water, such that 

oil and shallow gas hydrates occur together (MacDonald et al., 2005). That would allow for 

the possibility of oil affecting hydrate crystal growth.  

The two Batumi Seep hydrates instead have almost identical arithmetic, mean grain 

sizes, although they were recovered from different stations (Table 4.1; Figure 4.5). The 

crystal size distributions are not skewed to one side, suggesting that normal grain growth 

occurs and that the grain size growth is static (see Austin and Evans, 2007; Ricard and 

Bercovici, 2009). Because the two samples originate from two different sites in the Batumi 

Seep area (Bohrmann and Pape, 2007; Chapter 8) and also have almost the same mean 

grain size and a similar grain size distribution (GeoB 11956 has fewer data points, ac-

counting for the narrower distribution), one is tempted to assume that this would indicate 

very similar formation and growth conditions for hydrates at the Batumi Seep sites. Yet, the 

examples of the two sites in the Gulf of Mexico demonstrate that formation and growth can 

vary considerably over short distances. 

The three other gas hydrate samples from the eastern Black Sea – originating from the 

Samsun Seep, Colkheti Seep and Pechori Mound – have much smaller mean crystal sizes 

than the Batumi Seep hydrates, scattering around 200 �m. These three seeps are far re-

mote from one another (Akhmetzhanov et al., 2007). The mean crystallite sizes of the 

three samples (Figure 4.5) are in a similar range to those from the Chapopote in the 

southern Gulf of Mexico. Also similar to the Gulf of Mexico hydrates, the Colkheti Seep and 

Pechori Mound are oil seeps, which implies that if the presence of oil had an effect on the 

growth conditions of gas hydrates, this influence could affect the Black Sea oil seep hy-

drates as well.  

The mean crystallite size of the hydrate sample from the Indian drilling campaign is simi-

lar to those Black Sea oil seeps and Chapopote hydrates (Figure 4.5). This sample was 

retrieved in an ocean drilling campaign from about 132 m below the sea floor (Collett et al., 

2008a). Yet, the comparison with the existing grain size data of deep buried gas hydrates 

from ODP Leg 204 at Hydrate Ridge shows that the Indian samples does not fit into the 

pattern which emerges from the ODP 204 hydrates (Figure 4.5). For those hydrates a rela-

tionship of the arithmetical mean grain size and burial depth seems to be indicated (Table 

4.1; Klapp et al., 2007), although more factors will affect the crystal size evolution. In par-

ticular, brines which are reported for the horizons where the Indian sample was retrieved 

(Collett et al., 2008a), could affect the gas hydrate crystal growth. Salts have an effect on 

the gas hydrate stability (Sloan and Koh, 2007) and one possibility could be that episodic 

brine-induced gas hydrate dissociation keeps the hydrate crystal growth in steady-state. 

More information, which is not yet available, will help to interpret the grain sizes. Another 

reason which could explain the differences between Hydrate Ridge samples and all other 

crystal sizes presented here could be again a coarsening of the crystals. Given a similar 

initial crystallite size distribution upon hydrate formation, the samples from the Indian 

ocean as well as from the Gulf of Mexico and from Black Sea seeps (except the Batumi 

Seep) seem to be younger than those from Hydrate Ridge, if time-dependent coarsening is 
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a major cause for the different crystallite size distributions and if the initial crystallite size 

distribution was at least similar.  

The coarsening of air molecule hydrate crystals observed in polar ice (Pauer et al., 

1999; Kipfstuhl et al., 2001) can be expected to be less affected by other factors than the 

coarsening of gas hydrates crystals in marine seep environments. As the presence of salts 

in hydrate formation waters can contribute to hinder hydrate formation, it can be specu-

lated that salt brines within the strata slow down the hydrate crystal growth. Dissolved salts 

decrease the availability of water molecules and reduce the solubility of gas molecules in 

salt-rich solution (Duan and Mao, 2006; Masoudi et al., 2004). Mechanical hindrances 

would be asphalts, oil and other impurities, which may retard the grain growth, if they occur 

in the grain boundary network of oil seep hydrates. Several circumstances might deceler-

ate but few factors could accelerate hydrate crystal growth. For instance, the presence of 

clay minerals such as montmorillonite together with quartz promotes the hydrate formation 

on mineral surfaces (Klapproth et al., 2007), but fostering hydrate formation is not neces-

sarily related to stimulating crystal growth. Thus, the presence or absence of clay minerals 

could not explain grain size differences of marine hydrate samples investigated in this 

study (Figure 4.5). Instead, it is likely that coarsening is a major reason for the crystallite 

size evolution. 

The crystal structure of the growing gas hydrates may also influence the hydrate crystal 

growth rate. The Bush Hill hydrates crystallize to structure II gas hydrate (Heeschen et al., 

2007; Chapter 5), whereas the other samples presented here crystallized to structure I 

hydrate. However, it is likely that the growth kinetics of the two gas hydrate structures are 

similar, because both structures are cubic and form with the same small cage (5
12

); it could 

only be the formation of the two large cages (5
12

6
2
 in sI and 5

12
6

4
 in sII) in the two respec-

tive hydrate structures which may accelerate the crystal growth or slow it down. If there 

were differences in growth of the two structures (which we cannot identify at present) it 

would be likely that the diffusion was slowed down by larger hydrocarbon molecules such 

as butane (C4H10). From gas hydrate formation experiments (Staykova et al., 2003; Kuhs 

et al., 2006) we have good evidence that the rate-limiting step in hydrate growth for smaller 

molecules is the water mobility (and not the gas mobility); whether this also holds for large 

molecules like butane is a still open question. A better understanding of hydrate growth 

and regrowth, in particular its temperature and compositional dependency is needed to 

settle this issue.  

 

4.6 Conclusions 

 

The data presented here corroborate and extend information on of crystallite size distri-

butions of gas hydrates (Table 4.1; Figure 4.5). Bragg tomography is at present the only 

tool to investigate gas hydrate crystallite size distributions systematically using the Moving 

Area Detector Method (Bunge et al., 2003; Klein et al., 2004).  

It turns out that there is an order-of-magnitude difference in crystallite size of natural and 

most synthetic gas hydrate samples, although larger synthetic samples have been pro-

duced (Schicks et al., 2006). Shallow-buried, seepage associated marine gas hydrates 

from the Black Sea and Gulf of Mexico are 190-400 �m in size. Comparing the latter to 

deeper buried, larger hydrates from the Hydrate Ridge, suggests that hydrate crystals in 

marine environments may well be continuously growing. If the initial crystallite size distribu-
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tions for a given p-T-x condition can be established, crystallite size information should give 

access to the formation ages of gas hydrates. Other factors that may influence the crystal 

size evolution are inhibitors such as salts/brines, particles or impurities in the grain bound-

ary networks, or the crystal structure. What is needed to proceed further is a broader crys-

tallite size distribution data base for various settings differing in their thermodynamic re-

gime as well as the determination of the crystallite size distributions of freshly grown ma-

rine gas hydrates in designated sea-floor experiments and/or more realistic studies of gas 

hydrate crystal growth in laboratory work.  
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5.1 Abstract 

 

Gas hydrate samples from various locations in the Gulf of Mexico (GOM) differ considera-

bly in their microstructure. Distinct microstructure characteristics coincide with discrete crys-

tallographic structures, gas compositions and calculated thermodynamic stabilities. The crys-

tallographic structures were established by X-ray diffraction, using both conventional X-ray 

sources and high-energy synchrotron radiation. The microstructures were examined by cryo-

stage Field-Emission Scanning Electron Microscopy (FE-SEM). Good sample preservation 

was warranted by the low ice fractions shown from quantitative phase analyses.  

Gas hydrate structure II samples from the Green Canyon in the northern GOM had meth-

ane concentrations of 70–80% and up to 30% of C2–C5 of measured hydrocarbons. Hydro-

carbons in the crystallographic structure I hydrate from the Chapopote asphalt volcano in the 

southern GOM was comprised of more than 98% methane. Fairly different microstructures 

were identified for those different hydrates: Pores measuring 200–400 nm in diameter were 

present in structure I gas hydrate samples; no such pores but dense crystal surfaces instead 

were discovered in structure II gas hydrate. The stability of the hydrate samples is discussed 

regarding gas composition, crystallographic structure and microstructure. 

Electron microscopic observations showed evidence of gas hydrate and liquid oil co-

occurrence on a micrometer scale. That demonstrates that oil has direct contact to gas hy-

drates when it diffuses through a hydrate matrix. 

 

Keywords: Gas hydrate; Gulf of Mexico; Microstructure; Structure II; Stability; Electron mi-

croscopy; X-ray diffraction; Porosity 

 

5.2 Introduction 

 

Gas hydrates are crystalline compounds of light hydrocarbons (methane, ethane, etc.) or 

non-hydrocarbon compounds (carbon dioxide, hydrogen sulfide, nitrogen) and water mole-

cules which combine to build various hydrate structures (Sloan and Koh, 2007). The forma-

tion of gas hydrates is controlled by an array of physical and chemical parameters: Availabil-
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ity of hydrate-forming gases is the prerequisite; hydrates only crystallize when the gas con-

centrations at least locally and temporarily exceed solubility (Kvenvolden, 1993). Hydrostatic 

pressure as given by the water depth, sediment temperature and pore water salinity are the 

limiting formation factors for marine gas hydrates which also govern the thickness of the gas 

hydrate stability zone. 

Gas hydrates are considerable methane reservoirs (Collett, 2002; Max et al., 2006) and 

may turn into future sources of fossil fuels. The global methane hydrate inventory can be 

considered as a chemostat, which may partly control climate cycles (Kennett et al., 2003). 

The total amount of carbon stored in gas hydrates is still uncertain. Buffett and Archer (2004) 

figured 3000 Gt carbon being stored in gas hydrates; instead, Klauda and Sandler (2005) 

came up with 74,400 Gt of methane being stored as hydrates. 

Hydrates form different crystallographic structures. Structure I (sI) gas hydrate is often ad-

dressed as methane hydrate because methane is the main guest molecule, sometimes 

amended by slight fractions of ethane and hydrogen sulfide. In many natural deposits like at 

several sites at the Hydrate Ridge offshore Oregon (Suess et al., 2001; Torres et al., 2004) 

or at the Blake Ridge (Dickens et al., 1997a; Matsumoto et al., 2000), methane originates 

predominantly, but not exclusively from microbial methane production. Because methane 

from biogenic origin is far more profuse than higher homologues predominantly derived from 

thermogenetic catalysis, gas hydrate sI is considered as the most abundant hydrate struc-

ture on earth (Kvenvolden, 1995), despite its greater limitations in stability conditions com-

pared to the other two structures (Sloan and Koh, 2007; Lu et al., 2007). Structure II and 

structure H hydrates (sII and sH) derive hydrocarbons primarily from thermogenic origin; 

such compounds are methane through butanes for sII and methane through pentanes for 

sH. Thermogenic origin of hydrocarbons in gas hydrates has been reported for instance in 

the northern Gulf of Mexico (GOM) (Sassen et al., 2001a) and in the Barkley Can-

yon/Cascadia margin (Lu et al., 2007). 

In general, hydrate structures are related to the molecule diameters of present hydrate-

forming gases; however laboratory experiments have shown that before a long-term stable 

structure is equilibrated, transient existences of metastable structures are found (e.g., Klap-

proth et al., 2003). Gas hydrate structures I and II are quite distinguishable by their X-ray 

diffraction (XRD) pattern. Rietveld analysis (Toby, 2001) of the XRD data allow for quantita-

tive analysis of different phases occurring within a sample, i.e. to assess the amounts of ice, 

different gas hydrate structures and other phases. 

Microstructural observations of gas hydrates can be best obtained by electron micros-

copy. For convenience and in contrast to the usual nomenclature in material science, 

“mesopores” are understood here as pores in the range of hundreds of nanometers in di-

ameter. A mesoporous microstructure is known for laboratory produced synthetic hydrates 

made of argon (Ar), nitrogen (N2), carbon dioxide (CO2) and methane (Kuhs et al., 2000a; 

Klapproth et al., 2003; Staykova et al., 2003) as well as natural sI hydrates (Kuhs et al., 

2004a; Techmer et al., 2005). Mesoporous and nonporous hydrate microstructures are 

shown by (Stern et al., 2004) and (Stern et al., 2005), although there, the microstructure was 

not directly related to the crystallographic structure or the gas chemistry of the hydrates. 

Interestingly, for all investigated mesoporous hydrates the pore diameter has been observed 

in the same range of 200–400 nm (with the notable exception of CO2 hydrates with pores 

below 100 nm as discussed in Kuhs et al., 2000a). It did not matter whether synthetic or 

natural hydrates were observed nor whether a hydrate sample stems from deep within the 
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gas hydrate stability nor whether it is close to the phase boundary. Macropores in the mi-

crometer range were identified as originating from gas hydrate decomposition (Kuhs et al., 

2004a and Stern and Kirby, 2007). Pores of tens of micrometers in diameter were found in 

methane-dominated sI gas hydrates from the Hydrate Ridge and were also attributed to gas 

hydrate dissociation upon recovery (Appendix IV). Each such decomposition pore has a 

different diameter in the few micrometer range, moreover, the size-normalized pore density 

is much smaller for decomposition pores than for mesopores. Some pores, or rather bub-

bles, could be inclusions of free gas into the gas hydrate matrix. Such free gas bubbles can 

be considered as the original part of the in situ structure or microstructure (Bohrmann et al., 

1998), whereas decomposition pores are secondary alterations. These gas bubbles would 

add to the porosity estimation (e.g., Suess et al., 2002). 

This paper assesses the relation between gas hydrate crystallographic structure and mi-

crostructure. We present new insights on the microstructure of natural sI and sII hydrates 

formed from methane through butane gases in the GOM. We combine results from XRD, 

gas chromatography and Field-Emission Scanning Electron Microscopy (FE-SEM) for indi-

vidual samples from different locations in the GOM and attribute diverse microstructure ob-

servations to the corresponding gas chemical and crystallographic findings. 

 

5.3 Geological setting and sampling in the Gulf of Mexico 

 

Fluid migration in the GOM transports hydrocarbons from subsurface reservoirs to the 

seafloor at numerous sites. Thick sediment layers on the continental margin cover Early 

Jurassic salt sheets (Humphris, 1979), which create salt ridges and basins through haloki-

netic mobility (Rowan et al., 1999). Deeply buried oil and gas reservoirs are tapped by salt-

tectonic-induced faults, which serve as pathways for hydrocarbons to shallower reservoirs 

and eventually to the seafloor. The depletion of heavy hydrocarbons or the stripping of light 

hydrocarbons (Chen et al., 2004; Whelan et al., 2005) results in gases ascending to near-

surface sediments, where gas hydrates can form as part of seep related processes (Sassen 

et al., 2001a; MacDonald et al., 1994; MacDonald et al., 2003; Chen and Cathles, 2003). 

Gas hydrate presence in the northern GOM was first reported in 1984 (Brooks et al., 1984) 

and has been extensively studied henceforward. Collett and Kuuskraa (1998) calculated the 

total amount of hydrate-captured gas in the GOM area to be 70.1 Gt. Estimations should be 

treated carefully, though, since at individual sites elevated salinities and temperatures pre-

vent hydrate formation despite high gas fluxes (Ruppel et al., 2005). 

Samples investigated in this study were retrieved from the northern and southern GOM 

during the R/V Sonne cruise SO 174 in fall 2003 (Bohrmann and Schenck, 2004) and R/V 

Meteor cruise M67/2b in spring 2006 (Bohrmann and Spiess, 2008; Table 5.1). During the 

Sonne cruise, gas hydrates were recovered from three areas (Figure 5.1): From two different 

sites in the Green Canyon offshore Louisiana in the northern GOM (block CG415 as used by 

the United States Mineral Management Service) in about 1050 m water depth (named TVG-

3 and TVG-12 in this paper; see Table 5.1); from two sites in the Bush Hill area (block 

GC185), which is part of the Green Canyon (these locations are called TVG-10 and GC-2); 

and from one site at the Chapopote asphalt volcano (sample TVG-6) in the Campeche 

Knolls area in the Southern GOM. On the M67/2b cruise additional hydrates were sampled 

at one gravity coring station from the Chapopote asphalt volcano (Figure 5.1). Samples from 

this cruise are named GC-6 with sub-samples. 
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Figure 5.1: Map of sampling locations in the Gulf of Mexico. For station numbers see Table 5.1. 
Lines indicate the cruise track. 
 

Table 5.1: Gas hydrate samples presented in this paper. TVG: TV-guided grab; GC: gravity corer. In 
the text, the short name is used. 

  Latitude [N] Longitude [E] 
Water 

depth [m] 
Cruise, sampling station Short name (in text) 

Total core 

recovery [m] 

Northern Gulf of Mexico     

Green Canyon Region     

GC185 (Bush Hill)      

 27°46.95 91°30.44 547 SO 174, station 47; GC-2 GC-2 2.8 

 27°46.97 91°30.47 547 SO 174, station 157; TVG-10 TVG-10  

GC415      

 27°32.61 90°59.55 1049 SO 174, Stat. 96; TVG-3 TVG-3  

 27°33.47 90°58.85 951 SO 174 Stat 169; TVG-12 TVG-12  

       

Southern Gulf of Mexico     

Campeche Knolls Region     

       

 21°54.00 93°26.24 2902 SO 174 Stat 140 TVG-6 TVG-6  

 21°53.95 93°26.21 2904 M67/2 GeoB 10618; GC-6 #1 GC-6 #1 1 

 21°53.95 93°26.21 2904 M67/2 GeoB 10618; GC-6 #2 GC-6 #2(sub-sample 1) 1 

 21°53.95 93°26.21 2904 M67/2 GeoB 10618, GC-6 #2 GC-6 #2(sub-sample 2) 1 

 

The Bush Hill area is located in relatively shallow water depths (500–600 m below sea 

level, mbsl) and is fed by gas from the Jolliet gas field (Chen and Cathles, 2003), from which 

free gas and oil discharges into the water (Sassen et al., 2001b; MacDonald et al., 2003). 

The oil-stained, gas-laden sediments host chemosynthetic communities (MacDonald et al., 

2003). Compositions of light hydrocarbons (C1–C4) should result in the formation of sII gas 

hydrates, as suggested by many authors especially for the Bush Hill region (e.g., Sassen et 

al., 1994; Sassen et al., 2001b; Techmer et al., 2005; Chen and Cathles, 2003; MacDonald 

et al., 2005). Structure II gas hydrate was recently identified by XRD in Green Canyon block 
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GC234 (Rawn et al., 2008). Gas hydrates occur both as white precipitates as well as 

brownish-yellowish colored from oil perfusion through the hydrates (Figure 5.2; see Mac-

Donald et al., 1994; 2003; Bohrmann and Schenck, 2004). 

 

 
Figure 5.2: Gas hydrate specimen associated to oil-stained sediments (TVG-10 from Bush Hill). 

 

The Chapopote asphalt volcano (in the following only Chapopote) is located in deep water 

(3000 mbsl) northwest of the Yucatán peninsula (Figure 5.1). The Chapopote is part of the 

Campeche Knolls salt diapirs, which are special due to the outflow of natural asphalt at the 

seafloor on top of the salt domes (MacDonald et al., 2004). The salt-tectonic-induced faults 

allow for fluid migration from subsurface hydrocarbon reservoirs (Ding et al., 2008) and sea-

floor seepage. Sufficient gas supply at the Chapopote seep sites evokes the formation of 

shallow gas hydrates. 

 

5.4 Methods 

 

Gas hydrate samples were recovered either by TV-guided grab or gravity corer (see Table 

5.1). The Bush Hill samples were covered only by a very thin sediment layer, the other hy-

drate samples were retrieved from shallow sediment depths, such that the hydrates were not 

directly exposed to seawater. Immediately after recovery, the samples were quenched in 

liquid nitrogen (LN2) to avoid further decomposition of the hydrates. Henceforward, the hy-

drates were always kept in LN2 in a continuous cooling chain when transported or prepared 

for measurements in the home lab. 

Bulk hydrate samples from each location were split into several sub-samples. They were 

prepared in LN2 in a cold room (�10 °C to �20 °C) with air conditioning providing dry air to 

avoid condensation of atmospheric water as ice crystals on the surface of the specimen. The 

sub-samples were then used for electron microscopy and XRD. For the latter, sub-samples 

from each location were measured both with a laboratory diffractometer at the University of 

Göttingen, Germany as well as at high-energy synchrotron beam lines in Hamburg, Ger-

many. 

 

5.4.1 X-ray diffraction 

 

XRD analysis was used for quantitative assessment of the major phases in the samples. 

For the in-house measurements in Göttingen, a Bragg-Brentano focusing Philips MRD (Ma-

terials Research Diffractometer) cryo-goniometer was used, which employs a wavelength of 
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0.7093 Å from a molybdenum anode. The synchrotron measurements were conducted with 

a wavelength of �0.12 Å at the Beam Line BW 5 as well as at the HARWI II beam line at the 

Hamburg Synchrotron Laboratory (HASYLAB) of the Deutsche Elektronen Synchrotron 

(DESY) in Hamburg, Germany. The penetration power was sufficient to study larger samples 

in aluminum cans of 7 or 12 mm inner diameter, which were located in a cryostat with alumi-

num vacuum/heat shields. The short wavelength of the high-energy synchrotron radiation 

allowed for bulk sediment sample investigations. All synchrotron scans were performed ex-

clusively at distinct locations of uncrushed gas hydrate pieces, comprising crystals of ca. 

200–300 μm (Klapp et al., 2007) and not on powdered samples. Accordingly, structural in-

formation was obtained for the scanned volumes containing coarse crystals and not for the 

whole powder sample. In contrast, the cryo-MRD machine gave averages on the complete 

powder sample. Details of the XRD measurements are given in Appendix IV and Klapp et al. 

(2007). Phase fractions of the samples are then calculated from Rietveld refinement using 

the GSAS software (Larson and van Dreele, 1994) and the EXPGUI user interface (Toby, 

2001). 

 

5.4.2 FE-SEM investigations 

 

Gas hydrate pieces, which were previously characterized by XRD, were analyzed by 

SEM. For electron microscopic investigations, two electron microscopes were applied; one is 

a Cryo-Field-Emission Scanning Electron Microscope (FE-SEM) Zeiss Leo 1530 Gemini, the 

other one is a Cryo-Field-Emission-Environmental-Scanning Electron Microscope (FEI 

Quanta 200 FEG). The FE-SEMs are designed for work at low acceleration voltages of less 

than 2 kV, which is well suited for ice or gas hydrates in order to minimize sample alteration 

due to beam damage (Kuhs et al., 2004a; Stern et al., 2004). The samples were kept in a 

LN2 cooled sample stage inside a vacuum chamber at temperatures of about �188 °C and a 

pressure of about 1 � 10
�6

 bar during measurements. 

The uncoated specimens were pieces of gas hydrate with dimensions of about 0.5 � 0.5 � 

0.5 cm. The SEMs are equipped with thin window energy dispersive X-ray analysis (EDX) 

detectors allowing for small-scale analysis of low-Z elements. Both SEMs facilitate EDX 

analyses within distinct areas of interest as drawn into the SEM screen image. In standard 

practice, images are taken at a working distance ranging from 6 to 10 mm by secondary 

electrons with voltages between 1.7 and 2.4 kV; this is because gas hydrates are easily sub-

limation-etched even by slightly higher voltages. To obtain good results with the EDX unit, 

5.0 kV voltages were applied; the working distance was raised to about 10–12 mm, due to 

the construction of the EDX detector in the sample chamber. The spot size for imaging nor-

mally is set to 3.0, for EDX investigations the spot size was raised to 4.0 or 5.0. 

 

5.4.3 Gas chemical analyses 

 

For all hydrate pieces recovered during cruise SO 174, gas chemical analyses were per-

formed onboard by gas chromatography using a Thermo-Electron gas chromatograph (GC) 

equipped with a capillary column (Alltech AT-Q; 30 m length; 0.32 mm ID) and a flame ioni-

zation detector (FID) as described in Heeschen et al. (2007). Hydrate pieces from the gravity 

corer station GC-6 (sub-samples 1 and 2) from cruise M67/2 were dissociated onshore and 

analyzed with a two-channel GC (Agilent Technologies, 6890N). C1–C5 hydrocarbons were 
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separated, detected and quantified with a capillary column (OPTIMA-5; 0.32 mm ID, 50 m 

length) connected to a FID. In addition, permanent gas constituents (O2, N2, CO2) as well as 

methane and ethane were determined using a packed (molecular sieve) stainless steel col-

umn coupled to a Thermal Conductivity Detector. While gas analyses of specimen GC-6 #1 

and sub-sample 1 of specimen #2 were done after X-ray inspections, specimen GC-6 #2 

(sub-sample 2) was not investigated by XRD. In the following we understand C1–C5 hydro-

carbons, which might be hydrate forming, as ‘light’ hydrocarbons. Abundances of light hy-

drocarbons are given as relative portion of the sum of C1–C5 hydrocarbons in mol%. 

The results of the gas chemical analyses together with salinity data and water tempera-

ture were used to calculate the stability boundaries of gas hydrates at the Bush Hill area 

(block GC185) and at the Chapopote. The salinity and temperature data were recorded on a 

CTD device by the Remotely Operated Vehicle QUEST 4000 M of the MARUM, Bremen, dur-

ing dive no. 81 on the Chapopote on Meteor cruise M67/2 (Bohrmann and Spiess, 2008). 

The phase boundaries were calculated using the software HWHYD of the Heriot-Watt-

University, Edinburgh, UK (HWHYD, 2005). 

 

5.5 Results 

5.5.1 Phase analyses 

 

XRD measurements revealed that all samples were comprised of cubic gas hydrates, i.e. 

either crystallographic structure type I or II. Additionally, all samples had fractions of ice as 

evidenced by their distinctive Bragg peaks. Structure I gas hydrate is identified by the major 

peaks (321) and (320) (Figure 5.3a) and type II by the major peaks (511), (531) and (440) 

(Figure 5.3b). Hexagonal ice (Ih) is present in all sub-samples, as confirmed by the three 

major ice Ih peaks (100), (002) and (101) (Figure 5.3). 

Bush Hill gas hydrates were entirely composed of sII gas hydrate (Table 5.2). The sam-

ples GC-2 as well as TVG-10 were particularly well preserved with average ice fractions of 

<15% and �13%, respectively (Table 5.2). Because of the small ice fractions, these samples 

allowed for observations of sII gas hydrate without much interfering ice. Also, samples from 

Green Canyon (TVG-3 and TVG-12) gave no indication on sI gas hydrate in this area, in-

stead all gas hydrates in those samples is sII. In turn, the samples from the Chapopote con-

tained sI gas hydrate (Table 5.2). The gas hydrate sI fractions range in these samples be-

tween 73 and 67 wt.%, with the balance being ice (Ih). 

 

5.5.2 Gas chemical composition of the gas hydrates 

 

The gas chemical compositions allowed for clear distinction between samples from differ-

ent sites. Gas hydrates from the Bush Hill area yielded a methane portion of about 72.0 

mol% of the measured light hydrocarbons, ethane portions of 7–13.0% and a propane frac-

tion of 12.0 to almost 16.0% (Table 5.3; Heeschen et al., 2007). In addition, these gas hy-

drates had a significant fraction of butane isomers with 2.0–4.5% of iso-butane and 0.9–

1.4% of n-butane. 

Light hydrocarbons from the Green Canyon hydrates were composed of 75.0–82.0% 

methane, 9.0–11.0% ethane and 6.0–10.0% propane. The samples contained about 1.2–

1.9% of iso-butane and 1.4–2.4% of n-butane. 
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Table 5.2: Gas hydrate structures found at individual sites in the Gulf of Mexico. Structures and phase 
fractions were determined by quantitative phase analyses of X-ray diffraction experiments (sI, sII: 

structure I, structure II, respectively). Numbers are in weight percent. 
 

Region sample station sI Ice sII 

Bush Hill GC-2 0.0 7.7 92.3 

  0.0 10.8 89.2 

  0.0 34.5 65.5 

  0.0 4.6 95.4 

 avg.  0.0 14.4 85.6 
 st.-dev.  11.8 11.8 

     

 TVG-10 0.0 24.6 75.4 

  0.0 12.0 88.0 

  0.0 8.6 91.4 

  0.0 7.4 92.6 

 Avg. 0.0 13.2 86.8 
 st.-dev.  6.8 6.8 

     

GC 415 TVG-3 0.0 62.0 38.0 

  0.0 77.2 22.8 

  0.0 74.7 25.3 

 avg. 0.0 71.3 28.7 
 st.-dev.  6.7 6.7 

     

 TVG-12 0.0 41.7 58.3 
     

Chapopote TVG-6 53.1 46.9 0.0 

  87.5 12.5 0.0 

 avg. 70.3 29.7 0.0 
 st.-dev. 17.2 17.2  

     

 GC-6 #1 66.9 33.1 0.0 

 GC-6 #2 (sub-sample 1) 72.9 27.1 0.0 

 Avg. 69.9 29.7 0.0 
 st.-dev. 3.0 3.0  

 

Gas hydrate samples from the Chapopote differed significantly in the composition of en-

clathrated light hydrocarbons: they contained about 98.7% of methane and 1.1% of ethane 

and 0.1% of propane, while butane isomers were found in much smaller amounts in the hy-

drates recovered in sample TVG-6. A similar gas composition was obtained for specimen #1 

from GC-6. Specimen of GC-6 #2 contained two hydrate sub-samples: One sub-sample was 

composed similarly to both specimen #1 and the hydrates from sample TVG-6 (see Table 

5.3). The second sub-sample of hydrate specimen #2 comprised ca. 94.1% methane, ca. 

2.6% ethane, 2.3% propane and ca. 1.0% butane isomers (Table 5.3). XRD analysis was not 

done for this sub-sample of specimen #2. 

 

5.5.3 Microstructure inspections by Scanning Electron Microscopy 

 

Electron microscopic observations showed clear differences in the microstructure between 

hydrate samples comprising sII and more than 20.0% of C2–C5 compared to methane-

dominated sI gas hydrates (Figure 5.4; see Table 5.2 and Table 5.3). 

The surface of sII hydrate from Bush Hill (Figure 5.4A) displays a solid and dense tier-like 

array of rectangular units, which becomes distinct at about 500� magnification (Figure 5.4B). 

Here, dense is used to describe the nonporous microstructure of the hydrate. No mesopores  
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Figure 5.3: Rietveld plots of the synchrotron X-ray diffraction data of the hydrate samples (wavelength 
0.1197314 Å). The solid black lines, open circles and solid grey lines represent the calculated pattern, 
the observed intensity data and the difference between observation and model calculation, respec-

tively. The vertical solid and dashed lines show possible positions of Bragg reflections of hexagonal ice 
Ih and hydrate, respectively. Note different scaling for the x-axis. (a) The sample contains mainly sI 

hydrate (�88%, the remainder being ice Ih) collected from the Chapopote (SO 174; station 140, TVG-

6). (b) Sample contains about 95% sII hydrate collected from the Bush Hill (SO 174; station 47, GC-2). 

 
Table 5.3: Mol percent of C1–C5 hydrocarbons measured from purposefully decomposed gas hydrate 
samples (in bold; below: standard-deviation). n gives back the number of measurements. C5-Isomers: 
Sum of unidentified C5-isomers. 

 

Region sample station C1 C2 C3 iC4 nC4 C5-Isomers   

GC-2 72.18 6.63 15.73 4.50 0.92 0.05 n=2 Bush Hill (GC185) 
 0.24 0.64 0.69 0.17 0.03 0.02  

         

 TVG-10 71.69 13.09 11.85 2.01 1.35 0.02 n=7 

    1.08 0.43 1.26 0.25 0.07 0.00   

GC415 TVG-3 74.61 11.10 9.95 1.88 2.43 0.03 n=2 

  5.45 2.13 3.93 0.12 0.70 0.03  

         

 TVG-12 82.24 8.87 6.26 1.18 1.44 0.01 n=2 

    0.05 0.23 0.29 0.06 0.07 0.01   

TVG-6 98.71 1.12 0.12 0.02 0.02 0.00 n=3 
Chapopote 

 0.07 0.13 0.05 0.01 0.01 0.00  

         

 GC-6 #1 98.08 1.65 0.16 0.03 0.06 0.03 n=5 

  0.13 0.06 0.06 0.01 0.01 0.01  

         

 GC-6 #2 (sub-sample 1) 97.62 0.98 0.93 0.15 0.26 0.05 n=2 

  0.05 0.65 0.42 0.07 0.10 0.01  

         

 GC-6 #2 (sub-sample 2) 94.10 2.61 2.25 0.32 0.64 0.07 n=3 

    0.33 0.11 0.22 0.03 0.04 0.01   
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Figure 5.4: Electron microscopic pictures of gas hydrate samples (A, B, E, F: TVG-10, Bush Hill, sII 
hydrate. C, D: GC-6, Chapopote asphalt volcano, sI hydrate). A. Overview image of a Bush Hill sII 
gas hydrate: The surface appears dense and solid. B. Tier-like microstructure is clearly identifiable 
on a 20 μm scale. C. At about the same scale, mesopores are identifiable in Chapopote sI gas hy-
drates. D. Magnification of mesopores from Chapopote sI hydrates. E. Dense surface and tier-like 
shell are the typical and general microstructure of Bush Hill and Green Canyon sII gas hydrates. F. 

On very small scales, tiers in geometrical patterns become evident. 

 

are discernable in samples which contain larger fractions of non-methane light hydrocarbon 

gases (C2–C5) and form sII gas hydrate. At somewhat greater magnification (ca. 1000�), sI 

hydrate from Chapopote (Figure 5.4C) shows a porous microstructure, which can be clearly 

discerned as 200–500 nm pores at extreme magnification (Figure 5.4D). Evidence of poros-

ity is not visible in images of 5000� magnification of sII hydrate (Figure 5.4E). At very high 

magnifications, sII hydrate displays a tier-like array of layers (Figure 5.4F). The tier-like 

structure mimics a section across individual crystal planes and thereby forms tiers at the 

surface (Figure 5.4E, F). Geometrical patterns are visible at large magnifications (Figure 

5.4F), i.e. parallel planes and distinct angles between them. In the porous hydrate samples, 

in contrast, geometrical patterns are not identifiable (Figure 5.4D). 
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EDX measurements reveal carbon signals in all gas hydrate samples. It turns out that the 

semi-quantitative EDX investigations show a constantly higher carbon content in the dense 

and tier-like structured material of the Bush Hill and Green Canyon sII hydrates than in the 

mesoporous sI hydrates from the Chapopote or in any other mesoporous hydrates, which 

were investigated in our earlier works (Kuhs et al., 2004a; Techmer et al., 2005; Appendix 

IV). These results were expected, as on average the sII gas hydrates presented in this study 

have more carbon atoms per hydrate cage than the sI hydrates. However, a fully quantitative 

evaluation is impossible due to the specimen's uneven surface, which deflects the electron 

beam. 

SEM investigations also revealed that gas hydrates occur in direct contact with heavy hy-

drocarbons, i.e. they are soaked with petroleum. Figure 5.5A shows a SEM image of a sam-

ple with more than 85 wt.% gas hydrate content. Dense gas hydrate is visible in the right part 

of the image; in the left, a shimmering dark-looking material is discernable. The former liquid 

state of the material is suggested by its fabric, as the flowing was stopped by quenching of 

the sample in liquid nitrogen. The dark-looking material is characterized by a clear carbon 

peak as evidenced by EDX measurement. Although semi-quantitative, the EDX carbon sig-

nals of the oily dark patches in the images were much higher than those of the dense and 

tier-like material. Figure 5.5B shows a high magnification of the contact between a patch of 

higher hydrocarbon homologues and dense material. Figure 5.2 shows photographs of sedi-

ment samples on a centimeter scale, illustrating that hydrate-bearing sediments are soaked 

with petroleum, and discolor the hydrate in parts. 

 

 
Figure 5.5: Electron microscopic pictures of gas hydrate samples. A. Oil patches are adjacent to 

dense gas hydrate (DGH). The flowing of the oil prior to deep freezing is discernable. In the image, 
the oil is flowing downwards, see the highly viscous flow in the central lower part of the image (sam-
ple TVG-10). B. Detail of the border between oil (top left) and gas hydrate (below) (sample TVG-3). 

 

5.6 Discussion 

5.6.1 Hydrocarbon composition and crystal structure 

 

Gas chemical analyses revealed high abundances of light hydrocarbons and in particular 

of methane in all samples (Table 5.3; Heeschen et al., 2007). The fractions of methane, 

though, differ significantly between the samples from the Bush Hill (GC185) and Green Can-

yon (GC415) area, where roughly a fourth to a fifth of the measured hydrocarbons consist of 

C2 to C5 compounds, and Chapopote asphalt volcano hydrates, which host mostly more than 
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98% methane in hydrocarbons. The hydrocarbon compositions suggest gas hydrate sII for-

mation in the Bush Hill and Green Canyon areas, because the larger molecules would not fit 

into the smaller cages of the structure I hydrate (Sloan and Koh, 2007). This agrees well with 

our results of XRD measurements and other published gas chemical data for the Bush Hill 

and Green Canyon. Sassen et al. (1994, 2001b), Suess et al. (2001) and Chen and Cathles 

(2003) reported on selective stripping of hydrocarbons from the thermogenic vent gas which 

crystallize to sII gas hydrate. They found hydrate-bound, light hydrocarbons in the same 

range of composition as reported here. 

For Chapopote, both XRD investigations and compositions of light hydrocarbons reveal sI 

hydrate formation with almost exclusively methane as the hydrate-forming gas. The excep-

tion is one hydrate piece, which contained 94.1% methane and 5.9% C2–C5 of hydrate-

forming hydrocarbons. This suggests that sII hydrate may sometimes occur in this area. 

The dominance of strongly methane-rich sI forming hydrates was surprising because at 

Chapopote, seeping fluids comprise heavy oil, asphalt and light hydrocarbons (Bohrmann 

and Spiess, 2008; MacDonald et al., 2004), and in the sediments the C1/C2–C5-ratio varied 

considerably with depth (Bohrmann and Schenck, 2004). This mélange of hydrocarbons 

would suggest that also light hydrocarbons other than methane were incorporated into the 

hydrates. Yet we found only one hydrate piece in which this seems to be the case. On the 

other hand, this piece was next to other hydrate pieces which contained more methane and 

crystallized to sI hydrate. This observation points to an inhomogeneous distribution of gases 

in the gas hydrates at Chapopote. To further explore the origin and distribution of Chapopote 

hydrate gases, more information on the hydrocarbon isotopic compositions and extend of 

biodegradation is needed. For this work, it is important to be aware of the hydrocarbon com-

position in the actual samples, which were investigated also by XRD and SEM. 

XRD analyses confirm the interpretation of the gas analyses of the individual hydrate 

pieces. To the best of our knowledge, the results presented here are the first direct crystallo-

graphic structure identifications of gas hydrates from these locations in the GOM by XRD, 

together with a preliminary report by Rawn et al. (2008), who found sII hydrates by XRD in 

block GC234. In the many years of gas hydrate research in the GOM, often the hydrate 

structures were inferred from gas compositions. By interpreting compositions of hydrate-

bound hydrocarbons, the most probable crystallographic hydrate structure could be pre-

dicted on thermodynamic grounds, but an experimental confirmation is still indicated due to 

remaining uncertainties, in particular close to stability limits, and possible metastable forma-

tions. 

 

5.6.2 Hydrate stability 

 

The onset of gas hydrate stability differs significantly at the Bush Hill area and Chapopote 

(Figure 5.6; calculation see Section 3.3). At the sampling site in the Bush Hill area in about 

550 mbsl, sII hydrates are stable until about 310 mbsl, where the water is about 12.1 °C. At 

Chapopote, which is in about 2900 mbsl, hydrates would be stable up to a water depth of 

620 m, where the water has a temperature of 7.4 °C (Figure 5.6), so Bush Hill sII hydrate 

would require an increase of about 10–11 °C above ambient and the Chapopote sI hydrates 

an increase of 14–15 °C above ambient to destabilize. The water temperature at Bush Hill is 

barely within the sI stability limit, which may explain why no sI hydrate is observed there. 

Moreover, MacDonald et al. (2005) show that temperature variations at Bush Hill would 
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regularly exceed the stability of sI hydrate. Little is known about temperature variations at 

Chapopote, but they are unlikely to challenge the stability of sI hydrate and even less likely 

to destabilize sII hydrate. Structure II gas hydrate with the given gas composition is clearly 

the more stable hydrate structure; the lack of sII hydrate at Chapopote is most probably a 

result of gas composition, not formation dynamics. 

 
Figure 5.6: Stability models for gas hydrate occurrences in the Gulf of Mexico; Bush Hill, structure II 
hydrate (TVG-10); Chapopote, structure I hydrate (TVG-6). The phase boundaries were calculated 
using the Heriot-Watt-Hydrate software (HWHYD, 2005). The temperature was measured during ROV-

dive 81 on M67/2. 

 

5.6.3 Relation between crystal structure, microstructure, hydrocarbon composition 

and gas hydrate stability 

 

It is noteworthy that the thermodynamically more stable hydrates lack mesoporosity but 

instead feature a dense and tier-like microstructure as evidenced by SEM. They form from a 

hydrocarbon mixture of about 70–80% of C1 plus 20–30% C2–C5, and crystallize to structure 

II hydrate. Mesopores (200–500 nm diameter) have been considered as a typical character-

istic for gas hydrate (Kuhs et al., 2000a, 2004a; Techmer et al., 2005; Appendix IV) and 

were identified in all Chapopote hydrates. There, only sI gas hydrates were found by XRD 

analyses and of those samples, the gas composition turns out to be 98% methane. 

These observations point to a tight connection between significantly large fractions of light 

hydrocarbons (C2–C5), sII hydrate formation, dense microstructure and greater gas hydrate 

stability. Hence it follows that the relation of microstructure and gas hydrate stability needs to 

be discussed. 

It is likely that hydrate dissociation starts on the hydrate surface. Therefore, a larger sur-

face area would lead to an accelerated decomposition. Given that the mesopores (200–500 

nm) were not just a surface characteristic but an element of the internal structure of the 

mesoporous hydrates, it would be reasonable to assume a larger surface area for the 

mesoporous hydrates, because then the walls of the pores would add to the surface area. 
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Hydraulic compression and density experiments suggest that almost 20 vol.% of bulk meth-

ane hydrate samples exist as mesopores (200–500 nm) (Suess et al., 2002). However, area 

estimations from SEM inspections indicate that also larger pores of about 1 μm size or bub-

bles might have added to the calculated mesoporous volume (unpublished data), such that 

the true volume of mesopores might be significantly lower. Kuhs et al. (2004a) argue from 

specific surface area experiments that the mesopores of both laboratory-grown and subma-

rine gas hydrates are predominantly closed. Thus, they may be a feature related to the grain 

boundary network of gas hydrates, as was suggested by recent synchrotron microtomo-

graphic work (Chapter 6). Hence it seems unlikely that the mesopores could contribute sig-

nificantly to an accelerated bulk decomposition of the hydrates. 

Most importantly, the stability of gas hydrates is primarily governed by the cage filling of 

adequate gases (Sloan and Koh, 2007) and consequently by the crystallographic structure 

type depending on the available gases at a geological site. The data presented here show 

that hydrocarbon mixtures comprising comparatively less volatile hydrocarbons like propane 

and butane prefer a structure II gas hydrate and form dense microstructures. Lower pressure 

or lower subcooling is needed to shift a gas assortment consisting of a larger fraction of less 

volatile hydrocarbons into the hydrate stability. This suggests that the volatility of the hydrate 

formers could be an important factor accounting for the observed hydrate microstructure. 

This suggestion is underlined by the fact that volatile non-hydrocarbon gases like N2, O2 or 

Ar also form sII hydrate but feature a mesoporous microstructure (Kuhs et al., 2000a). 

 

5.6.4 Mesoporous microstructure 

 

The mesoporosity seems to be a function of the gas chemical composition in that only 

highly volatile gases feature that microstructure. But also, dense surfaces have been pro-

duced for methane-dominated, sI gas hydrate: Stern et al. (2003; 2004; 2005) and Klapproth 

et al. (2007) undertook gas hydrate formation experiments above the ice point and produced 

dense surfaces. Kuhs et al. (2000a) showed both dense and mesoporous hydrate surfaces 

for samples reacted below the ice point. The samples often show a uniform mesoporous 

microstructure, which sometimes is amended by dense parts. The mesoporous microstruc-

ture can in fact be used as a rapid mean of identifying gas hydrates in the scanning electron 

microscope as it uniquely is formed when gas hydrates are present in the sample. Indeed, 

estimates of the relative proportion of ice/water and gas hydrates (as identified by the 

mesoporosity) in the SEM compares very favorably with results from quantitative phase 

analysis by means of X-ray diffraction (Appendix IV). 

 

5.6.5 Intrinsic dense microstructure 

 

The dense microstructure was clearly observed in samples that were well preserved with 

little ice fractions. Accordingly, the SEM images should show the intrinsic and unaltered mi-

crostructure. For various reasons, it can be ruled out that the dense surface derives from ice 

of decomposed gas hydrate: Firstly, detailed microstructure studies were performed and the 

ice fractions of the samples TVG-10 as well as GC-2 established by diffraction are too low to 

account for the many SEM observations of dense material. Secondly, carbon signals as 

measured by SEM-mounted EDX units of dense samples cannot derive from ice, as water 

molecules do not contain carbon. Thirdly, decomposing gas hydrate does not form smooth 
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and dense surfaces but macropores of several μm in diameter, as shown in Bohrmann et al. 

(Appendix IV) from Hydrate Ridge samples. Such macropores are phenomena due to partial 

decomposition. Larger than those dissociation-derived macropores are intrinsic characteris-

tics like gas-filled voids (Bohrmann et al., 1998), which are shown by aragonite precipitates 

that image the bubbles by the surface morphology (Bohrmann and Torres, 2006). 

An alternative explanation for dense surface structure imaged by electron microscopy 

would be that they originate from mesopores filled with oil. Indeed, the co-occurrence of the 

dense hydrate microstructure with oil patches could support such a supposition. However, 

dense surfaces of sII gas hydrate were found also in specimen without any visible oil 

patches, indicating that the dense surface is truly intrinsic. In addition, the mesoporous mi-

crostructure is discernable in oil-stained sI gas hydrates retrieved from oil seeps in the East-

ern Black Sea (unpublished data). 

 

5.6.6 Gas hydrate and liquid hydrocarbons 

 

SEM images show shimmering oil coatings on gas hydrate surfaces (Figure 5.5). Although 

the coexistence of oil and gas hydrate in the GOM is known since long (Brooks et al., 1984), 

the microscopic scale of the vicinity has not been explored so far. MacDonald et al. (2003) 

showed massive deposits of Bush Hill yellowish gas hydrates on a meter scale, which are 

colored by oil. Sassen et al. (2001c) report on oil-stained sediments with gas hydrates as 

vein-fillings from Atwater Valley (Block GC425) in the GOM. Liquid crude oil is described to 

occur as fluid inclusions and along fractures within the crystalline gas hydrate (Sassen et al., 

2001c). Our work shows that oil diffuses through gas hydrate occurrences, as can be in-

ferred macroscopically from Figure 5.2 and massive decolorization of gas hydrate deposits 

(MacDonald et al., 1994; 2003) as well as microscopically from Figure 5.5. 

The presence of hydrocarbons outside the gas hydrate crystal structure is relevant for hy-

drate characterization. In interpreting chemical data from hydrate-associated light hydrocar-

bons, it normally is assumed that those gases are entrapped in the hydrate cages, i.e. as 

crystal-bound guest molecules (Sassen et al., 1994, 2001b; Chen and Cathles, 2003; Mac-

Donald et al., 2004, 2005). These data are commonly used to deduce the crystal structure 

and the thermodynamic stability and, on those grounds, to estimate the abundances of hy-

drates in a region (Sassen et al., 2001d). Our SEM images show that oil sticks to the hydrate 

surface. As it turns out that heavy hydrocarbons occur along with the hydrates, the question 

arises whether light hydrocarbons also accompany petroleum and hydrates, for instance by 

being sequestered in long-chained hydrocarbons, without being included in the structure. 

One possibility would be that volatile hydrocarbon molecules stick to the hydrate surface by 

adsorption (e.g., Larsen et al., 1998). Liquid hydrocarbons are visible by FE-SEM, but gase-

ous hydrocarbons cannot be detected. The cage filling of the hydrate structures by distinct 

gas species can be best obtained from Raman spectroscopy (e.g., Hester et al., 2007b; 

Chazallon et al., 2007; Bourry et al., 2009). Also, gas exchange reactions in the cages can 

be traced by Raman measurements (Murshed and Kuhs, 2007). 

 

5.6 Conclusions 

 

The electron microscopically depicted microstructure of gas hydrates from the Green 

Canyon (GC415) and Bush Hill (GC185) features smooth and dense surfaces. Mesopores 



5. Microstructures of structure I and II gas hydrates from the Gulf of Mexico 

 82 

are not discernable in these samples. These hydrates form sII gas hydrate, proved by XRD, 

and comprise 70–80% methane and 20–30% C2–C4 hydrocarbons. 

There is clear evidence that hydrocarbons with relatively low volatility tend to form dense 

gas hydrate microstructures, while methane and light non-hydrocarbons gases often form 

mesoporous hydrates. This suggests that the volatility of the gases plays a significant role 

for the microstructural appearance and supports also the earlier finding that a mesoporous 

microstructure is a characteristic signature of more volatile gas hydrates, in particular of 

methane hydrate (Kuhs et al., 2004a). Dense microstructures are less readily assigned to a 

certain structure type or composition as methane hydrate sometimes also can appear in a 

dense microstructural form (Stern et al., 2004, 2005; Klapproth et al., 2007). 

Oil patches together with dense gas hydrate occur in direct contact with each other. In-

sight into the formation process and the detailed chemistry at the micro-scale cannot be 

deduced from the present data, however. 

It will not be possible to relate the porous nature of hydrates to any specific geological 

phenomenon until a full understanding of its formation is achieved. However, in microstruc-

tural SEM work on gas hydrates the appearance of mesopores can still be used as an indi-

cator for gas hydrates and – as we have shown here – to some extent also for their chemical 

nature. 
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6.1 Abstract 

 

We report the 3D microstructure analyses of natural gas hydrates sampled from Gulf of 

Mexico. The samples were characterized by synchrotron radiation X-ray cryo-tomographic 

microscopy (SRXCTM) using the ‘TOMCAT’ beam line at the Swiss Light Source (SLS). The 

SRXCTM demonstrates its applicability to unlock some microscopic features of the marine 

hydrates, in particular of crystallite size and grain boundary network. The gas hydrate do-

mains are surrounded by a network of pores of typically a few micrometers, which are largely 

due to decomposition. Out of the SRXCTM data, the porosity, total volume of the voids, the 

void surface area and number of the total gas-filled voids have been calculated. The results 

reveal the capability of SRXCTM to access the 3D microstructure which is of fundamental 

importance to model the petrophysical properties of natural gas hydrates. 

 

6.2 Introduction 

 

Clathrate hydrates are non-stoichiometric crystalline inclusion compounds built of a 

framework of hydrogen bonded water molecules that offers suitable cavities occupied by 

guest molecules such as methane and ethane (Sloan and Koh, 2008). Hydrates of hydro-

carbons are stable in a wide range of oceanic and permafrost environments (Max et al., 
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2006; Sloan and Koh, 2008). Gas hydrate deposits in sediments have been reported from 

more than 100 locations worldwide (Kvenvolden and Lorenson, 2001). The deposits are 

estimated to contain hydrocarbons (mainly methane), and thus pose a potential jeopardy to 

climate, as methane is a greenhouse gas. But also, the recovery even of a fraction of the 

estimated amount would provide a substantial energy resource. Besides, gas hydrates are of 

major concern to the oil and gas industries for their ability to block the pipelines (Sloan and 

Koh, 2008). 

Natural gas hydrates have been recovered from various deep-sea sites during the Ocean 

Drilling Program (ODP) and the Integrated Ocean Drilling Program (IODP) campaigns 

(Tréhu et al., 2003), as well as from continental drillings (Dallimore and Collett, 2005) and 

individual ship expeditions (Bohrmann and Spiess, 2008). However, our overall knowledge 

of some fundamental properties of marine gas hydrates is surprisingly limited. One reason is 

the precarious preservation of the retrieved samples and the difficulties of characterization in 

situ. If recovered without pressure maintaining devices, gas hydrate will start decomposing 

(Heeschen et al., 2007). It is therefore important to sub-sample gas hydrate pieces from the 

inner core of a larger hydrate lump, which seems to be pristine and unaffected from decom-

position. A good sample preservation is essential to study the concentration, texture, and 

geometry of voids (probably filled with gases) or to explore the crystallite size, the size distri-

bution and grain boundary topology as well as the distribution and nature of embedded or 

surrounding minerals. An inspection of the pore structure by image analysis may provide a 

substantial appreciation of the role of porosity on the macroscopic properties of gas hydrates 

relevant to geophysical and engineering concerns. Despite the importance of these issues 

for a complete petrophysical investigation, means of characterization are limited in particular 

for the three-dimensional visualization of the microstructure. Many insights were achieved by 

cryo Scanning Electron Microscopy (cryo-SEM) (Staykova et al., 2003; Kuhs et al., 2004a; 

Stern et al., 2004; Appendix IV), which allowed a detailed 2D inspection down to a few mi-

crometers. However, the possibilities of SEMs are limited in identifying the size and shape of 

crystallites (Klapp et al., 2007), in particular when gas hydrates are seen in their sub-μm 

porous form (Kuhs et al., 2000a). Moreover, the 2D imaging techniques cannot constrain 

higher-order geometrical attributes such as the connectivity of pore-networks (Higgins, 

2000). X-ray computerized tomography (X-ray CT) overcomes the problem providing full 

volumetric (3D) information. The X-ray attenuation contrast enables even to distinguish crys-

tallites and establish their spatial distribution in the samples as shown below. 

X-ray CT is a non-destructive and non-invasive tool providing good spatial and time reso-

lution to visualize hydrate formation and decomposition (Mikami et al., 2000; Gupta et al., 

2006; Kneafsey et al., 2007). The number of studies on gas hydrates by X-ray CT is, how-

ever, small using tube-type X-ray sources with limited resolution (e.g., 350 μm (Mikami et al., 

2000) and 2000 μm (Uchida et al., 2000) pixel size). In contrast, synchrotron based X-ray 

tomographic microscopy at TOMCAT offers pixel sizes down to a few hundred nanometers 

(e.g., 370 nm–6 μm) along with cryo-facilities. In this paper we show that synchrotron radia-

tion X-ray cryo-tomographic microscopy (SRXCTM) is a well-suited tool to analyze natural 

gas hydrate samples collected from shallow-buried sediments of the Gulf of Mexico with a 

significantly improved resolution over conventional X-ray CT. To the best of our knowledge, 

this is the first tomographic report of marine gas hydrates analyzed using a synchrotron mi-

crotomography beamline; the pixel size was set here to 1.4 μm. The obtained SRXCTM im-

ages demonstrate the feasibility of the method for a variety of missing information such as 



6. Gas hydrate investigations by �-computer tomography 

 85 

internal surface area, the individual volume of each inclusion and the morphology of the 

voids of natural gases in a specified volume. Likewise, it can give access to the crystallite 

shapes, crystallite size distribution and grain boundary network topology, quantities which 

are of prime importance for understanding any coarsening processes taking place in gas 

hydrates as a function of time. 

 

6.3 Sampling and Methods 

6.3.1 Hydrate Retrieval and Preservation 

 

The sample investigated in this study was retrieved during the R/V Meteor cruise M67 at 

the Chapopote Asphalt volcano (Bohrmann and Spiess, 2008) in the Gulf of Mexico by con-

ventional gravity coring. The gas hydrates were found in the upper first meter of Core GeoB 

10618. Gas composition analysis of the hydrate revealed methane by far as the dominant 

gas suggesting structure I type hydrate (sI), which was confirmed by X-ray powder diffraction 

(unpublished data). The gravity core was recovered at latitude 21°53.95�N and longitude 

93°26.21�E in 2903 m water depth, where the water temperature was 4.4°C. Preservation 

pressure was not maintained during the ascent of the corer; therefore the gas hydrate par-

tially decomposed. As a consequence, the samples contain ice from the decomposition of 

gas hydrate as well as frozen interstitial water. To avoid further decomposition the samples 

were stored in liquid nitrogen (LN2) soon after the recovery and, all subsequent transfers 

and investigations were performed at temperatures of hydrate stability conditions. Under 

LN2 condition, a lump (~1 cm3) of the samples was crushed into sub-samples (~mm), and 

two pieces of the sub-samples (~2 mm) were put into the sample holder. 

 

6.3.2 Experimental Setup 

 

A detailed description of the polyamide-cup sample holder and the setup of SRXCTM 

compatible to the beamline station is available elsewhere (Miedaner, 2007). In short, cold 

nitrogen gas was flowed around a sample chamber made of plexiglass. A PT-100 resistor 

element (2 � 2.3 � 0.9 mm, Greisinger Electronics) was placed just below the sample cham-

ber to record the actual temperature. For cooling, a flow of cold nitrogen gas (153 K) was 

directed from the standard nozzle of a CryojetXL (Oxford Instruments) onto the top of the 

sample holder. An additional flow (2 L/min) of dry shielding nitrogen protected the cryo-jet 

from icing due to water condensation inside the nozzle and the sample from ice formation. 

The position of the cryojet was readjusted to the rotational axis of the sample holder until no 

temperature fluctuation was detectable during a 180° rotation. 

 

6.3.3 Data Acquisition and Processing 

 

SRXCTM data have been acquired at the TOMCAT beam line of the SLS (Stampanoni et 

al., 2006). The monochromatic X-ray beam (�E/E = 2.5% at 10 keV, [Ru/C]100 multilayer 

monochromator) was tailored by a slit system to a profile of 1.4 mm2 to confine irradiation to 

the region of interest (ROI). The beam energy (8–11 keV) was optimized to enhance the 

contrast among hydrate, ice, and the surrounding matrix. After penetration of the sample, X-

rays were converted into visible light by a thin Ce-doped YAG scintillator screen (Crismatec 

Saint Gobain, Nemours, France). Projection images were further magnified by microscope 
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optics and digitized by a high-resolution CCD-camera (PCO2000, PCO GmbH, Germany). 

The optical magnification was set to 10�, and 2� “on-chip binning” was selected to improve 

the signal-to-noise ratio, resulting in isotropic voxels of 1.4 μm in the reconstructed images. 

For our tomogram, 1001 projections were acquired at an integration time ranging from 180 to 

642 ms for each projection. The reconstruction of the ROI was performed on a highly opti-

mized FFT transformations and gridding procedures in a few minutes. 

Post processing of the reconstructed raw data was carried out with the mathematical 

software MATLAB®. 3D segmentation was based on K-means clustering (Spath, 1985), 

whereby clusters were merged according to corresponding features (e.g., gas-filled voids, 

gas hydrates, frozen water, salt inclusions and mineral grains). The spatial position of clus-

ters influenced the process of feature formation (spatial neighbourhood relationships). Based 

on these results, parameters like porosity, surfaces, and volumes were calculated for the 

whole dataset and single objects. 

 

6.4 Results and Discussion 

 

 
Figure 6.1: 2D slices of the computerized tomography images (1024 � 1024 � 1024 voxels with 1.4 
μm length) of gas hydrate samples obtained from the Gulf of Mexico. (a) The image displays the 
characteristic feature of gas hydrate (GH) surrounded by micrometer-sized boundary pore (BP) that 
clearly discriminate GH from frozen water. The large pores (LP) are prevalent within the frozen wa-
ter; while some pores (~μm) also occur within the gas hydrates shown as GLP. Grain boundary 
network (GBN) of gas hydrate crystallites is also seen in 2D slices. (b) Salt inclusions as frozen 

brines at the grain boundaries of ice and as discrete small salt grains. The mixing zone represents 
the frozen ice originating from seawater and decomposition of gas hydrates. 

 

The SRXCTM 3D images of the gas hydrate sub-samples from Chapopote asphalt vol-

cano are shown in Figures 6.1 and 6.2. The investigated specimen was sub-sampled manu-

ally under LN2 to remove sediment as much as possible. The images therefore do not dis-

play any sediment particles. In some cases, cracks are seen (Figure 6.1a), which could be 

formed either ex situ due to fragility during contraction in LN2 (Abegg et al., 2007), or in situ 

due to hydraulic fractures. Gravity coring preserves the sediment texture, and we assume 

the former cause for this type of cracks. 
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Figure 6.2: 3D computerized tomography images of the gas hydrate samples recovered from the Gulf 
of Mexico. (a) The porous feature is shown simultaneously by a coloured tetragonal volume texture 
(voltex) in 3D and grey-scale snapshots in 2D. Definite color discrimination is clear between gas hy-
drates and pore networks. The yellowish-red boundaries appear due to edge enhancement effects. (b) 
The pore network is displayed within a cylindrical cropped portion of Figure 6.2a. (c) Enlarged 3D view 
of the marked cubic portion (orange) of Figure 6.2b depicting nodular morphology of the pores and 
their interconnectivities. (d) A different directional (xyz) view of Figure 6.2c showing the intestinal 

channel networks (arrow). 

 

Spatial distribution of salt inclusions is helpful to distinguish the type of ice originating from 

either quenched or interstitial seawater, or the decomposition of gas hydrates, because hy-

drate is composed of pure water and contains no salt. Regions of frozen brines are identified 

by SRXCTM, pointing to juxtaposition of the gas hydrate sample with seawater. To what 

extend ice derives from quenched seawater or dissociating gas hydrate cannot be answered 

satisfactorily. Triple junctions marked by frozen brine suggest frozen seawater, whereas 

macro-porous ice (Appendix IV) bordering the hydrate regions probably mixed with hydrate 

water, characterized by their boundary pores (BP in Figure 6.1), is likely to originate from 

decomposing gas hydrate. Occasionally, diffuse appearances of salt occur within the macro-
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porous ice, suggesting mixing of the hydrate and seawater prior to quenching in LN2. In our 

sample, the salt inclusions are minute, however, with a concentration high enough to make a 

significant absorption contrast. They are found at grain boundaries of ice and are frequently 

cladding the large pores (LP in Figure 6.1) within this ice, formed from the quenched sea-

water. 

The gas hydrate domains are surrounded by porous matrix. By analogy with SEM images 

(Kuhs et al., 2004a; Appendix IV) we can identify areas surrounded by a micrometer-sized 

porous network as gas hydrate regions. These SEM investigations have established that gas 

hydrates show a typical feature of sub-μm-sized porosity (Kuhs et al., 2000a). The broad 

bands with lower density segmenting the gas hydrate regions can be assigned to these sub-

μm porous regions. The size of the segments is in the same order of magnitude as the crys-

tallite size of marine gas hydrates (Klapp et al., 2007); thus we ascribe these segments to 

individual crystallites. The sub-μm pores cannot be resolved within our spatial resolution limit 

at present. However, for the first time the spatial distribution of the sub-μm porous regions 

has been identified suggesting that they occur mainly along the grain-boundary network. 

The sub-μm porous patches, which we ascribe to gas hydrate regions, are limited by a 

distinctive zone between the gas hydrate and the frozen ice phase (Figure 6.1). Within this 

boundary zone, pores are larger than the sub-μm-sized gas hydrate pores but are smaller 

than the fewer larger pores within the ice phase; their average diameter is about 2–4 μm. 

These boundary pores (BP) are uniformly distributed around the zones of gas hydrate. The 

interface between the boundary wall and the hydrates most probably marks the active de-

composition front (Figure 6.1) just immediately before the sample was quenched in LN2 

(Appendix IV). 

Large pores (LP) of tens to hundreds micrometer in size are quite frequent within the fro-

zen water (Figures 6.1a and 6.1b). These pores were known from earlier SEM assessments 

(Appendix IV); here we see that in the third dimension these pores are of arbitrary shape and 

distribution. They probably arise from gas bubbles discharged from the partial decomposition 

of the sample while retrieving from the sea floor. The LP, being present in the ice phase 

only, most likely represent gas bubbles in former water derived from decomposed gas hy-

drate. Accordingly, regions with a concentric sequence of BP and LP provide good evidence 

for the previous presence of gas hydrates in this area for recovered samples. It should be 

noted that, in agreement with earlier work (Heeschen et al., 2007), individual pores (~μm) 

can also be occasionally found within the gas hydrate (Figure 6.1a). 

Irrespective of size and location, most of the pores are interconnected forming nodular 

channel networks (Figures 6.2b and 6.2c). The channels have no defined shape and pre-

ferred orientation as visualized from the 3D imagery. Figure 6.2d depicts a large cavity, 

which is crossed by small channels (see arrow). The nature of this phenomenon is unclear, 

but it demonstrates that the channel networks must be mantled by slightly denser material 

like ice or brines. 

The porous feature of the sample is characterized by some computations within the cylin-

drical volume (2.3 � 109 μm
3
) analyzed. The calculated porosity (gas-filled voids to 

ice/GH/substance volume) is 29%, total volume of the voids 6.7 � 108 μm
3
, and the void 

surface area (= inner surface area) 1.15 � 108 μm
2
. The number of the total calculated gas-

filled voids is 51,074 (minimum size >10 connected voxels) of which the biggest intercon-

nected void (internal channel volume assuming that all the voids are completely gas-

filled/free) covers 26% of the total volume, i.e., ~89% of the total void volume is intercon-
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nected. The smaller voids (<10 connected voxels) may also be interconnected; however, a 

calculation was not performed due to statistical noise of the raw data and edge enhance-

ment effects. It is important to note that the voids and the pores do not mirror the truly intrin-

sic volume, as the sample partially decomposed. 

 

6.5 Conclusion 

 

The SRXCTM 3D images of the as-preserved specimen demonstrate the spatial relation 

among gas hydrates, frozen water, pores and their connectivity, and salt or frozen brine in-

clusions. The pore properties have been characterized along with some surface features. 

Pore studies of a fully-preserved sample, representative of the marine settings, by the 

SRXCTM will provide helpful information to understand the unusual seismic signals in po-

rous rocks containing gas hydrates (Gerner et al., 2007) and may eventually lead to better 

estimation of the gas hydrates (e.g., Ecker et al., 2000). Likewise, the 3D gas hydrate crys-

tallite arrangements will give valuable insights into possible coarsening or ripening process; 

understanding these processes may help provide an estimation of the formation age of gas 

hydrates (Klapp et al., 2007). Further work on time-resolved tomography (4D-tomography) 

might lead to a better understanding of decomposition scenarios under marine and perma-

frost conditions, also including the effect of self-preservation (Stern et al., 2003; Kuhs et al., 

2004b). 
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7.1 Abstract 

 

In underwater hydrocarbon seepage environments, gas hydrates are considered to play a 

significant role as shallow gas reservoirs and buffers for light hydrocarbon expulsion. Here 

we report on mixed hydrate structures from the Chapopote asphalt volcano in the southern 

Gulf of Mexico and discuss several options on how a mixture of sI and sII may arrive in na-

ture. Gas hydrates were found within the matrix and pores of the asphalts extruded at the 

seafloor. Two of three hydrate pieces comprised only sI gas hydrate, formed mostly from 

methane. One piece comprised an intimate mixture of both structure I (sI) and structure II 

(sII) gas hydrate, with sII representing ca. 25 wt.% and sI ca. 75 wt.% of the present hydrate 

phase. The two structures were closely associated within individual grain agglomerates. The 

crystallites of sII were significantly larger than of sI, suggesting differences in the nucleation 

density or different ages of the crystallites. The coexistence of the two structures may be a 

result of one or of a combination of several independent processes: i) de-mixing into two 

hydrate structures from the gas phase, which provides an additional degree of freedom for 

lowering the free energy in the system; ii) from fractionated crystallization with a changing 

gas composition during crystallization; iii) simultaneous crystallization of separated gas bub-

bles with different compositions and water. It is possible that after the hydrate nucleated a 

transformation occurred from sII to sI, ceasing when a thermodynamically stable state was 

reached. The presented work may affect future assessments of natural hydrate deposits at 

thermogenic gas systems, as it shows that different crystallographic structures are encoun-

tered in closed systems on short length scales. 
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7.2 Introduction 

 

Light hydrocarbons are frequent in marine sediments, where they originate from microbial 

or thermocatalytic decomposition of organic matter. Marine gas hydrates are an important 

pool in hydrocarbon seepage systems (Judd and Hovland, 2007), as they form from light 

hydrocarbons and therefore are a factor in the selective removal and fractionation of hydro-

carbons from a reservoir (Chen and Cathles III, 2003). Pressure and temperature conditions 

required to form gas hydrates are met in permafrost sediments or in marine sediments in 

several hundred meters water depth. Hydrate-forming gases must at least locally and tempo-

rarily exceed solubility for hydrates to nucleate. Typically, gas hydrates crystallize either to 

the crystallographic structure type I or II (sI, sII, respectively), depending on the proportions 

of the present hydrate formers. sI hydrate has a cubic crystal structure and comprises 2 

small cages, whereof each cage is formed from 12 pentagon planes (5
12

), and 6 large cages, 

5
12

6
2
. sII consists of 16 small cages (SC) and eight large cages (LC). Unlike sI, the LC in sII 

are larger, having 4 instead of 2 hexagon planes in addition to the 12 pentagons (5
12

6
4
) and 

therefore can incorporate larger gas molecules. 

Until recently, it seemed that a co-occurrence of different gas hydrate structures were un-

likely to encounter in nature. It was assumed that the composition of different hydrate form-

ing gas molecules in a given feeding gas would result in one hydrate structure and because 

it was unknown that a reordering of the crystal structure could occur in the case of gas hy-

drates. However, in hydrates from Lake Baikal sI and sII were found, occurring within the 

same stratigraphic horizon, implying that they formed simultaneously (Kida et al., 2006). A 

third hydrate structure (sH), previously only known from laboratory experiments (Ripmeester 

et al., 1987), was intimately associated to sII hydrate at a hydrocarbon seep at the Barkley 

Canyon site in the northeast Pacific (Lu et al., 2007). Lu and coworkers draw the conclusion 

that due to the actual hydrocarbon composition, the molecules would neither fit only into the 

sH clathrate cages nor only into the sII cages, therefore the hydrocarbon composition re-

sulted in a coexistence of sH and sII. A miscibility gap, i.e. simultaneous crystallization from 

the gas phase into two structures which remained stable, was also observed in a laboratory 

experiment (Murshed & Kuhs, 2009).  

Here we report on intimately associated sI/sII hydrate structures from the Chapopote as-

phalt volcano (short: Chapopote). A previous description of the gas hydrates from the 

Chapopote reported sI hydrate but indicated that the gas chemical composition of the bulk 

samples strongly suggests that minor fractions of sII should be present as well (Chapter 5; 

MacDonald et al., 2004). The interpretation of the data is partly hypothetical, which is due to 

the fact that many controls accounting for closely associated hydrate structures are un-

known, particularly in unusual geological systems like on the Chapopote asphalt volcano. 

Therefore, the present study is an approach to critically assess several options of how com-

posite hydrate structures may coexist in complex environments. 

 

7.3. The Chapopote asphalt volcano 

 

The Chapopote is located in the Campeche Knolls area in the Southern Gulf of Mexico. It 

is an elevation of about 400 m in almost 3000 m below sea level (mbsl), formed by salt 

diapirism (Bohrmann and Schenck, 2004; Ding et al., 2008; MacDonald et al., 2004). Salt 

tectonics opened pathways for hydrocarbons from deep-seated reservoirs, which results in 
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expulsion of viscous hydrocarbons like asphalts and heavy petroleum as well as light hydro-

carbons, forming gas hydrates in shallow sediments. The asphalts are viscous, ductile and 

gas-laden (Brüning et al., submitted). Copious gas-filled cavities up to the size of several 

centimeters are embedded into the asphalt matrix, evoking gas hydrates nested in the as-

phalt medium (Bohrmann & Spiess, 2008). The hydrocarbon-laden sediments show evi-

dence for anaerobic oxidation of methane in the upper 6 mbsf (AOM; Naehr et al., 2009; 

Orphan et al., 2001), where methane is microbially consumed (Boetius et al., 2000; 

Bohrmann & Spiess, 2008) and therefore locally depleted in the residual gas. The asphalt 

samples are highly diverse in their gaseous hydrocarbon content. Individual sections of as-

phalts containing gas bubbles showed a heterogeneous distribution of C1 to C5 hydrocar-

bons (Bohrmann & Spiess, 2008). In addition to AOM, the heterogeneity in hydrocarbon 

composition is supposed to be related to biodegradation of long-chained hydrocarbons (F. 

Schubotz, pers. comm. Dec. 2007). 

 

7.4 Materials and methods 

7.4.1 Sample origin and preservation 

 

The gas hydrate samples presented in this study were recovered from at 21°53.95 N / 

93°26.21 W at the Chapopote. They were part of one gravity core (GeoB10618), which was 

retrieved from the upper first meter of asphalt-covered sediment in ca. 2904 mbsl. The tem-

perature at the sea floor was 4.4 °C. Images of asphalt and gas hydrate from the gravity core 

are shown in Figure 7.1, the gas hydrate was embedded in the asphalt matrix. The maxi-

mum vertical distance of the two samples was 40 cm. During recovery the gravity corer with 

the hydrates left the zone of gas hydrate stability between about 620 mbsl (sI) and ca. 380 

mbsl (sII). Immediately upon recovery onboard the hydrate specimens were quenched in 

liquid nitrogen (LN2; —196 °C). The hydrates could have started decomposition during the 

ascent; thus shore-based analyses were done only on central parts of the gravity core where 

decomposition set in late. Two gas hydrate samples – named CT2 and CT6 – were analyzed 

for mineralogical characterizations. 

 

 

Figure 7.1: Gas hydrate and asphalt bearing gravity core GeoB 10618. Gas hydrates were found within 
the asphalt and inside pores embedded in the asphalt. 
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7.4.2 Laser Raman analyses of gas hydrates 

 

For Raman spectroscopy, a Horiba Jobin Yvon HR800 UV Micro-Raman spectrometer 

was used. The system was equipped with an air-cooled Ar-laser working at 488 nm with a 

laser power of less than 20 mW and a long distance objective with 50x magnification. The 

spectral positions were corrected employing the Si-peak, which was measured against the 

Rayleigh line. A detailed description of the laser Raman spectrometer and the measuring 

conditions can be found in Murshed and Kuhs (2009). The spectrometer is furnished with a 

cooling stage were the hydrate samples are investigated at LN2 temperature and atmos-

pheric pressure. These conditions allow for investigations over several hours on the same 

specimen. The sample stage can be moved in lateral (X, Y) and horizontal directions (Z) 

allowing for a spatial resolution. The focus spot has a diameter of about 1.1 �m and a depth 

resolution of about 15 �m. The spectra were baseline corrected and fitted with the dmfit 

software (Massiot et al., 2002). 

 

7.4.3 X-ray diffraction 

 

Diffraction techniques were used both for quantitative phase analyses as well as for crys-

tal size measurements (Bragg tomography). X-ray diffraction measurements were conducted 

at the high-energy synchrotron beam line BW5 at the ‘Hamburger Synchrotronstrahlung-

slabor’ (HASYLAB) at the ‘Deutsches Elektronen-Synchrotron’ (DESY) in Hamburg, Ger-

many. The beam energy was about 100 kV and the wavelength about 0.12 Å. The Bragg 

reflections were recorded on a mar345 2D detector serving both for phase analyses and 

grain size measurements. 

 

8.4.3.1 Phase analysis 

 

To define the quantitative fractions of gas hydrate structures as well as ice in the samples 

the 2D diffraction pattern were integrated (Hammersley et al., 1996) and processed using 

the Rietveld refinement method (Larson and van Dreele, 2004) within the GSAS software 

environment (Toby, 2001). More details on the data analyses are given in Murshed and 

Kuhs (2009) and Appendix IV. The phase fractions are given in wt%. 

 

8.4.3.2 Crystallite size analyses 

 

Crystallite sizes were obtained by applying the Moving Area Detector Method (Bunge et 

al., 2002; Klein et al., 2004) on gas hydrates (Chapter 3). In total, four measurements of 

three subsamples of the gas hydrates were done for crystallite size inspections. One analy-

sis was performed on a subsample from CT6 and three measurements were done on two 

subsamples from CT2. Thereof, two crystallite size scans were done on one and the same 

subsample of CT2 which contained the two hydrate structures sI and sII. The same volume 

of the specimen was scanned twice, once scanning only sI and once scanning only sII hy-

drate. The third measurement of CT2 and the only measurements of CT6 were done in sec-

tions that contained entirely sI hydrate. For the crystallite size scans of sI hydrate the Bragg 

reflection (321) was used because it gives a very strong signal. For sII the reflection (400) 
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was used because no other planes (either of sI or sII) have the same diffraction angle and 

therefore the signals on the detector are well separated. 

 

8.4.4 Gas chemistry 

 

The gas of the dissolved hydrates was collected in headspace vials and analyzed with a 

two-channel gas chromatograph (Agilent Technologies, 6890N). C1 to C5 hydrocarbons were 

analyzed with a capillary column (OPTIMA-5; 0.32 mm ID, 50 m length) connected to a 

flame ionisation detector. In addition, permanent gas constituents (O2, N2, CO2) as well as 

methane and ethane were determined using a molecular sieve stainless steel column cou-

pled to a thermal conductivity detector. For the scope of the present work we understand C1 

to C5 hydrocarbons as light hydrocarbons. Abundances of these compounds are given as 

relative portion of the sum of C1 to C5 hydrocarbons in mol%.  

 

7.5. Results 

7.5.1 Crystallographic hydrate phases 

 

The crystallographic phase analyses show that one piece of CT2 comprised both sI and 

sII (Figure 7.2), whereas in a second piece of CT2 and in sample CT6 only sI and no sII 

were found. Beside the hydrate structures, fractions of ice were identified in all samples, as 

evidenced from the typical ice peaks (100), (002) and (101). The presence of sI hydrate was 

indicated by the characteristic peaks (321), (320) and (210). The presence of sII hydrate was 

shown by the strong (531) and (440) signal. However, sII hydrate was not the dominant hy-

drate phase in the sample CT2 and the strong (531) peak lies close to (410) reflection of sI 

hydrate. sII could be clearly identified by the (400) and (111) reflections, which are not over-

lain by any other phases which could have been present in the sample.  

The fraction of sI in CT2 is 62 wt.%, that of sII 19 % and the balance is comprised of ice 

(Table 7.1). The sample CT6 and the second piece of CT2 comprised only sI gas hydrate 

and ice. 

 
Table 7.1: Synchrotron X-ray diffraction results (in wt.%) 

Sample GH sI GH sII Ice h 

  Phases     

mixed structure subsample 61.8 19.2 19.0 
CT2 

pure sI subsample
a
 72.9 0.0 27.1 

CT6 pure sI subsample
a
 66.9 0.0 33.1 

       

  Crystallite sizes [�m]     

mixed structure subsample 

172 
±57 

381 
±45 

  
CT2 

pure sI subsample
b
 227 

±50 
   

CT6 pure sI subsample
b
 

187 
±55 

  

a: results from Chapter 5; b: results from Chapter 4 



7. Mixed gas hydrate structures on the Chapopote asphalt volcano, southern Gulf of Mexico 

 

 96 

 
Figure 7.2: XRD pattern of the mixed structure sample GeoB 10618, CT2. The peak positions of the 
diffraction angles from the two gas hydrate structures and ice Ih are indicated (red: Ice Ih; blue: gas 
hydrate structure I; black: gas hydrate structure II). For grain size analyses, the peaks (321) (sI) and 
(400) (sII) were used. 

 

7.5.2 Raman spectra 

 

Raman measurements were done on several small grains of the sample CT6 and at mul-

tiple positions on two grains from the sample CT2, where the two structures sI and sII were 

identified by XRD. The Raman spectra show that methane is the dominant hydrate former, 

amended by ethane, propane and butane isomers.  

The Raman results show that in the sample CT2 two hydrate structures co-occur within 

the same crystal agglomerates. In the grains from CT6 a single structure, either sI or sII, was 

found in each grain. Figures 3 and 4 show microscopic images of two grains from CT2 and 

the positions where the measurements were done. The locations were chosen in order to 

find transitions of crystallographic structures. The structure and cage filling varies at different 

positions within the grain. The relative ratio of the SC and LC for the C—H stretching bands 

of methane can help to identify the crystal structure, if the C—C stretching of other hydrate 

forming components in the sample is considered. 

The grain shown in Figure 7.3 comprises sI and sII. The grain was systematically mapped 

in three dimensions, here the Raman spectra of 9 positions of the same Z-horizon are de-

picted over the C—H stretching section of the spectrum (2840 – 2960 cm
-1

). In positions 2 

and 3 (Figure 7.3), the intensities of the C—H stretching for methane in the LC were about 

thrice of the C—H stretching in the SC. As the unit cell of sI hydrate comprises three times 

as many LC than SC, the spectrum points to sI hydrate at these positions with methane be-

ing almost the only hydrate forming gas. The peak position for methane in the LC was 

2902.6, of the SC it was 2914.5 cm
-1

 (Table 7.2).  

At the positions 1, 4, 6, 7, 8 and 9 (Figure 7.3), the intensity of the C—H stretching for 

methane in the LC was about half of the stretching the SC, matching the ratio of the respec-

tive cage numbers in the unit cell of sII. Also, C—H stretching for ethane and light hydrocar-

bons were discernable in the spectra of these positions, suggesting that sII hydrate is pre-

sent there. The ratios of the C—H stretching in the SC and LC slightly changed at those  
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Table 7.2: Raman-spectroscopy: Center of peak positions (cm
-1

) of the C–H Raman stretch fre-
quencies of methane in the sI and sII hydrate samples. The spectra were measured at 113 K and 

ambient pressure. 

Pure sI Mixed (sI + sII) 

MLC MSC MLC MSC 

2902.6 2914.5 2902 – 2903 2912– 2914.5 

MLC = methane in the large cage; MSC = methane in the small cage 

 

 

Figure 7.3: Grain from the mixed gas hydrate structure sample CT2. Raman spectra of different posi-

tions of the grain are shown in corresponding colors. The transition between sI and sII is indicated as a 
dashed line running through Position 5. The ordinates of the spectra (not shown) return the Raman 
intensity. 

 

positions in Figure 7.3, as did the intensities of ethane and higher light hydrocarbons, indi-

cating that the LC of sII was filled not only by methane but also by other gases. 

Position 5 (Figure 7.3) was located along the transition from one structure to the other. On 

either side of position 5 was another structure, indicated by different ratios of the C—H 

stretching for methane, and at position 5 the C—H stretching had the same intensity for both 

cages, such that no crystallographic structure could be attributed. 

Figure 7.4 shows another grain from CT2. Different hydrate structures were identified in 

this crystallite agglomerate as well. At position 1 of the grain (Figure 7.4) the ratio of SC and 

LC for the C—H stretching bands of methane changed significantly over short distances in 

the depth/ Z-direction of the grain (Figure 7.5A, B). The step size for the depth micro-

mapping was 10 �m. On the surface of the grain, which was arbitrarily oriented, the intensi-

ties of the C—H stretching of methane in the LC were about thrice of the C—H stretching in 

the SC, so here the spectrum points to sI hydrate on the surface of position 1, with methane 

being almost the only hydrate forming gas. The intensity changes of the relative ratio of the  
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Figure 7.4: Microscopic image of a gas hydrate grain from sample CT2. Raman-measurements 
were done at the indicated sampling positions. 

 

SC and LC for the C—H stretching bands over depth below the surface of the grain at posi-

tion 1 are documented in Figure 7.5B. The intensities of the peaks were integrated, account-

ing for a discernable offset between the visual ratio of the peak heights in Figure 7.5A and 

the ratio of the peak areas, which is given in Figure 7.5B. The ratio changed dramatically 

over the depth of 200 �m and strongly indicates that a transition occurred from one structure 

to the other ca. 80 to about 100 �m below the surface of the grain. At about 90 �m in depth 

the integrated peak intensities were about equal; at this sample depth the structure transition 

occurred and no discrete crystal structure could be attributed. 

Figure 7.6A shows Raman spectra in the C—H stretching range for the positions 1, 2, 3 and 

4 (see Figure 7.4) at 200 �m depth (referring to Figure 7.5A). At Positions 1 and 4 the 

stretching for the SC had higher intensities than the LC, pointing to sII hydrate; at Position 3 

the LC intensities were higher than of the SC, suggesting sI hydrate. At Position 2 no intensi- 

 

 
Figure 7.5: Raman spectra taken at Pos. 1 (see Fig. 4). A. Variations in the focal depth of the sam-
ple revealed changes in the ratio of the small and large cage for the intensities of the C-H stretching 
bands of methane. The relative ratio of large to small cage changes from 3:1 at the surface (Z=0) to 
about 1:2 at the bottom of the sample (z=200 �m). B. Ratio of relative intensities of small and large 

cage for C-H stretching of methane. 
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Figure 7.6: Raman spectra from Pos. 1, 2, 3 and 4 (see Fig. 4). A. C-H stretching of methane and 
ethane in the small and large cages. B. Section of lower wave numbers in the Raman spectra of sam-
ple positions from 5A. Frequencies at 811 cm

-1
 (i-C4H10, sII5

12
6

4
), 839 cm

-1
, 877 cm

-1
 (CH�, sII5

12
6

4
) 

and 992 cm
-1

 (CH�, sII5
12

6
4
) are assigned to C—C stretching bands of iso-butane, n-butane, propane 

and ethane in the large cages of sII hydrates. Frequency at 1003 cm
-1

 represents C—C stretching 
vibration of ethane in the sI hydrates. The C—C stretching bands between 700 and 1100 cm

-1
 show C2 

through C4 hydrocarbon homologues in the LC of sII at Pos. 1 and 4. 

 

ties above background were recorded at the C—H stretching wave number for the LC of 

methane, only the SC was filled by methane there. The relative peak intensities of the C—H 

stretching of methane in the SC and LC and of ethane differed at positions 1 and 4. Rela-

tively lower intensities for methane in the LC and higher intensities at the C—H stretching 

bands of ethane at Position 4 indicated that at that position more ethane than at Position 1 

was incorporated in the LC of sII. This means that at each of those positions, the hydrocar-

bon incorporation into the hydrate differed irrespective of the crystal structure, and that dif-

ferent crystal structures occurred at those positions. 

Vibrations of the C—C stretching at lower wave numbers are given in Figure 7.6B. The 

Figure shows that also iso-butane, n-butane, propane and ethane were enclathrated in the 

LC of sII hydrates at the positions 1 and 4 but not at Positions 2 and 3 (Figure 7.4). That 

points to inhomogeneous distributions of hydrocarbons within hydrates of the same structure 

and even in the same grain agglomerate over comparatively short distances. At wave num-

ber 1003 cm
-1

, low-intensity C—C stretching of ethane was discernable in the LC of sI hy-

drate (Figure 7.6B). For position 2, the deficiency of methane in the LC (Figure 7.6A) coin-

cided with an absence of ethane but presence of small amounts of higher hydrocarbons 

(Figure 7.6B) which we ascribe to C5 isomers and larger molecules, but which at present 

cannot be assigned to discrete compounds.  

Ratios of C—H stretching for methane between LC and SC varied among the positions 5, 

6, 7, 8 and 9 as well (Figure 7.7A). The varying ratios indicate that the cage filling by meth-

ane was not the same for the hydrate at these different positions. Alternating maximum peak 

intensities for the SC and LC also point to different hydrate structures. Judging from relative 

peak heights, positions 5, 7 and 9 seemed to feature sI gas hydrate, while at position 6 sII 

hydrate seemed to be present. For position 8 a clear distinction was not possible, as the two 

peaks had almost identical peak heights, suggesting that not all cages of neither sI nor sII 

were filled to a degree that a certain structure type could be ascribed. No ethane could be 

identified from the wavelength of the C—H stretching bands for ethane at position 8, but it 

was discernable at position 6. 
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Figure 7.7B shows Raman C—H stretching spectra of three different grains from the sam-

ple CT6. At each location methane seemed to be the dominant guest molecule both in the 

LC and SC of sI hydrate. Small ethane fractions were present in the grains 1 and 2 (Figure 

7.7B, inlet). 

 

 
Figure 7.7: C-H-stretching of methane in the small and large cages. A. Sample CT2, positions 5, 6, 
7, 8, 9 (see Fig. 4). B. Sample CT6. Signals for three different grains from the sample. The inlet 
shows the C—C stretching of ethane in sI hydrate. 
 
 

 
Figure 7.8: Grain from sample CT6 (see inlet). The peak ratios of the C—H stretching for methane 
indicate sII hydrate. C—H stretching for ethane, propane, butane are also present (see Fig. 5A). The 
spectra are fluorescence and elevated background intensities (left inlet, spectra from 200 – 3900 cm

-1
). 

The two spectra were measured in the grain center with a vertical offset (Z-axis) of 30 �m. 
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Figure 7.8 depicts Raman two spectra of a fourth grain from CT6. In this grain (inlet on the 

right) the ratios of the methane stretching and the C—H stretching of ethane and higher light 

hydrocarbons indicated sII hydrate. The inlet on the left shows larger spectra from this grain. 

The high background rising from ca. 900 to 1400 cm
-1

 was due to fluorescence and a result 

of the presence of numerous hydrocarbon derivates of multiple chain length in the asphalt 

sample. 

 

7.5.3 Crystallite sizes 

 

The crystallite sizes of the two gas hydrate structures sI and sII in the mixed hydrate sam-

ple CT2 had differently shaped distributions. The distribution of sI was skewed to smaller 

crystallite sizes (Figure 7.9A) and had an arithmetic mean of 172 ±57 �m (Table 7.1). The 

distribution of sII hydrate crystallites was skewed towards larger sizes (Figure 7.9B) with an 

arithmetic average value of 381 ±45 �m. The two other samples, which had been identified 

as pure sI hydrates (Table 7.1; Figure 7.9C), had mean crystallite sizes in the same range as 

for the sI crystallites in the mixed structure sample: in the pure sI subsample from CT2 the 

arithmetic mean was 227 ±50 �m, in CT6 it was 187 ±55 �m. The crystallite size distribution 

of CT6 was also shaped towards smaller crystallite sizes (Chapter 4), similar to the sI 

distribution of the mixed sample. 

 

 
Figure 7.9: Size distributions of sI and sII gas hydrate crystallites from the mixed structure sample from 
CT2. A. Distribution of sI hydrate crystallites; B. Distribution of sII crystallites; C. Bar chart on the crys-
tallographic structure and respective arithmetic mean crystallite sizes. Quantitative phase fractions are 

in weight percent. 
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7.5.4 Gas chromatography 

 

Methane was the major component of the hydrate forming hydrocarbons, as it was pre-

sent in all subsamples with more than 94 mol% (Table 7.3). Highest fractions of methane 

were present in the sample CT6 (98%). The fractions of C2 to C5 hydrocarbons amounted to 

2.0 mol%. CT2 yielded different proportions of hydrocarbons for each of the two pieces: 

Piece 1 had a methane fraction of 97.6%, in Piece 2 it was 94.2%. Also, ethane, propane 

and butane isomers had different proportions in the two pieces (Table 7.3). The mol fraction 

of C2-C5 hydrocarbons in Piece 1 is 2.4%, in Piece 2 it is 5.8%. The C1/C2-C5 ratio was at 

around 50 for the sample CT6, 41 for Piece 1 of CT2 and 16 for Piece 2, indicating a pre-

dominantly thermogenic origin of light hydrocarbons. 

The average gas chemistry results of the different specimens were first reported in Chap-

ter 5. Here, the detailed chemical composition of subsamples is given in order to better un-

derstand the heterogeneity of the gas composition of the coexisting sI and sII. 

 

7.6 Discussion 

 

Previous reports of natural gas hydrates described mostly the occurrence of one hydrate 

structure at a geological site. This is due to the fact that at most studied hydrate locations 

methane is the prevailing hydrate forming gas (Hester & Brewer, 2009, and references 

therein; Kvenvolden, 1993) or, like in the oil seeping sites in the northern Gulf of Mexico, the 

chemical mix of thermogenic hydrocarbons favors the precipitation of sII hydrates (e.g., 

Brooks et al., 1984; Sassen et al., 2001a). The following discussion of two intimately con-

nected gas hydrate structures at the Chapopote will be guided by the question, why and how 

different hydrate structures occur on relatively short distances and why the gases do not 

combine to one structure. 

 

Table 7.3: Gas chemistry (in mol%) 

  CH4 C2H6 C3H8 i-C4H10 n-C4H10 

C5- 
Deriv. 1 

C5- 
Deriv. 2 n-C5 C1/C2 

CT6 98.252 1.607 0.060 0.009 0.035 0.001 0.017 0.018 56 

  97.888 1.740 0.224 0.037 0.072 0.002 0.019 0.017 46 

  98.045 1.621 0.196 0.043 0.063 0.002 0.015 0.014 50 

  98.135 1.595 0.159 0.029 0.057 0.002 0.011 0.012 53 

  97.971 1.707 0.195 0.037 0.065 0.002 0.011 0.012 48 

mean 98.058 1.654 0.167 0.031 0.058 0.002 0.015 0.014 51 

stddev 0.127 0.058 0.057 0.012 0.013 0.000 0.003 0.003 3 

            

CT2           

piece 1 97.555 1.827 0.390 0.066 0.121 b.d.l. 0.041 b.d.l. 40 

  97.655 0.529 1.228 0.201 0.328 b.d.l. 0.058 b.d.l. 42 

mean 97.605 1.178 0.809 0.134 0.224   0.049   41 

stddev 0.050 0.649 0.419 0.068 0.103  0.009  1 

            

piece 2 93.721 2.723 2.438 0.349 0.690 b.d.l. 0.079 b.d.l. 15 

  94.220 2.465 2.291 0.330 0.630 b.d.l. 0.064 b.d.l. 16 

  94.509 2.646 1.923 0.271 0.590 b.d.l. 0.061 b.d.l. 17 

mean 94.150 2.612 2.218 0.316 0.637   0.068   16 

stddev 0.325 0.108 0.217 0.033 0.041   0.008   1 

b.d.l.: below detection limit 
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7.6.1 Heterogeneity of the hydrate-forming gases with respect to hydrate crystallization 

 

The coexistence of sI and sII hydrate at the K-2 mud volcano in the Kukuy Canyon in Lake 

Baikal is explained by changes in the gas feed from the depth of the Kukuy Canyon (Kida et 

al., 2006). The hydrocarbons at the K-2 mud volcano are supposed to originate both from 

thermogenic and biogenic sources (Kida et al., 2006). In contrast, hydrocarbons from the 

Chapopote are only of thermogenic origin as evidenced by stable carbon isotopes of hydro-

carbons (MacDonald et al., 2004). A fractionation of the gases from deep reservoirs may 

happen in shallow sediments depths close to the seafloor by depletion of methane during 

AOM in combination with seawater sulfate reduction (Boetius et al., 2000; Bohrmann & Spi-

ess, 2008). Also, biodegradation of oil and asphalts of different ages (MacDonald et al., 

2004) is supposed to account for locally different hydrocarbon compositions in gas bubbles 

embedded in the asphalts (Bohrmann & Spiess, 2008; F. Schubotz, pers. comm., Dec. 

2007).  

It appears important to consider the scales, on which molecular fractionation of gases can 

occur, as even if gases from different origins had mixed during the upward migration, it 

would have been unlikely that the gas mixing accounts for the different hydrate structures 

occurring on such small distances as observed here. Spaces in the asphalt can be consid-

ered as secluded cavities or reactors, where the gas hydrate crystals form from the available 

gas. Therefore it is likely that for each such gas-laden cavity the separation into sI and sII 

hydrate happens during or even after the crystallization. This option is supported by the find-

ings of the close spatial association of sI/sII hydrate. 

 

7.6.2 Separation into sI and sII during crystallization 

 

The pores in the asphalt, which are formed from intrusion of gas bubbles into the viscous 

and ductile asphalt (see Figure 7.1; Bohrmann & Spiess, 2008; Brüning et al., submitted), 

effectively cut off the bubbles from gas supply from below and form a closed system. Such a 

closed system seems to be important for a co-occurrence of two structures, as it was shown 

at high gas flux seeps that a fractionation of the gas occurs during the hydrate nucleation 

from the feeding gas, and that not all gas is incorporated into gas hydrate (e.g., Haeckel et 

al., 2004; Appendix III). The incipient hydrate structure tends to incorporate less volatile hy-

drocarbons (Ballard & Sloan, 2001). In this closed system gas and water are limited, which 

means that the nucleation and subsequent growth of the incipient hydrate structure denudes 

the ambient gas mixture successively of the gases which are favorably incorporated into the 

incipient hydrate (Hester et al., 2007a).  

Three models on how a co-occurrence of sI and sII might evolve are discussed here; it is 

likely that a combination of these end-member models was realized on the Chapopote, 

rather than a single option. 

 

7.6.2.1 De-mixing: Crystallization into two hydrate structures from the gas phase 

 

sII hydrate is the favored hydrate structure for the measured gas composition of the sam-

ple CT2 (Table 3, Pieces 1 and 2) (CSMGem flash calculation basing on Sloan & Koh, 2007; 

P=290 bar; T=4.4 °C). For the gas composition of CT6 the flash calculation returns sI hy-

drate formation, applying a suggested water content of 11.11 mol% (Sloan & Koh, 2007; 
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C.A. Koh, pers. comm.). Assuming excess water (40.0 mol%), the model suggests a de-

mixing into sI and sII coming directly from the vapor phase. This demonstrates that slight 

shifts in the water availability have great impact on the incipient hydrate formation, even 

though the actual water fraction in the asphalt pores cannot be reconstructed. For CT2, sII 

was the only calculated structure irrespective of the water content. But instead of pure sII we 

found a sI dominated mix of the two structures, or only sI (Figure 7.9). It should be noted that 

during hydrate formation there is always a fractionation between the feeding gas and the 

hydrate-bound gas (Ballard & Sloan, 2001; Appendix III). In the calculations reported here it 

was assumed that the gas composition of the hydrate is the same as the composition of the 

feeding gas, as the original gas composition is unknown. Therefore these calculations serve 

purely as an approximation. Given that for CT2 higher hydrocarbons are preferably incorpo-

rated into the hydrate phase, it is consequent to assume that the remaining gas phase ap-

proximates a composition similar to CT6 and a de-mixing into two structures may com-

mence. In fact, an incipient de-mixing would be energetically favorable as that process low-

ers the free Gibbs energy in the system. As both sI and sII comprise the same SC (5
12

) but 

different LC (5
12

6
2
, 5

12
6

4
, respectively), two incipient structures provide one more degree of 

freedom compared to one structure. De-mixed hydrates of sI and sII were also found in re-

cent laboratory experiments of methane-ethane sI/sII hydrate lasting almost 6 months (95 

mol% methane; 50 bar; -3 °C) (Murshed & Kuhs, 2009). Also, the co-occurrence of sII and 

sH at Barkley Canyon was attributed to the circumstance that the gases due to their relative 

composition could not be incorporated into either of the two crystal structures alone (Lu et 

al., 2007), suggesting that miscibility gaps in the precipitation of different hydrate structures 

from a mix of hydrocarbons are stable in natural settings. 

Other than stable miscibility gaps, metastable sI/sII co-occurrences have been observed 

repeatedly (e.g., Klapproth et al., 2003; Ohno et al., 2009; Schicks et al., 2006; Yeon et al., 

2006). In those studies it was reported that the metastable structure transforms into the more 

stable structure after the nucleation with the speed depending on the degree of gas redistri-

bution as well as the water molecule re-arrangement (Ohno, et al., 2009) and therefore also 

on the gas composition of the feeding gas. It was predicted that sI and sII hydrate of meth-

ane and ethane with compositions close to the structural transition points can coexist in a 

metastable state (Ballard & Sloan, 2001; Subramanian et al., 2000a, 2000b), which was 

confirmed by laboratory experiments (Ohno et al., 2009; Yeon et al., 2006).  

For the Chapopote, it seems likely that during nucleation of hydrate the hydrocarbons de-

mixed into two structures occurred and that a miscibility gap exists, providing the lowest free 

energy in the system. These findings are supported by the close association of the two struc-

tures within the samples. 

 

7.6.2.2 Zoning of gas hydrate crystals 

 

Assuming that during the subsequent growth of a seed crystal in a cavity less volatile hy-

drocarbons are preferably consumed (Sloan & Koh, 2007) and given that such a cavity is 

disconnected from gas supply, then outside of the hydrate phase less volatiles become de-

nuded and subsequently more volatile hydrocarbons (like methane) are relatively enriched. 

Like for garnets (e.g., Ginibre et al., 2007) or feldspars (e.g., Triebold et al., 2006), the rea-

son for chemical zoning lays in the lack of certain components for the material at the rim of 

the crystal. In the case of the Chapopote mixed hydrates, ethane and higher hydrocarbons 
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would be lacking after the reaction started. Subsequent formation and accumulation of gas 

hydrate at the surface of the growing crystal will result in an increase of the methane con-

centration from the center towards the rim. During the growth on the surface of the rim, the 

chemical composition of the hydrate favors a structure transition, which can be tracked by 

Raman measurements (Murshed & Kuhs, 2007; Ohno et al., 2009; Figure 7.5). 

Yet, chemical zoning is known particularly from solid solution series minerals but it can 

also occur between different minerals like calcite and dolomite (Chave, 1952). Those miner-

als do not have the same spacegroup but the topology of the structures is similar and there-

fore provide a template for oriented growth. However, the topologies of sI and sII hydrates 

are different and the same (cubic) crystal system is insufficient for crystallization to a con-

tinuous gradient single crystal. Therefore, “zoning” in the case of sI/sII hydrate may not be 

understood as a templated growth with a fixed orientational relationship between the two 

structures. Instead, “riming” better describes the arbitrarily relationship without templated 

growth at the surface of preexisting crystals. Dedicated laboratory experiments with a 

change in the feeding gas composition in the course of the experiments probably would be a 

good way to start an investigation on chemical zoning – or riming – of gas hydrates. 

 

7.6.2.3 Several seed crystals form, resulting in fractionation during crystallization 

 

For the previous two sections on the separation into sI and sII during crystallization some 

assumptions needed to be made. In the case of the de-mixing (Section 8.6.2.1), it is as-

sumed that the hydrocarbons in the feeding gas were homogenously distributed prior to the 

nucleation. Also, in the case of zoning (or riming; Section 8.6.2.2) it is assumed that the hy-

drocarbons in the vapor phase outside the hydrate phase were homogenously dispersed 

prior to fractionated crystallization. However, depths profiles of the sediments at Chapopote 

showed that hydrocarbons were very heterogeneously distributed due to AOM and biodeg-

radation (Bohrmann & Spiess, 2008). Gas bubbles with different gas compositions intruding 

into the asphalt layer may form individual reactors within a shared cavity in the asphalt (see 

Hester et al., 2007a), complicating the two previously described options. This is because gas 

bubbles together with water form a solid skin of hydrate at the gas-water interface (e.g., Mori 

and Mochizuki, 1997; Smelik and King, 1997; Rheder et al., 2002), given that the P, T condi-

tions are within the hydrate stability horizon. The nucleation of hydrate on the bubble surface 

occurs immediately and the hydrate skins around the bubbles form almost instantaneously 

after the gas bubbles got into contact with water (Rehder et al., 2002; Brewer et al., 2002). 

Therefore, at least for large cavities in the asphalt (i.e, on a centimeter range), it is uncertain 

whether these cavities were formed originally from a single gas bubble with a homogenous 

gas composition or rather filled by several gas bubbles, each of which covered by a hydrate 

skin on the surface. 

The scheme in Figure 7.10 shows how the crystallization of water and different gas bub-

bles may commence, resulting in different gas hydrate structures. A single cavity in the as-

phalt is shown in Figure 7.10A, into which several gas bubbles intrude. The hydrate skin 

separates the gas inside the bubble from the water (Figure 7.10B). In Figure 7.10B it is as-

sumed that the cavity is closed and neither gas nor water leave or enter the cavity. Topham 

(1984) suggested that the necessary water supply for the internal hydrate formation inside of 

a gas bubble is supplied by capillary action across the bubble surface. In fact, it is likely that 

the hydrate subsequently grows inwards to the center of the bubble sustained by permeation 
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of water through the hydrate layer (Figure 7.10C, D). Gas molecules most likely do not dif-

fuse outward through the hydrate rim of the bubble, as the water in the asphalt cavities must 

have been super-saturated. Hydrates only form and are stable in aqueous solution if the 

ambient gas concentration exceeds the solubility (Kvenvolden, 1993). Instead, it is more 

likely that water molecules diffuse through the skin and combine with the gas inside the bub-

ble (McGinnis et al., 2006). Sun et al. (2007) report from laboratory closed system experi-

ments (i.e., without adding of gas or water) that the hydrate shell cracked within minutes 

upon hydrate formation (Figure 7.10E) and that the hydrate formation continued after com-

plete freezing of the surface (Figure 7.10F). Ribeiro and Lage (2008) suggest that the porous 

microstructure of solid methane hydrates (Kuhs et al., 2000a; 2004a; Staykova et al., 2003) 

may be present also during the advancing hydrate crystallization at the bubble surfaces and 

could potentially have aided the diffusion of water. 

 
Figure 7.10: Model of the fractionation during crystallization. The hydrate structure is determined by 

the gas chemical composition of the originating gas bubble. Here, methane dominated gas (C1) is 
shown in red; a gas mixture of methane and other light molecular weight hydrocarbons is colored in 
brown (C1+C2+). After the intrusion into a cavity in the viscous asphalt (A.), the bubbles and water 
form a hydrate skin (B.), which subsequently hampers an exchange of gas between the bubble and 
the saturated surrounding water in the asphalt cavity (C.). Water diffuses inside of the bubble (C.; 
D.), until the hydrate rim racks open (E.; Sun et al., 2007), and water reacts with the remaining gas 
and forms solid hydrate crystals (F.). 
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The hydrate skins separate gases in different bubbles (Hester et al., 2007a). Within a bub-

ble, hydrate crystallites will grow independently from one another as long as there is 

sufficient gas and water in the system (e.g., Schicks et al., 2006; Tohidi et al., 2001). Assum-

ing that gas bubbles have different gas chemical compositions and transform into hydrate, sI 

and sII crystals will coexist depending on differences in the gas composition of the original 

bubble. This derivation is confirmed by our Raman results, as we found gas hydrate of dif-

ferent structures neighboring within the samples (Figures 3; 5; 6; see Figure 7.4). Also, salt 

crusts at grain boundaries of gas hydrates visualized by micro-computer-tomography (Chap-

ter 6) indicate that dissolved ions were expelled from the water during gas hydrate formation. 

The assessment of possible options on the coexistence of sI and sII in the cavities of the 

asphalts is further complicated by drawing an analogy to so-called air hydrates. Nucleation 

of hydrate crystallites from air bubbles have been observed in deep polar ice sheets (Shoij 

und Langway, 1982). For those hydrates it is unclear whether one so-called air hydrate crys-

tallizes from one air bubble (Ohno et al., 2004; Salamatin et al., 2003) or whether many crys-

tallites can form simultaneously from a single air bubble (Kipfstuhl et al., 2001; Pauer et al, 

2000). Answering this question seems relevant for the hydrates in the asphalts, as the crys-

tallization of several hydrate crystals from one bubble might be accompanied by a fractiona-

tion of the hydrocarbons in the hydrate phase. The reaction from air bubbles to air hydrates 

happens within a few hours (Kuhs et al., 2000b) and therefore takes a bit longer than re-

ported from the liquid water experiments by Sun et al. (2007). 

 

7.6.3 Fractionation after crystallization 

7.6.3.1 sI crystals trapped in sII 

 

Laboratory experiments simulating natural conditions demonstrated that hydrates of both 

sI and sII, which form at the gas-water interface, grow to surface crystals (Makogon, 1994). 

Smelik and King (1997) showed how hydrate surface crystals trapped other crystals, in-

creasing the thickness of the hydrate layer. Although the authors conducted their experi-

ments with just one hydrate structure at a time, they observed this phenomenon for both 

structures I and II (Smelik & King, 1997). This might explain how hydrate crystallites are 

trapped between crystals of another structure. In fact, different crystallite sizes and size dis-

tributions can also be a result of sandwiched crystals between others. If a trapped crystallite 

has a different crystallographic structure than the encasing crystals, much energy is needed 

for the agglomerate to recrystallize to a single crystal (Humphreys & Hatherly, 2004). The 

gases in the hydrate cages of the trapped crystal have a different composition, such that for 

a recrystallization of two structures gas molecules need to be exported and replaced by oth-

ers (Ohno et al., 2009). The only possibility to exchange gases from trapped crystals would 

be by diffusion through the encasing crystals. The energy demand for such processes is 

likely to be comparatively big, but during grain coarsening processes, each successive step 

must be energetically favorable (Lasaga, 1998; Lifshitz & Slyzov, 1961).  

Consequently, if encasing crystals of another structure retard the regrowth of sandwiched 

crystals, it is reasonable to assume that the different structures have diverse crystallite sizes 

and size distributions. In fact, the smaller crystallite sizes of sI versus sII hydrate (Figure 7.9) 

and the skewed sI distributions towards smaller crystallites (Figure 7.9A; Chapter 4) support 

the interpretation of trapped crystals. On the other hand, the proportions of the hydrate 

phases do not allow for trapping of crystals as the only reason for the coexistence of two 
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hydrate structures (Figure 7.9C). By far not all of the much larger fraction of sI could be 

trapped in sII hydrate. Also, the scanned sI crystallites in sample CT6 were small and 

skewed towards small crystallite sizes without any sII detected. Therefore, trapping of crys-

tals cannot be the dominant reason for the co-occurrence. 

 

7.6.3.2 Coarsening of crystallites 

 

Crystallite size distribution growing in steady-state and following normal grain growth (e.g., 

no effect of shear stress, mechanical work ect.) are shaped in a normal distribution, which 

can be slightly skewed towards larger crystallite sizes (Humphreys & Hatherly, 2004; Ricard 

& Bercovici, 2009). Freshly flocculated methane hydrates have crystallite sizes of ca. 15 �m 

(Staykova et al., 2003) and up to 40 �m (Klapp et al., 2007). The arithmetic means of the sI 

hydrate crystallites from Chapopote suggest that the crystallites grew up to the size of ca. 

200 �m (Figure 7.9A, C), given that the initial crystallites were smaller, but the distributions 

of the sI crystallites from the sI/sII co-occurrence sample in CT2 as well as of the sI crystal-

lites from CT6 (Chapter 4) are not shaped in a normal distribution but skewed towards small 

crystallite sizes (see Figure 7.9A). This suggests that the crystallites did not grow normally: 

In normal grain growth, the shape of the normal distribution stays constant while just the 

average mean value increases. Instead, at the mixed structure sample from Chapopote only 

the sII crystallite sizes are shaped in a normal distribution, slightly shifted to larger crystallite 

sizes (see Ricard & Bercovici, 2009). This circumstance allows for the following two interpre-

tations: Either, the sII crystallites formed prior to the sI crystallites and therefore, the sII crys-

tals had more space and time to grow. Then, the sI crystals nucleated in the limited inter-

spaces between the already existing sII crystallites. 

Alternatively, sII gas hydrate could have faster crystal growth rates, accounting for the 

size difference. The cause for that will likely be the formation of the LC, as the SC is the 

same for both structures, or the ratios of SC and LC in the two structures. Larger guest 

molecules, which are incorporated into the LC are less volatile, which is also the reason why 

less sub-cooling is required to shift such gases into the gas hydrate stability horizon. It might 

be that this also accounts for a faster crystal growth rate. The relation between the crystal 

growth rate and the nucleation rate needs to be investigated in more detail. However, Klap-

proth et al. (2003) and Murshed & Kuhs (2009) found faster nucleation rates of sII, parts of 

which later transformed into sI, which suggests that a relation may exist fostering sII crystal 

growth. 

 

7.7 Conclusions 

 

The Chapopote asphalt volcano is a thermogenic hydrocarbon seep in the southern Gulf 

of Mexico, where sI and sII hydrate structures are intimately associated in asphalt pockets. 

Various possible causes are presented which may explain the co-occurrence of sI and sII on 

short spatial distances. It is possible if not likely, that a combination of the following reasons 

accounted for the coexistence of the structures and the crystallite sizes. 

a) The separation into sI and sII occurred during the hydrate crystallization: the 

two hydrate structures crystallized directly from the gas phase, providing one more 

degree of freedom for lowering the free energy.  
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b) Preferred incorporation of less volatile compounds into the incipient hydrate 

crystals effected the chemical riming of the hydrates in that new hydrate formed from 

the remaining gas phase on the surface of preexisting hydrate crystals.  

c) Hydrate skins secluded the gas bubbles from each other, which intruded into 

cavities in the asphalt. Each gas bubble crystallized independently to solid gas hy-

drate. Due to different gas compositions of the bubbles, different structures 

emerged. 

d) Different crystallite sizes are predominantly the result of the higher nuclea-

tion density of sII and/or of its faster formation at the present P,T condition and gas 

compositions. 

If our interpretation of the processes is correct, similar situations of complex hydrate struc-

ture associations might be found at other thermogenic gas seeps, where the P,T conditions 

and gas compositions favor the precipitation of sII and allow for sI. Therefore, it would be 

mandatory that the hydrates formed in a closed-system, where gases could neither be im- 

nor exported. The discovery of intimate sI/sII hydrate coexistence at a natural deposit sheds 

new light on gas hydrate occurrence at thermogenic gas seeps. Intimate hydrate structure 

associations formed from different gas molecules need to be considered in hydrate abun-

dance estimations, in which the masses of hydrocarbon species incorporated in the hydrate 

lattice is calculated on the basis of the cage occupancy.  
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8.1 Abstract 

 

Submarine gas hydrates are a major global reservoir of the potent greenhouse gas meth-

ane and other low-molecular-weight hydrocarbons. Current assessments of global hydrate-

bound carbon vary considerably by at least one order of magnitude, due to the technical 

efforts required for direct hydrate quantifications. Thus, a strong need for accurate hydrate 

quantification in near-surface sediments is evident. 

For the assessment of hydrate quantities in surface sediments of a highly active seepage 

site, we performed high-resolution sampling at the Batumi seep area in the eastern Black 

Sea. Sediments in pressure cores recovered with the Dynamic Autoclave Piston Corer and 

in gravity cores represented a succession of late glacial to Holocene Black Sea sediments. 

Quantitative pressure core degassing yielded volumetric gas/bulk sediment ratios of up to 

20.3, which prove gas hydrates presence. In gravity cores, hydrates were absent in top 

sediments belonging to the Black Sea Unit 1 (coccolith ooze), but occurred as cm-sized lay-

ers of massive aggregates in deeper sections of Unit 2 (sapropel). In Unit 3 (lacustrine mud), 

disseminated gas hydrates occurred throughout the entire section recovered. Nominal meth-

ane concentrations in different Units in the pressure cores were calculated by comparison of 

gas/sediment relationships in the different cores. Nominal methane concentrations sur-

passed methane equilibrium concentrations in Units 2 and 3, resulting in constant hydrate 

fractions of 6% of pore volume in Unit 2 and mean values of 27% pore volume (11.5 to 

43.2%, n = 5) in Unit 3. For the entire study area covering about 0.5 km
2
 of seafloor, cur-

rently about 14.2 kt of hydrate-bound methane accumulate in sediments down to 265 cm 

subbottom depth. We conclude that the release of hydrate-bound carbon from this area and 

similar settings by decomposition or upfloating is an important factor for altering the Black 

Sea carbon budget. 

 

Keywords: Black Sea, gas hydrate, methane, pressure core, autoclave technology, in situ 

gas volumes 
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8.2 Introduction 

 

Atmospheric methane is one of the primary greenhouse gases accounting for about 18% 

of the radiative forcing (Forster et al., 2007) with marine seeps being a major natural source 

contributing about 31 to 48% to global methane emission (Etiope and Ciccioli, 2009; Etiope 

et al., 2008b). However, in particular for the Black Sea it was shown that almost all of the 

methane emitted from the seafloor into deep waters is dissolved and oxidized microbially in 

the water column (Kessler et al., 2006; Reeburgh et al., 1991) and therefore do not reach the 

atmosphere. For instance, for hydrocarbon seeps in the Northwestern Black Sea it was ob-

served that only methane ejected close to the sea surface can escape conversion and enter 

the atmosphere (Schmale et al., 2005). 

Effective mechanisms to transfer substantial amounts of hydrate-bound hydrocarbons 

from the deep sea directly via the sea-atmosphere boundary into the atmosphere might be i) 

the floating upward of massive hydrate aggregates (Suess et al., 2001), when hydrate buoy-

ancy exceeds sediment load and chunks of near-surface hydrates suddenly detach from the 

seafloor (MacDonald et al., 1994; Paull et al., 1995) or ii) gas-bursts of rapidly dissociating 

hydrates (e.g., Dickens, 1999; Rothwell et al., 1998). Since shallow-buried hydrates are in-

volved in both processes, in this study we aim to shed light on the abundance and distribu-

tion of hydrates in shallow deposits of a high-intensity seepage site in the Black Sea, with 

relevance for the assessment of hydrate inventories in similar geological settings worldwide. 

Natural gas hydrates are ice-like substances, composed of gas molecules, such as low-

molecular weight hydrocarbons (LMWHC), and cage-forming water molecules (Kvenvolden, 

1988; Kvenvolden and Lorenson, 2001; Sloan and Koh, 2007). As gas hydrates are only 

stable in a restricted pressure-temperature (P/T) field, precipitation of submarine hydrates is 

confined to sites on continental margins and in deeper waters. Moreover, hydrate formation 

only takes place if concentrations of hydrate-forming guest molecules exceed solubilities 

(Sloan and Koh, 2007) and is additionally affected by the pore water activity (Dickens and 

Quinby-Hunt, 1997; Lu and Matsumoto, 2005). Sulfate penetration into the sea floor pro-

motes the anaerobic oxidation of methane (AOM) in interstitial waters in the top sediment 

layers (Barnes and Goldberg, 1976; Reeburgh, 1976), thus, gas hydrates are usually re-

stricted to sediments below the sulfate zone (Bhatnagar et al., 2007; Jørgensen and Kasten, 

2006 ). In consequence, shallow-buried hydrates (here defined as < 2.65 m below sea floor 

(bsf) as the maximum penetration depth of our sampling tool) in marine sediments only occur 

at high-intensity seepages sites, such as cold seeps or mud volcanoes (Judd et al., 2002; 

Judd and Hovland, 2007 and refs. therein) where they serve as control factor for the flux of 

LMWHC into the overlying water column. 

In particular near-surface deposits play an important role for the extent of hydrate accu-

mulations, as they can be rapidly shifted outside the hydrate stability field due to alterations 

in pressure-temperature (P/T) conditions, which is expected to be most intense close to the 

sediment – water interface, or declining hydrocarbon supply. As a result, hydrates disinte-

grate while releasing LMWHC masses into overlying sediments and the hydrosphere. With 

respect to their sensitivity to physico-chemical changes and formidable carbon storage ca-

pacity past perturbations in the global carbon cycles and climate (Beerling and Berner, 2002; 

Dickens, 2003; Hesselbo et al., 2000; Kennett et al., 2003), as well as sediment destabiliza-

tion on continental margins (Mienert et al., 2005) were related to extensive gas hydrate dis-

sociation. However, current estimates of global hydrate-bound carbon vary between ~0.5 to 
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2.5 � 10
9
 kt (Milkov, 2004) and ~56 � 10

9
 kt (Klauda and Sandler, 2005) due to the technical 

efforts required for direct hydrate quantifications. Pressure sampling tools, inhibiting gas loss 

related to decompression, are the only means to accurately determine gas and hydrate 

abundances in submarine deposits (Dickens et al., 1997b; Milkov et al., 2004). 

The Black Sea basin comprises the world’s largest surface reservoir of dissolved meth-

ane (9.6 � 10
4
 kt) (Reeburgh et al., 1991), which is primarily supplied from seeps and de-

composing hydrates (Kessler et al., 2006). Since shallow-buried gas hydrates precipitate at 

areas of high methane flux from below (Bhatnagar et al., 2007; Borowski et al., 1996), we 

investigated an known area of intense gas seepage (Nikolovska et al., 2008) and hydrate 

recoveries (Klaucke et al., 2006) in the eastern Black Sea. 

In 2007 we performed high-resolution pressure core sampling with our Dynamic Auto-

clave Piston Corer (DAPC; Abegg et al., 2008) in order to constrain calculations of gas hy-

drate volumes in shallow sediments for the entire Batumi seep area. In this study we present 

for the first time in situ hydrate and LMWHC inventories for a confined high-intensity seep-

age area. In addition, high resolution calculations allowed for assignment of vertical hydrate 

distributions and nominal gas concentrations in distinct layers of late glacial to Holocene 

deposits. 

 

8.3 Geological setting 

 

The area investigated is located on the continental slope offshore Georgia in the eastern 

Black Sea (Figure 8.1). This region is characterized by a series of W-E trending canyons and 

ridges formed by diapiric activity (Tugolesov et al., 1985), which is related to the active com-

pressional deformation caused by the northward movement of the Arabian plate and west-

ward movement of the Anatolian Block (Meredith and Egan, 2002). On top of such a ridge a 

large hydrocarbon seepage area, the Batumi seep area (Klaucke et al., 2006), is located in 

permanent anoxic waters in about 830 to 860 m below sea level (bsl). The area comprises 

several sites of focused expulsion of bubble forming free gas (Nikolovska et al., 2008) and 

seismic profiling showed that the distinct seepages are in most cases related to fluid migra-

tion along tectonic faults fed by free gas accumulations beneath the base of the gas hydrate 

stability zone (BGHS; Wagner-Friedrichs, 2007). Strong acoustic backscatter anomalies in a 

seafloor area of approx. 0.5 km
2
 (Figure 8.1) were interpreted as shallow reflectors indicating 

seepage-associated features (Klaucke et al., 2006), such as gas enrichments and methane-

derived authigenic carbonates. During investigations of the Batumi seep area in 2004 and 

2005, shallowest hydrates in gravity cores were found at about 25 cmbsf (Klaucke et al., 

2006). 

 

8.4 Materials and Methods 

An expedition (M72/3, Legs a and b) to the Batumi seep area was conducted with the R/V 

METEOR and the remotely operated vehicle (ROV) ‘MARUM-QUEST’ (MARUM, University of 

Bremen) in spring 2007. 
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Figure 8.1: Map of the Batumi seep area indicating sampling positions of pressure cores (DAPC) and 
gravity cores (GC) in spring 2007. Different colors used for selected DAPC stations correspond to 
those in Figure 8.6. The sampled area covers about 0.243 km

2
. Dashed circles indicate areas of fo-

cused gas expulsion based on hydroacoustic plume imaging (Nikolovska et al., 2008). 

Underneath a sidescan sonar mosaic illustrating seafloor backscatter intensities recorded in an area of 
about 0.5 km

2
 seafloor in fall 2004 (adopted from Klaucke et al., 2006) is shown. High backscatter 

intensities interpreted as indications for intense seepage activity are displayed by lighter shades, 
whereas low backscatter intensities or shadows are illustrated in dark tones. The dark vertical strip is 
the poorly imaged zone beneath the ship’s track. 
Insert: Location of the Batumi seep area in the eastern Black Sea basin, off Georgia. 

 

8.4.1 Sampling procedure 

 

Pressurized and non-pressurized sediment cores were lifted from the seafloor (~850 m 

bsl) with 1 m s
-1

, resulting in approx. 15 min recovery time. An acoustic transponder system 

mounted on the wire 50 m above the sampling tools was used for high-precision underwater 

positioning, except for station DAPC 09 (ship’s position; Table 8.1).  

 

8.4.1.1 Pressurized sediment cores 

 

For determinations of true gas volumes in near-surface sediment, pressurized sediment 

cores were sampled with the Dynamic Autoclave Piston Corer (DAPC; Abegg et al., 2008), 

which is technically based on a conventional Piston corer (Kullenberg, 1947). The system is 

equipped with a gas-tight pressure chamber and a core cutting barrel (2.65 m length, liner 

inner diameter 8.25 cm) with a maximum core volume of 14,166 mL. The DAPC is released 

by a trigger weight and penetrates the seafloor in a free fall mode. 

Immediately upon recovery, a PC-operated pressure sensor was connected to the DAPC 

pressure chamber for continuously monitoring the pressure. The gas contained in the pres-

sure chamber was released incrementally via a ‘gas manifold’, which is an assembly of gas 

tight valves and valve-activated ports for gas sub-sampling, pressure monitoring and gas 
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quantification, as modified after Dickens et al. (2003). Quantification of released gas from the 

pressure chamber was carried out on deck at atmospheric pressure and ambient tempera-

ture (8 to 12 °C) using a ‘gas catcher’ consisting of two inverted plastic cylinders (Dickens et 

al., 2003; Heeschen et al., 2007). Repeatedly, after releasing of a certain gas volume, each 

time two gas-sub-samples were taken and transferred into glass serum vials. The glass se-

rum vials were pre-filled with a sealing solution and sealed with butyl stoppers, and after 

introduction of the gas sampled stored at –20 °C until analysis of chemical composition and 

stable isotope composition of methane. Subsequent to degassing, the core liner containing 

the depressurized sediment core was removed from the DAPC pressure chamber for 

lithological descriptions. 

 

Table 8.1: List of sediment cores taken at the Batumi seep area in spring 2007. Recovery pressure Prec 
as maximum P at the initial stage of the degassing procedure. 
 

Station No. 
GeoB 

Running 
no. 

Lat. N° Long. E° Water 
depth 

Core 
length 

Recovery 
Pressure 

(Prec) 
  (°) (°) (m) (cm) (bar) 

pressurized cores       
11901 DAPC 01 41:57.410 41:17.344 851 264 68.3 

11906 DAPC 03 41:57.465 41:17.270 843 83 64.3 

11918 DAPC 08 41:57.547 41:17.427 840 233 84.4 

11920 DAPC 09 41:57.454 41:17.545 844 259 71.3 
11937 DAPC 12 41:57.489 41:17.462 842 41 49.3 
11951 DAPC 14 41:57.546 41:17.431 840 137 80.6 
11958 DAPC 15 41:57.448 41:17.446 847 146 87.3 

non-pressurized cores       

11925 GC 04 41:57.431 41:17.347 844 215  

11927 GC 06 41:57.410 41:17.324 856 413  
11936 GC 08 41:57.563 41:17.430 844 193  
11946 GC 13 41:57.532 41:17.582 842 302  
11949 GC 14 41:57.550 41:17.175 842 n.d.  
11956 GC 18 41:57.450 41:17.436 843 96  
11975 GC 23 41:57.528 41:17.588 844 304  

DAPC: Dynamic Autoclave Piston Corer; GC: Gravity Corer; n.d. = not determined. 

 

8.4.1.2 Non-pressurized sediment cores 

 

Non-pressurized sediment cores for i) lithological descriptions and ii) X-ray computerized 

tomographic imaging were recovered using a conventional gravity corer equipped with a 

core cutting barrel of 3 m or 6 m length. In order to assure rapid access to hydrate pieces, 

plastic hoses were used as liners. For CT analysis, sediment cores recovered with PVC-

liners were cut into segments and frozen in liquid nitrogen to preserve hydrate distributions 

and sediment texture. 

 

8.4.2 Analysis 

 

Chemical compositions of individual gas sub-samples were determined onboard within 48 

h upon recovery with a two-channel gas chromatograph (GC; Flame Ionization Detector and 

Thermal Conductivity Detector). O2 and N2 contributed less than 2 mol-% and represented 

most likely artifacts introduced during the sub-sampling and analytical procedure. Calibra-

tions and performance checks of the analytical system were conducted daily using commer-

cial pure gas standards and gas mixtures (Air Liquide, Germany). The coefficient of variation 
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determined for the analytical procedure was lower than 2%. Compositions are given in mol-

% assuming �(C1–C3 LMWHC) = 100%. 

Stable carbon isotope signatures (
13

C/
12

C) of methane were determined at the MARUM 

(University of Bremen) by GC-Isotope-Ratio-Mass-Spectrometry (GC-IRMS) using a Trace 

GC Ultra (Finnigan) connected via a GC Combustion III line to a DELTA plus XP isotope 

mass spectrometer (both ThermoFinnigan). Isotopic values are reported in �-notation in 

parts per mil (‰), relative to the Vienna PeeDee Belemnite (V-PDB) standard for carbon 

isotopes and to standard mean ocean water (SMOW) for hydrogen isotopes. 

X-ray computerized tomography (CT)-scanning of a frozen core segment prepared from 

gravity core GC 13 was performed during the cruise as described in Abegg et al. (2007). The 

scanning procedure was performed with a mobile General Electric (GE) Pro Speed SC 

Power CT scanner analyzing 1 mm slices with a 512 � 512 data matrix. 

 

8.4.3 Calculations 

8.4.3.1. Nominal gas in situ volumes and methane concentrations 

 

Nominal gas in situ volumes confined to the Black Sea stratigraphic Units 1 and 2 (VgU1, 

VgU2) were calculated for each DAPC core using total gas volumes (Vgt) relative to the re-

spective volumes of Unit 1 and Unit 2 sediments in DAPC 09 and 12. Those two cores were 

devoid of Unit 3 sediments and also lacked substantial hydrate amounts (see Figure 8.2b, 

Figure 8.4). 

The specific gas volumes contained in Unit 1 and Unit 2 (VgU1, VgU2) as well as potential 

occurrences of isolated gas hydrate layers in deeper Unit 2 sections could not be resolved. 

Yet, specific nominal gas (nCgUx) and methane (nCCH4Ux) concentrations in Unit 1 and 2 

sediments were presumed to be similar in all cores, irrespective of their specific thicknesses, 

depths of the sulfate zone, and distance to discrete seepages. Individual gas concentrations 

in Unit 3 (VgU3) of each core were calculated according to 

 

VgU3 = Vgt – (VgU1 + VgU2) 

 

We did not analyze for e.g., H2S, CO, and noble gases, which are most likely present in 

the gas in minor amounts. As an educated guess we therefore suppose 97 vol.-% of the 

released gas to constitute of methane. 

Unit-specific pore fluid masses (mpfUx) were calculated using unit-specific sediment vol-

umes (VsUx) as well as average sediment porosities (�Ux), and pore fluid in situ densities 

(�pfUx), respectively, adopted from Haeckel et al. (2008). For calculations of unit-specific 

methane in situ concentrations (nCCH4Ux), unit-specific methane masses (mCH4Ux) were di-

vided by the respective pore fluid masses (mpfUx). 

 

8.4.3.2. Theoretical methane in situ solubilities 

 

Theoretical unit-specific methane in situ solubilities were calculated with regard to ab-

sence (sgp; Duan and Mao, 2006) or presence of hydrates (sghp; Tishchenko et al., 2005). 

 

 

 



8. High-intensity gas seepage feeds shallow gas hydrate deposits in the eastern Black Sea 

 117 

8.4.3.3. Hydrate volumes 

 

The concentration of hydrate-bound and/or free methane, i.e. concentration surpassing 

equilibrium (CCH4hb) in Unit 2 and 3 of each core, was calculated by subtracting the concen-

tration of dissolved CH4 (sghp = CCH4diss) from the unit-specific methane concentration 

(nCCH4Ux) according to Dickens et al. (1997). Since the study area is located within the gas 

hydrate stability zone (GHSZ; Figure 8.5), this non-dissolved methane (CCH4hbUx) is consid-

ered to predominantly exist in the hydrate phase, although emissions of bubble-forming free 

gas from the into bottom waters were observed as well. The hydrate fraction occupying the 

pore space of Units 2 and 3 in each pressure core were calculated by converting CCH4hbUx 

into hydrate volumes according to Heeschen et al. (2007). 

 

8.4.3.4. Phase boundaries of gas hydrate stabilities 

 

A phase diagram of gas hydrate structure I (sI) was calculated using the CSMGem soft-

ware package (Sloan and Koh, 2007) and Heriot-Watt-Hydrate software (Masoudi and To-

hidi, 2005; Østergaard et al., 2005) loaded with LMWHC compositions (see section 8.5.2.) 

and average interstitial water salinities for late glacial to Holocene deposits deduced from 

Leonov (2005) and Manheim and Chan (1974). Prevalence of sI hydrate at the Batumi seep 

area was inferred from the LMWHC composition in the hydrate phase and confirmed by cryo 

X-ray diffractometry (unpublished results). 

 

8.5 Results and Discussions 

8.5.1 Composition of sediments 

 

Sediments retrieved by both DAPC and GC were used for lithological descriptions. Core 

lengths varied between 96 and 413 cm for gravity cores (Figure 8.2a) and between 41 and 

264 cm for depressurized DAPC cores (Figure 8.2b), respectively. The cores comprised the 

typical basinal succession of Holocene hemipelagic sediments, i.e. laminated coccolith ooze 

(Unit 1; Ross and Degens, 1974) and sapropelic sediments (Unit 2), overlying late glacial to 

early Holocene lacustrine mud (Unit 3). Sporadic but vigorous seepage activity is likely to 

cause the considerable spatial variations in the depository regime since at least 8.0 kyrs 

(Lamy et al., 2006) indicated by strongly differing recoveries of the marine Units 1 and 2, as 

well as a rough local seafloor topography observed during ROV-based visual documentation 

(Figures 8.3a and 8.3b). 

Irrespective of specific thicknesses of the overlying sediments, near-surface hydrates 

confirming high methane flux from below (e.g., Bhatnagar et al., 2008; Tréhu et al., 2006b) in 

the Batumi seep area, were found disseminated in high density in Unit 3 of gravity cores 

(Figure 8.2a). In GC 04 and 08, which were taken away from sites of focused seepage, hy-

drates occurred additionally in deeper sections of Unit 2, where they formed distinct massive 

layers. However, in most cores (GC 06, 13, 18 and 23) hydrates appeared near the base of 

the sapropel. Such a vertical hydrate distribution is corroborated by computerized tomogra-

phy imaging (see core segment GC 13), and by the observation that highest volumetric 

gas/sediment ratios were obtained for cores containing relatively high portions of Unit 3 ma-

terial (Figure 8.4, Table 8.2), as well as by pore fluid chlorinity-based modeling results 

(Haeckel et al., 2008). 
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Figures 8.2a and b: Lithological compositions of non-pressurized sediment cores (GC) and pressurized 
sediment cores (DAPC) from the Batumi seep area. Assignments of lithological units adopted from 
Ross and Degens (1974). Gas hydrates present as distinct massive layers in Unit 2 and disseminated 
in Unit 3. For core GC 13 taken less than 15 m apart from GC 23, a frozen core segment (98 to 147.5 
cmbsf) was visualized by computerized X-ray tomography. Note the absence of sediments belonging to 
Unit 3 in DAPC cores 09 and 12. Dark grey = gas hydrates; light grey = sediment devoid of gas hy-

drate. Hydrate is present in high density in the depths interval from 116 to 128 cmbsf covering the 
transition from Unit 2 to Unit 3. Orientated voids in sediments and gas hydrates are illustrated in 
darkish colors. 

 

 
Figures 8.3: Sea floor impressions from the Batumi seep area in the eastern Black Sea during ROV 
observations in spring 2007. (a) Intense focused gas stream supplying bubbles of variable size from a 

cm- to dm-sized orifice within the rugged seafloor. Smaller potential gas outlets exist right in the front 
and in the background. Left in front a sampling tool’s handle operated by the ROV manipulator is ob-
servable. For scale refer to marker buoy no. 1 (12.5 cm in height) in the right section of the picture. (b) 
Sharp sediment rupture of approx. 30 to 40 cm in height, which was potentially caused by hydrate 
detachment and uncovered strongly disturbed sediments. Packages of layered sediments are discerni-
ble at the left section of the rupture. Curtains of tiny bubbles are ejected into bottom waters from sev-
eral outlets at the base of the rupture. 

 

8.5.2 Gas volumes and hydrocarbon compositions 

 

Gas in situ volumes were gathered for seven DAPC cores and yielded between 3.7 and 

20.3 L gas per L wet sediment (Table 2). The highest volumetric gas/sediment ratio was 

determined for core DAPC 08, which was taken close to focused seepage (Figure 8.1) and 
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contained highest portions of Unit 3 material. Notably, core DAPC 14 taken at the same site 

close to DAPC 08, yielded only 14.1 L gas per L sediment, because less Unit 3 material, 

which supposedly included highest specific gas concentrations was recovered (Figure 8.4). 

Average LMWHC compositions of gas samples taken during degassing of DAPC cores were 

dominated by methane (99.9601 mol-% of C1 to C3 LMWHC, followed by ethane (0.0390 

mol-%) and propane (0.0009 mol-%; Table 3). Methane stable isotopic values (�
13

C ~ –51 

VPDB; �
2
H ~ –152 to –190 SMOW) and the LMWHC composition (C1/(C2 + C3) = 2108 to 

3383) suggest that the near-surface gas at the Batumi seep area is supplied from both bio-

genic and thermogenic sources (Whiticar, 1999). 

 

 
Figure 8.4: Volume portion of Unit 3 material in pressure cores vs. volumetric gas/sediment ratio. Num-

bers in bold denote DAPC station numbers, whereas numbers in brackets indicate nominal CH4 con-
centrations in Unit 3 pore space (in mM). ,Methane concentration equivalent’ in equilibrium with the gas 
phase � 1.8 Lgas (Lwet sediment)

-1
. Volumetric gas/sediment ratios exceeding the methane concentration 

equivalent indicate hydrate precipitates in the core. 

 

Table 8.2: Specifics of pressure cores recovered by DAPC from the Batumi seep area. Total core vol-
ume [Vst] after gas release, total accumulated gas volumes [Vgt], calculated volumetric gas / sediment 
ratios [Vgt / Vst], and specific wet sediment volumes of lithological Units [VsUx]. 

Pressure core Vol. 
core 

 

Vol. 
gas 

released *) 

Vol. gas / 
Vol. sediment 

Vol. 
sediment 

Unit 1  

Vol. 
sediment 

Unit 2  

Vol. 
sediment 

Unit 3  

 Vst (mL) Vgt (mL) Vgt / Vst (L / L) VsU1 (mL) VsU2 (mL) VsU3 (mL) 

DAPC 01 14 112 231 200 16.4 801.8 3635.0 9675.6 
DAPC 03 4437 40 700 9.2 n.p. 2512.4 1924.4 
DAPC 08 12 455 253 200 20.3 106.9 2405.5 9942.8 
DAPC 09 13 845 100 550 7.3 748.4 13 069.8 n.p. 
DAPC 12 2192 8000 3.7 1229.5 962.2 n.p. 

DAPC 14 7323 103 250 14.1 2245.2 1817.5 3260.8 

DAPC 15 7805 137 450 17.6 1069.1 3955.8 2779.7 

n.p. = not present 
*) total gas volumes include sum of gas and sediment–water suspension extruded through tubings of 

the degassing manifold 
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Table 8.3: Average proportions of C1 to C3 hydrocarbons (mol-% of C1 to C3) and molecular ratios in 
gas released from pressure cores taken at the Batumi seep area. 

Pressure core C1 C2 C3 C1 / C2 C1 / C3 

DAPC 01 99.9656 0.0337 0.0007 2967 141 550 
DAPC 03 99.9519 0.0474 0.0007 2108 144 813 
DAPC 08 99.9693 0.0296 0.0012 3383 85 597 
DAPC 09 99.9543 0.0448 0.0009 2231 116 839 
DAPC 12 99.9571 0.0415 0.0014 2407 73 896 
DAPC 14 99.9565 0.0427 0.0008 2343 119 153 

DAPC 15 99.9661 0.0330 0.0009 3026 110 186 

mean 99.9601 0.0390 0.0009 2638 113 148 

 

8.5.3 Gas hydrate stability fields 

 

Calculations of phase boundaries strongly suggest that gas hydrate structure I (sI) is the 

stable hydrate structure at the Batumi seep area. The phase diagram for sI hydrates shown 

in (Figure 8.5) demonstrates that the study area is well located within the hydrate stability 

field. Parameters determined in spring 2007 (R/V meteor cruise M72/3) were: bottom water 

temperature 8.96 °C; salinity 20.97; gas chemical composition as stated below. For assess-

ing the base of the gas hydrate stability zone (BGHSZ), we considered a geothermal gradi-

ent of 40 mK m
-1

 (Kutas et al., 2004) as more accurate temperature data are unavailable for 

the region investigated to the best of our knowledge. Based on these assumptions the 

BGHSZ at the Batumi seep area was calculated to be located in approx. 60 mbsf (Figure 

8.5). The pore water salinity in general decreases with increasing depth from sea bottom 

towards the lacustrine sediments belonging to Unit 3 (Leonov, 2005; Manheim and Chan, 

1974), which should result in an increase in pore water activity and hydrate stability with 

depth (Dickens and Quinby-Hunt, 1997) for these strata. 

 

 

 

Figure 8.5: Phase boundaries of nominal gas hydrate stabilities calculated for structure I gas hydrate at 
the Batumi seep area. 
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8.5.4. Methane masses in sediments 

 

In order to evaluate total LMWHC masses stored in Batumi seep near-surface deposits 

we calculated quantities of both dissolved and hydrate-bound methane in the specific 

lithological units. Nominal methane in situ concentration in Unit 1 (nCCH4U1 = 26.6 mM) was 

lower than the theoretical methane solubility in equilibrium with the gas phase (108.5 mM), 

while the corresponding value in Unit 2 (nCCH4U2 = 460.8 mM) exceeded the methane equilib-

rium concentration in the presence of a hydrate phase (93.9 mM) considerably, substantiat-

ing hydrate occurrences in Unit 2. Remarkably, nCCH4U1 is at least by three orders of magni-

tude higher than the CH4 concentration between approx. 10 to 13 �M measured by ex situ 

approaches for near-bottom waters in the central Black Sea (Kessler et al., 2006; Reeburgh 

et al., 1991) and interstitial waters in surface sediments from deep non-seep sites in the 

western Black Sea basin (Jørgensen et al., 2001; Schubert et al., 2006). 

The occurrence of authigenic carbonates (Figure 8.2a) as by-product of the sulphate-

dependent AOM (Peckmann et al., 2001; Ritger et al., 1987) indicates (sub-)recent methane 

consumption in top sediments. Those carbonates were preferentially found in Unit 1 material 

and, less frequently, in Unit 2 down to about 80 cmbsf. As the sulfate zone currently appears 

to be restricted to the upper 25 cm subbottom depth (Haeckel et al., 2008), which again sup-

ports high methane flux from below (Borowski et al., 1996; Castellini et al., 2006), AOM does 

not take place in deeper Unit 2 sections, but results in reduction in methane concentrations 

down to nCCH4U1 values below the theoretical methane solubility. Taking these features into 

account, the resulting steep horizontal gas concentration gradients between the gas-charged 

seep deposits and adjacent non-seep sediments along with high densities of seep-

associated methane-derived authigenic carbonates are an explanation for the sharp bounda-

ries of backscatter anomalies reflecting the Batumi seep area (Figure 8.1). 

 

8.5.5 Unit-specific methane concentrations 

 

Individual methane volumes attributed to Unit 1 and Unit 2 material (nVCH4Ux = nCCH4Ux � 

VpfUx) in each pressure core were subtracted from total core methane volumes (VCH4Ut), to 

obtain methane in situ concentrations entailed in Unit 3 (nCCH4U3). Values for nCCH4U3 ranged 

between 1,492 and 2,728 mM (Table 4), except for core DAPC 03 (794 mM), and highest 

concentrations were observed for cores retrieved from sites close to focused seepage 

(DAPC 08, 14, 15). The nCCH4U3 of the very adjacent cores DAPC 08 and 14 were similar 

(Figure 8.1; Figure 8.6), although different volumetric gas/sediment ratios were released 

during degassing, corroborating the reliability of our approach. nCCH4U3 values may be over-

estimated to some extent as we cannot distinguish isolated hydrate layers in Unit 2, which 

were observed in three out of six gravity cores. However, it is consequent to assume that the 

nominal excess methane in Unit 2 (ChbU2 = 367 mM) and Unit 3 (Figure 8.6; Table 4) calcu-

lated in this study is predominantly derived from hydrates, which were found in all gravity 

cores in depths > 90 cmbsf (Figure 8.2a). However, it also cannot be excluded that subordi-

nate volumes of the LMWHC released from the pressure cores initially occurred in the free 

gas phase, as virulent gas bubble emissions from the seafloor were documented during 

ROV dives. 

nCCH4U3 values in the pressure cores from the Batumi seep area are in the same range as 

maximum values reported for much deeper sediments from the Blake Ridge (2.0 M; Dickens 
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et al., 1997b), Peru Trench (0.4 M; Dickens et al., 2003), Hydrate Ridge (3.1 M; Milkov et al., 

2003b), and Cascadia Margin (3.8 M; Riedel et al., 2006). Other than deep subsurface sedi-

ments, shallow deposits in our study area are strongly affected by steep vertical concentra-

tion gradients due to the anaerobic oxidation of hydrocarbons (Krüger et al., 2005) and up-

ward diffusion into the water column (Kessler et al., 2006; Reeburgh et al., 1991). Addition-

ally, nCCH4U3 in most of our cores was higher than methane in situ concentrations calculated 

for shallow sediment underneath the sulfate zone from two sites at the Northern Gulf of Mex-

ico (�1.0 mol kg
-1

; Heeschen et al., 2007). This indicates that at the Batumi seep area com-

parably high LMWHC amounts are stored in near-surface hydrates. 

 

 

Figure 8.6: Nominal methane in situ concentrations nCCH4U3 in Unit 3 sediment segments (colored bars) 
as function of depth. Calculations for DAPC 08 and 14 (very close to each other) revealed similar Unit 
3-specific methane concentrations irrespective of different core recoveries and thicknesses of Units 1 
to 3. Bar length nCCH4U1 (26.6 mM) and nCCH4U2 (460.8 mM) indicates maximum thickness of Unit 1 
and Unit 2 in pressure cores. CH4 concentration in equilibrium with gas phase, sgpU1 = 108.5 mM. 

 

8.5.6 Volumes of shallow gas hydrates 

 

Calculations of unit-specific hydrate fractions using excess methane concentrations in 

Unit 2 and 3 revealed that hydrates filled about 6.0% of pore volume (pv) in Unit 2 and be-

tween 11.5%pv (DAPC 03, off area of focused gas ebullition) and 43.2%pv (DAPC 15, within 

area of focused gas seepage) in Unit 3 (mean 26.7%, n = 5; Table 4). hydrate densities in 

Unit 3 calculated for our pressure cores meet those reported for sections below the sulfate 

zone in three near-surface sediment cores recovered in 2005 (Haeckel et al., 2008). Average 

hydrate fractions obtained for Unit 3 sediments in our pressure cores were higher than those 

reported from pressure coring at other hydrate-bearing sites, like Hydrate Ridge (mean 

~11%pv; Milkov et al., 2003b), the Northern Gulf of Mexico (max. 18%pv; Heeschen et al., 

2007), or Blake Ridge (max. 9%pv; Dickens et al., 1997b). With respect to the presence of 

hydrates in all gravity cores > 90 cmbsf and the relatively high methane concentrations, it 

can be concluded that near-surface hydrates in high density in Unit 3 are characteristic for 
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the Batumi seep area. Such hydrate accumulations require substantial LMWHC volumes 

exceeding those being dissolved in interstitial water (Haeckel et al., 2004) and, conse-

quently, resulted from hydrocarbons in the gas phase, which likely migrated upward from 

greater depths through the GHSZ.  

 

Table 8.4: Total volume (VCH4t), nominal methane in situ concentrations [nCCH4U3] and concentrations of 
excess methane [ChbU3] in Unit 3, as well as contents of gas hydrates in Units 2 and 3. 

Pressure 
core 
(DAPC) 

 Unit 01 03 08 09 12 14 15 mean 

Volume 
CH4 

*
) 

VCH4t mL 
224 
264 

39 
479 

245 
604 

97 
534 

7760 
100 
153 

133 
327 

 

Conc. 
CH4 
Unit 3 **) 

nCCH4U3 
mmol 
kg

-1
 

1462.5 778.3 1645.9 n.p. n.p. 1885.2 2674.4  

Conc. 
CH4 
Unit 3 **) 

nCCH4U3 mM 1491.9 794.0 1679.0 n.p. n.p. 1923.1 2728.3  

Conc. 
excess CH4 

Unit 3 ***) 

nChbCH4U3 
mmol 

kg
-1

 
1369.7 685.5 1553.1 n.p. n.p. 1792.4 2581.6  

Conc. 
excess CH4 
Unit 3 

nChbCH4U3 mM 1397.3 699.3 1584.4 n.p. n.p. 1828.5 2633.6  

Mass 
excess CH4 
Unit 2 

mhbCH4U2 g 15.40 10.65 10.19 55.50 4.08 7.70 16.76 17.18 

Mass 
excess CH4 
Unit 3 

mhbCH4U3 G 132.30 13.17 154.16 n.p. n.p. 58.35 71.64 85.92 

Volume 
GH 
Unit 2 

VGHU2 L 0.157 0.109 0.104 0.567 0.042 0.079 0.171  

Volume 
GH 
Unit 3 

VGHU3 L 1.352 0.135 1.575 n.p. n.p. 0.596 0.732  

Fraction 
GH 
Unit 3 

fGHU3PV % pv 22.9 11.5 26.0 n.p. n.p. 30.0 43.2 26.7 

Fraction 
GH 
Unit 3 

fGHU3CV % cv 14.0 7.0 15.8 n.p. n.p. 18.3 26.3 16.3 

GH = gas hydrate; n.p. = not present; pv = pore volume, cv = core volume 
*) assuming a CH4 fraction of 97 vol-% of the entire gas (see section 3.3.1) 
**) Nominal CH4 in situ concentrations in Units 1 and 2 (nCCH4U1, nCCH4U2) based on gas volumes of 
DAPC 09 and 12 devoid of Unit 3 (see Table 2; Figure 4). 
***) Excess CH4 concentration (ChbUx) indicates the difference between nCCH4Ux and sghpUx. Nominal 
excess CH4 concentrations in sediments belonging to Unit 2 (ChbU2) were 359.3 [mM], resulting in 
nominal hydrate fractions of fGHU2PV = 6.0% of pore volume and fGHU2CV = 4.3% of core volume, respec-
tively. 

 

8.5.7 Hydrate-bound low-molecular weight hydrocarbons in shallow gas hydrates of the 

Batumi seep area 

 

Overall volumes of C1 to C3 hydrocarbons and gas hydrates were calculated using aver-

age thicknesses of Unit 1 (0 to 30 cm) and Unit 2 (30 to 106 cm) deposits and assuming that 
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the remaining sediment recovered belonged to Unit 3 (106 to 265 cmbsf; maximal core re-

covery). Additionally, minimum, mean, and maximum concentrations of hydrate-bound 

methane (ChbUx; Table 5) and molecular ratios (C1/C2; C1/C3; Table 3) were considered. We 

extrapolate that on average a total of 7.501 kt of C1 to C3 hydrocarbons is accumulating in 

near-surface deposits of the sampled area (0.234 km
2
 seafloor area; 569,835 m

3
; Table 8.5, 

Figure 8.1). For the seafloor area characterized by high-backscatter (0.5 km
2
 seafloor area; 

1,172,500 m
3
) C1 to C3 hydrocarbons in surface sediments would account for 15.435 kt. Hy-

drocarbons bound in shallow hydrates account for about 6.921 (14.241) kt methane, 2.624 

(5.398) � 10
-3

 kt ethane, and 0.061 (0.126) � 10
-3

 kt propane. This amount of hydrate-bound 

methane is about 350 times the annual flux of dissolved methane calculated for a selected 

central section of the Batumi seep area (0.31 km
2
; Haeckel et al., 2008) and approx. 0.3% of 

methane considered to be annually emitted from Black Sea seeps and decomposing hy-

drates (Kessler et al., 2006). 

 

Table 8.5: Hydrate-bound and overall C1 to C3-hydrocarbons stored in Batumi seep area surface sedi-
ments. The sampled area covers about 0.234 km

2
 of seafloor while the area characterized by back-

scatter anomalies includes 0.5 km
2
 seafloor (Klaucke et al., 2006). 

 

 Hydrate-bound hydrocarbons Total hydrocarbons 

 CH4 C2H6 C3H8 
�(C1-
C3) 

CH4 C2H6 C3H8 
�(C1-

C3 

Seafloor area (kt) 
(*10

-3
 

kt) 
(*10

-3
 

kt) 
(kt) 

(kt) 
(*10

-3
 

kt) 
(*10

-3
 

kt) 
(kt) 

Sampled area 
569,835 m

3
 

   
 

   
 

Unit 1 n.p. n.p. n.p. n.p. 0.026 0.010 0.000 0,026 
Unit 2 0.785 0.298 0.007 0.785 0.986 0.374 0.009 0.986 

Unit 3 (min) 2.635 0.999 0.023 2.636 2.989 1.133 0.026 2.990 

Unit 3 (mean) 6.136 2.326 0.054 6.138 6.487 2.459 0.057 6.490 
Unit 3 (max) 9.922 3.761 0.088 9.926 10.270 3.893 0.091 10.274 

Total (min) 3.420 1.296 0.030 3.421 4.000 1.516 0.035 4.002 
Total (mean) 6.921 2.624 0.061 6.924 7.499 2.843 0.066 7.501 
Total (max) 10.707 4.059 0.095 10.711 11.282 4.277 0.100 11.286 

         
‘Backscatter’ 

area 
1,172,500 m

3
 

        

Unit 1 n.p. n.p. n.p. n.p. 0.054 0.020 0.000 0.054 
Unit 2 1.615 0.612 0.014 1.616 2.028 0.769 0.018 2.029 

Unit 3 (min) 5.421 2.055 0.048 5.423 6.150 2.331 0.054 6.152 
Unit 3 (mean) 12.625 4.786 0.112 12.630 13.348 5.060 0.118 13.353 
Unit 3 (max) 20.416 7.739 0.180 20.424 21.132 8.011 0.187 21.140 

Total (min) 7.037 2.667 0.062 7.039 8.231 3.120 0.073 8.234 

Total (mean) 14.241 5.398 0.126 14.246 15.429 5.849 0.136 15.435 
Total (max) 22.031 8.352 0.195 22.040 23.213 8.800 0.205 23.222 

n.p. = not present 

 

8.5.8 Geological implications 

 

According to hydrate dissociation temperature (Tdiss) and pressure (Pdiss) calculated for sI 

hydrates at the Batumi seep area (Figure 8.5), a warming of near-surface sediments by more 

than 1.56 °C, or a decrease of in situ hydrostatic pressure (Phydrostat) by more than 13 bars, or 

a combination of both in lesser extent would be required to shift the GHSZ and to induce 

hydrate dissociation. Paleoenvironmental investigations suggested that bottom water tem-

perature changes in the Black Sea deep basin were reduced to approx 1-2 °C even during 
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severe climate shifts associated with the deglacial and early Holocene (Bahr et al., 2008). 

Thus, in the absence of major variation in the Black Sea level, stable P/T-conditions at the 

seafloor can be assumed for the mid and late Holocene. On the other hand, glacial-

interglacial sea level variations with a proposed amplitude of up to 155 m (Ryan et al., 2003) 

and subsequent changes in bottom water chemistry (Bahr et al., 2008), related to the evolu-

tion from a freshwater lake to a marine-influenced marginal sea might have severely affected 

hydrate stability at the Batumi seep area. 

Even under stable environmental conditions, seafloor detachment and upfloating of hy-

drate pieces as observed at Bush Hill, Northern Gulf of Mexico, and the Hydrate Ridge, Cas-

cadia Margin, can transfer considerable LMWHC quantities into the hydrosphere and poten-

tially to the atmosphere (MacDonald et al., 1994; Suess et al., 2001). Abrupt rafting of near-

surface hydrate clumps is likely to contribute to the rough topography observed during 

Batumi seep seafloor documentation (Figures 8.3a and 3b). LMWHC export from hydrate 

detachments is hardly quantifiable, but should play a prominent role for the Black Sea car-

bon budget, as numbers of seep sites are documented within the GHSZ. These are charac-

terized by strong backscatter anomalies (Figure 8.1; Klaucke et al., 2006) indicating gas-

laden near-surface sediments. As shown here, the correlation of true LMWHC inventories in 

shallow deposits and seafloor hydroacoustic anomalies serves as a model for interpreting 

backscatter maps from other LMWHC emitting sites. 

The copious hydrate density and the continuing gas discharge are likely to induce a near-

surface self-sealing process and to promote episodic upfloating of hydrate masses. The loss 

is counterbalanced by the formation of fresh hydrates sourced by diffusion from below and 

bubble dissolution (Haeckel et al., 2008) recharging the deposits. Smaller hydrate crystal 

sizes compared to those found at Hydrate Ridge indicate a relatively short residence time of 

LMWHC in the hydrate phase (Chapter 4). 

Based on the exceptionally high gas hydrate concentrations found in the shallow subsur-

face of the Batumi seep area it is likely that the total amount of potentially labile shallow hy-

drate deposits in the Black Sea and elsewhere are considerably underestimated since the 

shallow gas hydrate inventory at other high-intensity seepage sites has not been compre-

hensively accessed yet. This type of geological settings might therefore represent a dynamic 

hydrocarbon pool of far bigger importance for the biogeochemical carbon cycle than esti-

mated so far. 

 

8.6 Conclusions 

Pressure core sampling at a restricted area in the eastern Black Sea, the Batumi seep 

area, provided new data with respect to vertical distributions of near-surface gas hydrate, 

their stability and dynamic response to environmental changes, and total amounts of hy-

drate-bound hydrocarbons: 

 

1. Sediments sampled at the Batumi seep area within the gas hydrate stability zone (GHSZ) 

belonged to the Holocene to late glacial Black Sea Units 1 to 3. Gas hydrates in gravity 

cores occurred in deeper sections of Unit 2 as massive aggregates and were finely dissemi-

nated over the entire Unit 3. X-ray computerized tomography scanning on a frozen core 

segment illustrated dense hydrate accumulations close to the Unit 2 – Unit 3. 
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2. Methane in situ concentrations in near-surface sediments were obtained by pressure core 

sampling and quantitative degassing. Nominal methane concentrations calculated for the 

distinct Black Sea units revealed steep concentration gradients with concentrations exceed-

ing solubilities in Unit 2 and 3 in accord with the observed presence of hydrates in these 

units. Although anaerobic oxidation of hydrocarbons is likely to proceed in top sediments, 

strong backscatter anomalies as reported earlier (Klaucke et al., 2006) from this sites are 

most probably caused by elevated gas concentrations along with the presence of methane-

derived authigenic carbonates. 

 

3. To the best of our knowledge, total masses of hydrate-bound gases in near-surface de-

posits of a confined seepage area are presented for the first time. In the uppermost sediment 

body of the Batumi seep area (0.5 km
2
 seafloor area; 0 to 265 cmbsf; 1,172,500 m

3
) about 

14.241 kt of methane, 5.398 t of ethane, 0.126 t of propane, corresponding to approx. 10.7 kt 

of hydrate-bound carbon are currently accumulating. Unit-specific calculations of nominal 

hydrate volumes revealed that pore volume in Unit 2 is filled by about 6% hydrate while the 

pore volume in Unit 3 is occupied by 27% hydrate. Such high hydrate densities are fuelled by 

light hydrocarbons in the gas phase passing through the GHSZ. 

 

4. Hydrate-bound methane constituted > 99.96 mol-% of C1 to C3 hydrocarbons. Stable car-

bon and hydrogen isotopic compositions of methane (�
13

C-CH4 ~ –51 VPDB; �
2
H-CH4 ~ –

152 to –190 SMOW) and molecular compositions (C1/C2+ = 2638) point to admixture of hy-

drocarbons supplied from biogenic and thermogenic sources. 

 

5. Phase calculations indicated preferential precipitation of hydrate structure sI at the Batumi 

seep area. At this site, the hydrostatic pressure Phydr is about 13 bars below dissociation 

pressure Pdiss for sI hydrates and bottom water temperature Tbw is about 1.56 °C lower than 

dissociation temperature Tdiss. Hence, short-term changes of P/T-conditions shifting the 

Batumi seep area in about 840 m bsl off the GHSZ are not likely to occur under present con-

ditions but might be of relevance on glacial/interglacial timescales. 

 

6. Episodic detachment of hydrate chunks is considered to account for the rugged seafloor 

topography. This process along with rapid hydrate floating towards the sea surface, as al-

ready observed in other regions, might provide an effective mechanism for transferring light 

hydrocarbons including methane to the atmosphere. 
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CHAPTER 9 

CONCLUSIONS AND PERSPECTIVES 

 

9.1 Conclusions 

 

The presented thesis contributes to the understanding of gas hydrates as minerals at high 

gas flux sites in marine environments. It shows that the microstructure of gas hydrates is 

affected and in some cases constrained by controls which are diagnostic for the respective 

geological setting. Five important outcomes on submarine gas hydrate occurrences are ad-

dressed. 

 

9.1.1 sI/sII structure co-occurrence 

 

The co-occurrence of two structures can be an energetically favored state of gas hydrates 

in nature as shown from the hydrates at the Chapopote asphalt volcano. Direct crystalliza-

tion into sI/sII is kinetically advantageous as one additional degree of freedom is provided 

during the nucleation of three cage types: the SC (the same both for sI and sII), the LC-sI 

and the LC-sII. The availability of three instead of two cage types could also be relevant 

during rapid formation of gas hydrates at other high gas flux seepage sites. However, the 

preferred formation of sII hydrate from C2—C5 hydrocarbons seems to be a key factor in the 

permanent coexistence of sI and sII. A closed system or at least an impermeable layer pro-

vides the necessary environment for the relative depletion and enrichment of the guests for 

two hydrate structures. If the gas, from which the coexistence emerges, occurs as bulk gas, 

de-mixing into two structures is likely. Intrusion of many gas bubbles into a cavity results in 

structure coexistence if the bubbles are coated by hydrate skins and crystallize independ-

ently from other bubbles as single hydrate reactors.  

It is quite possible that crystal structures co-occur at more geological locations. Such loca-

tions need to be thermogenic seeps, characterized by C1—C5 hydrocarbon seepage and 

impermeable surface layers. At Chapopote both structures are within hydrate stability. Simi-

lar conditions are not given at the Bush Hill in the northern GOM, because the site conditions 

are outside the GHSZ of methane dominated sI hydrates. Therefore sII is the prevailing hy-

drate structure at Bush Hill. The presented results show that hydrate occurrence at ther-

mogenic gas seeps are more complex than previously thought. Structure coexistences 

should be considered in future quantifications of gas hydrate masses of thermogenic hydro-

carbon seeps. 

 

9.1.2 Relation between the gas chemical composition, crystallographic structure and 

microstructure 

 

Relatively large hydrocarbon guests such as C3H8 or C4H10 which are built into sII have a 

lower vapor pressure compared to smaller molecules and less subcooling is required for 

hydrate nucleation from those gases. This thesis shows that this is reflected in the micro-

structural appearance of the hydrate surfaces, as sII hydrates formed from methane and 

significant portions of C2 through C4 hydrocarbons have a dense, i.e. non-porous surface 

(Chapter 5). Because of the low subcooling required to shift those hydrocarbons into the 

GHSZ, dense hydrates in consequence are thermodynamically more stable than hydrates 
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requiring more subcooling. Instead, submarine sI hydrates formed mostly from methane 

have a porous microstructure, comprising an almost monodisperse fabric of many small 

pores. The microstructural observations are most likely related to the volatility of the hydrate 

forming gases, as C2—C4 hydrocarbons forming sII hydrate are less mobile than methane 

and other volatile hydrate guests. Therefore, the surfaces of hydrates from less volatiles are 

less active in respect to sublimation and re-sublimation (W.F. Kuhs, pers. comm., Dec. 

2007), resulting in a dense appearance. 

There is indication that different absorption contrasts in gas hydrates imaged by �-

computer tomography can help identifying hydrates of different densities. This aspect, how-

ever, arose near the end of the present thesis and might be investigated in more detail in 

future research. 

 

9.1.3 Crystallite sizes and size distributions of hydrates 

 

When this thesis started, the understanding of gas hydrate crystallites was that natural 

and synthetic hydrates are quite different in size. The assumption was that most likely Ost-

wald ripening of crystallites was the reason for the differences. The results and interpreta-

tions presented here demonstrate that also the sizes of marine gas hydrate crystals differ 

significantly, and also the grain size distributions indicate diverse grain size evolutions. The 

arithmetical mean crystallite sizes presented here varied between 190 and 400 �m. Ripening 

of crystals is the major control of crystal size evolution, but it is not the only one. Instead, the 

results demonstrate that the environment has a significant impact on the gas hydrate crystal-

lites and evolution of size distributions: 

Gas hydrates in the Black Sea are a good example for the domination of Ostwald ripening 

in the grain size evolution: Shallow hydrates from two different oil seeps (Colkheti Seep and 

Pechori Mound, offshore Georgia) were exposed to similar formation and site conditions, 

therefore it is consequent to argue that the grain size evolution must have been similar. In 

fact, the crystallites had almost the same arithmetical mean size and size distributions. Also, 

at the Batumi gas seep area the gas hydrates had the same formation conditions. They were 

retrieved from shallow depths of two different high-intensity gushers. It turned out that the 

investigated samples had almost the same arithmetical mean crystallite size and were 

shaped normally.  

Gas hydrates from the Bush Hill in the northern Gulf of Mexico are a good example that 

Ostwald ripening might not be the only factor in grain size evolution: Grain sizes of Bush Hill 

hydrates were distributed normally indicating normal grain growth, but despite close spatial 

vicinity of the hydrate pieces the mean crystallite sizes of two samples were almost 100 �m 

different, which demonstrates that grain size controls act on short distances. Ostwald ripen-

ing works by diffusive mass transfer between grains but the diffusive transfer can be ham-

pered by impurities between the crystals. Oil stains were found on the grain boundaries of 

Bush Hill hydrates, suggesting that oil might act as an inhibitor in terms of mass transfer 

between grains. 

In addition to oil, salts in the grain boundary network can work as retarders for grain 

growth. Salt crystals were found on the surfaces of grains and in the grain boundary net-

works between grains. A good example for the effect of salts in the grain size evolution is a 

gas hydrate piece from the Indian gas hydrate expedition 01 in the Krishna-Godawari basin, 

which stems from a horizon where salt brines were found (Collett et al., 2008a). 
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The hydrate structure can have an effect on the mean grain sizes. This becomes apparent 

when two structures are present. Different hydrate structures of the Chapopote asphalt vol-

cano were diverse in both arithmetic mean crystallite size and size distributions and demon-

strated that even within the same sample volume crystallites of two co-occurring structures 

can be very distinctive: sI crystallite size distributions were skewed to smaller sizes; the sII 

crystals were quite large and skewed to larger crystal sizes. sII must have higher growth 

rates and/or a higher nucleation density, given that both structures formed simultaneously. 

In short, the results of this thesis demonstrate that for a submarine gas hydrate crystal 

size evolution the underlying process is normal grain growth or Ostwald ripening, which can 

be superimposed by retardation due to impurities in the grain boundary network. Hydrate 

crystallites in submarine settings are several hundred �m in size. Two basic different conse-

quences can be educed from this: 

1. In order to retard or even prevent hydrate crystal regrowth (not hydrate nucleation), 

admixing of certain components to the system may provide useful. That could be 

beneficial for operating gas pipelines or for any technical applications where hydrates 

are involved. 

2. The sizes of hydrate crystals in combination with the size distribution can be used as a 

proxy to draw a qualitative conclusion whether a hydrate deposit is relatively old or 

young. However, all factors which affect the crystal size evolution need to be consid-

ered. What is desirable is a database with worldwide hydrate crystallite size informa-

tion related to geological information (see Section 9.2). 

 

9.1.4 Dissociation of gas hydrates 

 

�-computer tomography (�CT) has proven to be a suitable technique to image the diage-

netic state of gas hydrate specimen. Ice originating both from frozen pore or seawater and 

from decomposing hydrate could be differentiated. This technique allows to visualize the 

degree of gas hydrate dissociation in higher precision. Until today, only the hydrate/ice 

phase fractions in combination with SEM were used to describe the genetic state. The pre-

sented work shows from microstructure inspection in 3D that ice can also derive from in situ 

formation water, which was frozen during the sample storage in liquid nitrogen. �CT there-

fore can help to further improve the assessment of the state of hydrate decomposition. 

 

9.1.5 Gas hydrate occurrence at a constrained seep site and possible transport 

mechanisms to the sea surface 

 

Pressure coring of shallow sediments in the Batumi seep area provided new data on the 

vertical distributions of gas hydrates, the total amount of hydrate-bound hydrocarbons, the 

hydrate stability and potential response to environmental changes. The restricted uppermost 

sediment body of the Batumi seeps of 1,172,500 m
3
 (0.5 km

2
 seafloor area; 0 to 265 cm 

below seafloor) hosts approximately 10.7 kt of hydrate-bound carbon, comprising more than 

99.96 mol% methane. The hydrates prevail as sI. Hydrate decomposition would set in at a 

pressure drop of ca. 13 bar or at a temperature rise of ca. 1.56 °C, which is unlikely to occur 

in short timescales. However, changes in the P,T conditions in the Black Sea are known to 

have occurred on glacial/interglacial timescales. Hydrate detachment from the seafloor is 

known from Hydrate Ridge and the Gulf of Mexico and is considered as an effective mecha-
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nism for transporting hydrate-bound volatiles including hydrocarbons to the atmosphere. At 

the Batumi seep area sporadic loosening of shallow hydrate chunks is considered to account 

for the rugged seafloor topography. That could mean that hydrocarbons and gas hydrates 

from the Batumi seeps site reach the atmosphere. 

 

9.2 Perspectives 

9.2.1 Porosity and grain boundaries of different hydrate structures 

 

It was shown in this study that the porosity or dense microstructure of gas hydrates could 

not be interpreted without information about the gas chemistry forming the hydrates and the 

crystal structures. sII hydrates with low methane fractions (60-70 mol%) were found in water 

depths where methane-rich sI hydrate would not be stable. For a basic understanding it is 

relevant to see in how far the microstructure changes if multiple crystallographic structures 

co-occur. A working hypothesis could be that within a single specimen comprising sI and sII, 

sII with less volatile guests would have a dense, non-porous surface and sI would be formed 

predominantly by methane and would have a porous microstructure. That would imply that 

the two structures could be distinguished by SEM without much difficulty. The Barkley Can-

yon in the northeastern Pacific could be a location to start these investigations, as the ther-

mogenic hydrocarbons (Pohlman et al., 2005) have a composition which crystallizes into 

different hydrate structures and structure mixes. Hydrates from the Chapopote may not be 

suitable for this particular investigation as the presented results show that the hydrate mix 

has only a small fraction of sII. This fraction might be too small for a systematic microstruc-

ture inspection assessing differences in porosity of sI and sII. 

Understanding the three-dimensional intergrowth of different hydrate structures is funda-

mental to fully comprehend the co-occurrence of different structures. �-computer tomogra-

phy will be an important technology to address this question: different X-ray absorption con-

trasts in gas hydrates observed by �-computer tomography were attributed to both grain 

boundary networks and different hydrate densities. For hydrocarbon gas hydrate, the density 

difference between sI and sII is about 0.02 – 0.15 g/cm
3
. A future perspective is to refine the 

current contrast imaging for �-computer tomography such that density differences of less 

than 0.1 g/cm
3
 in the density range of gas hydrates (0.9 to 1.1 g/cm

3
) can be resolved. 

 

9.2.2 Crystallite sizes 

 

This thesis demonstrates that crystallite sizes and size distributions reflect the formation 

and growth conditions of the hydrate. Therefore, hydrate crystallite sizes can serve as valu-

able information in characterizing seep systems and associated hydrate deposits. In order to 

approach a quantitative understanding of the major control of grain sizes – normal grain 

growth – further information on the varying factors affecting grain growth and more data on 

crystal sizes is needed. Suggestions how to systematically obtain this information include: 

• Extending a crystallite size distribution database (started in Chapter 4) by including the 

respective thermodynamic settings, gas chemical and crystal structure data, and pore 

water compositions at the individual hydrate-bearing sites. If a sample originates from 

shallow sediments at a gas seepage site, information on the gas flux will be helpful to 

compare the effect of gas fluxes on crystallite sizes. Additionally, further microstructure 

data should be included into the database, such as SEM and �CT data. 



9. Conclusions and Perspectives 

 131 

• Data acquisition: In addition to Synchrotron beamlines, laboratory diffractometers can 

also be used for crystallite size measurements; but an area detector and a mobile sam-

ple stage are necessary. Two thoughts on laboratory diffractometry are mentioned here: 

• The sizes of hydrate crystals can be inferred from the spot sizes of individual crys-

tallite reflections on Debye-Scherrer-reflections (Rodriguez-Navarro et al., 2006). 

• The area detector could be used to measure the actual lengths of crystallites in a 

certain direction. Using laboratory diffractometers, that would imply that either the 

detector or the sample or both need to be moved in a certain relation (H. Klein, 

pers. comm., Dec. 2007; Dec. 2008). 

In addition to diffraction techniques, X-ray tomography can be used to obtain crys-

tallite size information as grain boundaries can be inferred from grain boundary 

networks. Furthermore, this technique allows visualizing the crystal shapes and 

determining whether the crystal growth was hampered by impurities between 

grains. 

• Improving knowledge on ripening and annealing of crystals in a comparatively early 

stage after the formation by a dual approach: 

•  Conduct in situ seafloor experiments with constrained P,T parameters and sam-

pling intervals: freshly formed hydrates should remain at the seafloor for at least 

several weeks or months, as recent experiments performed in the framework of 

the thesis (unpublished data) showed that the sampling material still comprised 

mostly hydrate-coated bubbles four days after the experiment. 

• In addition, laboratory studies simulating natural conditions could focus on the in-

fluence of ions (York & Firoozabadi, 2009) typically found in pore waters, higher 

hydrocarbons, or other retarders on crystal growth. For retarding crystal growth, it 

would be interesting to analyze the effect of polymers such as PVCap on crystal 

growth. PVCap (poly-N-vinylcaprolactam) is frequently used as a kinetic inhibitor 

for hydrate nucleation. 

 

9.2.3 Co-occurrence of two structures 

 

For the coexistence of sI and sII at the Chapopote, it is still unanswered whether the co-

existence is due to crystallization of individual gas bubbles or whether bulk gas de-mixed 

into two incipient structures or whether both happened on different lengths scales. Answer-

ing this question is fundamental to understanding the hydrate structure coexistence and 

might be transferred to other geological sites. Several starting points are given here to ad-

dress it: 

• Kinetics of the formation in re-enacted experiments (for instance by neutron diffraction): 

Simulating the situation on the Chapopote by using similar hydrocarbon compositions 

and applying the location specific P,T conditions, the kinetics of the reaction could re-

veal whether initially one or two hydrate phases form. Also, in case one structure forms 

first, the measurements may show whether de-mixing into two structures occurs, de-

pending on the duration of the measurement. 

• Zoning or riming, i.e., a structural change accompanying an altered gas feed from the 

rim towards the center of a grain might be a reason for the sI/sII coexistence. To learn 

more about zoning of hydrates, in laboratory studies water can be set under gas pres-

sure to form hydrates. In the course of the experiment the feeding gas would be ex-
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changed. In those experiments possible gas exchange reactions within the hydrate need 

to be considered as gases might not only form new hydrate on the surface of existing 

crystals but could also exchange guests in the preexisting hydrates.  

 

9.2.4 Hydrate transport through water by means of seafloor rafting 

 

Seafloor rafting of gas hydrates is considered as an effective transport mechanism allow-

ing hydrate-bound hydrocarbons to break the sea surface. Since the effect of seeping gases 

on climate might be significant (Denman et al., 2007; Westbrook et al., 2009), hydrocarbons 

from a sufficient amount of dissociating hydrate pieces floating on the water surface will have 

an effect on climate, too. An unanswered question is, what is the contribution of up-floating 

gas hydrate chunks to the climate?  

It would be hard to quantify the volume of detached gas hydrate chunks, accordingly a 

first step would be to develop ideas how to approach this problem at all: 

• Finding and specifying parameters which make gas hydrate seafloor detachment more 

likely, such as near-surface deposits, hydrates cropping out at the seafloor and high gas 

flux from below setting hydrate caps under pressure. 

• Calculating the volume of hydrate that dissociates during floating depending on time 

lapse and traveled distance (Brewer et al., 2002; Paull et al., 2003). Such calculations, 

however, can only be rough approximations and need to be size-normalized. The 

changing P,T field as well as the effect of anomalous self preservation need to be con-

sidered in those calculations. ROV-supported open water experiments may provide field 

data for the calculations. 

• Considering in how far long-term observatories such as deep-sea landers (Pfannkuche 

& Linke, 2003) or cameras (MacDonald et al., 2005) can be used for analyzing hydrate 

detachment from the seafloor. 
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a b s t r a c t

The sediment temperature distribution at mud volcanoes provides insights into their activity and into the
occurrence of gas hydrates. If ambient pressure and temperature conditions are close to the limits of the
gas hydrate stability field, the sediment temperature distribution not only limits the occurrence of gas
hydrates, but is itself influenced by heat production and consumption related to the formation and
dissociation of gas hydrates. Located in the Sorokin Trough in the northern Black Sea, the Dvurechenskii
mud volcano (DMV) was in the focus of detailed investigations during the M72/2 and M73/3a cruises of
the German R/V Meteor and the ROV Quest 4000 m in February and March 2007. A large number of in-situ
sediment temperature measurements were conducted from the ROV and with a sensor-equipped gravity
corer. Gas hydrates were sampled in pressurized cores using a dynamic autoclave piston corer (DAPC).
The thermal structure of the DMV suggests a regime of fluid flow at rates decreasing from the summit
towards the edges of the mud volcano, accompanied by intermittent mud expulsion at the summit.
Modeled gas hydrate dissociation temperatures reveal that the gas hydrates at the DMV are very close to
the stability limits. Changes in heat flow due to variable seepage rates probably do not result in changes
in sediment temperature but are compensated by gas hydrate dissociation and formation.

� 2009 Published by Elsevier Ltd.

1. Introduction

Submarine mud volcanoes are geological structures related to
the emission of gas, pore water seepage and mud expulsion at the
sea floor (Dimitrov, 2002; Kopf, 2002). They are considered one of
the most important natural sources of methane emission to the
hydrosphere and atmosphere (e.g. Dimitrov, 2003; Kvenvolden and
Rogers, 2005), but to quantify the role of mud volcanoes in global
budgets, it is important to understand their activity (cf. Wallmann
et al., 2006b). Since the ascent of warm mud and fluids creates
temperature anomalies close to the sea floor, detection and quan-
tification of these anomalies in turn provides information on the
nature and strength of mud volcano activity (e.g. de Beer et al.,
2006; Feseker et al., 2008).

The Dvurechenskii mud volcano (DMV) was in the focus of
intense research during the cruise M52/1 (MARGASCH) of the
German R/V Meteor in 2003. Measurements revealed elevated
sediment temperatures of up to 16.5 �C at the center of the mud

volcano against a background water temperature of around 9.1 �C
(Bohrmann et al., 2003). Gas hydrates were found in all gravity
cores recovered from an area covering the entire DMV plateau
(Blinova et al., 2003; Bohrmann et al., 2003). During the same
cruise, unusually high pore water salinity was observed at the
center of the DMV (Bohrmann et al., 2003; Aloisi et al., 2004;
Wallmann et al., 2006b), which causes a substantial shift of the gas
hydrate stability limit towards lower temperatures and suggests
that gas hydrates at the DMV are very close to the stability limit.
With respect to variable intensities of gas bubble emissions into the
water column, Greinert et al. (2006) suggested strong variability in
the mud volcano activity, which point to dynamic fluid movement
in the subsurface. Based on geochemical analyses of pore water
samples, Aloisi et al. (2004) concluded that the high-salinity fluids
that are expelled at DMV originate from source depths of around
3 km below the seabed and are subjected to alteration due to
shallow gas hydrate formation. They presented simple transport
models that pointed to flow rates between 0.25 m per year at the
center of the mud volcano and 0.08 m per year at the edge.

More recently, the DMV was once more investigated in great
detail during the cruises M72 and M72/3a of R/V Meteor and the
ROV Quest 4000 m in February andMarch 2007. For the first time, an

* Corresponding author. IFM-GEOMAR, Wischhofstr. 1-3, D-24143 Kiel, Germany.
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ROV was used for visual sea floor observations and precisely posi-
tioned in-situ measurements and sampling at this mud volcano.
Winch-operated tools such as a gravity corer equipped with
temperature sensors and a dynamic autoclave piston corer were
used to obtain additional in-situ measurements and samples. Based
on the results of these two cruises, this paper presents a detailed
analysis of the temperature distribution in the sediments and
bottom water at the DMV, its relation to the presence of gas
hydrates, and its implications for the nature of the activity of this
mud volcano.

2. Geological setting

The DMV is located in the Sorokin Trough on the northern
margin of the Black Sea, SE of the Crimean Peninsula (Fig. 1). The
Sorokin Trough is a 150 km long and 50 km wide NE–SW oriented
depression. Towards the S, the depression is bounded by the
Cretaceous–Eocene Tetyaev and Shatsky uplifts, gradually nar-
rowing to the NE (Belousov et al., 1988). With water depths ranging
between 600 and 2100 m, it is one of the deepest troughs in the
eastern basin of the Black Sea.

The Sorokin Trough formed the fore-deep basin of the Crimean
Alpine range in Oligocene–Lower Miocene (Maikopian) times and
was filled with up to 5 km of Maikopian clays (Maikopian Shale
Formation), covered by up to 3 km of Quaternary sediments (e.g.
Woodside et al., 1997; Limonov et al., 1997; Ivanov et al., 1998). The
organic-rich Maikopian formation is considered to serve as
hydrocarbon source rock for widespread areas in the Black Sea. Due
to the northward movement of the rigid blocks of the Tetyaev Rise
and Shatsky Ridge, the region is subject to a compressional tectonic
regime that resulted in diapiric folding of the Maikopian shales
(Woodside et al., 1997). The diapirs disrupted by numerous faults,
which sometimes continue into the Quaternary sediments or reach
the sea floor (Woodside et al., 1997; Limonov et al., 1997; Ivanov
et al., 1998) and are suggested to act as pathways for fluids (Krastel

et al., 2003). The mud volcanoes in the Sorokin Trough are mostly
located on the flanks of the Maikopian diapirs (Ivanov et al., 1998)
and may be the result of focused flow from the diapirs to the sea
floor (Krastel et al., 2003). In contrast to the conical shape of the
Sevastopol mud volcano (Wagner-Friedrichs et al., 2008), the
Vodyanitskii mud volcano (Sahling et al., in press), and other mud
volcanoes in the vicinity, the DMV is characterized by a nearly flat
top at a water depth of around 2055 m (Figs. 2 and 5), which
indicates relatively high fluidity of the expelled mud (Brown, 1990).

3. Methods

3.1. Temperature measurements

In-situ temperature measurements from the DMV were
obtained during two cruises M72/2 and M72/3a (Bohrmann et al.,
2007) of R/V Meteor in February and March 2007 using a gravity
corer and a temperature lance operated by the ROV Quest 4000 m
(MARUM, Bremen). The 6-m-long gravity corer was equipped with
five to six autonomous temperature loggers mounted on outriggers
that were welded to the corer barrel. Measuring at a resolution of
0.0006 �C, the accuracy of these sensors is better than 0.002 �C
within a calibration range from �2 to 35 �C. While the relative
distance between individual sensors could always be measured
accurately when the instrument was on deck, the absolute depths
of the measurements below the seabed had to be estimated from
mud smear on the gravity corer or on the cable. Particularly at the
center of the mud volcano, the extremely soft consistency of the
sediments led to over-penetration of the instrument, whichmade it
very difficult to estimate the penetration depth. For each deploy-
ment, the corer was left in the sediment for a period of 5–10 min,
during which the loggers recorded temperature measurements at
a time interval of 5 s. The sediment temperatures were calculated
by extrapolation from these equilibration curves. A transponder
(POSIDONIA, IXSEA) was attached to the cable 50–100 m above the

Fig. 1. The Dvurechenskii mud volcano (DMV) is located on the northern margin of the Black Sea, SE of the Crimean peninsula.
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gravity corer for each deployment to improve the accuracy of
underwater positioning. The remaining error of the instrument
position at the sea floor is estimated to be less than 20 m.

In addition to the gravity corer equipped with temperature
sensors, a new ROV-operated short temperature lance (ROV lance)
was used on M72/2 during three dives (dives 147, 150, and 151) to
obtain in-situ sediment temperature measurements. The ROV lance
consists of a 0.8-m-long plastic rod with eight temperature sensors
distributed over the lower 0.55 m. All temperature sensors were
connected to a data logger attached to the upper end of the rod,
which turned the ROV lance into a fully autonomous instrument.
Resolution and precision of the temperature measurements are
identical to those of the autonomous loggers mentioned above.
During each dive, temperature readings from all sensors were
recorded at a time interval of 10 s while the ROV was in the water.
For each station, the ROV lance remained in the sediment for at
least 7 min. After the dives, the sediment temperatures were
calculated through extrapolation from the equilibration process in
the same way as for the measurements using the gravity corer. The
measurements using the ROV lance were continued during two
dives (dives 159 and 160) in the course of leg M72/3a.

The same autonomous temperature loggers used on the gravity
corer were also attached to the frame of the ROV Quest 4000 m
during the cruise M72/2 to obtain highly accurate water tempera-
ture measurements. For dive 147, a single logger was placed at
a height of 0.63 m above the bottom of the ROV. An additional
logger was placed at a height of 1.25 m above the bottom for dives
150 and 151. Both loggers recorded temperature measurements at
an interval of 5 s while the ROV was in the water. After the dives,
the measurements were georeferenced using the ROV dive navi-
gation log. For all times when the altitude of the ROV was less than
30 m above the sea floor, the water depth at the position of the ROV
was calculated as the sum of the immersion and the altitude.
However, as these parameters had not been calibrated for the

density profile of the water column in the working area, there was
an offset between the calculated water depths and the multibeam
map that was compensated for by adding 14.8 m to the values
calculated from the ROV navigation data.

3.2. Gas chemistry and calculation of gas hydrate stability limits

For retrieval of the gas contained in near-surface sediments of
the DMV, pressurized sediment cores were recovered using
a Dynamic Autoclave Piston Corer (DAPC) (Abegg et al., 2008). The
DAPC is operated similar to a conventional piston corer, but is
additionally equipped with a gas-tight pressure chamber which
enables the recovery of sediment cores of up to 2.65 m in length
under in-situ pressure. Immediately upon recovery, the gas con-
tained in the DAPC pressure chamber was released incrementally
via a gas manifold modified after (Dickens et al., 2003), and
quantified by use of a gas catcher (Dickens et al., 2003; Heeschen
et al., 2007). Gas samples were taken at selected time points of the
degassing procedure and stored in glass serum vials until gas
chemical analysis. Abundances of C1–C6 hydrocarbons, oxygen,
nitrogen and carbon dioxide in individual gas samples were ana-
lysed by gas chromatography. Concentrations stated for individual
hydrocarbons and carbon dioxide are average values calculated for
total gas released from the pressure core.

Gas hydrate stability curves mark the boundaries of the hydrate
phase and a phase of free gas and water. The stability curves for the
near-surface sediments at DMV were calculated using the software
HWHYD, developed at the Centre for Gas Hydrate Research, Heriot-
Watt University, U.K., in 2005 (Masoudi and Tohidi, 2005; Øster-
gaard et al., 2005). The software was loaded with gas chemical
compositions derived from degassing of DAPC cores and different
values of salinity taken from Bohrmann et al. (2003) and Aloisi et al.
(2004). For comparison, the phase boundaries were also calculated
for ambient conditions (chlorinity 830 mM, salinity 51 PSU, no

Fig. 2. Shaded bathymetry of the DMVwith an isobath interval of 5 m. The blue crosses indicate the positions of in-situ sediment temperature measurements using the gravity corer
during M72/2. The yellow crosses denote DAPC stations carried out during M72/3a. Labels indicate station numbers. The positions of the gravity corer stations are listed in Table 1.
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sulfate) following the Pitzer approach as described by Tishchenko
et al. (2005). In the following, the term ‘methane hydrate’ refers to
theoretical structure-I hydrates incorporating pure methane, while
the term ‘gas hydrates’ denotes hydrates enclosing hydrocarbons
and carbon dioxide in specific composition as determined in this
study for shallow DMV deposits.

3.3. Geochemical pore water analyses and calculation of gas
hydrate inventory

Gas hydrates were dissociated in the DAPC cores under
controlled conditions over a period of several days. Wet sediment
samples were taken for the determination of water contents and
sediment porosity after hydrate dissociation was completed. The
pore water was extracted by squeezing at a pressure of 4 bar and
a temperature of 10 �C (Wallmann et al., 2006a). Chloride, sulfate
and bromide concentrations in the pore water samples were
determined by ion-chromatography (Wallmann et al., 2006a). Wet
sediment samples were freeze-dried to determine the contents of
water and dry solids in weight percent. The porosity f* of the
sediment samples after hydrate melting, i. e. the volume fraction of
pore water in wet sediments, was calculated as:

f* ¼
MW
rW

MW
rW

þ MS
rS

(1)

where MW and MS are the contents of pore water and dry solids in
weight percent, respectively, and rWand rS are the densities of salt-
free pore water (1.0 g/cm3) and the sediment grains (2.5 g/cm3),
respectively.

Dissolved salts are diluted by H2O released from hydrates
dissociating upon core retrieval. The decrease in dissolved chloride
may thus be used to calculate the hydrate inventory (Ussler and
Paull, 2001). The chloride concentration after hydrate dissociation
(cCl* ) is related to the in-situ chloride concentration prior to hydrate
melting (cCl) by:

c*Cl ¼ cCl
f

f*
¼ cCl

f

fþ R
(2)

where f is the in-situ porosity or, in other words, the volume of
porewater per unit volume of bulk sediment prior to melting, and R
is the ratio of the volume of H2O produced by hydrate dissociation
per unit volume of bulk sediment.

The in-situ porosity f is thus calculated from the measured
porosity and chloride data and the estimated in-situ chloride
concentration cCl as:

f ¼ c*Cl$f
*

cCl
(3)

The ratio R is derived from the water balance as:

R ¼ f* � f ¼ f*

 
1� c*Cl

cCl

!
(4)

The amount of methane bound in hydrate per unit volume of
bulk sediment (H in mol/cm3) is finally calculated from R applying
the density of water released during hydrate melting (rW¼ 1.0 g/
cm3), the molecular weight of water (mW¼ 18 g/mol), and the
average molar H2O/CH4 ratio of structure-I hydrate (r¼ 5.9; Ussler
and Paull, 2001):

H ¼ R$rW
mW$r

¼ f*

 
1� c*Cl

cCl

!
rW

m$Wr
(5)

The hydrate concentration in terms of volume of hydrate per
unit volume of bulk sediment (cH in cm3/cm3) is calculated from H
applying the average molecular weight (mH¼ 122.2 g/mol) and
density (rH¼ 0.9 g/cm3; Ussler and Paull, 2001) of methane
hydrates:

cH ¼ H$mH

rH
(6)

4. Results

4.1. In-situ temperature measurements using the gravity corer

In-situ sediment temperature profiles were measured during 20
deployments of the gravity corer at seven different targets on the
DMV (Fig. 2). The stations are listed in Table 1, and the corre-
sponding results of the measurements are listed in Table 2. All
temperature measurements on the flanks of the mud volcano
revealed linear profiles. The results frommultiple measurements at
the same targets agreed very well with each other. The lowest
temperature gradients of around 0.037 �C/m were found on the
southern flank (Fig. 3a). Slightly higher temperature gradients of
0.052 and 0.057 �C/mwere measured on the northern and western
flanks, respectively (Fig. 3b).

Seven temperature profiles from the plateau of the DMV but
away from the summit are compiled in Fig. 3c. The corresponding
temperature gradients varied between 0.186 �C/m at station 274
close to the western edge, 0.354 �C/m at station 275 in the eastern
part of the plateau, and from 0.764 to 0.880 �C/m at stations 298
through 300 close to the geometrical center of the mud volcano,
where two other deployments (stations 273 and 297) with more
weight on the gravity corer revealed a nearly constant temperature
of 16.274–16.372 �C with no apparent gradient below sediment
depths of 10 m. The results of all five deployments close to the
geometrical center agreed very well with each other and could be
combined to a full temperature profile covering an interval of 1.7–
14 m below the sea floor (mbsf).

Due to the very soft sediment, the gravity corer over-penetrated
during all three deployments at the summit of the DMV, evenwhen
the weight of the head was reduced to around 200 kg.

Table 1
Positions of sediment temperature measurements using the gravity corer. The
positions are also shown on the bathymetric map in Fig. 2. The results of the
measurements are listed in Table 2 and shown in Fig. 3.

Station no. Date Time [UTC] Latitude N Longitude E Depth [m]

273 27/02/2007 10:24 44�16.9470 034�58.9290 2056
274 27/02/2007 13:13 44�16.9590 034�58.5960 2057
275 27/02/2007 15:36 44�16.9970 034�59.1750 2057
276 27/02/2007 18:02 44�17.2630 034�59.0020 2075
277 27/02/2007 20:20 44�16.6140 034�58.6790 2075
297 02/03/2007 21:52 44�16.9480 034�58.9160 2054
298 03/03/2007 00:57 44�16.9470 034�58.9230 2054
299 03/03/2007 03:10 44�16.9370 034�58.9200 2054
300 03/03/2007 05:36 44�16.9370 034�58.9200 2054
302 03/03/2007 23:15 44�16.5900 034�58.6210 2089
303 04/03/2007 01:56 44�16.5920 034�58.6640 2089
304 04/03/2007 05:11 44�16.5970 034�58.6340 2086
305 04/03/2007 08:27 44�16.6060 034�58.6300 2086
306 04/03/2007 11:05 44�16.5780 034�58.5690 2086
307 04/03/2007 15:27 44�17.0270 034�58.8920 2050
310 06/03/2007 08:25 44�17.0250 034�58.8930 2055
311 06/03/2007 11:10 44�17.0190 034�58.9020 2052
313 06/03/2007 14:42 44�17.2630 034�59.0050 2075
314 06/03/2007 17:45 44�17.2550 034�59.0050 2075
316 06/03/2007 21:14 44�17.0730 034�58.4710 2081
318 07/03/2007 03:15 44�16.9700 034�58.9100 2041
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Consequently, the absolute depth of the measured temperature
profiles was difficult to estimate and is subjected to an error in the
order of up to several meters. According to station 307 (Fig. 3d), the
sediment temperature decreased from 16.828 to 16.766 �C between

63.7 and 67.6 mbsf with a mean gradient of �0.016 �C/m, while the
other two deployments revealed higher temperatures at less than
14 mbsf: At station 310, the sediment temperature decreased from
20.534 to 17.469 �C between 2 and 5.8 mbsf, corresponding to

Table 2
In-situ sediment temperatures measured using the gravity corer. For each sensor, the distance Dz between the sensor and the tip of the gravity corer is given in the last row of
the table. The estimated penetration depth also refers to the tip of the gravity corer, such that the sensor depthmay be calculated by subtracting Dz from the penetration depth.
The positions of the stations are listed in Table 1 and shown in Fig. 2.

Station no. Temperature [�C] Penetration depth [m]

T1 T2 T3 T4 T5 T6

273 16.317 16.330 16.351 16.361 16.315 16.218 14
274 10.609 10.374 10.191 10.055 9.856 9.712 7
275 12.882 12.621 12.260 12.011 11.638 11.177 10
276 9.313 9.262 9.205 9.148 9.114 9.119 4
277 9.264 9.222 9.186 9.155 9.120 9.117 4.5
297 16.372 16.353 16.354 16.375 16.380 16.274 14.5
298 15.645 14.951 14.267 13.353 12.502 11.404 7
299 15.853 15.489 14.719 13.863 12.998 12.051 7.7
300 15.997 15.710 14.956 14.102 13.226 12.313 8
302 9.218 9.176 9.142 9.112 9.115 9.117 3.2
303 9.225 9.183 9.149 9.113 9.120 9.117 3.5
304 9.267 9.225 9.188 9.157 9.118 9.117 4.5
305 9.263 9.224 9.186 9.157 9.125 9.117 4.5
306 9.259 9.222 9.187 9.157 9.116 – 4.5
307 16.766 16.794 16.795 16.811 16.828 – 68
310 17.520 17.469 17.802 18.481 19.684 20.534 7.2
311 17.173 17.018 16.899 16.865 16.885 16.986 13
313 9.311 9.253 9.210 9.138 9.114 9.115 4
314 9.317 – 9.205 9.148 9.114 9.114 4
316 9.337 9.266 9.210 9.153 9.114 9.115 4
Dz [m] 0.43 1.47 2.42 3.4 4.3 5.25
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Fig. 3. In-situ sediment temperature profiles from the southern flank (a), the northern and western flank (b), the plateau (c), and the summit (d) of the DMV. The corresponding
locations are illustrated in Fig. 2.
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a mean gradient of �0.847 �C/m. Below, the temperature increased
again slightly to 17.520 �C at 6.8 mbsf. At station 311, the sediment
temperature decreased from 16.986 at 7.8 mbsf to 16.865 �C at
9.6 mbsf, which corresponds to a gradient of around �0.066 �C/m.
Below this relative minimum, the temperature increased by around
0.106 �C/m–17.173 �C at 12.6 mbsf. Thus, the two shallower
temperature profiles from the summit both point to higher sedi-
ment temperatures close to the seabed than at 60 mbsf. This is
consistent with the time series of the temperature measurements
during the deployment of the gravity corer at station 307 (Fig. 4),
which shows an increase in temperature during heaving just before
the instrument leaves the sediment. Part of this temperature
increase, however, may have been caused by friction.

4.2. In-situ temperature measurements during ROV dives

In-situ temperature measurements using the ROV-operated
short temperature lance were conducted in the course of three
dives during cruise leg M72/2 and two additional dives during
cruise leg M72/3. Bottom water temperature measurements were
obtained using autonomous temperature loggers mounted on the
frame of the ROV during three dives of the first cruise leg. For
comparison, the data were projected on two transect lines across
the mud volcano, which are shown in Fig. 5. The microbathymetry
compiled from the ROV navigation data for parts of the two transect
lines revealed that the flanks of the mud volcano are slightly
steeper and that the summit is less pronounced than suggested by
the multibeam map (Fig. 6).

Focussing on the summit of the DMV, the ROV-operated short
temperature lance was used to measure shallow in-situ sediment
temperature profiles at 54 locations on the plateau and at two
locations on the flanks. The locations of all measurements are

shown in Fig. 5. All of the shallow temperature profiles were linear.
The corresponding temperature gradients ranged between 11.020
and 0.025 �C/m and decreased rapidly from the summit towards
the flanks of the mud volcano (Fig. 6).

Fig. 6 shows water temperature measurements obtained from
the sensor mounted close to the bottom of the ROV, which were
recorded within a distance of 10 m from the transect lines and
while the ROV was at the sea floor. Thus the height of the sensor
was about 0.63 m above the seabed. For comparison, the normal
water temperature as a function of depth was extracted from data
recorded when the ROV was moving through the water column
away from the mud volcano. Fig. 6 shows that the normal water
temperature increased with depth and that the water depth of the
plateau (2055 m) corresponded to values of approximately 9.114 �C.
At the summit of the DMV, however, the measurements revealed
a positive bottom water temperature anomaly of more than
þ0.01 �C and a second anomaly of around 0.008 �Cwas found at the
northern edge of the plateau.

4.3. Gas samples from pressurized sediment cores

Three DAPC stations (GeoB 11911, 11914 and 11916) were carried
out on the plateau of the DMV away from the summit (Fig. 2).
Amounts of gas associated to shallow deposits of the DMV were
retrieved during on-board degassing of the pressure cores. All
pressure cores achieved nearly full penetration (up to 256 cm core
length) and recovered the typical mud breccia including clasts
presumably Maikopian (Oligocene/Lower Miocene) in age (Bohr-
mann et al., 2007).

The average distribution of lowmolecular-weight hydrocarbons
and carbon dioxide released during degassing of the three pressure
cores was strongly dominated by methane (99.0868 mol-%),
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followed by ethane (0.0557 mol-%), propane (0.0004 mol-%), and
carbon dioxide (0.8569 mol-%) (Table 3). The resulting mean
molecular ratio (C1/C2þ¼1760) suggests that low molecular-
weight hydrocarbons in shallow deposits of the DMV are
predominantly sourced by microbial activity (Bernard et al., 1976).

4.4. Gas hydrate stability

The phase diagram in Fig. 7 shows the stability curves calculated
using the software Heriot-Watt-Hydrate (HWHYD) software and
following the Pitzer approach. At the water depth of the DMV all
curves plot in a very small temperature range between about
16.5 �C and 17.0 �C, except for the stability curve calculatedwith the
Black Sea bottom water chlorinity. The Pitzer approach, using pure
methane as the only hydrate former, reveals the lowest tempera-
ture at a given water depth. Considering the site-specific compo-
sition of low molecular-weight hydrocarbons and CO2 (HWHYD
software) shows slightly elevated temperatures at the same depth.
However, for the same gas composition, the curves vary due to
different pore water chlorinities or salt ions, respectively, as
assumed from previous studies (e.g. Bohrmann et al., 2003; Aloisi
et al., 2004; Wallmann et al., 2006b).

4.5. In-situ porosity and concentrations of methane hydrates in
DMV sediments

At station GeoB 11911, chloride was depleted only at the sedi-
ment surface due to the diffusive exchangewith the overlying Black
Sea bottom water (Fig. 8). The concentration reached a plateau
value of 830 mM below sediment depths of 100 cm. Dissolved
chloride was, however, significantly depleted below sediment
depths of 150 cm at stations GeoB 11914 and GeoB 11916. The
chloride depletion was accompanied by a strong increase in

sediment porosity (Fig. 8). The in-situ chloride concentration cCl in
hydrate-bearing sediments (GeoB 11914 and GeoB 11916) may be
estimated as 830 mM from the dissolved chloride values in the
overlying hydrate-free sediment horizons and the chloride
concentration measured in the hydrate-free sediment core GeoB
11911 (Fig. 8).

Methane hydrate concentrations are below the detection limit
of the chloride method in core GeoB 11911. In cores GeoB 11914 and
GeoB 11916, hydrate appears below a sediment depth of 150 cm
and approaches concentrations of 1.7 mmol CH4/cm

3 or 0.23 cm3 of
hydrate per cm3 of bulk sediment at 200–250 cm sediment depth
(Fig. 9). The in-situ porosity of hydrate-bearing sediments is much
lower than the porosity determined after hydrate melting. It is also
lower than the porosity in the overlying hydrate-free sediment
layers (Figs. 8 and 9). The decrease in in-situ porosity from around
0.65 in hydrate-free surface sediments to around 0.55 in the
underlying hydrate-bearing layers indicates that the available pore
space is partly clogged by hydrates. However, the total porosity
calculated as sum of the pore space filled by water and hydrates
(fþ cH) increases to more than 0.7 in the hydrate-bearing layer.
This increase strongly suggests that sediment grains are pushed
aside by hydrate formation. Thus, hydrate formation induces, both,
the creation of new pore space by sediment grain displacement and
the clogging of available pore space.

5. Discussion

5.1. Sediment temperature distribution

The in-situ measurements using the ROV lance and the gravity
corer both revealed very high sediment temperatures at the
summit of the DMV and showed a rapid decrease in near-surface
temperature gradient away from the summit. Assuming a thermal

Fig. 5. Shaded bathymetry of the DMV with an isobath interval of 5 m. The crosses show the positions of in-situ sediment temperature measurements using ROV lance. The lines AB
and CD show the positions of the transect lines used in Fig. 6.

T. Feseker et al. / Marine and Petroleum Geology xxx (2009) 1–12 7

ARTICLE IN PRESS

Please cite this article in press as: Feseker, T., et al., The thermal structure of the Dvurechenskii mud volcano and its implications for gas...,
Marine and Petroleum Geology (2009), doi:10.1016/j.marpetgeo.2009.01.021



conductivity of 1 W/(m�C) for the near-surface sediments, the
highest temperature gradient at the summit corresponds to a heat
flow of 11,020 mW/m2, which is more than four times greater than
themaximumvalue reported previously by Kutas and Poort (2008).
The mean temperature gradient measured at the southern flank is
equivalent to a heat flow of 37 mW/m2 and falls within the range of
regional background values (Kutas and Poort, 2008).

The high sediment temperature gradients at the summit coin-
cided with an area of elevated bottom water temperatures. Within
a distance of approximately 50 m from the highest point of themud
volcano, the seawater was up to 0.014 �C warmer than the normal

water temperature at that depth (Fig. 6). While the location and
extent of this anomaly appear to be comparable to previous
observations by Bohrmann et al. (2003), the magnitude described
here is around five times larger, which may be related to the fact
that the measurements were conducted closer to the sea floor. A

Multibeam
ROV

2055

2060

2065

2070

2075

2080

2050

2085

W
a
t
e
r
 
d

e
p

t
h

 
[
m

] Multibeam
ROV

C-D

D
C

A

B

A-B

C-D

A-B

2

4

6

8

10

0

12

-600 -400 -200 0 200 400 600 800 1000 1200

T
e
m

p
e
r
a
t
u

r
e
 
g

r
a
d

i
e
n

t

[
d

e
g

 
C

/
m

]

Distance along transect [m]

9.112
9.114
9.116
9.118
9.12

9.122
9.124

9.11

9.126

T
e
m

p
e
r
a
t
u

r
e
 
[
d

e
g

 
C

] Bottom water temperature
Normal temperature at depth

A-B

C-D Bottom water temperature
Normal temperature at depth

Fig. 6. Bottom water temperature (top), bathymetry (middle), and near-surface sediment temperature gradient (bottom) along transect lines AB and CD across the center of the
DMV. The location of the transect lines is shown in Fig. 5.

Table 3
Distributions of lowmolecular-weight hydrocarbons (C1 to i-C4) and carbon dioxide
in gas retrieved by degassing of pressure cores from the DMV. Values given in mol-%
of SC1–C4, CO2. Note: Presumably due to a small leakage of the sampling device,
pressure and total gas volume of core GeoB 11911 contained in the pressure chamber
upon recovery were lower than expected. This pressure loss suggests that core GeoB
11911 was devoid of substantial amounts of gas hydrate, which is consistent with the
results obtained by the Pitzer model. Due to compositional trends in the course of
core degassing, the composition of residual gas in the pressure chamber of GeoB
11911 probably differs slightly from that initially associated to the sampled sedi-
ments. Accordingly, mean values were calculated for cores GeoB 11914 and 11916,
only.

CH4 C2H6 C3H8 i-C4H10 CO2 C1/C2þ

GeoB 11911 (98.6441) (0.0560) (0.0004) (0.0000) (1.2995) (1750)
GeoB 11914 99.1442 0.0542 0.0005 0.0000 0.8012 1814
GeoB 11916 99.4720 0.0569 0.0004 0.0006 0.4700 1715
Mean 99.3081 0.0556 0.0005 0.0003 0.6356 1765
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second anomaly at the northwestern edge of the plateau could not
be related to elevated sediment temperatures (Fig. 6, transect C–D).

According to Bohrmann et al. (2003), the sediment tempera-
tures at the DMV did not exceed 16.5 �C in 2003. Kutas and Poort
(2008) reported a maximum temperature of 20.17 �C at 2.5 mbsf
measured during a cruise in 2005 at a station slightly west of the
geometric center. In this study, the highest temperature value was
20.534 �C, measured at 2 mbsf at the summit. However, it is not
clear whether these differences are related to temporal or spatial
variability. In fact, the combination of the shallow and deep
measurements presented here suggests even higher temperatures
at 1–2 mbsf at the summit: The gradient at the upper end of the
profile recorded at station 310 was still negative (�0.847 �C/m at
2 mbsf, Fig. 3d), pointing to a further temperature increase towards
the sea floor, and all shallow measurements at the summit showed
high gradients of around 8–11 �C/m (Fig. 6), such that temperatures
of more than 20 �C could already be reached below 1 mbsf. A
similar sediment temperature distribution was reported from the
Håkon Mosby mud volcano on the Barents Sea slope, where very
high temperatures were measured close to the seabed at the active

center of the mud volcano, while the sediment temperatures below
were much lower (Feseker et al., 2008). These locally very limited
shallow sediment temperaturemaxima could be explained by short
phases of mud eruption, during which an isolated volume of warm
mud reaches the sea floor very rapidly and cooler sediment from
the surroundings filled the void in the conduit below, leaving the
warm mud at the sediment surface completely detached from its
warm source at depth.

The increase in temperature gradient towards the summit also
resembles observations from other mud volcanoes (e.g. Håkon
Mosby mud volcano, de Beer et al., 2006; Feseker et al., 2008) and
suggests upward fluid flow at high rates at the summit and low
rates closer to the edge of the plateau, as described previously for
the DMV by Aloisi et al. (2004). This interpretation is consistent
with the observed bottom water temperature anomaly at the
summit.

Based on geochemical analyses of the mud volcano fluids, Aloisi
et al. (2004) concluded that the temperature at the source of the
DMV is around 100 �C, corresponding to a depth of about 2.5–3 km.
Considering the highest near-surface sediment temperatures

Fig. 8. Porosity and dissolved chloride measured in DAPC samples from the DMV.
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reported here, this implies that the fluids and the mud lose nearly
80 percent of their initial heat to the surrounding sediments during
the ascent.

5.2. Gas hydrate stability models

At the water depth of the DMV (2055 m), the gas hydrate
dissociation temperatures predicted by the HWHYD software for
the mean measured gas composition and chlorinities of 355 mM
and 900 mM (Fig. 7) were approx. 0.5 �C higher than those given by
Bohrmann et al. (2003), who assumed pure methane hydrates. The
shift to warmer temperatures could thus be related to small frac-
tions of higher low molecular-weight hydrocarbons and CO2 filling
the hydrate cages (Sloan and Koh, 2007). Taking into account the
concentrations of Mg2þ, Ca2þ, and Kþ in addition to chlorinity
resulted in an additional shift towarmer temperatures compared to
the stability curve calculated for the same chlorinity but neglecting
all components other than Na2þ. It turns out that with a theoretical
presence of pure chloride, gas hydrate is less stable than when the
same total salinity is composed of additional ions. The changes,
however, are minor, because the stability is quite similar to the
curve for pure methane.

The Pitzer approach returns a marginally more limited methane
hydrate stability boundary, i.e. slightly colder temperatures at
a given pressure, than the curves generated by HWHYD software,
which is based on gas chemistry and salinity. By that, it fits well into
the data set from HWHYD models, which consider also minor
fractions of other hydrocarbons and CO2. Yet, the abundances of
other gas species are small, and consequently, the differences in
predicted dissociation temperature at the ambient pressure at the

DMV are not more than 0.5 �C. Accordingly, for the conditions
encountered at the DMV both methods are useful for predicting the
occurrence of gas hydrates in the subsurface.

5.3. Total methane inventory in DMV sediments

Methane occurs not only as hydrate but also in the dissolved
phase. The concentration of methane in highly saline solutions in
the presence of structure-I hydrate was calculated applying the
Pitzer approach (Tishchenko et al., 2005). For ambient conditions in
DMV surface sediments (T¼ 16.5 �C, p¼ 210 bar, cCl¼ 830 mM,
salinity: 51, no sulfate), structure-I methane hydrate has a solubility
of 123 mmol/kg or 118 mmol/dm3 (Tishchenko et al., 2005). Reac-
tive transport modeling showed that the DMV pore fluids reach
saturation with respect to methane hydrate already at shallow
sediment depths of only z 100 cm (Wallmann et al., 2006b). The
total inventory of dissolved methane in the sampled sediments is
thus estimated considering the in-situ porosity f and assuming
a constant methane concentration of 118 mM at 100–250 cm
depths and a reduced concentration of z 60 mM at 0–100 cm
depths. The corresponding hydrate-bound CH4 inventories are
calculated by multiplying cH and f (Table 4).

It should be noted that the methane inventories listed in Table 4
are minimum estimates since methane occurring as free gas is not
considered. Moreover, the estimated in-situ chloride concentration
may be too low. It is possible that salts excluded during hydrate
formation accumulate in the pore fluids (Haeckel et al., 2004;
Torres et al., 2004). The calculations presented here were based on
the assumption that the excluded salts were flushed from the
hydrate-bearing sediments by upward fluid flow and diffusion. The

Fig. 9. In-situ porosity and hydrate concentrations (H: methane bound in hydrates in mmol of CH4 per cm
3 of bulk sediment; cH: hydrate concentration in cm3 of hydrate per cm3 of

bulk sediment) in hydrate-bearing cores.
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hydrate inventory could, however, be much larger than the values
estimated here if a significant fraction of the excluded salts remains
in the hydrate-bearing sediments.

5.4. Gas hydrates and sediment temperature – a ‘gas hydrate
thermostat’

The hydrocarbon composition of gas recovered by pressure
coring resembled that previously reported for gas and gas hydrates
associated to sediments sampled by gravity coring within the DMV
area (Blinova et al., 2003). Hence, it may be assumed that the
compositions of gas (Blinova et al., 2003, and this study) and fluids
(Aloisi et al., 2004, and this study) have not changed significantly
since 2003. However, in contrast to the results presented here, the
sediment temperatures in 2003 appeared to be lower (Bohrmann
et al., 2003) and gas hydrates were found in all gravity cores
covering large parts of the DMV area (Blinova et al., 2003). Thus, the
presence or absence of gas hydrates in shallow deposits of the DMV
could be primarily controlled by the temperature regime.

Converting the temperature time series recorded by the sensors
T1 and T5 while heaving the gravity corer through the sediment at
station 307 into a continuous temperature profile illustrates the
relationship between sediment temperature and gas hydrates at
the DMV (Fig. 10): Below 30 mbsf, the resulting temperature
profiles reflect the gas hydrate dissociation temperature and show
no indications for frictional heat. Above 30 mbsf, the profiles show
much higher temperatures than the conventional profiles from
stations 310 and 311, while the general shape is similar. The devi-
ation of the upper parts of the profiles could be related to frictional
heat during heaving, which was compensated by the dissociation of
gas hydrates in the lower part of the profile. Outside the upper 30 m
of the sediment column at the summit, all measured temperatures
fall within the gas hydrate stability zone (GHSZ).

Thus, if gas hydrate dissociation effectively compensates the
frictional heat of the gravity corer moving through hydrate-bearing
sediments, it may also be possible that gas hydrate formation and
dissociation compensate changes in heat flow caused by variations
in fluid seepage through hydrate-bearing sediments within the
GHSZ. According to data compiled by Sloan and Koh (2007), the
dissociation energy of gas hydrate is around 55 kJ/mol. For
a hydrate occupancy of 23% of the total volume, corresponding to
a concentration of 1.7 mmol CH4/cm

3 (this study), the energy
required to dissociate all gas hydrates in the sediment is:

DQ ¼ 5:5� 104
J

mol
� 1700

mol
m3 ¼ 9:35� 107

J
m3 (7)

where DQ is the energy consumed by gas hydrate dissociation per
m3 of sediment. Applying the same amount of heat to a hydrate-
free volume of bulk sediment would result in a temperature
increase of:

DT ¼ DQ
rc

¼ 9:35� 107 J
m3

1678kg
m3 � 2630:4 J

kg
�
C

z21:18
�
C (8)

where DT is the calculated temperature change, and
r ¼ 1678 kg=m3 and c ¼ 2630:4 J=kg

�
C are the density and the

specific heat of the bulk sediment, respectively, assuming a porosity
of 0.6. The magnitude of DT reveals the enormous potential of gas
hydrate-bearing sediments to buffer changes in heat flow.

Since heat is consumed during hydrate dissociation and
produced during hydrate formation, it may be assumed that the
sediment temperatures in the GHSZ are generally stabilized by this
negative feedback. A ‘gas hydrate thermostat’ may be established
providing negative feedback on sediment temperature. Any
increase in seepage of warm fluid through hydrate-free sediments
leads to a temperature increase. In sediments within the GHSZ at
the DMV, an increase in fluid seepage will cause the dissociation of
gas hydrates, while the temperature remains unchanged. On the
other hand, when new gas hydrates are formed during phases of
reduced seepage, the heat of formation would stabilize the sedi-
ment temperature just below the dissociation temperature. Hence,
variable gas flares observed above the DMV (Greinert et al., 2006)
could be explained by fluctuating seepage rates. In contrast to fluid
seepage through hydrate-bearing sediments, the increase in heat
flow associated with the ascent of warm, hydrate-free mud could
not be compensated immediately by gas hydrate dissociation,
which supports the interpretation of a recent mud eruption at the
summit of the DMV.

6. Conclusions

The distribution of sediment temperatures at the DMV provides
indications for both fluid seepage and mud eruptions. Increasing
temperature gradients from the edges of the plateau towards the
summit point to low rates of fluid seepage at the edges and higher
rates at the summit. The high sediment temperatures close to the
seabed at the summit, however, are probably the result of short,
rapid mud expulsion.

Gas hydrate dissociation temperatures were calculated using (i)
the HWHYD software and hydrocarbon compositions determined
from pressurized cores and (ii) following the Pitzer approach. Both
methods yielded very similar results for the depth range of the
DMV and showed that the gas hydrates in the near-surface sedi-
ments are very close to the stability limit. According to the

Table 4
Methane inventory (mmol/cm2) in DAPC cores GeoB 11911, GeoB 11914 and GeoB
11916. Inventories are calculated integrating the concentrations of dissolved and
hydrate-bound methane over the entire length of the sediment cores (0–250 cm).

GeoB 11911 GeoB 11914 GeoB 11916

Dissolved CH4 16 15 15
CH4 bound in hydrate 0 105 96
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Fig. 10. Sediment temperature distribution and gas hydrate stability at the DMV. The
temperature time series recorded by the sensors T1 and T5 while heaving the gravity
corer through the sediment at station 307 were converted into continuous tempera-
ture profiles, assuming a constant velocity. Below 30 mbsf, the resulting profile reflects
the gas hydrate dissociation temperature. Above 30 mbsf, the profile shows much
higher temperatures than the conventional profiles from stations 310 and 311, while
the general shape is comparable. The deviation of the upper part of the profile could be
related to frictional heat during heaving, which was compensated by the dissociation
of gas hydrates in the lower part of the profile. Away from the summit, all measured
temperatures fall within the gas hydrate stability field.

T. Feseker et al. / Marine and Petroleum Geology xxx (2009) 1–12 11

ARTICLE IN PRESS

Please cite this article in press as: Feseker, T., et al., The thermal structure of the Dvurechenskii mud volcano and its implications for gas...,
Marine and Petroleum Geology (2009), doi:10.1016/j.marpetgeo.2009.01.021



temperature measurements, the only compartment beyond the gas
hydrate stability zone at the DMV comprises the upper 30 m of the
sediment column at the summit. At any other place within the mud
volcano structure, the temperatures in shallow sediments allow for
gas hydrate precipitation as predicted by both methods.

Based on the chloride depletion from gas hydrate dissociation in
DAPC cores, the gas hydrate content of the sampled sediments was
estimated at around 23% of the volume. In-situ sediment temper-
ature measurements suggest that the gas hydrate at the DMV may
compensate changes in heat flow due to changes in seepage rates,
establishing a ‘gas hydrate thermostat’.
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a b s t r a c t

Vodyanitskii mud volcano is located at a depth of about 2070 m in the Sorokin Trough, Black sea. It is
a 500-m wide and 20-m high cone surrounded by a depression, which is typical of many mud volcanoes
in the Black Sea. 75 kHz sidescan sonar show different generations of mud flows that include mud
breccia, authigenic carbonates, and gas hydrates that were sampled by gravity coring. The fluids that flow
through or erupt with the mud are enriched in chloride (up to w650 mmol L�1 at w150-cm sediment
depth) suggesting a deep source, which is similar to the fluids of the close-by Dvurechenskii mud
volcano. Direct observation with the remotely operated vehicle QUEST revealed gas bubbles emanating at
two distinct sites at the crest of the mud volcano, which confirms earlier observations of bubble-induced
hydroacoustic anomalies in echosounder records. The sediments at the main bubble emission site show
a thermal anomaly with temperatures at w60 cm sediment depth that were 0.9 �C warmer than the
bottom water. Chemical and isotopic analyses of the emanated gas revealed that it consisted primarily of
methane (99.8%) and was of microbial origin (dD-CH4¼�170.8& (SMOW), d13C-CH4¼�61.0& (V-PDB),
d13C-C2H6¼�44.0& (V-PDB)). The gas flux was estimated using the video observations of the ROV.
Assuming that the flux is constant with time, about 0.9� 0.5� 106 mol of methane is released every year.
This value is of the same order-of-magnitude as reported fluxes of dissolved methane released with pore
water at other mud volcanoes. This suggests that bubble emanation is a significant pathway transporting
methane from the sediments into the water column.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Gas bubbles rising from the seafloor into the water column have
been described from many cold seeps in the deep sea but the
associated gas flux remains largely unknown. At most sites, the
existence of bubbles in the water column has been proposed based
on hydroacoustic anomalies in echosounder records rather than on
direct observations with unmanned or manned underwater vehi-
cles. Evidence for bubbles streams has been found in a wide variety
of deep-water geological settings, such as Hydrate Ridge at the
Cascadia convergent margin (Heeschen et al., 2003; Torres et al.,
2002), sediment-hosted vents in the Guaymas Basin (Merewether
et al., 1985), hydrocarbon seeps associated to salt tectonics in the

Gulf of Mexico (MacDonald et al., 2002), the drift deposit Blake
Ridge offshore South Carolina (Paull et al., 1995), HåkonMosbymud
volcano in the Norwegian Sea (Sauter et al., 2006), a pockmark on
the Congo (Zaire) sediment fan (Charlou et al., 2004), the Sakhalin
and Kamchatka continental slope in the Sea of Okhotsk (Cranston
et al., 1992; Ginsburg et al., 1993; Obzhirov et al., 2004), the
convergent margin offshore New Zealand (Lewis and Marshall,
1996), and numerous sites in the Black Sea (Egorov et al., 2003;
Greinert et al., 2006; Klaucke et al., 2006; Naudts et al., 2006).
However, the amount of gas escaping from the sediments has been
estimated at only three deep-water sites, i.e. at Hydrate Ridge
(Torres et al., 2002), at Håkon Mosby mud volcano (Sauter et al.,
2006), and site GC 184 in the Gulf of Mexico (Leifer andMacDonald,
2003).

Submarine mud volcanoes are complex, positive seafloor
structures occurring in a wide variety of geological settings as
recently reviewed by Dimitrov (2002) and Kopf (2002). About 1000

* Corresponding author. Tel.: þ49 (0) 421 218 65054; fax: þ49 (0) 421 218 65099.
E-mail address: hsahling@marum.de (H. Sahling).

Contents lists available at ScienceDirect

Marine and Petroleum Geology

journal homepage: www.elsevier .com/locate/marpetgeo

ARTICLE IN PRESS

0264-8172/$ – see front matter � 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.marpetgeo.2009.01.010

Marine and Petroleum Geology xxx (2009) 1–13

Please cite this article in press as: Sahling, H., et al., Vodyanitskii mud volcano, Sorokin trough, Black Sea: Geological characterization and...,
Marine and Petroleum Geology (2009), doi:10.1016/j.marpetgeo.2009.01.010



known or inferred submarine mud volcanoes are summarized in
these reviews. They vary in size, shape, and activity reflecting their
complex nature. In general, the activity of a mud volcano may be
distinguished between an eruptive phase, when large amounts of
mud and fluid are expelled and a quiescent period dominated by
fluid flow, which includes the advective flow of pore water as well
as the emanation of free gas. In addition, there might be a senes-
cence phase without any fluid flow and mud eruptions in between.
Only a few mud volcanoes have been investigated in detail so far.
Håkon Mosby mud volcano is probably the best studied example at
which the fluxes of bubbles (Sauter et al., 2006) and fluids (De Beer
et al., 2006; Feseker et al., 2008) have been estimated. All other
reported values concern the flux of dissolved methane that is
released together with advecting pore water, including Dvur-
echenskii mud volcano in the Black Sea (Wallmann et al., 2006),
Atalante and Cyclope at the Barbados convergent margin (Henry
et al., 1996), and Mound Culebra at the Middle American conver-
gent margin (Mau et al., 2006; Sahling et al., 2008b).

About 60 mud volcanoes are currently described in the Black
Sea. Almost all of the mud volcanoes are presently active with
respect to fluid flow as indicated by high concentrations of gas in
the pore waters, the presence of gas hydrates in the sediments, and
elevated heatflow values (Blinova et al., 2003; Bohrmann et al.,
2003; Bouriak and Akhmetzhanov, 1998; Ivanov et al., 1996; Ivanov
et al., 1998; Limonov et al., 1997; Wallmann et al., 2006; Woodside
et al., 1997). In addition, bubble streams have been detected by
echosounder at the mud volcanoes Dvurechenskii, Vodyanitskii
and a Nameless Seep site (Greinert et al., 2006). The bubble streams
cause backscatter anomalies in the echographs that are shaped like
‘‘flares’’, a term that is widely used in the scientific literature to
describe this phenomenon. The flare at Vodyanitskii mud volcano
was found to be 1300-m high (Greinert et al., 2006). Subsequent
modelling of the bubbles stream and the environmental conditions
in the deep Black Sea showed that bubbles of a realistic size range
can rise 1300 m high before they rise out of the hydrate stability
zone and then rapidly dissolve completely in the water column
(McGinnis et al., 2006).

The purpose of this study is to geologically characterise
Vodyanitskii mud volcano, which is located in 2070-mwater depth
in the Sorokin Trough, using swath bathymetry, 75-kHz sidescan
sonar, 18-kHz echosounder, and gravity coring. In addition, the
remotely operated vehicle (ROV) QUEST was employed in order to
visually document the bubbles escaping the seabed, and to deploy
a temperature probe for geothermal measurements and a novel gas
bubble sampler for pressure-tight gas sampling. We report on the
presence of mud flows and the flow of chloride-rich warm fluids as
well as the occurrence of gas hydrate and authigenic carbonates.
Furthermore, the flux of gas bubbles was quantified based on ROV
video images in order to provide data for improved methane flux
estimations of a deep-water mud volcano.

2. Study area

The Black Sea is generally considered to be a result of back-arc
extension related to the subduction of the Thetyan Ocean (e.g. Okay
et al., 1994). Following the collision between the Eurasian and the
Arabian plates since the Eocene, the tectonic setting changed to
a compressional regime (Nikishin et al., 2003). Mud volcanoes have
been described mainly in two areas of the Black Sea (Fig. 1), in the
central western basin (Ivanov et al., 1996) and in the Sorokin Trough
(Limonov et al., 1997; Woodside et al., 1997). The Sorokin Trough is
considered as a foredeep of the Crimean Mountains. It is composed
of twomain sedimentary units (Woodside et al., 1997): a lower unit
comprising the upper part of the Maikopian Formation (Oligocene-
lowerMiocene) and Pliocene deposits, and an upper unit consisting

of Quaternary deposits. The N–S compressional regime and the
weight of the overburden lead to the protrusion of the clay- and
organic-rich Maikopian Formation (Limonov et al., 1997).

In general, mud volcanoes occurring in the Sorokin Trough are
connected tomud diapirs as revealed by reflection seismics (Krastel
et al., 2003; Wagner-Friedrichs et al., 2008; Woodside et al., 1997).
Vodyanitskii mud volcano is connected, like Dvurechenskii and
NIOZ mud volcanoes (Fig. 1), to a diapiric ridge which protrudes to
depths of less than 500 m below the seafloor. The ridge is
composed of organic-rich clays from the Maikopian Formation and
can be traced for about 40 km in the Sorokin Trough (Krastel et al.,
2003; Wagner-Friedrichs, 2007; Woodside et al., 1997). Mud is
transported to the seafloor along conduits, which appear as
acoustically transparent zones in seismic profiles. These have been
imaged at the Dvurechenskii (Krastel et al., 2003) and Vodyanitskii
mud volcanoes (Wagner-Friedrichs, 2007).

3. Material and methods

This study is based on data obtained during the R/V METEOR

cruise M72/3 in March–April, 2007 (Bohrmann et al., 2007).
Bathymetric maps were produced using the ship’s KONGSBERG SIMRAD

EM 120 swath echosounder operating at 12 kHz. Raw data were
processed with the CARAIBES IFREMER program and plotted with the
public domain program, General Mapping Tool (GMT). Hydro-
acoustic anomalies caused by gas bubbles (‘‘flares’’) were recorded
using the primary frequency of 18 kHz of the ships parametric
sediment echosounder system, PARASOUND, with a beamwidth of 4�.
The system settings were optimized for bubble detection (Niko-
lovska et al., 2008). Sidescan sonar data were recorded about three
weeks after the other data by the deep-towed sidescan sonar
systemDTS-1 (EDGETECH) described in Klaucke et al. (2006). It is a full
digital chirp system operating around 75 kHz. The data were pro-
cessed with the CARAIBES IFREMER software. The towfish position
was determined by a layback method based on ship position, cable
length, and ship speed. However, the backscatter map had to be
shifted by about 50 m to match with the bathymetry.

Three gravity cores were taken at Vodyanitskii mud volcano:
GeoB 11913 (44�17.6210N; 035�01.9460E), GeoB 11980 (44�17.6590N;
035�01.9650E), GeoB 11990 (44�17.6230N; 035�01.9460E). The sedi-
ment cores were immediately opened upon retrieval, gas hydrates
extracted, and sub-samples taken for pore-water analyses. Pore
water was separated from the sediments by squeezing through
a 0.2 mm membrane filter. Dissolved chloride was determined via
titration with AgNO3. Rates of upward fluid flow were determined
by applying a transport-reaction model running on MATHEMATICA

Version 5.2 (Schmidt et al., 2005) and fitting the model to the
measured pore-water concentration of chloride and lithium, which
are known as conservative elements. Boundary conditions for the
sediment surface (0 cm) were defined as the background concen-
tration of the bottom water and the base of the respective cores
(GeoB 11913 and 11990).

One ROV dive (No. 161, GeoB 11917) was conducted at Vodya-
nitskii mud volcano on 28 March, 2007. Accurate navigation was
provided by a combination of the IXSEA POSIDONIA ultra-short baseline
(USBL) positioning system with an RDI 1200 Hz Doppler Velocity
Log (DVL). The search for gas emanations was carried out by flying
with the ROV about 20 m above the seafloor while scanning the
water column for backscatter signals caused by bubbles with the
ROV-mounted KONGSBERG SIMRAD DT MS1000 horizontally looking
sonar system operating at a frequency of 765 kHz (Nikolovska et al.,
2008).

The estimation of bubble sizes, numbers, and rising velocity are
based on the recorded images of two video cameras mounted on
the ROV. The video sequences (PAL format, 25 frames per second)
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were replayed with the program ADOBE PREMIERE PRO. The frequency
of bubbles crossing an arbitrary plane was estimated by replaying
frame by frame of several 5 s intervals. The sizes of each bubble in
the images and their rising velocity were calculated using the
known size of the funnel of the gas bubble sampler (13-cm height,
16.2-cm outer diameter). The distance between funnel and camera
was about 1 m. Only those bubbles that rose very close to the funnel
were analysed in order to minimize errors due to inadequate
scaling. Bubble sizes were estimated by exporting individual frames
from the film sequence, which were then analysed using the public
domain program IMAGEJ. The bubble volume was calculated
assuming an ellipsoid with the two measured axes (major and
minor) and a third axis, which is the arithmetic mean of the former
two. The bubble rising velocity was calculated by measuring the
number of frames it took a bubble to rise about 13 cm. The
underwater images shown in this publication were taken with
a 3 megapixel digital still camera.

Gas bubbles were collected using a novel gas bubble sampler
consisting of a funnel, a pressure valve, a pressure gauge, and a gas
cylinder. Prior to the dive, the gas cylinder is closed at atmospheric
pressure. At the seafloor, bubbles are collected in the funnel and,
subsequently, the pressure valve is opened and re-closed by the
ROV’s manipulators. By this method, the gas and gas hydrate are
sucked into the cylinder by the pressure gradient. Upon retrieval,
the gas is released and sub-samples are taken. The gas composition
was analysed on board using a two-channel 6890 N (AGILENT TECH-
NOLOGIES) gas chromatograph. Low-molecular-weight hydrocarbons
(C1–C6) were separated, detected, and quantified with a capillary
column (OPTIMA-5; 5 mM film thickness; 0.32 mm inner diameter,
50 m length, carrier gas: He) connected to a flame ionisation
detector. Permanent gases (O2, N2, CO2) as well as C1 and C2

hydrocarbons were determined using a packed stainless steel
column (molecular sieve, carrier gas: He) coupled to a thermal
conductivity detector. Air contamination during sampling and
analytical procedure were estimated to contribute to less than
2 vol-% of all volatiles. For onshore determinations of stable isotopic
ratios (1H/D, 12C/13C), gas samples were transferred into serum
glass vials, which were pre-filled with NaCl-saturated water, sealed
with butyl stoppers, and stored inverted in a cool room (4 �C). The
isotopic ratios of volatile hydrocarbons were measured by gas-
chromatograph-isotope-ratio-mass-spectrometry at a commercial
laboratory (GCA, Sehnde, Germany).

Temperature measurements were carried out with a 80-cm long
temperature probe (RBR Ltd., Canada). Eight sensors are equally
spaced along a distance of 0.5 m. The values were autonomously
recorded every 10 s. The sensors have an accuracy of 0.002 �C and
were cross-calibrated with a hydrographic CTD_60-77 (SEA & SUN
TECHNOLOGIES) mounted on the ROV, which has a precision of
0.0005 �C. The T-stick was pushed into the sediment by the ROV’s
manipulator and left for equilibrationwith the sediments for about
15 min. Equilibrium temperatures were calculated following the
method given in Hartmann and Villinger (2002) and Villinger and
Davis (1987) employing a self-written routine in MATLAB.

The hydrate stability conditions were calculated with the
program HWHYD model developed at the Heriot–Watt University,
U.K (Masoudi and Tohidi, 2005). The upper limit of hydrate stability
was defined using the temperature vs. depth profile recorded by
the CTD sensor mounted on the ROV.

4. Results

4.1. Hydroacoustic investigations and sediment core descriptions

Vodyanitskii mud volcano is situated on a gentle slope resulting
in an asymmetric shape of the feature that is quite complex (Fig. 1).
It consists of a cone about 500 m in diameter and 20-m height
surrounded by a depression, which is most pronounced on its
eastern side. The sidescan sonar image shows the characteristic
configuration of a mud volcano (Fig. 2). The central crater-like crest
is most likely the site where the mud flows erupted. It is sur-
rounded by radial small-scale ridges and a concentric pattern of
anomalous backscatter that we interpret as mudflows of different
generations. The mud preferentially flowed downslope in SSE
direction beyond the limit of the sidescan sonar survey. About
500 m NE of the Vodyanitskii mud volcano, another mud volcano-
like structure can be distinguished, though much less apparent. It
has a positive morphology of about 10 m with very slightly higher
backscatter compared to the surrounding (Fig. 2). These are prob-
ably seafloor features of an old and inactive mud volcano, which is
buried by the regular hemipelagic sedimentation, leading to an
indistinct morphology and weak backscatter anomaly.

Sediment samples were taken at three gravity corer stations at
the summit of Vodyanitskii mud volcano (Fig. 2). One core con-
tained mud clasts whereas two cores recovered clay or sandy clay

Fig. 1. Bathymetry of mud volcanoes in the Sorokin Trough (10-m contours). Crosses indicate the positions of published gas bubble streams (Greinert et al., 2006). The inset shows
the location of mud volcanoes in the Black Sea (Ivanov et al., 1996; Woodside et al., 1997).
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(Fig. 3). Gas hydrates were recovered in two cores at about 1.5 m
sediment depths, which was generally the maximum penetration
depth of the cores, suggesting that a layer of gas hydrate may have
prevented the cores from deeper penetration. The gas hydrates
occurred as chips and plates with broken edges and were up to
2 cm in size (Fig. 4A). Carbonates occurred in the upper 35 cm of
two of the cores. Their shapes and sizes where up to 9 cm (Fig. 4B),
typical for authigenic carbonates probably related to anaerobic
oxidation of methane. In addition, the cores had a mousse-like
texture below a depth of about 40 cm indicating a high gas content
that expanded during the core recovery procedure. Analyses of the
pore water extracted from the gravity corer GeoB 11913 and 11990
revealed increasing chlorinity with depth (Fig. 5). The linear chlo-
rite profiles indicate that ex situ gas hydrate destabilisation did not
occur, which would result in spikes of lower chloride
concentrations.

In order to detect and localize gas bubble emission sites on
Vodyanitskii mud volcano, a short survey with the ship’s sediment
echosounder PARASOUND was carried out. The ship crossed the mud
volcano in different directions at a low speed of about 1 knot
(Fig. 6A). The gas bubble streams are discernable as hydroacoustic
anomalies (‘‘flares’’) in the 18 kHz record (Fig. 7). The flares have
different shapes as a result of crossing the rising bubble streams in
various directions at variable distance to the actual source at the
seafloor. In order to better localize the emanation sites, those
segments of the ship track are marked in Fig. 6A, where the flares
originate at the seafloor (segments 1–10, 3–30, and 4–40 in Fig. 7). As
confirmed later by the ROV QUEST, two distinct bubble sites were
found in the center of the marked area in Fig. 6A. Thus, flare

imaging is a successful approach to locate bubble emanation sites at
the seafloor.

During the flare survey, the gas bubbles did not rise straight
upwards but were deflected in a westerly direction. This is seen, for
example, at the flare along profile 4–40 in Fig. 7, which shows that
during bubbles rise, they horizontally moved in the direction the
ship travelled (Fig. 6A). The deflection is probably caused by bottom
currents, which can be roughly estimated from the echosounder
records. Assuming a bubble rise velocity of about 25 cm s�1 (see
below), it takes about 2700 s for a bubble to rise to a height of
680 m above the seafloor as shown in Fig. 7. For the bubble hori-
zontal drift of about 130 m, this corresponds to a bottom current of
about 4.8 cm s�1.

4.2. Seafloor observations and sampling with ROV QUEST

During ROV QUEST dive no. 161 (GeoB 11917) at Vodyanitskii mud
volcano we systematically surveyed large parts of the mud volcano
and discovered two individual sites with bubble streams (Fig. 6B).
At one site (bubble site #1), a comprehensive sampling program
with push corer, temperature probe, and gas bubble sampler was
carried out, whereas at a second site (bubble site #2) only video
images were taken due to the failure of the ROV’s manipulator and,
subsequently, a dead vehicle due to an electrical short circuit
(Bohrmann et al., 2007). Due to time constraints, the ROV travelled
only about 150 m on the seafloor (bold lines in Fig. 6B). The
observations revealed that along the bottom track, the entire
surface of themud volcanowas homogenously covered by soft mud
with only slight undulations of the seafloor. We found, apart from

Fig. 2. Bathymetric contours draped over 75 kHz sidescan sonar profile (high backscatter in white) at Vodyanitskii mud volcano and a less distinct, probably old mud volcano. The
inset shows the interpretation of the backscatter image. The locations of the two bubble streams detected by ROV QUEST and the gravity corer-sampling sites are indicated.
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the two sites with bubble escapes described below, only one
additional site where the mud cover was interrupted. At one spot,
two circular depressions each about 1-m in diameter were
observed but as there were no indications for current fluid flow we
did not study it in detail.

The seafloor at the bubble sites #1 and #2 was disturbed as
shown in Fig. 8A and B, respectively. At bubble site #1, the bubbles
rised from a slightly bulged seafloor that is located at the rim of
a crater-like depression several meters in diameter. Bubbles were
released from four distinct, small cracks in the seafloor. Three small
outlets emanated single bubbles forming ‘‘bubble trains’’ whereas
the main bubble conduit released a stream of bubbles. Bubble site
#2 is located about 20 m north of site #1. The seafloor was slightly

arched upward similar to the small bulge at bubble site #1. Bubbles
at site #2 emanated in about equal amounts from two conduits,
which release very rapidly trains of bubbles.

Bubbles were collected from the main bubble stream at bubble
site #1 using the gas bubble sampler (Fig. 9A). Upon collection in
the funnel the bubbles remained as individual spheres and turned
slightly opaque, suggesting the formation of gas hydrate at their
gas–water interface. The bubble fabric of hydrate in the funnel was
rather rigid, as it stayed largely intact when the funnel was shaken
by the ROV’s manipulator and, after the sampling, rotated (Fig. 9B).
The gas composition was analysed on board and revealed the
dominance of methane (99.773% CH4; 0.154% CO2; 0.058% C2H6;
0.006% C3H8; 0.005% i-C4H10; 0.001% n-C4H10; 0.002% C5-

Fig. 3. Lithological descriptions of gravity corer retrieved from Vodyanitskii mud volcano. Two cores contained gas hydrates in the lowermost sediment sections around 1.5 m, in
the case of GeoB 11913 in the core catcher.

Fig. 4. (A) Chips of gas hydrates in the core catcher and (B) rounded carbonates found in the sediment interval 10–35 cm in core GeoB 11913 taken at Vodyanitskii mud volcano.
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derivates); all values as mol-% of S (C1–C6, CO2). The onshore stable
isotope analyses revealed a dD-CH4 value of �170.8& (SMOW),
a d13C-CH4 value of �61.0& (V-PDB), and a d13C-C2H6 value of
�44.0& (V-PDB).

The gas emanation is associated with a remarkable temperature
profile (Fig. 10). The temperature probe was pushed into the sedi-
ments at the main bubble outlet of bubble site #1 by the ROV’s
manipulator. It penetrated to a maximum depth of about 70 cm as
judged from the size of the tool that remained above the seafloor.
The temperature generally rose from bottomwater values of about
9.1 to 9.9 �C at 70 cm sediment depths. The individual measure-
ments scatter considerably indicating that non steady-state
conditions prevail.

4.3. Estimation of bubble flux

In order to estimate the gas flux we measured the average size of
the bubbles and counted the number of bubbles released from the
seafloor per time unit. The average bubble size was estimated at the
main outlet at bubble site #1. The bubbles appear ellipsoidal and
elongated horizontally (Fig. 9A). The bubbles rose steadily and straight
upward without significant wobbling or path oscillation. Their rise
velocity was about 27� 2 cms�1 (n¼ 20). On average, the equivalent
spherical diameter was about 5.2� 0.9 mm (Fig. 11) with a volume of
80� 45mm3 (n¼ 396). The number of bubbles rising from the
seafloor through an arbitrary baseline was repeatedly measured for
five-second intervals at all bubble vents. In total, about 1500 bubbles
were released every minute at bubble site #1 with the majority
escaping through themainvent (more than1200bubbles perminute).
About 400 bubbles per minute emanated at bubble site #2. The
temporal variability of the bubble flux was small within the observa-
tionperiodof about1 h.Wemeasured thequantityof releasedbubbles
at the main outlet at site #1 12 times during 5 s intervals and found
aconstantflux thatvariednotmore than12%aroundtheaveragevalue.

Calculation of the gas flux at bubble site#1 (1500 bubbles min�1)
and #2 (400 bubbles min�1) and an average gas bubble volume of
80 mm3 results in a gas volume released from the seafloor of about
0.12and0.032 Lmin�1, respectively. Thesebubbleswereobservedat
a water depth of about 2070 m, which corresponds to a hydrostatic
pressure of about 205 MPa, and an ambient temperature of 9 �C. The
molar volume of methane gas at these conditions is about
90 cm3mol�1 (Duan et al., 1992). Applying this value, the annual
methane bubble flux is 0.9�106 mol methane from Vodyanitskii
mud volcano assuming the gas flux remains constant.

Our approach of estimating the bubble flux is a first-order
approximation and subject to errors. The counting of bubbles was
rather straight forward and associated with minor uncertainties
because bubbles were clearly identifiable in the video sequences. In
contrast, large errors may be related to the estimation of the bubble

Fig. 5. Pore-water concentration of chloride in gravity cores GeoB 11913 (filled symbols)
and 11990 (open symbols) taken at Vodyanitskii mud volcano. The dashed line repre-
sents the modelled Cl� depth-profile considering a fluid advection rate of 0.2 cmyr�1.
The arrowon the x-axes represents the Black Seabottomwaterconcentration of chloride.

Fig. 6. (A) Ship track during the flare survey with the 18 kHz echosounder and the positions of the two bubble streams found by ROV QUEST at Vodyanitskii mud volcano. The
segments marked with thick grey lines indicate hydroacoustic anomalies close to the seafloor as shown in Fig. 7. (B) ROV QUEST dive track (Dive 161, GeoB 11917). The ROV flew at the
seafloor (thick lines) or about 20 m above the seafloor (thin lines) when searching for the gas bubble streams with the horizontally-looking sonar. Two bubble streams occur close
together.
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volume. The volume was calculated assuming that a bubble is an
ellipsoid with the diameters a, b, and c. The major (a) and minor (b)
axes of the bubbles were measured in the frame-grabbed images.
The accuracy of this measurement is crucial and, therefore, was
repeated for 396 different bubbles. Despite an ellipsoidal shape of
the bubbles, the calculation of the volume greatly depends onwhich
axis of rotation is chosen. Inorder toprovidea conservativeestimate,
we used the arithmetic average of the major and minor axes as
ellipsoid diameter c. This results in values that are about 10% smaller
than values assuming rotation along the minor axis. The obtained
bubble volumes with a median of 80 mm3 have a large standard
deviation of 45 mm3 (Fig. 11). We assume that this large standard
deviationmight be a result of the natural variation in the bubble size
population, bubble oscillation, and methodological uncertainties.
Therefore, we propose that the error of the volume flux estimate is
within the standard deviation of�45 mm3,which corresponds to an
uncertainty in the volume calculation of about 55%. Thus, we esti-
mate the flux of methane as about 0.9� 0.5�106 mol yr�1.

5. Discussion

5.1. Mud volcanism, mud flow, fluid advection

The morphologies of mud volcanoes in the Sorokin Trough are
highly variable. For example, the mud volcanoes Dvurechenskii,

Vodyanitskii, and NIOZ shown in Fig. 1 are characterized by large
differences in their shape ranging from a less than 20-m high flat-
topped mud pie, a 20-m high cone surrounded by a depression to
a nearly 100 m high cone, respectively. The variability has been
attributed to, among others, the geometry of the feeder channel
and the viscosity of the extruded material (Brown, 1990; Kopf,
2002).

The morphology of Vodyanitskii mud volcano is similar to
numerous other mud volcanoes in the Black Sea characterized by
one or more cones within a circular depression (Woodside et al.,
1997). The shape may be explained by an initial violent eruption
leading to a circular depression with subsequent less-violent
eruptions of mud forming one or several cones in the depression
(e.g., Sevastopol mud volcano; Wagner-Friedrichs et al., 2008).
Despite the fact that most publications follow the concept that
a violent eruption is the cause for depressions (see review in Judd
and Hovland, 2007), we propose that an alternative explanation
may be considered. The depression may be caused by a general
subsidence of themud volcano and its surrounding as a result of the
loss of volume due to fluid flow in periods without mud eruptions.
However, we stress that this is pure speculation due to two
observations. Firstly, in the case of a violent eruption one may
expect to find evidence of the extruded material in the vicinity of
the depression, for which there is no indication in the sidescan
sonar images. Secondly, one may expect to find a more or less

Fig. 7. Hydroacoustic anomalies due to bubble streams recorded during the flare survey (Fig. 6) using the 18 kHz signal of the PARASOUND echsounder at Vodyanitskii mud volcano.
The ship crossed over the bubble streams several times in different directions. Those locations of the intervals marked by Arabic numbers are shown in Fig. 6A. Inclined linear
patterns of unknown origin occur within the high backscatter of the flare (‘‘unknown features’’). The slope of the lineaments is about 50 cm s�1, which is considerably higher than
the observed rising speed of individual bubbles (see Discussion).

Fig. 8. Seafloor images at (A) bubble stream #1 and (B) bubble stream #2 at Vodyantiskii mud volcano. The seafloor is slightly bulged with cracks and holes from which bubbles
emanate. The resolution of the images is not sufficient to show the bubbles.
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recent example of a violent eruption on the seafloor, but this has, to
our knowledge, not been reported from the seafloor in the Black
Sea so far.

However, mud flows occur at Vodyanitskii mud volcano. The
extruded mud has acoustic properties that differ from those of the
surrounding basin sediments causing a distinct backscatter pattern
in the sidescan sonar image (Fig. 2). The mud flows consist of clay,
sandy clay, and mousse-like mud breccia (Fig. 3), the latter having
a clayey matrix with mm-sized fragments of stiff clay and rocks,
which are typical mud inclusions originating from the Maikopian
Formation (Woodside et al., 1997). In contrast, the regular hemi-
pelagic sediments of the Black Sea consist of finely laminated

coccolith ooze overlying a finely laminated sapropel in the upper
decimetres (Ross and Degens, 1974). This lithological difference is
probably the main reason for the difference in the backscatter
characteristic between mud flows and background sediments
(Fig. 2). The lack of the typical Holocene sediment units on top of
the mud flows suggest that these must have erupted recently.

In addition, authigenic carbonates likely contribute to the
acoustic properties of the sediments. Carbonates were present in
two of the three cores within the uppermost few decimetres of the
sediments (Figs. 3 and 4B). We interpret these carbonates as
authigenic precipitations as a result of the anaerobic oxidation of
methane, which are widespread at seeps and mud volcanoes in the
Black Sea (Bahr et al., in press; Mazzini et al., 2004; Mazzini et al.,
2008; Peckmann et al., 2001; Reitner et al., 2005). However, it is
unlikely that gas hydrates that were found at a depth of about 1.5 m
in the cores, contributed to the high backscatter. Studies with the
same DTS-1 sidescan sonar system operating at 75 kHz indicate
that it does not penetrate to these depths (Sahling et al., 2008a).

Fig. 9. Images of gas bubbles and the funnel of the gas bubble sampler at bubble stream #1 at Vodyanitskii mud volcano. (A) The bubbles are spherical and did not wobble
noticeably while rising. Those bubbles that were caught by the funnel kept their shapes probably due to the formation of a hydrate skin. (B) Close-up of the framework of the
hydrate-coated bubbles caught in the funnel.

Fig. 10. The bottom water temperature and equilibrium temperatures obtained by the
ROV-operated temperature probe at bubble site #1 at Vodyanitskii mud volcano. The
temperatures scatter considerably but there is a clear increase with depth. For
comparison, the geothermal gradient of 29 �C km�1 is shown, which is the typical
value for sediments not influenced by mud volcanism in the Sorokin Trough (Bohr-
mann et al., 2003).

Fig. 11. Frequency distribution of bubble diameters based on video analyses. The
measured minor and major diameters were recalculated to equivalent spherical
diameters.
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The findings are in agreement with earlier sidescan sonar studies at
Black Sea mud volcanoes attributing most of the backscatter char-
acteristics of mud flows to mud clasts, breccia, and carbonates
(Akhmanov, 1996; Ivanov et al., 1996; Limonov et al., 1997;
Woodside et al., 1997).

Mud volcanoes are complex three-phase flow systems with
eruption of mud as well as emanation of pore water and gas
bubbles. An increase of chlorinity with depth as observed in the
sediments of Vodyanitskii mud volcano (Fig. 5), can either be
produced by advection of high-salinity pore water as described by
Aloisi et al. (2004) for the nearby Dvurechenskii mud volcano.
Alternatively it can arise due to the equilibration of a recently
deposited mud flow (clay in a high-salinity fluid) with the over-
laying bottom water (Feseker et al., 2008). Both processes can lead
to similar geochemical profiles. Even though the observed trend of
increasing chloride concentration with depth at Vodyanitskii mud
volcano is similar to that of the nearby Dvurechenskii mud volcano
(Aloisi et al., 2004;Wallmann et al., 2006) their fluid flow velocities
are considerably different. Dvurechenskii mud volcano shows
relatively high advection rates of 10–20 cmyr�1 whereas Vodya-
nitskii mud volcano shows rather low advection rates of
0.2 cmyr�1. Still the profile might have been produced by this low
fluid advection rates as discussed earlier in Wallmann et al. (2006)
or, alternatively, by the elapse of sufficiently more time since the
last mud flow occurred (Feseker et al., 2008) compared to Dvur-
echenskii mud volcano.

In general, the presence of chloride-rich fluids at both mud
volcanoes indicates a deep source of the fluids. Aloisi et al. (2004)
discusses in detail the chemical and isotopic composition of fluids
at Dvurechenski mud volcano. They conclude that alteration of
silicate phases is the most likely source of the high-salinity fluids
and that the fluids had equilibrated with the sediments at
temperatures of roughly 100 �C, which is encountered at a sedi-
ment depth of about 3 km in the Sorokin Trough. In addition, they
regard gas hydrate formation in the shallow subsurface as a process
that probably contributes to enhance the salinity of the seeping
fluids. The spatial proximity of Vodyanitskii and Dvurechenskii
mud volcano, their common connection to the diapiric ridge
(Wagner-Friedrichs, 2007), and their distinct high-chlorinity fluids
suggest, therefore, that the fluids at Vodyanitskii mud volcano have
a similar deep origin as those expelled at Dvurechenski mud
volcano.

5.2. Gas bubble streams

Gas bubble streams are probably constantly released at Vodya-
nitskii mud volcano. Aside from this study conducted in March
2007, additional evidence of bubbles causing hydroacoustic
anomalies in the echosounder has been found previously during
five cruises that took place in 2003 and 2004 (Greinert et al., 2006).
The position of the bubble sites #1 and #2 that we located at the
seafloor using the USBL navigation of ROV QUEST is about the same
location as shown by Greinert et al. (2006). The distance between
both positions is less than 40 m, which is within the range of
uncertainty taking into account the errors of two different GPS
navigation systems on different ships in different years as well as
the inaccuracy of the underwater USBL navigation system.

Greinert et al. (2006) used the echosounder-recorded flare
height and backscatter strength as a relative measure for the
amount of emanated gas. Unfortunately, our results are not directly
comparable because we used a different echosounder system and
we spent little time to the detection and mapping of the flares. In
addition, bottom currents that were not detected during earlier
surveys were encountered. The rising bubbles are significantly
deflected by these currents in a westerly direction. As we did not

systematically searched for the shallowest evidence of bubbles,
which can be expected in a regionwest of the emanation sites (Figs.
6 and 7), we are not able to estimate the maximum rising height of
bubbles in the water column. Our data show that they rose at least
to a water depth of about 1200 m (Fig. 7), which is 870 m above the
seafloor. However, we do not knowwhether or not the bubbles rose
as high as 1300 m, as reported by Greinert et al. (2006). In
conclusion, we take the fact that bubble streams have been docu-
mented during six cruises in a four-year time interval as strong
evidence for a continuous process but that fluctuations in the
amount of released gas are likely.

Analysis of the gas samples revealed that methane is the
dominant constituent and that low-molecular-weight hydrocar-
bons are mainly of microbial origin. The molecular ratio (C1/
(C2þ C3)¼ 1546), as well as the stable carbon isotopic signatures
(d13C-CH4¼�61.0&; d13C-C2H6¼�44.0&) indicate that microbial
production is the primary source of methane and ethane at
Vodyanitskii mud volcano (Bernard et al., 1976; Milkov, 2005). In
addition, the d13C-CH4 and dD-CH4 (�171&) are in the range of
values that are characteristic for microbial methanogenesis by
carbonate reduction (Whiticar et al., 1986). Microbial activity may
be mainly expected at sediment depth shallower than w3 km,
given the regular geothermal gradient of 29 �C km�1 in the Sorokin
Trough (Bohrmann et al., 2003) and considering upper temperature
limits of thermophilic methanogens (Orphan et al., 2003). The
source depth of the majority of low-molecular-weight hydrocar-
bons is, thus, most likely shallower than that of the liquid fluid.

Volatile hydrocarbons are produced by the microbial fermen-
tation of organic matter that migrates upwards in the sediments
and accumulate below the lower limit of the gas hydrate stability
zone, which is generally considered as a barrier. This concept is in
agreement with seismic data that show amplitude anomalies that
can be indicative of free gas at constant depths of about 300 ms
TWT (w250 m) beneath the seafloor in the Sorokin Trough (Krastel
et al., 2003). High reflection patches have also been found at the
respective depths below Dvurechenski and Vodyanitskii mud
volcano (Krastel et al., 2003; Wagner-Friedrichs, 2007). This is
slightly shallower than the theoretical depth of the base of the
hydrate stability zone of w350 m assuming a geothermal gradient
of 29 �C km�1, as illustrated in Fig. 12.

Several mechanisms have been envisaged to explain how free
gas from below the gas hydrate stability zone is transported to the
seafloor where it is released as bubble streams into the water
column. For example, hydrate formation may be hampered by the
availability of water (Ginsburg and Soloviev, 1997) or due to high
pore-water salinity (Haeckel et al., 2004; Liu and Flemings, 2006;
Torres et al., 2004). Furthermore, methane may be transported by
the advection of warm fluids within gas chimneys (Wood et al.,
2002). At Vodyanitskii mud volcano the combined effect of high-
chlorinity fluids and local temperature anomalies are the most
likely causes that allow gas bubbles to transit the stability zone
without forming hydrate. The fluids at Vodyanitskii mud volcano
are, like those at Dvurechenskii mud volcano, chloride-rich, which
reduces the stability of gas hydrate compared to the bottom water
conditions (Bohrmann et al., 2003). This is shown in Fig. 12 where
the hydrate stability field at chloride concentrations of
900 mmol L�1 is plotted, which is about 200 mmol L�1 more than
the maximum value found at 130 cm sediment depths at Vodya-
nitskii mud volcano (Fig. 5). However, the influence of the salt on
the thickness of the hydrate stability zone in the sediments is small;
it decreases by w50 m (Fig. 12).

We found elevated temperatures in the sediments at the bubble
site, which we interpret as temperature anomalies at Vodyanitskii
mud volcano. Before discussing these measurements any further,
we have to consider that potentially they may be disturbed due to
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the spontaneous formation of hydrate around the temperature
sensors, which is an exothermic reaction. However, hydrate
formation would be expected to cause considerable variance in the
temperature profile of each sensor during the deployment period,
which was not apparent (data not shown). Thus, we regard the data
as real and suggest that the temperatures were elevated due to the
ascending mud, pore water, and/or gas bubbles. As we measured
the profile in the sediments percolated by bubbles, we hypothesize
that the rising bubbles and/or the water dragged with these
bubbles are responsible for the observed temperature anomalies.
The locally elevated temperature may facilitate the ascent of gas
through the hydrate stability zone. However, further measure-
ments are needed to investigate the interaction between temper-
ature on one hand and fluid and mud flow on the other.

5.3. Fate of bubbles

Upon release of a bubble from the seafloor into thewater column,
its composition changes due to exchange of gases across the gas–
water interface. In general, methane is transported into the
surroundingmethane-depletedwater causing bubble shrinkage. The
fraction of methane that is released from the bubble to the water
depends on the release depth, bubble size, dissolved gas concentra-
tion, temperature, surface-active substances, and bulk fluid motions.
Severalbubblemodelshavebeendeveloped inorder todescribe these

complex processes (Artemov et al., 2007; Leifer and Patro, 2002;
McGinnis et al., 2006). The model of McGinnis et al. (2006) was
explicitly adapted to the environmental conditions encountered at
Vodyanitskii and Dvurechenskii mud volcanoes taking into account
the decreased methane dissolution rates due to the formation of
a hydrate skin around the bubbles (Rehder et al., 2002).

Our observation at the gas outlets at Vodyanitskii mud volcano
with the ROV QUEST is generally consistent with the McGinnis et al.
(2006) model. In summary, the model shows that the immediate
formation of a hydrate rim around bubbles in the size range of 6–
9.5 mm diameter in 2000 m water depth can explain their long
lifetime and rise through the water column, which is consistent
with the flare heights of 800–1300 m above the mud volcanoes
observed by Greinert et al. (2006). The model predicts that, at this
height, the bubbles leave the hydrate stability field and dissolve
completely in the water column. During our investigations, the
bubbles observed at Vodyaniskii mud volcano are with a median
diameter of 5 mm (Fig. 11) somewhat smaller than the size range
that was assumed byMcGinnis et al. (2006). However, an initial size
of 5 mm is still sufficient to allow the bubble to rise several hundred
meters above the seafloor, as we observed (Fig. 7) and is predicted
by the model of McGinnis et al. (2006). We estimated an initial rise
velocity that is higher than the assumed rising speed of McGinnis
et al. (2006), with values of 27 compared to 21 cm s�1, respectively,
which also is high compared to values determined experimentally
for clean bubbles (Clift et al., 1978) or based on hydroacoustic data
(Artemov et al., 2007). This could indicate a bubble-induced
upwelling of the water (Leifer et al., 2006). Upwelling flows were
not considered in the McGinnis et al. (2006) model but have been
shown important when considering rising heights and methane
dissolution in other settings (Leifer et al., 2006; Leifer and Judd,
2002; Leifer and Patro, 2002). Unfortunately, we did not pay
attention to potentially occurring bubble-induced upwelling while
diving with the ROV QUEST on site, consequently, the significance of
this process at Vodyanitskii mud volcano remains open. There is
also evidence that plume upwelling from a deep-water site at
Håkon Mosby mud volcano indeed leads to significant vertical
movement of the water column (Sauter et al., 2006).

5.4. Estimation of bubble flux

Kessler et al. (2006) estimated the basin-wide input of methane
from seeps and hydrates into the Black Sea on the basis of the natural
radiocarbon content of methane and by a geochemical box model.
Their methane flux values fall in the range 0.2–0.4�1012 mol yr�1,
which is about five orders of magnitude higher than our study esti-
mate for the bubble flux at Vodyanitskii mud volcano of about
0.9� 0.5�106 mol yr�1. This illustrates that bubble flux from mud
volcanoes contributes only a small fraction to the total amount of
methane fluxes from the seafloor to the water column, considering
that about60mudvolcanoes exist in theBlack Sea (Ivanovet al.,1996;
Krastel et al., 2003;Woodside et al.,1997). On the other hand, there is
growing evidence that gas bubble streams are significant transport
pathways of methane. For example, Artemov et al. (2007) estimated
the methane bubble flux from 2200 sites in a 387.1 km2 large area at
the Dnieper paleo-delta in water depth between 66 and 832 m. The
estimation is based on extensive echosounder surveys combined
with a bubble flux model and revealed a methane flux value of
750�106 mol yr�1. Given the numerous sites with evidence of
bubble streams along all Black Sea shelves and slopes (Egorov et al.,
2003) and recent findings of additional sites (Klaucke et al., 2006;
Nikolovska et al., 2008), it is to be expected that gas flux is an
important phenomenon in the Black Sea.

The estimation of the bubble flux at Vodyanitskii mud volcano
reveals that the flux of gaseous methane from seeps is in the same

Fig. 12. Hydrate stability fields calculated for the methane-dominated gas composition
as analysed from the gas bubble sampler. The stability fields were calculated for
chloride concentrations of (1) 355 and (2) 900 mmol L�1, which are the respective
values for typical Black Sea bottom water (Bohrmann et al., 2003) and a chloride-rich
deep fluid (Aloisi et al., 2004).
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order-of-magnitude as the flux of dissolved methane with advect-
ing pore waters. The values of methane fluxes at mud volcanoes
and other seeps at water depth close to or within the gas hydrate
stability zone are summarized in Table 1. These values have been
estimated using a variety of methods, such as pore-watermodelling
(Wallmann et al., 2006), video analyses of in situ observations
(Leifer and MacDonald, 2003; Sauter et al., 2006; Torres et al.,
2002), water columnmethane budgets (Heeschen et al., 2005; Mau
et al., 2006), or the volume of mud flows that were deposited in
a defined time interval (Kopf and Behrmann, 2000). The values
span four orders of magnitude (Table 1). However, the upper values
of dissolved methane flux have been adjusted downward by
Wallmann et al. (2006) applying more appropriate boundary
conditions in their re-calculations. As shown in Table 1 the values of
the methane bubble flux range between about 0.9 and
6.3�106 mol yr�1 and are close to the flux of dissolved methane
ranging between 0.07 and 6.38� 106 mol yr�1. This comparison
illustrates that the bubble flux is a significant transport pathway of
methane from the sediments into the bottomwater. Further, bubble
flux transports methane far higher in the water column than
diffusion, e.g., diffusion time scales are slow compared to microbial

degradation (Rehder et al., 1999) while bubble times scales are in
the order of 103 s. Thus, the fate of bubble seep gas is distinct from
dissolved seep gas. In addition, it suggests that a substantial frac-
tion of the methane by-passes the benthic seep communities.
Methane-oxidizing microorganims (as well as sulfur-oxidizing
bacteria and symbiont-harbouring megafauna in oxic bottom
waters) act as a benthic filter at many seeps, hindering the release
of dissolvedmethane into the water column (Niemann et al., 2006).
As it is unlikely that gaseous methane can be directly taken up by
microorganims, the benthic filter is inefficient for gas bubble
streams.

6. Conclusion

A variety of methods including swath and single beam
echosounder, sidescan sonar, gravity coring and ROV observation
and sampling were carried out at Vodyanitskii mud volcano. The
mud volcano shows evidence for mud flows, advection of chloride-
rich, warm pore water and emanation of gas bubbles. Estimation of
methane bubble flux suggests that this is a significant pathway
transporting methane into the water column and by-passing
benthic oxidation processes. The fate of free gas methane in the
water column has been successfully modelled in a previous study
(McGinnis et al., 2006) and showed that the lifetime of the bubbles
in the water column is enhanced due to a hydrate skin but ulti-
mately the bubbles dissolve and do not reach the winter mixed sea
surface layer. The model is generally confirmed by our data based
on in situ observation of the bubble streams with the ROV QUEST.
However, the effect of bubble-induced upwelling is largely
unknown and should be studied in the future.

With the order-of-magnitude estimation of the bubble flux at
Vodyanitskii mud volcano we add a value to the very short list of
quantifications of methane fluxes at deep-water mud volcanoes
and other seep sites (Table 1). Comparison of these fluxes suggests
that the bubble flux is in the same order-of-magnitude as the flux of
dissolved methane transported with advecting pore water. More
data are needed to better constrain the fluxes. Especially, there is
a complete lack of knowledge on howmuch material and fluids are
transported during violent phases of mud eruption.
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A B S T R A C T Detailed knowledge on the extent of post-genetic modifications affecting shallow 

submarine hydrocarbons fueled from the deep subsurface is fundamental for evaluations of source 

and reservoir properties. We investigated gases from a submarine high-flux seepage site in the anoxic 

basin of the Eastern Black Sea in order to elucidate molecular and isotopic alterations of low-

molecular-weight hydrocarbons (LMWHC) associated with upward migration through the sediment and 

precipitation of shallow-buried gas hydrates. For this, pressurized near-surface sediment cores and 

free gas venting from the seafloor were collected using autoclave technology at the Batumi seep area 

in about 845 m water depth within the gas hydrate stability zone (GHSZ). 

Emanated gas bubbles and gas from core degassing and hydrate dissociation were strongly domi-

nated by methane (> 99.85 mol-% of �[C1 – C4, CO2]). Molecular ratios of LMWHC (C1/[C2 + C3] >1 

000) and stable isotopic compositions of methane (�13C = –53.5‰ V-PDB; D/H around –175‰ 

SMOW) indicated predominant microbial LMWHC formation and less important contribution from 

thermocatalytic processes. C1/C2+ ratios and stable isotopic compositions of LMWHC distinguished 

three gas types prevailing in the seepage area. Vent gas discharged into bottom waters was depleted 

in methane by >0.03 mol-% (�[C1 – C4, CO2]) relative to the other gas types and the virtual lack of 

14C-CH4 indicated a negligible input of methane from degradation of fresh organic matter. Of all gas 

types analyzed, vent gas is least affected by molecular fractionation, thus, its origin from the deep 

subsurface rather than from decomposing hydrates in near-surface sediments is likely. 

As a result of the anaerobic oxidation of methane (AOM), LMWHC in pressurized cores confined to 

top sediments included smaller methane portions [0.03 mol-% �(C1 – C4, CO2)] than gas released 

from pressure cores additionally containing deeper sediments. LMWHC derived from such long cores 

and from decomposing hydrates contained highest proportions of methane due to preferential incorpo-

ration in hydrate lattices. In contrast, indications for stable carbon isotopic fractionations of methane 

during hydrate crystallization from vent gas were not found. 

The molecular variations along with lithologic characteristics demonstrate hydrate accumulation in 

sediments below 90 cmbsf, which are most likely formed from ascending vent gas. Enrichments of 

14C-CH4 (1.4 pMC) in short cores compared to much lower abundances (max. 0.6 pMC) in gas from 

long cores and gas hydrates substantiates for the first time recent methanogenesis utilizing modern 

organic matter deposited in top sediments of a high-flux hydrocarbon seep area. 
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Abstract

The state of preservation of natural gas hydrate samples, recovered from 6 sites drilled during ODP Leg 204 at southern summit
of Hydrate Ridge, Oregon Margin, has been investigated by X-ray diffraction (XRD) and cryo-scanning-electron-microscopy
(cryo-SEM) techniques. A detailed characterization of the state of decomposition of gas hydrates is necessary since no pressurized
autoclave tools were used for sampling and partial dissociation must have occurred during recovery prior to the quench and storage
in liquid nitrogen. Samples from 16 distinct horizons have been investigated by synchrotron X-ray diffraction measurements at
HASYLAB/ Hamburg. A full profile fitting analysis (“Rietveld method”) of synchrotron XRD data provides quantitative phase
determinations of the major sample constituents such as gas hydrate structure I (sI), hexagonal ice (Ih) and quartz. The ice content
(Ih) in each sample is related to frozen water composed of both original existing pore water and the water from decomposed
hydrates. Hydrate contents as measured by diffraction vary between 0 and 68 wt.% in the samples we measured. Samples with low
hydrate content usually show micro-structural features in cryo-SEM ascribed to extensive decomposition. Comparing the
appearance of hydrates at different scales, the grade of preservation seems to be primarily correlated with the contiguous volume of
the original existing hydrate; the dissociation front appears to be indicated by micrometer-sized pores in a dense ice matrix.
© 2007 Elsevier B.V. All rights reserved.

Keywords: gas hydrate; X-ray diffraction; Ocean Drilling Program; FE-SEM

1. Introduction

Natural gas hydrate occurs worldwide in oceanic
sediments and polar areas, where temperature and pressure
conditions of the gas hydrate stability field are reached and
sufficient gas is available (Matsumoto et al., 2000;
Kvenvolden and Lorenson, 2001; Bohrmann and Torres,

2006). Based on global estimates, although still uncertain,
gas hydrates in ocean and permafrost areas are considered
as significant reservoirs for natural gases (in particular
methane) along with societal and economic points of view.
Natural gas hydrates might therefore become a major
hydrocarbon sourcewhichmay help tomeet the increasing
demand due to global consumption of hydrocarbons (Max
et al., 2006). Natural gas hydrates have also captured the
attention of geologists as slope stability around continents
seems to be influenced by the presence of hydrates in the
pore space of margin deposits (Paull et al., 2003).
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Furthermore, the release of methane hydrates from large
reservoirs could impact the atmospheric composition and
thereby the global climate (Kennett et al., 2002).
Gas hydrates are ice-like crystalline compounds in

which gases (carbon dioxide, methane, ethane etc.) are
trapped within cages formed by water molecules (Sloan,
1998). From the pioneering X-ray crystallography work of
von Stackelberg and Müller (1954), cubic hydrate
structures I and II (sI and sII) were determined which
both occur in natural marine deposits. A hexagonal
clathrate hydrate designated as structure H was introduced
by Ripmeester et al. (1987). Besides Nuclear Magnetic

Resonance (NMR) and Raman spectroscopy, X-ray dif-
fraction can be used to identify the structure and determine
the lattice parameters of hydrates. X-ray diffraction is the
only method which can deliver absolute occupancies of the
cages with gas molecules (Klapproth et al., 2003). In
addition, XRD may be used to establish the relative
amounts of ice, hydrate and other minerals in the gas
hydrate samples to elucidate the degree of preservation.
This manuscript describes the use of synchrotron X-ray

diffraction for the quantitative phase analysis of natural gas
hydrate samples, from ODP drill sites at Hydrate Ridge,
Oregon margin.

Fig. 1. Tectonic setting of the Cascadia subduction zone at the western margin of the Northamerican Plate (above left); location of the map (right) is
indicated by the box. Bathymetric map of Hydrate Ridge and vicinity (above right) showing the area of a 3-D seismic survey at southern Hydrate
Ridge (black box). Detailed bathymetric map (lower map) of the area of southern summit Hydrate Ridge indicating locations of ODP Leg 204 drill
sites. Tracks of seismic profiles are shown and traced by letters A–E (from Tréhu et al., 2003).
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Quantitative phase analysis of gas hydrate samples is
important, because without the use of proper autoclave
tools, dissociation starts when gas hydrates are outside
their p–T stability field resulting in the formation of ice
or water. On the other hand, any seawater attached to the
gas hydrate sample immediately converts into ice when
liquid nitrogen is used for sample preservation. Ice from
frozen seawater or as the end-product of dissociation
and preserved hydrate cannot be easily distinguished
through visual inspection and other methods must be
used to differentiate between ice and hydrate. High-
energy synchrotron X-ray diffraction offers both
qualitative and quantitative analyses of all mineral
phases present in a natural bulk sample. Due to its high
spatial resolution and high penetration power it is far
superior to conventional X-ray sources. Instead of a 1-
dimensional detection as in most conventional X-ray
diffractometers complete 2-D projections of the Debye–
Scherrer cones are recorded in our synchrotron work.
This is of crucial importance when larger crystallites
occur in the sample (e.g. large ice crystallites as in our
case), which frequently bias the conventionally recorded
diffraction patterns leading to grossly erroneous phase
fractions.
As an additional tool, cryo-scanning-electron-mi-

croscopy (cryo-SEM) explores the micro-structural and
micro-chemical composition of the samples. The Energy
Dispersive X-ray (EDX) detector, coupled with the
cryo-SEM, detects constituents by their elemental
composition with a spatial resolution of a few micro-

meters. By revealing details of the microstructure, cryo-
SEM may also provide new insights into the dissocia-
tion processes taking place in recovered natural gas
hydrate samples (Kuhs et al., 2004a). In addition, cryo-
SEM helps to differentiate between ice originating from
frozen seawater and from hydrate decomposition.
The determination of chemical composition, fabric,

and grain size characteristics of gas hydrates in natural
environments is still quite difficult due to the unknown
extent of partial decomposition and ice formation that
occurs during the recovery procedure. Assessing what is
original and what is recovery-induced is important in
order to interpret other geochemical and geophysical
properties measured on recovered natural gas hydrate
samples.

2. Gas hydrate on Hydrate Ridge

The gas hydrates investigated here were recovered
during drilling on the southern Hydrate Ridge, a 30-km-
long and 15-km-broad topographic high in the accretion-
ary complex of the Cascadia subduction zone, located
approximately 80 km west of the Oregon coast (Fig. 1).
Ocean Drilling Program Leg 204 sampled the gas hydrate
stability zone (GHSZ) from the seafloor to its base, which
was indicated by a bottom-simulating reflector (BSR) in
contrasting geological settings defined by a 3D seismic
survey (Tréhu et al., 2003). By integrating results from
pressure core sampler (PCS) measurements, chloride
anomalies in the pore water, IR temperature logging on

Fig. 2. North–south-trending slices from the 3-D seismic data that extend from the western flank to the summit of southern Hydrate Ridge (track lines
are shown in the map of Fig. 1; from Tréhu et al., 2003). ODP drill sites are indicated. The position of the BSR marks the lower boundary of the gas
hydrate stability field.
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the catwalk and electrical resistivity data from logging-
while-drilling, the problem of a very heterogeneous
spatial distribution of gas hydrates within the GHSZ
was overcome and quantitative estimates of the total
amount and its spatial distribution on southern Hydrate
Ridge were deduced (Tréhu et al., 2004). On average the
gas hydrate content of the GHSZ between the BSR and
the seafloor is generally 2% or less of the pore space,
whereas some patchy zones of locally higher gas hydrate
concentrations occur (Tréhu et al., 2004). High gas
hydrate content of 30–40% of the pore space is restricted
to the upper 30–40 m below the seafloor (mbsf) near the
summit of southern Hydrate Ridge, where vigorous gas
seepage occurs and gas hydrate is outcropping on the
seafloor (Bohrmann et al., 1998; Suess et al., 1999, 2001).
Based on a model that integrates gas hydrate growth,
gaseous methane transport from below and chloride
enrichment, Torres et al. (2004) calculated that a methane
amount of 104 moles per day has to be supplied to the base

of the GHSZ. This supply of free gas is thought to occur
preferentially at seismically imagedHorizonA,which is a
high permeability gas-saturated sediment layer (Tréhu et
al., 2004) that gets shallower towards the summit (Fig. 2).
A variety of gas hydrate textures were observed and

sampled during the leg, providing new insight into the
spatial distribution of gas hydrates on southern Hydrate
Ridge. Based on theirmacroscopic geometry, sampleswere
described as layers, massive (layers b10 cm in thickness)
lenses, veins or veinlets, nodular features and disseminated
hydrate grains that are distributed throughout the sediment
matrix (Tréhu et al., 2003). A large collection of samples
was investigated by X-ray computed tomography (CT)
analyses of frozen whole-round samples, which showed
that all hydrates had been present in layers with a variety of
dip directions and angles within the sediment. Shallow
hydrate layers parallel or sub-parallel to bedding are formed
by gas injections parallel to stratification. Below 40 mbsf,
hydrate layers are characterized by steeper dip angles of

Fig. 3. CT images from both samples 1248C-8H-6, 68–67 cm (A and B) and 1247B-12H-2, 41–51 cm (C and D). CT images show dense material in
white and less dense phases by darker color. Gas hydrate is represented by dark grey. Overview images of the entire core sections are shown left (A
and C). CT slices are shown on the right side (B and D).
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30–90° and are interpreted as hydrate precipitates in open
fractures or joints (Abegg et al., 2007).

3. Methods

During Leg 204 numerous gas hydrate samples were
recovered as whole-rounds instantly after they were
detected by IR imaging in the cores on the catwalk

(Tréhu et al., 2004) and preserved in liquid nitrogen for
detailed shore-based studies. More than 60 whole-round
samples were collected from 8 of 9 drill sites. Whole-
round sections with variable sizes, around 5–20 cm in
length, were first investigated by CT analyses (Fig. 3)
which imaged the fabric and the appearance of the gas
hydrate within the host sediment (Abegg et al., 2006).
Based on the CT-image information we selected 16

Fig. 4. ODP Leg 204 drill sites represented by logging-while-drilling electrical resistivity records from the uppermost 200 m below seafloor (light
shades represent higher resistivity). Gas hydrate samples presented in this paper are shown by pentagon symbols.

Table 1
List of samples from ODP Leg 204 sites investigated in this study

ODP samples Depth No of
measurements

Hydrate Ice Quartz
(mbsf) (%) (%) (%)

1244C-8H-1, 47–52 cm 62.97 4 2.59±0.27 97.33±0.33 0.08±0.11
1244C-8H-1, 47–52 cm 62.97 3 1.33±0.09 98.43±0.05 0.24±0.11
1245B-6H-5, 60–78 cm 54.10 4 2.40±1.43 93.62±1.07 3.98±1.13
1247B-12H-2, 41–51 cm 93.01 4 43.88±3.71 54.53±3.82 1.60±0.29
1248C-1-CC, 0–14 cm 2.24 4 3.01±0.72 91.54±1.70 5.46±1.10
1248C-3X-3, 0–3 cm 21.83 4 1.34±0.58 96.88±0.61 1.80±0.49
1248C-8H-6, 68–87 cm 74.46 3 66.03±6.38 31.95±6.00 2.01±0.43
1248C-10H-1, 100–119 cm 87.00 2 6.64±1.33 92.89±1.19 0.47±0.14
1248C-10H-1, 100–119 cm 87.00 3 2.93±0.49 96.55±0.64 0.52±0.17
1248C 11H-5, 38–75 cm⁎ 100.89 2 33.30±21.78 66.70±21.78
1249C 1H-1, 0–25 cm⁎ 0.12 2 0.00 100.00
1249C-1H-CC, 0–10 cm 1.50 4 19.38±1.34 80.16±1.15 0.47±0.27
1249C-3H-1, 106–131 cm 5.89 3 7.48±1.73 84.58±2.31 7.94±0.57
1249F-5H-1, 64–70 cm 16.14 1 18.09 81.71 0.20
1250D-1H-3, 30–63 cm 1.66 4 2.89±1.00 96.71±1.71 0.61±0.49
1250D-1H-3, 30–63 cm⁎ 1.66 3 1.35±0.09 97.90±0.03 0.75±0.10
1250D 1H-3, 30–63 cm 1.66 2 3.60±0.14 96.40±0.14 0.00
1250D-11H-3, 53–84 cm 78.01 4 34.45±3.87 64.60±3.58 0.97±0.36
1250D-11H-3, 53–84 cm 78.01 4 36.88±1.62 62.76±1.69 0.37±0.12
1250C 2H-CC, 0–1 cm⁎ 5.06 2 27.50±38.89 72.50±38.89
1250C-11H-3, 94–95 cm 86.35 4 7.09±1.01 92.78±1.08 0.14±0.06

Compositions (in weight %) of the samples are based on the synchrotron XRD data Rietveld analyses. Deviations given for the composition represent
the spread from the average for different measured positions of the sample. Four samples marked by an asterisk correspond to uncrushed samples with
very low quartz content, which, consequently, was not included in the Rietveld analysis.
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samples from different horizons, all with some promise
for containing gas hydrates (Table 1, Fig. 4). Working
under liquid nitrogen in a cold laboratory at −20 °C (to
avoid the condensation of water vapour from the
atmosphere) we dissected pure hydrate/ice parts and
cleaned the samples from attached sediment particles.
Of these 16 cleaned sub-samples 13 were crushed to
sub-millimeter size and filled into aluminium vials of

7 mm diameter and 40 mm length. Samples from four
depth horizons were split into two sub-samples each
(see Table 1). One set of sub-samples from each horizon
was left intact and placed in aluminium vials of 7 mm
diameter filling most of the vial's cross-section.
For XRD analysis we used high-energy synchrotron

radiation at the beamline BW5 at DESY-HASYLAB in
Hamburg. In contrast to in-house X-ray techniques,

Fig. 5. XRD records from high-energy synchrotron radiation measured at HASYLAB/Hamburg and calculated models based on Rietveld analyses.
Major peaks of hydrate, ice and quartz are shown from samples documenting distinct differences in gas hydrate amounts. From sample 1248C-8H-6,
68–67 cm (panel A) 68% structure I hydrate was calculated whereas sample 1247B-12H-2, 41–51 cm yields 45% gas hydrate (panel B).
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synchrotron X-ray diffraction provides better resolution,
because of high radiation flux (5×1010 photons/s/mm2 at
100 keV), high collimation, i.e. small angular divergence of
the beam, and wide tunability in energy/wavelength (sub
eV to hundreds of keV). A monochromatized and
collimated photon beam of about 100 keV (wavelength
∼0.124 Å) was used as an incident X-ray beamwith a size
of 1 mm2 at the sample position. For the X-ray mea-
surements, samples were placed in the cylindrical alu-
minium vials described above. The sample was held at a
temperature of 70 K at ambient pressure. The small beam
size allows for spatially resolved measurements to obtain
information on internal sample variability. Consequently,
one has tomeasure at several positions, or move the sample
during data collection. Here, usually 2–4 areas within each
sample were investigated without translating (but rotating)
the sample during data collection (Table 1). The typical
distance between two measured positions was 10 mm.
A two-dimensional (2-D) image plate detector (mar345)

placed 120 cm away from the sample was used permitting
interception of the X-ray powder diffraction cones as

completeDebye–Scherrer rings. Using the FIT2Dprogram
(Hammersley et al., 1996) these rings were integrated to
yield a conventional one-dimensional (1-D) 2-theta pattern.
In the 2-D images, some Debye–Scherrer rings show
individual Bragg spots scattered within the ring width.
These spots are distinct due to their high peak intensity
compared to any other point (∼10 times higher) within the
ring width. Clearly, they represent the Bragg reflections of
large crystallites of a particular phase (ice Ih or sI hydrate).
The resulting 1-D powder pattern shows spikes sitting on
an otherwise smooth integrated Bragg peak. Moreover, as
other lattice planes of these large crystallites are not
necessarily in reflection position, the Rietveld method will
tend to produce a lower quality of fit. In certain cases it may
hamper a reasonable refinement altogether. The problem
can be addressed by masking outliers before integration.
The resulting peaks in the 2-theta patterns will then not
show any abrupt change in intensity. The “MASK” tool of
the FIT2D program was used for this purpose, which
allowed manually selected outlying points to be ignored in
further treatments enabling a more meaningful profile fit.

Fig. 6. Bar chart of gas hydrate, ice and quartz amounts calculated in 21 samples from 16 depth levels of frozen ODP samples which have been
identified as gas hydrate samples onboard the JOIDES Resolution.
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Phase fractions of the samples are then obtained from a
full-pattern profile fitting (Rietveld refinement) using the
GSAS software (Larson and Von Dreele, 2000) and are
summarized in Table 1. The starting parameters for the sI
hydrate (space group Pm-3n) refinements are taken from
Klapproth (2002). During refinements, general parameters
such as the scale factor, background parameters, the zero
point and the profile parameters are optimized. The cell
parameters of ice Ih and quartz are kept fixed, while the cell
parameter of sI hydrate slightly varies around a value of
∼11.88 (1) Å.
In addition to XRD analyses, few samples were

investigated by cryo-SEM. We used a Field-Emission
SEM (FE-SEM; LEO Gemini 1530), which is dedicated to
work at low acceleration voltages. The FE-SEM is equipped
with a nitrogen-cooled sample stage in the vacuumchamber,
which allows a study of samples at temperatures as low as
−185 °C. Samples were moved onto the liquid nitrogen
cooled sample holder within a liquid nitrogen bath and then

transferred through a cryo-preparation chamber (without
receiving a metal coating) into the vacuum chamber
(10−5 mbar) of the SEM. A low acceleration voltage
(b2 keV) was used during imaging to minimize sample
alteration or beam damage. This allowed us to investigate
the surface of the samples in detail down to several tens of
nm resolution. In order to obtain qualitative elemental
analyses the instrument is equipped with an energy
dispersive X-ray sensor (EDX). Images were stored in
digital format. Further details of the FE-SEM used for
studies of gas hydrateswere described in earlier publications
(Kuhs et al., 2004a; Techmer et al., 2005).

4. Results

4.1. Synchrotron X-ray diffraction

X-ray diffraction analyses of all samples (Table 1)
revealed that the gas hydrate phase in each sample is cubic

Fig. 7. FE-SEM images from ODP Leg 204 gas hydrate samples. A. Overview of an area characterized by sub-micrometer-sized porosity (SPGH)
surrounded by dense material (DM) that contains pores 5–20 μm in size. Those pores are concentrated in certain areas and seem to bemore frequent near the
contact to sub-micrometer-porous patches (Sample 1249C-1H-CC). B. Image of the transition from a sub-micrometer-sized porosity (SPGH) area to the
dense material (DM) is shown. Single tube pores (T) with hexagonal shape are typical for SPGH parts. C. Large pore in sub-micrometer-porous gas hydrate
(SPGH).Note that the contact is lined by densematerial (DM)D.Detail of highermagnification of imageB. B–Dare from sample 1247B-12H-2, 41–51 cm.
Decomposition front (DF).
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sI hydrate. This is demonstrated by the presence of the
three most intense sI-peaks (222), (320), (321) in the 2θ
scans (Fig. 5). The hexagonal ice Ih phase in this example
is by far the major fraction, which is clearly indicated by
the dominant intensities of the three major ice Ih peaks
(100), (002), (101) (Fig. 5). A third mineral phase is
identified as quartz as documented by its (101) and (100)
reflections (Fig. 5). In total, we performed 66 analyses
from 16 gas hydrate samples of various depths at Sites
1244, 1245 and 1247–1250. In most cases we ran 3–4
measurements for each sub-sample. In some particular
cases, i.e. from 4 samples, we measured a second set of
uncrushed sub-samples in order to check the local
compositional variations (Table 1).

The synchrotron XRD data Rietveld analysis pro-
vides quantitative phase fractions of the constituents
present in each sample, which are listed in Table 1 and
shown in Fig. 6. For the crushed samples, the amount of
Ih ice varies between 32 and 98% in each sample, with
83% as a nominal average for the measured samples. It
is therefore clear that ice Ih is the most abundant phase
in the collected samples, despite the fact that the samples
were selected for their high gas hydrate content. The sI
hydrate phase fraction varies between 0 and 66% with a
nominal averaged value of 15%. Eight of thirteen
crushed samples contain a low amount (between 1 and
7%) of gas hydrate and only five samples showed gas
hydrate contents of 20–68% along with a lower

Fig. 8. FE-SEM images from ODP Leg 204 gas hydrate samples. A. Image of dominantly sub-micrometer-porous gas hydrate (SPGH) containing
domains of sediment (SED). The sub-micrometer-sized porosity is not visible under low magnification. B. Transition between a sub-micrometer-
porous area (SPGH) and sediment-dominated region (SED). Dense material (DM) yielding pores of a few micrometer in diameter are intercalated.
C. Detail from B shows the distinct transition from sub-micrometer-porous gas hydrate (SPGH) to dense material (DM). The single tube pore(T) from
the gas hydrate is ending in a pore within the dense material. D. Four single tubes of dense material with clear hexagonal shapes within the inner vug.
Images A–C are from sample 1248C-8H-6, 68–67 cm; image D is taken from sample 1247B-12H-2, 41–51 cm.
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concentration of ice Ih (30–75%). As expected based on
the sample preparation procedure, quartz is only a minor
constituent (the nominal average content of the sam-
ples is around 1.6%) and varies between 1.1 and 7.9%
(Fig. 6). Results from the four measurements with
uncrushed samples revealed an inhomogeneous distri-
bution of gas hydrate and ice within the sample. In
particular, samples with higher gas hydrate contents
(about 30 wt.%) show significant local differences in the
gas hydrate and ice proportions.

4.2. FE-SEM observations

Optical studies onmicrostructures have been carried out
on a few samples with different gas hydrate concentrations
(Figs. 7 and 8). From these samples the highest amount of
gas hydrate (68%) was analyzed in sample 1248C-8H-6,
68–67 cm and the lowest concentration of 3.1%was found
in sample 1248C-1-CC, 0–14 cm. Sample 1247B-12H-2,
41–51 cm reaches gas hydrate concentration of 43.8%,
which is a medium value between the other two samples.
As it was shown in other natural and synthetic gas hydrate
samples, the samples studied here show a characteristic
sub-micrometer-sized porosity, which can be used as a
rapid visual aid in identifying gas hydrates (Kuhs et al.,
2000, 2004a; Klapproth et al., 2007).
Pore sizes typically vary between 100 and 400 nm in

diameter (Figs. 7C, D, and 8C, D), and are homogenously
distributed over large areas in samples of high gas hydrate
concentration. The porosity is about 15% with pores that
show no preferred orientation and are rarely inter-

connected as evidenced by specific surface area measure-
ments (Kuhs et al., 2004a). In the sample of low gas
hydrate concentration just two very small areas of sub-
micrometer-sized porositywere found and in the sample of
medium gas hydrate concentration, sub-micrometer-sized
porous patches are repeatedly observed. Next to sub-
micrometer-sized porous areas, dense material was
observed with few larger pores of tens of micrometers in
diameter. Those pores are often concentrated in certain
domains and are particularly frequent in densematerial that
surrounds patches of sub-micrometer-sized porosity. As
shown in Fig. 7A the size distribution of the pores in this
area is fairly homogenous, whereas farther away the pores
reveal more variable, mostly larger pore sizes. The dense
material containing some micrometer-sized pores was
repeatedly identified as ice by EDX. From synthetic gas
hydrate samples we know that the sub-micrometer-porous
material is representative for gas hydrates (Kuhs et al.,
2000, 2004a). This permits us to retrace the decomposition
front between gas hydrate and the (now frozen)water at the
moment of quenching in liquid nitrogen and allows us to
visually estimate the size of patches of un-decomposed
hydrates in the SEM samples as discussed below.
Within areas of sub-micrometer-sized porosity, tubes

of 2–4 μm in diameter with dense walls occur, which in
all cases show a hexagonal cross-section (Figs. 7A, D and
8D). Most of the neighbouring long tubes appear to be
aligned parallel to each other. Investigations of the
change from areas of sub-micrometer porosity to dense
areas revealed that some of the tubes end in larger pores
within the dense material (Fig. 8). Contacts to sediment

Fig. 9. FE-SEM images from ODP Leg 204 gas hydrate samples. A. Large-scale image of a small patch of sub-micrometer-porous gas hydrate (SPGH),
surrounded by dense material (DM) with fewer and larger pores (tens of micrometers). The decomposition front (DF) of the gas hydrate is marked (sample
1249C-1H-CC, 0–10 cm). B. Sub-micrometer-porous gas hydrate (SPGH) with direct contact to a matrix of dense material (DM) on a decomposition front
(DF). Salt crusts in the right hand side of the picture are labeled (sample 1248C-8H-6, 68–87 cm).
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domains are mostly represented by dense material con-
taining some micrometer-sized pores (Fig. 8A and B).
Figs. 7A and 9A and B show patches of sub-

micrometer-sized pores which are surrounded by dense
material. Fig. 9A depicts a small, single patch which is
entirely encircled by a large area of dense material. The
densematerial is directly connected to the sub-micrometer-
sized porous patch; also, no crusts of any kind are visible
whichmight help retracing the origin of the dense material
to external sources such as seawater. In Fig. 9B crusts are
visible in the image which was identified as salt crusts
from, presumably, seawater, by EDX-measurements. On
the other hand, sub-micrometer-sized porous areas are
embedded within dense material with fewer and larger
pores. No sub-micrometer-sized porous patches were
found with areas of salt crusts.

5. Discussion

Kim et al. (2005) observed sI hydrate in one sample
collected from the Site 1249 on ODP Leg 204. Structure I
hydrate was also postulated by gas analyses of distinct
hydrate samples during the work onboard the JOIDES
Resolution (Tréhu et al., 2003). The adopted cell parameter
of 11.88(1) Å, measured at 70 K, is comparable to the
earlier reports on natural gas hydrates as well as synthetic
ones. For instance, Kim et al. (2005) obtained the cell
parameter as 11.8615±0.015 Å, measured at 123 K, while
Kirchner et al. (2004) reported 11.877(3) Å for pure
synthetic methane hydrate from a single crystal XRD
measurement. Measurements at different locations (10 mm
apart) of the same sub-sample do not show any substantial
differences in cell parameter, but yield slightly different
phase fractions (Table 1). Thus it appears, that all recovered
gas hydrate here is of structure I, but that it occurs in
different proportions relative to other phases such as ice
(Table 1), indicating sample heterogeneity at a mm scale.

5.1. Distinction between gas hydrate and ice

SEM imaging within the matrix of gas hydrates shows
areas of sub-micrometer-sized pores that represent the
hydrate phase, which is therefore distinguishable from the
ice (Kuhs et al., 2000, 2004a; Stern et al., 2004; Techmer et
al., 2005; Stern et al., 2005). The gas hydrates studied here
show comparable pore structures with pore diameters less
than 1 μm. Such sub-micrometer-sized pores were reported
from natural gas hydrate samples from the Black Sea, from
the SWAfricanMargin and from near-surface gas hydrates
from Hydrate Ridge and from the Mallik drill site (Kuhs
et al., 2004a; Techmer et al., 2005). The porosity is also
known from laboratory-synthesized gas hydrates, specifi-

cally from those that formed from gas reacted with water/
ice to form hydrates (Staykova et al., 2003; Genov et al.,
2004; Kuhs et al.; 2006). Straight tubiform pores with the
dense walls were exclusively found within the sub-
micrometer-scale porous gas hydrate domains. However,
the hexagonal shape of the tubes in cross-sections indicates
that the dense material of the wall represents frozen water
since normal ice crystallizes in hexagonal lattice. Accord-
ingly, using the EDX detector we were unable to detect any
carbon in the material of the dense walls, which suggests
that the dense material probably does not consist of gas
hydrate, as was shown for samples from theMallik drill site
(Techmer et al., 2005).
Large patches of sub-micrometer-sized pores are

particularly well preserved in samples with high amounts
of gas hydrate. On the other hand a large proportion of ice
coincides with a widespread occurrence of densematerial.
The appearance of gas hydrates under the SEM shows the
typical feature: the sub-micrometer-sized porous material
is always surrounded by dense material (Fig. 7A). This
includes large pores several tens of micrometers in size,
which are always surrounded by dense material (Fig. 8C).
This was observed in all samples and is a good argument,
that the dense material is dominantly frozen water. Local
variations of the ice and gas hydrate fractions from XRD
measurements of uncrushed samples agree well with
SEM observations. Consequently, we can assume that by
and large the dense material is mostly composed of ice.
The possibility that some of the hydrates investigated here
also show dense surface areas cannot be excluded,
however. Dense hydrates were described in other inves-
tigations (Stern et al., 2004; Techmer et al., 2005). In the
samples from the Hydrate Ridge, no dense gas hydrate as
indicated by carbon signals from the EDX detector could
be found. In addition, the arrangements of micrometer-
sized pores (Figs. 7 and 8) and the distribution of the pores
within the dense material most probably represent former
gas bubbles in water that froze during the rapid quench in
liquid nitrogen. Those bubbles were potentially frozen
with the surrounding water. They are recognizable as
cavities covered by thin ice layers.

5.2. Decomposition of gas hydrate and its detection

Decomposition of gas hydrate starts on free surfaces or
interfaces of gas hydrates with sediment or along the
surface of large pores that originally exist between sediment
grains. Discrete rounded patches of sub-micrometer-sized
porous gas hydrate are consequently decomposed around
their periphery. The boundary between porous and dense
material representsmost probably the active decomposition
surface, just immediately before the sample was frozen in
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liquid nitrogen. Consequently, only large and massive
pieces of gas hydrate will be preserved as gas hydrates
patches whereas similar amounts of gas hydrate which
occur disseminated in the sediment will decompose during
retrieval within the drill string. This is indicated by small
gas hydrate patches which are situated within large areas of
ice originating from hydrate decomposition. Ice originating
from quenched seawater can be identified by the presence
of salt crusts. Micro-structurally identical salt crusts were
obtained by us in laboratory experiments for rapidly
quenched sea water. Such salt precipitates cannot be
observed in frozen hydrate water, because hydrate is
composed of pure water and contains no salt. The patchy
distribution of ice and gas hydrates seen in SEM is
confirmed by the varying proportions of gas hydrate and ice
at different locations in uncrushed samples.
Hydrate dissociation itself is an endothermic reaction

consuming a considerable amount of heat, which could
lead to a simultaneous freezing of thewater released by the
dissociation process. In addition to gas hydrate decompo-
sition, gas expansion and gas exsolution are further pro-
cesses that can cause a temperature decrease in sediment
cores during their ascent from seabed to the surface.
Consequently, decreasing temperatures induced by any
process could probably lead to the formation of ice in the
ascending sediments. Temperaturemeasurements taken by
the Temperature, Pressure and Conductivity (TPC) tool
during the ascent of cores revealed at least sharply-defined
cooling anomalies with▵T up to ∼4 °C measured on top
of the TPC tool (Ussler et al., 2006). This may indicate
even lower cooling temperatures in small areas around gas
hydrates inside such cores. The spot-like temperature de-
creases could induce local ice formation and contribute to
the self-preservation effect of hydrates which is observed
at temperatures below 0 °C (Yakushev and Itomin, 1992;
Stern et al., 2003). This effect allows gas hydrates to exist
for some time outside its normal p-Tconditions of stability.
The thermal limits of the preservation window and the
effects of pressure variations were investigated on many
pure samples of structure I as well as on mixed hydrate
samples (sI and sII) by Stern et al. (2003; Kuhs et al.,
2004b; Circone et al., 2005). This effect was first observed
in laboratory experiments on both natural and laboratory-
made gas hydrate (Davidson et al., 1986), and is suggested
as a basis for a commercial scheme for methane hydrate
storage and transport (Gudmundson and Borrehaug,
1996).

6. Conclusion

Preservation of gas hydrates from ODP samples from
conventional APC cores, without using autoclave coring

systems, seems to be unsatisfactory due to widespread
and advanced dissociation of the hydrate. Typically,
samples we investigated from ODP drill sites are de-
composed up to 85% and are converted to hexagonal
ice. Only a few samples revealed gas hydrate concen-
trations more than 15% going up in rare cases to 70% of
the selected sample. High gas hydrate contents can only
be expected when the starting material consists of
massive gas hydrates which are considerably more
resistant to decomposition than thin hydrate layers,
veinlets or disseminated hydrate crystals. The distribu-
tion of gas hydrates in partially decomposed samples
was found to vary at scales of mm to cm.
Gas hydrate samples frozen in liquid nitrogen show

many features of hydrate decomposition. Results fromFE-
SEM studies are in agreement with XRD conclusions. Gas
hydrate domains seem to be represented by sub-microm-
eter-sized porosity, whereas on this scale the frozen water
appears dense in FE-SEM images containing, however,
many pores of larger size. These pores are probably caused
by methane bubbles discharged from outer surfaces of
decomposing hydrates which were frozen during quench-
ing in liquid nitrogen. Hydrate decomposition was obvi-
ously ongoing before the process was stopped in the liquid
nitrogen bath. We cannot exclude that some of the ice was
formed directly by the cooling effect of hydrate decom-
position during the ascent of the core to the surface within
the drill hole and above, before the sample was quenched
in liquid nitrogen.
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Abstract: The grain sizes of gas hydrate crystallites are largely unknown in natural samples.
Single grains are hardly detectable with electron or optical microscopy. For the first time, we
have used high-energy synchrotron diffraction to determine grain sizes of six natural gas hydrates
retrieved from the Bush Hill region in the Gulf of Mexico and from ODP Leg 204 at the Hydrate
Ridge offshore Oregon from varying depth between 1 and 101 metres below seafloor. High-energy
synchrotron radiation provides high photon fluxes as well as high penetration depth and thus allows
for investigation of bulk sediment samples. Gas hydrate grain sizes were measured at the Beam
Line BW 5 at the HASYLAB/Hamburg. A ‘moving area detector method’, originally developed
for material science applications, was used to obtain both spatial and orientation information about
gas hydrate grains within the sample. The gas hydrate crystal sizes appeared to be (log-)normally
distributed in the natural samples. All mean grain sizes lay in the range from 300 to 600 mmwith a
tendency for bigger grains to occur in greater depth. Laboratory-produced methane hydrate, aged
for 3 weeks, showed half a log-normal curve with a mean grain size value of c. 40 mm. The grains
appeared to be globular shaped.

The grain sizes of gas hydrate crystallites are largely
unknown in natural samples despite their possible
importance for our understanding of gas hydrate for-
mation and the physical properties of gas hydrate
aggregates. Grain sizes and shapes of gas hydrates
yield insights for geosciences, glaciology and
chemistry. The understanding of gas hydrate
crystal growth could be significantly enhanced by
knowing the typical sizes of gas hydrate crystals.
This information may also help in understanding
possible time-dependent continued growth pro-
cesses; gas hydrate crystal growth might resemble
a ripening process similar to Ostwald ripening
(Lifshitz & Slyozov 1961; Wagner 1961). In such
a process, large grains grow at the expense of
smaller grains in order to minimize the free energy
within a system. This happens both because of the
higher solubility of smaller particles compared
with larger particles (Wagner 1961) and because
the grain boundary energy of larger particles is rela-
tively less than that of smaller particles. The ripen-
ing of crystals will be a function of time, thus
larger grains might be older than smaller grains
assuming that the initial grain size was similar (i.e.
the formation conditions are similar). Therefore,
grain size information may well contribute to

evaluating the formation ages of gas hydrates once
the formation processes and conditions have been
established. Knowing the size of gas hydrate crys-
tals also helps in understanding the processes
taking place on grain boundaries, e.g. mass transport
and diffusion. Many kinetic and thermodynamic
considerations involve surface processes and dep-
end on the available surface area (Lasaga 1998),
e.g. gas exchange reactions that result in read-
justment of the composition and cage filling of gas
hydrates in response to changing environmental
and physical conditions. The application of these
considerations to gas hydrates will require knowl-
edge of the grain size. This information is scarce
for gas hydrates. In particular, statistically rep-
resentative quantitative grain size information is
unavailable.

In this study, grains are understood to be rep-
resented as single crystals, separated by grain
boundaries. To explore the nature of these single
grains, a sample of artificial gas hydrate, sieved to
provide a particle size range between 200 and
400 mm and comprising single grains or agglomer-
ates, was investigated.

Some grain size information on synthetic
methane hydrates was reported in an earlier study

From: LONG, D., LOVELL, M. A., REES, J. G. & ROCHELLE, C. A. (eds) Sediment-Hosted Gas Hydrates:
New Insights on Natural and Synthetic Systems. The Geological Society, London, Special Publications, 319, 161–170.
DOI: 10.1144/SP319.13 0305-8719/09/$15.00 # The Geological Society of London 2009.



by Klapproth (2002), who estimated the typical
crystal size to be 15 mm using X-ray diffractometric
techniques. The samples were produced from ice
and methane gas by the methods described by
Kuhs et al. (1992) & Stern et al. (1996). Although
difficult, Staykova et al. (2003) investigated
methane hydrates (synthesized in a similar way,
using a well-defined particle size and shape for
the initial ice particles) using scanning electron
microscopy (SEM), which is possible in the
case of synthetic hydrates. Boundaries between
hydrate crystallites are difficult to identify; only
some freely grown euhedral hydrate crystals could
be measured to have a size of 30–40 mm. Since
these visual measurements were too few to have
statistical significance, we have to assume that syn-
thetic methane hydrate crystals, fabricated as
described by Kuhs et al. (1992) & Stern et al.
(1996), are typically 15 mm in size with individual
crystals going up to at least 40 mm.

One objective of this study is to use a
sample with a known particle size constrained
between 200 to 400 mm to test the application of
synchrotron techniques for determining the particle
size of gas hydrates. Results within the order of
magnitude as reported by Klapproth (2002) &
Staykova et al. (2003) are expected for the measure-
ment of the synthetic sample. The results within the
anticipated range should underline the reliability
and precision of the technique and serve also as
a calibration.

The six natural samples investigated were from
two different locations. One sample originates
from the Bush Hill region in the Gulf of Mexico
and was retrieved from the seafloor during the RV
Sonne Cruise SO 174 in 2003 (Bohrmann &
Schenck 2004). The other five natural samples are
from Hydrate Ridge at the Cascadia Margin off-
shore Oregon. These samples were obtained from
four different drilling sites of the ODP Leg 204
and originate from varying depths between 1 and
101 m below the seafloor (mbsf) (Shipboard Scien-
tific Party 2002).

To enable good evaluation of the measurements,
natural samples with considerable amounts of gas
hydrate were chosen. A pre-selection was done
based on ‘on-the-catwalk’ observations after sam-
ple recovery and computer-tomography (Abegg
et al. 2006). For the purpose of this work, samples
containing sufficiently large volumes of dense gas
hydrate were needed, that is samples containing
discrete nodules or lenses as described by Abegg
et al. (2007). Bohrmann et al. (2007) also undertook
quantitative phase analysis and scanning electron
microscopy on some of the samples investigated in
this study. Based on their results, samples with
high proportions of gas hydrate were finally selected
and used in this work.

Experimental methods

The grain sizes of one synthetic sample and six
natural samples were investigated. The synthetic
sample was prepared as in previous laboratory
investigations on synthetic hydrates (Kuhs et al.
1992 & Stern et al. 1996) using ice grains
(�400 mm) and methane gas at a pressure of 60
bar for 3.5 weeks. During this time the temperature
was raised in steps from 25 to þ2 8C each step
being taken after the gas consumption at the pre-
vious temperature step had almost ceased.

Because the objective for investigating the
natural samples was to evaluate the sizes of individ-
ual gas hydrate crystals, it was therefore important
not to change the state of the samples (e.g. by crush-
ing the sample). Consequently, small pieces of
intact material about about 1 cm2 in size were
measured.

The grain sizes of gas hydrates were measured
by imaging the length of the crystals with high-
energy synchrotron radiation. Initially, however,
the specimens were investigated with a cryo-scan-
ning electron microscope. We used a field-emission
scanning electron microscope (FE-SEM; Zeiss Leo
1530 Gemini). The FE-SEM is designed for work
at low acceleration voltages of less than 2 kV,
which is important for ice or gas hydrates in order
to minimize sample alteration due to beam damage
(Kuhs et al. 2004; Stern et al. 2004). During the
measurements, the samples were placed on a liquid-
nitrogen cooled sample stage inside a vacuum
chamber at temperatures of about 90 K (2188 8C)
and a pressure of about 1 � 1026 bar. The uncoated
pieces of gas hydrate bearing samples with dimen-
sions of about 0.5 � 0.5 � 0.5 cm were examined
in the cryo-SEM.The SEM instrumentwas equipped
with a thin-window energy-dispersive X-ray micro-
analysis (EDX) detector allowing formicrochemical
analyses of low-Z elements.

The goal of SEM-imaging was to define the
grain boundaries between gas hydrates on the
surface of the specimen. Gas hydrate could be dis-
tinguished from other phases like ice and sediments
by the presence of typical homogeneously distri-
buted micropores within the gas hydrate phase.
Submicrometre-sized micropores were described
by Kuhs et al. (2000, 2004) & Techmer et al.
(2005) within the gas hydrate phase as a typical
feature and can be regarded as a potential tool for
identifying gas hydrates. The pores are not fully
connected and have diameters ranging from 200 to
400 nm in methane hydrate (Kuhs et al. 2000).

For the synchrotron measurements, pieces of
pure hydrate/ice parts were broken off each of the
six natural samples and then fixed into aluminium
cans of 7 mm inner diameter and 40 mm length in
an arbitrary orientation. In order to measure the
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natural sizes of the grains, only large pieces coming
close to the inner diameter of the cans were selected.
The gas hydrate grain sizes were measured at the
Beam Line BW 5 at the Hamburg Synchrotron Lab-
oratory (HASYLAB) of the Deutsche Elektronen
Synchrotron (DESY). High-energy synchrotron
radiation provides a short X-ray wavelength and
thus allows investigating bulk sediments up to
some centimetres thickness (for a wavelength of c.
0.12 Å) in X-ray diffraction experiments. This
depth of penetration is essential because the
samples are 7 mm thick and are also located in a
cryostat with Al shields (Fig. 1). Since the crystal
sizes of natural samples were unknown, but
expected to be quite small, a particularly good
angular and spatial resolution was needed. This is
provided by high collimation, i.e. parallel radiation
of the high-energy synchrotron radiation and a
high photon flux allowing small beam diameters.

During measurements, the cryostat stage was
cooled by a closed cycle helium system to temp-
eratures of 70 K (2208 8C). A Lake Shore (Cryotro-
nics Inc.) controller was used to regulate the
temperature of the sample. A vacuum of about

1 � 1025 bar between the sample can and the
shields of the cryostat insulates the sample from
external heat.

The grain size measurements were performed
with the synchrotron radiation using the moving
area detector method, which was developed for
material science purposes such as metals or cer-
amics (Bunge et al. 2002; Klein et al. 2004). It
enables the simultaneous measurement of the
grain sizes of many crystals in a single sample in
relatively short time, and the measurement of
grain sizes of many crystallites in one run gives stat-
istically significant results. The diffracted Debye–
Scherrer cones of individual crystal planes of
sample crystallites are imaged as rings on a two-
dimensional image plate detector. For this study, a
mar345 image plate detector was used. A diffraction
image of a gas hydrate sample is shown in Figure 2.

The Debye–Scherrer ring corresponding to the
gas hydrate structure I (321)-reflex is used for
grain size measurements in the moving area detector
method, because it is strong and does not overlap
with other phases. In order to exclude all other
reflections except the gas hydrate (321)-reflex,

Fig. 1. Set up at BW5, the photograph is taken parallel to the beam direction. The gas hydrate sample is stored during
measurements in a cylindrical (7.7 mm diameter) size aluminium can which is located within the cryostat.
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Bragg slits are positioned between sample and
detector (Figs 1 & 3). A ‘location scan method’
determines grain sizes in the scanning direction
(Bragg-angle slit system, Fig. 3). Both the sample
and the detector are moved perpendicular to the
beam; consequently, all crystal planes are imaged

as streaks as long as they stay within the beam
line. The streaks correspond to individual grains,
their lengths represent the grain diameters in the
scanning direction. Figure 3 shows this method as
a scheme; Figure 4 depicts an orientation–location
scan from a natural methane gas hydrate from
ODP Leg 204 (1.5 mbsf). The samples were
moved 10 mm along the cylinder axis of the cans.
Typically, the central part of the 40 mm can was
measured. In order to inspect whether crystals
might be elongated in one direction, a second set
of measurements was carried out for one sample
with the sample rotated 908 so that the y-axis and
z-axis were changed (see Fig. 3). For these latter
measurements, several sections through the diam-
eter of the can were measured, each section
3.5 mm long, making half of the inner diameter of
the cylindrical can. In order to obtain reflections
from differently oriented crystallites, three to six
scans at different v-positions (Fig. 3) were done
for one sample. Each time, the sample was rotated
0.28 along the length axis of the can.

Data processing

Detector images were saved as digital images and
were processed by the marView software (Klein
2004). Measuring and counting of the streaks was
done using the Image-Pro software (Media Cyber-
netics 2002), allowing an automatic detection and
measurement of certain features within an image.

Fig. 2. Debye–Scherrer cones are imaged as rings on
the area detector; each diffraction ring represents an (hkl)
plane. One such ring is then selected for further grain size
measurements (sample: ODP Leg 204, 74.5 mbsf).
The sample was exposed to the synchrotron radiation
for 90 s, beam energy was 100 keV.

Fig. 3. Schematic drawing of the moving area detector method. Both sample and area detector are moved while the
beam remains constant. Subsequently, crystals are moved in the y-direction through the beam and their reflections reach
the detector; there, a continuous image of the scanned volume is recorded (Fig. 7). In succeeding measurements the
sample is rotated around the angle v. The Bragg-angle-slit lets pass only the chosen Debye–Scherrer ring.
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However, gas hydrates are weak scatterers unlike
technical materials such as metals, for which the
Moving Area Detector Method was developed
(Bunge et al. 2003). The detector image processing
and the measurement of the streaks are the most
time-consuming steps in the data treatment
process, because two challenges need to be met.
First, the weak scattering of the synchrotron radi-
ation by the gas hydrate crystal planes results in
low intensities. Consequently, the data processing
needs to enhance the contrast between background
and reflections. Second, by enhancing the displayed
intensity, artefacts on the image plate detector
become more prominent and start to resemble fea-
tures from true reflections. Artefacts are pixels
with higher than background intensities, which do
not belong to gas hydrate reflections. Unlike true
reflections, they are not extended into the scanning
direction or have a gradual increase in intensity
towards the centre of the reflection.

The problems were solved in three succeeding
steps for each individual sample. First, the back-
ground noise of the raw data from the synchrotron
beamline was reduced by the image processing soft-
ware. In the next step, objects with high intensities
were counted and measured on the whole detector
image of the sample. By doing that, intense gas
hydrate reflections were measured, but not artefacts
or weak gas hydrate reflections. To include streaks
of gas hydrates with low intensities, small-scale
areas of interest (AOIs) were drawn into the image
encircling gas hydrate streaks. For these AOIs,
the intensity threshold was decreased, which

allowed the objects to be added to the results. In
a third step, the results were double-checked to
determine if a measured object was a gas hydrate
reflection or an artefact. This was done by switching
between a results list and the corresponding objects
in the images.

A reflected crystallite on the detector of just one
pixel is equivalent to about 6 mm of crystal size.
Theoretically, a crystal of that size could be
imaged on the screen; practically, streak lengths
starting at four pixels (which is equivalent to
24 mm) are included in the data. This was done to
ensure that all artefacts are kept out of the data.

Results

Gas hydrates were found in all samples by
cryo-SEM. Areas of gas hydrate content could be
identified both by carbon detected in the EDX analy-
sis and as patches of sub-micrometre pore sizes
(Fig. 5a, b); these pores are typically seen in gas
hydrates and are well described features of gas
hydrate occurrences (Kuhs et al. 2000; Techmer
et al. 2005). These pores are not fully connected
and have similar pore diameters (Kuhs et al.
2004). Boundaries between the gas hydrates and
surrounding phases are indicated by a sharp
change in the pore size. Dense material surrounding
patches of sub-micrometre sized gas hydrate have
fewer pores; also, these pores are of the order of
tens of micrometres in diameter. EDX analysis
detected no carbon signal in the dense parts of the

Fig. 4. Detector image of a sample (204 1249C-1H-CC, 0–10 cm). The streaks correspond to individual crystals; only
reflections from the crystal plane (321) are recorded. The sample was scanned 10 mm in the y-direction. The total
exposure time for this image was 85 min; the beam energy was 100 keV.
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samples (Fig. 5b). Bohrmann et al. (2007) describe
these parts as ice, frozen from porewater during
quenching in liquid nitrogen upon sample recovery.
Although gas hydrates are detectable in electron
microscopy, grain boundaries between single
crystals are usually not clearly imaged. Patches of
gas hydrate can be partially covered by crusts of
salt or sediments. Most important, however, is
that no boundaries are discernable within the sub-
micrometre-sized patches of gas hydrate. This is
why high-energy synchrotron radiation was app-
lied as an alternative method.

The grain sizes measured by synchrotron radi-
ation were collected and plotted as histograms.
Different data sets from one sample, coming
from measurements with different v-positions as
explained above, are summarized as follows. For
the natural samples, the total number of counts for
each sample varies and lies in the range of a few
hundred to about 600. This does not include the

sample that was tilted 908, since due to the shorter
distances fewer crystals were scanned. This also
accounts for the increased standard deviation of
the corresponding results (Table 1). Although the
distributions of the crystal sizes from natural
samples look normally distributed (Fig. 6a, b),
they cannot be mathematically fitted due to the
number of streaks measured, which would allow
both normal and log-normal fitting. The mean
value was calculated by dividing the sum of all
crystal sizes of a sample through the frequency of
occurrence. For all natural samples, the crystals
are about 300–600 mm in diameter as measured
by the location scan method. Table 1 gives the
crystal sizes for the gas hydrates of the seven differ-
ent samples. Figure 7 displays the crystal size
v. depth.

The synthetic gas hydrate samplewas prepared in
a way that most of the ice reacted with the methane
gas to form methane hydrate. The sample was fully

Table 1. Crystal sizes of measured samples

Sample-ID Depth (mbsf) Location-scan-method

Size (mm) Standard deviation (mm)

204 1248C-8H-6, 68–87 cm 74.46 361 79
204 1247B-12H-2, 41–51 cm 93.01 592 374
204 1249C-1H-CC, 0–10 cm 1.5 373 134
204 1248C 11H-5 (no tilt) 100.89 517 176
204 1248C 11H-5 (908 tilted) 100.89 569 342
204 1250C 2H-CC 0-1 cm 5.06 451 132
Bush Hill, TVG 10 GH 1 Seafloor 301 114
CH4-Hydrate Synthetic 43 24

Fig. 5. Images of gas hydrate samples. (a) Overview of patches of gas hydrate (PGH), characterized by
sub-micrometre-sized pores. The patches are surrounded by dense ice parts containing larger pores of tens of
micrometre size in diameter. No information can be obtained about the actual size of the hydrate crystallites within the
patches, nor is it certain that larger pores within the dense matrix are forming grain boundaries between gas hydrate
grains. Sample ODP 204 1247B-12H-2, 41–51 cm. (b) Boundary between dense ice parts and sub-micrometre sized
porous gas hydrate in the synthetic methane hydrate sample. Such clear boundaries are generally scarce and can hardly
be found in natural samples.
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reacted and thus essentially free of ice. A large
number of crystallites were measured in one run as
a consequence of the distinctly smaller grain sizes
as compared with the natural samples (Fig. 6c).
However, although the sizes of the individual
grains, which were measured with synchrotron radi-
ation, is a sieved fraction of 200–400 mm, the actual
crystal sizes came out as well below these sizes with

amean value of c. 40 mm. This shows that the crystal
sizes lay in the range of 15–50 mm, as described by
Klapproth (2002) & Staykova et al. (2003).

The crystal size distribution of the synthetic
sample, unlike the natural samples, is shaped as
half a log-normal distribution (Fig. 6c). Since the
crystals were freshly prepared in the laboratory,
the initial grain size is quite small with a mean

Fig. 6. Examples of grain size distributions. (a) Sample ODP 204 1248C 11H-5 (100.89 mbsf). The crystallite sizes
appear to be normally distributed with a mean size of 517 mm. (b) Sample Gulf of Mexico, Bush Hill, TVG 10 GH 1
(seafloor). The crystallite sizes appear to be normally distributed with a mean size of 301 mm. (c) Synthetic
methane hydrate sample. The size distribution is shaped like half a normal distribution; the mean grain size is
43 mm assuming a log-normal distribution.
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size of about 40 mm, which is close to the detection
limit of the measurements, as explained above.

Discussion

Exploring the nature of gas hydrate crystal growth
and of processes involving surfaces of gas hydrate
crystals requires information about the actual size
of crystallites. Scanning electron microscopy is an
effective tool for investigating gas hydrates when
it comes to observation of the hydrate surface, like
studying the microstructure or phenomena related
to the decomposition of gas hydrates. Gas hydrate
patches could be identified by sub-micrometre-sized
pores and EDX analysis. The patches are sur-
rounded by a dense matrix, which could lead to
the impression that a single patch is a single grain.
Actually, single grains, which are connected to
crystal agglomerates, will have the same appearance
in scanning electron microscopic images; also, the
patches are likely to be shaped by partial decompo-
sition of gas hydrates during retrieval. Accordingly,
single patches of hydrate cannot necessarily be
addressed as single gas hydrate crystals. However,
crystals, which are attached to each other, can be
distinguished by different orientation of the crystals.
This is used by synchrotron measurements.

The moving area detector method is already
regularly applied to materials such as metals or
ceramics (e.g. Bunge et al. 2003; Klein et al. 2004)
and, as shown here, it can successfully be used also

for gas hydrates. Previous studies on laboratory-
made hydrates that revealed sizes of 15–40 mm
(Klapproth 2002; Staykova et al. 2003) were con-
firmed by the moving area detector method with
high-energy synchrotron radiation (Table 1).

Repeated measurement series of a sample turned
by 908 indicates that that the crystallites are not
elongated into a preferred direction or orientation.
This gives confidence that the samples are of globu-
lar shape, meaning that they have about the same
extensions into the two orthogonal, measured direc-
tions. The synchrotron radiation measurements on
hundreds of crystals indicate that the sizes of six
different natural samples, ranging between 300
and 600 mm, are actually much larger than that of
the synthetic sample.

Conclusions

The moving area detector method, applied to high-
energy synchrotron radiation, is suggested as a
new tool for the investigation of both synthetic
and natural gas hydrates.

The grain sizes of natural and freshly laboratory-
prepared samples differ by about an order of magni-
tude. Whether this is predominantly a consequence
of some ripening process within the natural gas
hydrates or due to different initial growth processes
must remain an open question at this stage. In any
case, some caveats need to be formulated concern-
ing the relevance of physical properties of gas

Fig. 6. (Continued).
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hydrates measured on synthetic samples in appli-
cations on natural samples. Judging from the
marine samples investigated, surface processes
like diffusion or other kinds of mass transport,
including mechanical properties, may take place
differently in nature than observed in laboratory
experiments.

Moreover, the results of this study suggest that
growth and ripening of gas hydrate crystals could
well take place in oceanic environments. Exploring
the time involved for the ripening could lead to
the approximate determination of the age of the
gas hydrates. Such ripening processes have been
observed in air hydrates enclosed in deep ice cores
of Arctic and Antarctic ice sheets (Kipfstuhl et al.
2001). The primary crystallites are small with a
typical crystallite size of a few tens of micrometres,
which then transform into one single crystal of typi-
cally a few hundred micrometres; as the ice cores
are dated, the time-scales of re-growth processes
may be obtained by further analyses.
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