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1 Introduction and motivation 

2 Introduction and motivation 

The two most important reasons for studying methane in the Earth system are (1) its significance as a 

potential energy source from methane hydrate reservoirs and (2) its strong effect as a greenhouse 

gas in the Earth's atmosphere (Lashof and Ahuja, 1990; Makogon et al., 2007). From an energy 

source point of view, it is estimated that actually 53% of all fossil fuel, including coal, oil and natural 

gas, is stored in the form of methane hydrate in the sub seabed and beneath arctic permafrost (Lee 

and Holder, 2001). The gas hydrates are not only relevant as an energy source but also represent a 

potential large pool of methane that could be released to the oceans and atmosphere in the light of 

future climate predictions. One molecule of methane has a 'greenhouse' effect that is 25 times 

stronger than the effect of one carbon dioxide molecule in the atmosphere (Lelieveld et al., 1998). 

Furthermore, methane has an effect not only as a greenhouse gas, but its atmospheric chemistry 

adds to the radiative forcing as well (Dlugokencky et al., 2011) and thus it plays an important role 

considering future global climate change (IPCC 2013). The present methane concentration in the 

atmosphere is 1.84 ppm (http://www.esrl.noaa.gov/gmd/ccgg/) whereas the pre-industrial value was 

0.7 ppm (Etheridge et al., 1998) and the concentration was only 0.35 ppm during the last glacial 

period (Kvenvolden and Rogers, 2005). Methane has a short lifetime of approximately 8 years in the 

atmosphere (Lelieveld et al., 1998). The contribution of methane in the atmosphere to the current 

global warming is estimated to be around 15% (Badr et al., 1991), hence in order to improve climate 

predictions it is crucial to understand and constrain sources and sinks of atmospheric methane. 

Methane sources to the atmosphere are divided into natural and anthropogenic sources, and further 

into terrestrial and aquatic sources (Table 1). The major sink of atmospheric methane is through the 

oxidation by hydroxyl radicals in the troposphere, accounting for around 90%. Other sinks are 

stratospheric reactions and microbial oxidation in soils (Lelieveld et al., 1998; Kirschke et al., 2013 

and references therein). Although most of the sources and sinks of atmospheric methane have been 

identified, their relative contributions are still uncertain, and one of the major unknowns is the 
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emission of methane from oceans (Kirschke et al., 2013). Thus, it is important to study the behaviour 

and fate of methane in the marine environment to ultimately understand the processes that enhance 

or inhibit its release from the seafloor to the oceans and ultimately to the atmosphere. 

Table 1: Atmospheric methane sources (Kvenvolden and Rogers, 2005; Kirschke et al., 2013). 

 

Furthermore, regarding past climate variations, the thermal dissociation of gas hydrates on 

continental shelves, followed by the release of methane from the seafloor, has been suggested as 

one reason for the negative δ13C isotope excursion during the Paleocene-Eocene-Thermal-Maximum 

and other hyperthermal events (Kennett et al., 2000; Dickens, 2011 and references therein). A 

positive warming feedback by the gas hydrate dissociation is suggested due to oxidation to CO2 in the 

oceans and atmosphere. However, this theory still lacks proof. To improve the understanding of the 

relationship between methane-related processes and past climate variations it is important to better 

constrain past methane escape episodes by for example dating of methane-derived authigenic 

carbonates. 

Thus, my PhD thesis represents a holistic approach of studying the physical, chemical and biological 

processes related to methane cycling in the marine environment. It deals with processes that affect 

methane cycling at present and in the past and which take place below the surface of the oceans; in 

the water column, on the seafloor and within the sediments (Figure 1). 

 

Natural atmospheric  methane sources 

•Wetlands 
•Fresh water 
•Termites 
•Wildfires 
•Terrestrial seeps 
•Marine seeps 
•Mud volcanoes (marine and terrestrial) 
•Termites 
•permafrost 

Anthropogenic atmospheric methane sources 

•Fossil fuel burning (coal oil natural gas) 
•Freshwater reservoirs (dams) 
•Domestic ruminants 
•Organic waste deposits 
•Rice agriculture 
•Biomass burning 



 

 

3 Introduction and motivation 

 

Figure 1: Schematic of the marine methane cycle covered by the three articles included in this PhD thesis (modified from 
Holler et al. (2009)). 

Paper I deals with current state of the hydrocarbon system on the continental shelf offshore the 

Vesterålen Islands; an area where active methane seepage had been identified before, but which 

represents a fairly little investigated part of the Norwegian shelf compared to the main petroleum 

provinces in the Norwegian and Barents Sea. The aspects covered in Paper I are outlined in the left 

part of Figure 1 and include the investigation of methane and C2-C4 hydrocarbons, a possible source 

rock, migration pathway to the seafloor, biogeochemical processes in the methane-charged 

sediments and the nature of methane flux in the upper sedimentary column and where it enters the 

water column. We used hydroacoustic methods, single and multibeam echosounder, and CTD water 

column sampling to detect gas flares and confirm the escape of methane from the seafloor to the 

water column. Pore water data helped to assess the spatial heterogeneity of methane flux to the 

sediment surface and where it was potentially consumed in the sediment by anaerobic oxidation. 

Isotope analyses of methane sampled from the sediment assisted in determining whether the 

dominant methane source was thermogenic or microbial, and C2 to C4 hydrocarbon isotope analyses 

provided insight into processes of biodegradation affecting the petroleum reservoir. 2D seismic 

profiles, supplemented with well data from the literature, lead to the identification of a possible 
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source rock and migration along a major unconformity between the underlying basement and the 

Mesozoic sedimentary rocks. 

Paper II evaluates the carbon cycle in the surface sediments of the Vesterålen shelf seep site with the 

aid of a comparison site with a distinctly different carbon source and sedimentation regime in a 

northern Norwegian fjord. The processes considered in Paper II are mainly the aspects on the right 

site of Figure 1, including organic matter sedimentation, degradation, and transformation to 

methane. Sedimentological investigations and radiocarbon dating were used to establish 

approximate sedimentation rates, and combined with organic carbon content resulted in estimates 

of organic matter burial at each site. Chemical and isotope composition of the organic matter helped 

to differentiate between marine and terrestrial organic matter sources. Organic matter source and 

burial showed to have a substantial influence on early diagenetic reactions in the sediments resulting 

in notably different estimates of sulphate reduction and methanogenesis based on pore water 

modelling. These results were directly linked to the interpretation of gas source in the sediments and 

showed that the seep site was mainly influenced by carbon input via the rise of thermogenic 

methane rich-fluids. In contrast, the fjord site is completely dominated by marine organic matter 

deposition originating from primary production in the water column resulting in microbial methane 

production in the sediments.  

Paper III adds temporal constraints on the methane seepage on the Vesterålen shelf. We 

investigated authigenic carbonate crusts and nodules which formed due to high rates of anaerobic 

oxidation of methane (Figure 1) in different sediment depths and are partly exposed at the seafloor 

now due to erosion. Sampling sites were chosen based on a high resolution synthetic aperture sonar 

survey clearly showing several fields of carbonate crusts in the study area. Isotope investigations of 

these seep carbonates revealed the carbon and oxygen sources for their formation and different 

carbonate mineralogy further shed light on formation environments. U-Th dating results of two 
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crusts from our sampling campaign and one from a previous study show clustering of ages within the 

Holocene and a tentative correlation with high seismicity periods. 
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3 Study area 

3.1 Northern Norwegian shelf and fjord 

All samples that were used in this thesis and the coordinates of sample locations are summarized in 

Figure 2. The main study area (Paper I and III) is the Hola trough on the shelf offshore the Vesterålen 

islands. Paper II uses both data from the Hola trough and from one sample in Ullsfjorden for 

comparison (Figure 2). 

 

Figure 2: The northern Norwegian shelf with the main study area and sample locations in the Hola trough and one 
comparison station in Ullsfjorden (Map produced with Geomapapp).  

Hola trough 

The continental shelf offshore the Vesterålen Islands (Figure 2), northern Norway, is relatively 

narrow and characterized by numerous banks separated by over-deepened cross-shelf troughs which 

were formed during the last glaciations (Bøe et al., 2009; Godø et al., 2012). The Hola trough is ca. 12 

km wide with water depths reaching 270 m at the deepest point and confined by the banks 

Vesterålsgrunnen to the NE (Figure 3A) and Eggagrunnen to the SW. The NE flank is sloping at 4° and 
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the SW flank at less than 2° (Godø et al., 2012). Notable geomorphological features are several sand 

wave fields and cold water coral mounds (Figure 3), inhabited by the cold water coral Lophelia 

pertusa (Thorsnes et al., 2015). Active seepage and gas flares were first reported from the Hola 

trough by Chand et al. (2008) (Figure 3B). 

 

Figure 3: (A) Shaded relief of one part of the Hola trough showing the NE flank in the upper right corner. Cold water coral 
reefs are highlighted with green circles and sandwave fields with red. The black arrow shows the location and direction of 
view in (B). (B) 3D view of the Hola trough with gas flares and coral mounds (5 x vertical exaggeration) (from Thorsnes et al. 
(2015)) 
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Ullsfjorden 

Ullsfjorden is a north-south oriented fjord in Troms County, northern Norway (Figure 2). The fjord is 

ca. 70 km long with a maximum water depth of 285 m (Plassen and Vorren, 2003b). The sediment 

infill is largely composed of glaciomarine sediments with thicknesses up to 200 m deposited during 

deglaciation (Vorren et al., 1989). Ullsfjorden was deglaciated between ca. 15-11 cal ka BP and 

sediment deposition in an open marine environment started around 11 cal ka BP (Plassen and 

Vorren, 2003a). The bottom of Ullsfjorden is characterized by ubiquitous pockmarks (Plassen and 

Vorren, 2003b), suggested to have been formed as a result of gas escape or groundwater-related 

processes (Hovland and Judd, 1988; Plassen and Vorren, 2003b). 

3.2 Oceanography of the northern Norwegian margin 

Offshore the Vesterålen Islands the Norwegian Coastal Current (NCC) and the Norwegian Atlantic 

Current (NWAC) are the dominant water masses (Figure 4). The NCC flows along the coast coming 

from the southwest and transports Norwegian Coastal Water (NCW), whereas the NWAC follows the 

continental slope, coming from the southwest, transporting warm and saline Atlantic Water (AW) 

(Figure 4B), and splitting into one branch towards Spitsbergen and one branch going eastward into 

the Barents Sea (Figure 4A). The annual mean bottom water temperature is around 7°C on the shelf, 

but decreases fast down the slope (Albretsen et al., 2011). 

Since deglaciation winnowing along the shelf and upper slope by the Norwegian Atlantic current is 

the dominant sedimentary process (Vorren et al., 1984; Laberg et al., 2005; Bellec et al., 2012). 

Present estimates of bottom current velocities are up to 0.7 m s-1 (Bøe et al., 2009) which created a 

coarse grained lag deposit as the very top layer in the Hola trough. Such erosional regime has 

probably been active since the beginning of the Holocene when the full intrusion of the Norwegian 

Atlantic current was established (e.g. Vorren et al., 1984). 



 

 

9 Study area 

 

Figure 4: (A) Illustration of simplified oceanographic surface currents on the shelf and slope, with (B) a 
cross section just south of the Lofoten Islands (from Rørvik et al. (2010)). The red circles indicate the 
study areas in the Hola trough and Ullsfjord. (C) Coarse surface sediment sampled from the Hola 
trough using a box core; the lag deposit results from strong winnowing by the Norwegian Atlantic 
current. 

 

3.3 Geology of the Norwegian continental margin 

The continental shelf and slope along the Norwegian continental margin vary considerably in width 

and steepness. This structure formed in response to the opening of the Norwegian-Greenland Sea. 

(Faleide et al., 2008) (Figure 5A). The Norwegian margin has experienced several rift episodes and 

the last one, during the late Cretaceous to Paleocene, was followed by continental break up at the 

end of the Paloecene-Eocene transition (Byrkjeland 2000), around 55 Ma ago, accompanied by 

intense magmatic activity on the mid-Norwegian margin (Faleide et al., 2008). The Lofoten-

Vesterålen margin is characterised by a narrow shelf and a steep slope (Figure 5A) and the Moho 

depth in coastal areas is ca. 30 km (Tsikalas et al., 2005). 
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Figure 5: (A) Regional setting of the Norwegian continental margin (LVM = Lofoten Vesterålen margin, (Faleide et al., 2008)), 
(B) The geological structures of the Lofoten Vesterålen margin, indicating the location of the study area (red dot) and a cross 
section (red line). (C) Cross section of the continental shelf just south of the Vesterålen Islands showing asymmetric half-
graben structures and Cretaceous basins (modified from Blystad et al. (1995)). 

 

The Cretaceous sedimentary basins on this part of the shelf form asymmetric half-graben structures 

(Figure 5C) and are bounded dominantly by extensional faults (Bergh et al., 2007). The Lofoten-

Vesterålen margin is underlain by Precambrian crystalline basement, followed by Lower-Middle 

Jurassic sandstones with coal rich layers, Upper Jurassic sandy and calcareous mudstones and Lower-

Upper Cretaceous claystones, siltstones and sandstones with organic rich intervals (Henningsen and 

Tveten, 1998). The Quaternary sediments covering the bedrock were deposited during several glacial 

cycles (e.g. Ottesen et al., 2002). Since the late Pliocene (ca. 3 Ma) the tectonic uplift of Fennoscandia 

and the Northern Hemisphere glaciations have resulted in greatly increased sedimentation rates on 
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the Norwegian margin and rapid progradation (Byrkjeland et al., 2000) due to ice sheets which have 

reached the shelf break repeatedly delivering large amounts of sediments to the shelf environment 

(Dowdeswell et al., 1996; Laberg et al., 2005). This formed regional large depocenters near the shelf 

edge for example offshore Mid-Norway, and smaller depocenters, for example offshore Nordland 

(Ottesen et al., 2002; Eidvin et al., 2014). In fact, more than 50% of the Cenozoic sediment volume on 

the Norwegian margin has been deposited during the last 2.6 Ma (Byrkjeland et al., 2000). The 

enhanced sediment supply created numerous trough mouth fans (Rydningen et al., 2015), and 

unstable conditions along the shelf edge which also led to several Holocene slides along the 

continental slope (Figures 6A) (Laberg and Vorren, 2000; Laberg et al., 2000; Haflidason et al., 2005). 

The deglaciation of the Vesterålen shelf is outlined in Figure 6B and took place mainly between 22-16 

cal ka BP (Vorren et al., 2015), with several episodes of waxing and waning of the ice sheet and the 

creation of grounding zone wedges caused by still-stands of the ice sheet during retreat (Batchelor 

and Dowdeswell, 2015). 

 

Figure 6: (A) Deglaciation of the Vesterålen-Lofoten shelf area (modified from Vorren et al. (2015)), showing that the ice 
sheet had probably retreated from the Hola trough at ca. 16 cal ka BP. (B) Major submarine slides on the northern 
Norwegian margin (Mareano.no) 
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4 Background 

4.1 Methane sources in the marine environment 

Methane can be formed by three principle processes, two of which involve the transformation of 

organic matter and one that is abiotic (abiogenic). The two processes involving organic matter are 

the microbially mediated methane formation and the geologically controlled thermogenic methane 

formation in sedimentary rocks. The essential prerequisite for both processes is the abundance of at 

least 0.5% organic matter in the sediment (Judd, 2004), mostly lipids and carbohydrates from marine 

and terrestrial organic matter (Etiope and Schoell, 2014). 

4.1.1 Microbial methane  

The microbial, also called biogenic, formation of methane is mediated by methanogenic archaea 

(Kvenvolden and Rogers, 2005) in shallow sediments. Microbial methanogenesis is the last step in the 

remineralisations of organic matter (Froelich et al., 1979) and generally starts beneath the sulphate 

reduction zone. Typically, the generation of microbial methane gas takes place within fine-grained 

sediments with a high initial content of organic matter (Judd, 2000). The temperature range for 

microbial methanogenesis is relatively wide with an optimum for methanogenic archaea between 35 

and 45°C and a maximum at about 60°C (Rice, 1992). This means microbial methanogenesis can 

commonly occur until a depth of about 2 km, assuming an average geothermal gradient. The two 

main methanogenic pathways are acetotrophic (1) and hydrogenotrophic (2) methanogenesis, also 

referred to as acetate fermentation and carbonate reduction, respectively (Whiticar, 1999). The 

reactions are as follows: 

Acetotrophic methanogenesis: CH3COOH      CH4 + CO2  

Hydrogenotrphic methanogenesis: CO2 + 8H++ 8e-   CH4 + 2H2O  

Whiticar (1999) suggests that hydrogenotrophic methanogenesis is the dominant process in the 

marine environment because sulphate reducing bacteria use acetate as a substrate which makes it 

less available to acetate fermenting microbes. 
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4.1.2 Thermogenic methane 

Thermogenic formation of methane, which takes place by the thermocatalytic breakdown of complex 

organic molecules called kerogen, is part of the petroleum generating process. Land-derived organic 

matter generally generates gas and liquids whereas marine algal organic matter rather produces 

liquids. This thermal conversion of organic matter occurs deep within sedimentary basins (Judd, 

2004) usually at subbottom depths exceeding 1000 m (Floodgate and Judd, 1992). Methane 

formation can continue to sediment depths of 4 or 5 km and takes place at temperatures above 

80 °C, but is only the dominant process in the last stage of thermogenic hydrocarbon production at 

temperatures above 150 °C (e.g. Clayton, 1991). After generation from the source rock, methane 

may migrate towards the seabed by bulk flow of bubbles driven by buoyancy, by diffusion or in 

solution in pore waters (Judd, 2000). However, proportions of the generated methane can be 

trapped in petroleum reservoirs during ascent. 

4.1.3 Abiotic methane 

Abiotic or abiogenic methane production is another, but poorly understood, category of methane 

formation. Abiotic methane is generated by (1) magmatic and (2) gas-water-rock reactions that do 

not directly involve organic matter (Etiope and Schoell, 2014). Most of the abiotic gas found on Earth 

is produced by low temperature gas-water-rock reactions (Etiope and Sherwood Lollar, 2013). 

Different inorganic reactions producing methane are known, including Fischer-Tropsch type 

reactions, which are the most widely suggested mechanism for creating large quantities of abiotic 

methane, where methane is formed from CO2 or CO with H2 involving metal catalysts. 

The serpentinization reaction occurring in the vicinity of slow- to ultraslow spreading centres/mid 

ocean ridges at temperatures above 300°C is another process producing abiotic methane (Reeburgh, 

2007; Cannat et al., 2010). The serpentinization reaction produces hydrogen which reacts with 

carbon dioxide to form methane:  
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CO2 + 4H2  CH4 + 2H2O  

It is not questioned any longer whether or not abiotic methane can be formed in natural 

environments, however the question of possible commercial quantities of abiotic natural gas is still 

debated (Glasby, 2006). A recent study by (Johnson et al., 2015) suggests that abiotic methane could 

actually be the dominant source of gas in a gas-charged sediment drift close to an ultra-slow 

spreading centre in the eastern Fram Strait, the Atlantic-Arctic gateway. However, there has yet been 

no confirmation of this hypothesis by the sampling and isotopic analysis of this gas. 

4.2 Methane sinks in the marine environment 

4.2.1 Anaerobic oxidation of methane (AOM) 

Within the sediments microbial communities performing anaerobic oxidation of methane (AOM) 

form a very effective methane sink (e.g. Sommer et al., 2006). AOM is estimated to remove > 80% of 

sedimentary methane before it can reach the water column (Hinrichs and Boetius, 2003; Reeburgh, 

2007). This anaerobic oxidation of methane was first revealed in anoxic marine sediments in the 

1970s (e.g. Reeburgh, 1976). The net reaction of anaerobic methane oxidation is 

 
𝐶𝐻4 + 𝑆𝑂42− → 𝐻𝐶𝑂3− + 𝐻𝑆− + 𝐻2𝑂. 

 
This reaction is performed by a consortium of sulphate reducing bacteria and methane oxidising 

archaea (Hinrichs et al., 1999; Boetius et al., 2000; Orphan et al., 2001). At least two phylogenetically 

distinct groups of archaea, ANME-1 and ANME-2, can perform AOM (Valentine, 2002). The 

sedimentary zone of AOM is called the sulphate-methane-transition (SMT) which shows both the 

depletion in pore water sulphate and pore water methane concentrations and is observed both in 

diffusion- as well as advection-dominated environments. This biogeochemical reaction zone has been 

observed in many marine sediments along continental margins (Valentine, 2002). It and can vary in 

depth between a few centimetres above methane hydrate deposits and in methane seep settings 
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(e.g. Fischer et al., 2012) down to sediment depths of more than 100 m (D'Hondt et al., 2002). After 

the discovery of sulphate-dependent AOM, other electron acceptors have been reported that can 

facilitate AOM as well, such as nitrite and nitrate (e.g. Raghoebarsing et al., 2006; Ettwig et al., 2008) 

or iron and manganese oxides (e.g. Beal et al., 2009; Rooze et al., 2016). 

4.2.2 Aerobic oxidation of methane (MOx) 

The seep-derived methane, which is not consumed by AOM in the sediment but enters the water 

column, can be oxidised within the water column by aerobic methane oxidation (MOx), preventing it 

from reaching the atmosphere (Reeburgh, 2007): 

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 𝐻2𝑂 

However, so far there have been relatively few measurements of methane oxidation rates in the 

ocean (using tracers like 14C-CH4, 3H-CH4 and CFC-11), hence the understanding is still poor 

(Reeburgh, 2007). In general, oxidation rates are probably influenced by temperature, pressure and 

methane concentration (Scranton and Brewer, 1978). Furthermore, a recent study by Steinle et al. 

(2015) shows the relationship of water mass properties and methanotrophic activity at methane 

seeps which is subject to rapid changes due to meandering currents offshore western Svalbard. This 

is explained by varying compositions of the methanotrophic community in the different water 

masses. 

Over half of the total methane produced on Earth is estimated to be consumed by microbial aerobic 

and anaerobic methane oxidation (Kvenvolden and Rogers, 2005). 

4.3 Methane storage in gas hydrates 

Gas hydrate, a crystalline substance composed of a cage of water molecules that host gas molecules 

such as methane, is an intermediate storage system for sedimentary methane. Due to its metastable 

and dynamic characteristics, it can act as both source and sink of methane over geologic time 

(Kvenvolden and Rogers, 2005). During the current state of global change methane hydrate 
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dissociation is discussed as potential positive feedback, provided that it is emitted to the 

atmosphere. At present there are supposedly large reservoirs of gas hydrate along continental 

margins, but estimates vary significantly between 170-12700 Gt C stored in gas hydrates (Dickens, 

2011 and references therein), showing the huge uncertainties in the current gas hydrate reservoir 

estimates. 

Especially in Arctic regions where warming rates are highest (Bekryaev et al., 2010), it is important to 

investigate if the anthropogenic warming leads to increased rates of gas hydrate dissociation and if 

the released methane enters the atmosphere. There is no consensus yet, but model-based estimates 

suggest that methane released below 200 m is almost entirely consumed before reaching the sea 

surface (McGinnis et al., 2006). Only at shallow marine seep sites there are indications for the 

transport of methane all the way to the atmosphere (Shakhova et al., 2010). 

4.4 Seeps 

The methane produced microbially, thermogenically or abiotically, and which has bypassed potential 

petroleum traps, avoided being incorporated into gas hydrate or being consumed by the benthic 

methane filter can enter the ocean in different ways; most commonly by methane seepage from the 

seafloor. Seeps are formed in places where the rate of methane production and/or migration 

exceeds the rate of utilisation and so there is a flux from the sediment into the water column. The 

seeps can be divided into different categories: micro seeps (diffusion controlled), macro seeps and 

mud volcanoes (advection controlled) (Figure 7, Reeburgh (2007)). The term micro seep is used for 

the slow, continuous seepage of hydrocarbon gases like methane. The depth of the methane origin is 

generally rather shallow for diffusion controlled seeps in contrast to deeper methane sources in the 

case of macro seeps and mud volcanoes. These deeper sources can be either leaking petroleum 

reservoirs or the dissociation of gas hydrate. 
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Figure 7: Length, depth and flux scales of methane addition to the ocean from a range of sources (from Reeburgh (2007))  

Seeps occur in a wide range of oceanographic settings such as coastal areas, continental shelves, 

slopes, rises and the abyssal plains. Moreover, the geological context can vary between, convergent, 

divergent, transform plate boundaries and intraplate boundaries (Judd and Hovland, 2007).  

4.5 Information contained in methane and higher hydrocarbon isotope composition 

4.5.1 Methane formation 

Kinetic isotope effects during methane production and methane oxidation change the isotopic 

composition of methane and provide a means for identifying the formation and subsequent 

processes involving methane (Judd and Hovland, 2007). The three different sources of methane 

(microbial, thermogenic, abiotic) may be distinguished by their stable carbon and hydrogen isotopic 

signature and, furthermore, by the relative proportion of other higher hydrocarbons that are present 

as well (Whiticar, 2000). Microbial methane generally has carbon isotope values δ13C < -50‰ with 

values ranging as low as -110‰ (Figure 8). This is caused by large isotope fractionation during 

methanogenesis. The isotopic composition of microbial methane is determined by the isotope 

signature of the precursor material (dissolved inorganic carbon or acetate) and by the kinetic isotope 

effect, which means molecules with the lower isotopic mass diffuse and react quicker and thus are 

utilized more frequently. This causes the strong 13C depletion in microbial methane compared to the 

source material. The observed fractionation factor α for hydrogenotrophic methanogenesis varies 
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between 1.045 and 1.08, and between 1.00 and 1.032 for acetotrophic methanogeneis (Conrad, 

2005 and references therein). Thus, microbial methane produced by the carbonate reduction 

pathway has more negative δ13C values than methane produced by acetate fermentation (Figure 8). 

 

Figure 8: Schematic showing the different carbon and hydrogen isotope characteristics of microbial, thermogenic and abiotic 
methane (Whiticar, 1999; Etiope and Schoell, 2014). The dashed arrows originating in the abiotic methane field indicate 

recent findings of larger variation of abiotic methane isotope composition. 

Thermogenic methane is generally enriched in 13C compared to microbial methane. Several aspects 

can account for this 13C enrichment: different precursor material (kerogen type), different kinetic 

isotope effect and higher temperature during thermogenic methane generation, which lowers the 

isotopic fractionation. The difference between δ13C of the organic matter and methane roughly varies 

between 0‰ – 30‰ (Whiticar 1999). Assuming a δ13C of organic matter of around -25‰ can result in 

thermogenic methane with an isotopic signature between -55‰ and -25‰ (Figure 8). 

There is a slight overlap in δ13C values of thermogenic methane and methane formed by acetotrophic 

methanogenesis between -50‰ and -60‰ (Figure 8). Including the information of the hydrogen 

isotopes of methane (δ2H-CH4), can help to differentiate between these two methane sources, 
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because the δ2H values are considerably lighter for methane formed by microbial acetotrophic 

methanogenesis (Figure 8). 

Until only a few years ago abiotic methane was believed to always be enriched in 13C with δ13C values 

above -25‰ (Figure 8), however recent studies have shown a wider range of carbon and hydrogen 

isotope composition of abiotic methane with δ13C values as low as -37‰ for methane from 

serpentinized ultramafic rocks (Etiope and Schoell, 2014 and references therein). 

4.5.2 Methane consumption 

There is not only isotope fractionation occurring during methane formation, but also during methane 

consumption such as the aerobic and anaerobic oxidation of methane, which changes the δ13C of the 

remaining methane. Estimates for the fractionation factor α during AOM based on pore water 

profiles vary between 1.009 and 1.024 (Whiticar and Faber, 1986; Alperin et al., 1988; Martens et al., 

1999; Reeburgh et al., 2006). However, there is an overlap between the AOM horizon and the 

methanogenesis horizon in sediments, thus fractionation data from natural habitats are probably 

underestimates. (Holler et al., 2009) report fractionation factors of 1.012-1.039 determined using 

incubation experiments with ANME-2 methanotrophic archaea, where AOM was the only process. 

Hence, these are probably closer to the real α(AOM). For aerobic oxidation of methane a 

fractionation factor α of 1.027 was found based on incubation experiments (Kinnaman et al., 2007). 

In both cases of microbial consumption of methane (aerobic and anaerobic) the δ13C of the 

remaining methane pool will increase during progressive consumption. 

4.5.3 Petroleum biodegradation 

Not only methane stable isotopes can help identify gas sources, also the isotope composition of 

other light hydrocarbons (ethane to butane), can shed light on processes of their formation or 

alteration. The most important alteration process of the carbon isotope composition of these 

hydrocarbons is through biodegradation, which takes place in petroleum reservoirs cooler than 

approximately 80°C. The degree of biodegradation generally increases towards cooler, shallower 
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reservoirs (Wenger et al., 2002). Continuing degradation of crude oil normally removes saturated 

hydrocarbons first, especially propane and n-butane are preferentially removed from natural gas 

(Wenger et al., 2002) (Table 2). 

Table 2: Removal of selected compounds at various levels of biodegradation (from Wenger et al., 2002) 

 

The general pattern of δ13C of thermogenic C1-C4 hydrocarbons is enrichment in 13C with increasing 

molecular mass (Figure 9). However, the preferential removal of certain compounds increases the 

δ13C in the remaining fraction because breaking 12C-12C bonds requires less energy (Chung et al 1988), 

resulting in a changed δ13C pattern. Thus propane normally shows strongest 13C enrichment, because 

it is attacked first (Table 2), followed by n-butane (Figure 9). 

 

Figure 9: Schematic showing the δ13C pattern on C1-C4 hydrocarbons before and after biodegradation. 
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Formerly, it was considered that petroleum biodegrading organisms require oxygen, however, more 

recently also anaerobic hydrocarbon degradation has been discovered, for example, mediated by 

sulphate-reducing bacteria (e.g. Jaekel et al., 2013). Most biodegrading organisms produce CO2, 

which in turn can be the basis for secondary methanogenesis in anaerobic environments (Etiope et 

al., 2009). 

4.6 Archives of methane seepage 

Methane seepage can be recorded in authigenic carbonates as a result of high methane flux and high 

AOM rates causing increased carbonate alkalinity. Magnesium and calcium ions from the pore water 

together with bicarbonate are used to form these methane-derived authigenic carbonates (MDAC) 

(e.g. Ritger et al., 1987), also called cold seep carbonates. Depending on the Mg/Ca ratio in pore 

water, sulphate concentrations, phosphate concentrations, temperature, and probably other factors 

as well, different carbonate minerals form such as calcite, aragonite, Mg-calcite, protodolomite, 

dolomite and ankerite (Walter, 1986; Stakes et al., 1999; Moore et al., 2004). Both modern and 

ancient cold seep carbonates have been studied from various places around the globe (Table 3). 

Table 3: Examples of studies of authigenic carbonates from low and mid latitude locations (left) and high latitude locations 
(right). Only in recent years have studies on authigenic carbonates on high latitude, formerly glaciated margins been 
published. 

 

Authigenic carbonate studies 
from low and mid latitudes 

•Gulf of mexico (Aharon et al., 1997; Bian et 
al., 2013; Feng et al., 2014) 

•Hydrate Ridge (Greinert et al., 2001; Teichert 
et al., 2003; Teichert et al., 2005) 

•Eastern mediterranean (Aloisi et al., 2000; 
Aloisi et al., 2002) 

•Black Sea (Mazzini et al., 2004; Bahr et al., 
2009; Blumenberg et al., 2015) 

•Nile deep sea fan (Bayon et al., 2009; 
Gontharet et al., 2009; Römer et al., 2014)  

•Sea of marmara (Chevalier et al., 2011; 
Crémière et al., 2013) 

•Northern South China Sea (Lu et al., 2015; 
Guan et al., 2016) 

Authigenic carbonate studies 
from high latitudes 

•Bering sea (Pierre et al., 2014) 
•West Svalbard margin (Berndt et al., 2014) 
•Barents Sea (Crémière et al., 2016a) 
•Mid Norwegian margin (Hovland et al., 2005; 
Mazzini et al., 2006) 

•North Sea (Crémière et al., 2016b; Mazzini et 
al., 2016) 
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The involvement of AOM in the formation of seep carbonates was first shown by very low δ13C-

carbonate values suggesting the main carbon source to be methane-carbon (e.g. Bohrmann et al., 

1998). By now several studies investigating the biomarker content of seep carbonates have shown 

very low compound specific δ13C values, as low as -140‰, of compounds believed to originate from 

microorganisms involved in AOM (Haas et al., 2010). Furthermore, microbiological studies show that 

seep carbonate are not only passive recorders of methane oxidation but represent a habitat for AOM 

microbial communities, too (Marlow et al., 2014). 

A very important aspect of the study of seep carbonates is to determine the time of precipitation. 

Attempts of authigenic carbonate dating via radiocarbon dating have been made (e.g. Hiruta et al., 

2014), however some of the carbon incorporated in the authigenic carbonates is “old carbon” 

derived from thermogenic methane which causes overestimation of the age, making the 14C ages 

merely maximum age estimates. The best method for dating seep carbonates has been proven to be 

U-Th dating. U-Th dating (also referred to as 230Th dating or 238U-234U-230Th dating) of carbonates is 

based on the initial portion of the 238U decay chain (Edwards et al., 2003). The relevant nuclides for 

carbonate dating are 238U, 234U, 230Th, and 232Th is typically measured as long-lived, basically stable 

index isotope. The time span covered by 230Th dating is 3 to 600,000 years. The U-series dating 

method depends on the fractionation of the parent (238U) and daughter (232Th) nuclides by a natural 

process, and the knowledge of the initial amount of the daughter isotope. In carbonate dating the 

initial daughter concentration is in most cases negligible, because thorium has extremely low 

solubility in almost all waters, and is thus not incorporated into carbonate (Edwards et al., 2003). 

Carbonates take up uranium and thorium in almost the same proportion as in seawater, thus the 

initial 230Th/238U ratio in carbonates is extremely low, because thorium is insoluble in oxic waters 

whereas uranium is soluble in different forms. 

Assuming an initial 230Th/238U = 0, the 230Th age equation is: 
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where λ’s are decay constants, [] indicate activity ratios, t is the age and δ234Um is the present 

deviation of 234U/238U from secular equilibrium. The initial 234U/238U ratio can be determined using the 

equation: 

. 

In marine samples the knowledge of δ234Ui is important, because the marine δ234U is assumed to have 

been constant. Hence, if the calculated δ234Ui deviates too much from the marine δ234U, diagenetic 

shifts in uranium and potential inaccuracy in the 230Th age could be the result (Edwards et al., 2003). 

Another factor causing dating errors is the presence of detrital material in carbonates, because 

thorium is mostly adsorbed onto solid particles and thus initial 230Th/238U is not zero. This problem 

can, however, be solved by determining the 230Th/232Th of the sediments in the vicinity of the 

authigenic carbonates and using this initial [230Th/232Th] for correction. 
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5 Concluding remarks and outlook 

This thesis represents an integrated research effort to understand past and present methane cycling 

on the northern Norwegian margin. Active hydrocarbon seeps in the Hola trough on the Vesterålen 

continental shelf are found to be fed predominantly by thermogenic methane (and ethane, propane 

and butane). Most likely derived from Late Jurassic to Early Cretaceous source rocks, these gaseous 

hydrocarbons migrate along major unconformities between the basement and the overlying 

Mesozoic sedimentary rocks. Most of the ascending methane is consumed by anaerobic oxidation of 

methane (AOM) at the sulphate methane transition (SMT) within the subsurface sediments. The SMT 

was identified at different depths in three gravity cores across the Hola trough, governed by different 

methane flux. Only in areas of focussed fluid flow, where gas flux exceeds the AOM capacity of the 

microbial communities in the sediment, methane enters the water column as gas bubbles. These gas 

escape sites are detected and mapped using a multibeam echosounder water column data set 

covering the study area, and are found to occur mainly in areas close to two cold water coral mounds 

not far from a regional fault crossing the Hola trough in a NE-SW direction (Figure 10). 

Due to the very coarse grained surface sediments in the Hola trough, there is no pockmark formation 

induced by gas escape. However, further to the south several pockmark fields have been mapped 

(Figure 10) (mareano.no), which mostly lie along the same geological structure as the gas flares in the 

Hola trough, namely the Cretaceous Ribban basin. Pockmarks indicate that gas escape has taken 

place in these areas in the past, but whether gas is still actively seeping at these locations has to be 

proven. It is very likely that the same source rock responsible for the thermogenic methane 

generation in the Hola trough is also causing or has caused gas leakage at other places along this 

structure. 
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Figure 10: Relationship between the geological structure, the Cretaceous Ribban basin, and past and present methane 
seepage evidenced by pockmark areas (source:mareano.no) and gas flares. 

The thermogenic origin of the gas was shown by the δ13C values of methane, ethane, propane and 

butane. 13C enrichment in propane and n-butane compared to the theoretical isotope trend of 

thermogenic gas further showed biodegradation of these compounds. This suggests that secondary 

methanogenesis, as a result of anaerobic petroleum biodegradation, may have caused the 13C 

enriched dissolved inorganic carbon (DIC) below the SMT in Hola sediments. Such high δ13C-DIC 

values, which are generally explained by hydrogenotrophic methanogenesis preferably removing 12C 

from the DIC pool, are distinctly different from organic-rich sediments in Ullsfjorden, northern 

Norway. There, organic matter input and resulting methanogenesis rates are higher, however, δ13C-

DIC values below the SMT are significantly lower in the fjord sediments (-1.2‰) compared to the 

organic-poor Hola sediments (+19‰). This corroborates the idea that isotopically heavy DIC in Hola is 

supplied to the system by ascending fluids influenced by anaerobic petroleum degradation and 

secondary methanogenesis. To investigate this interpretation further, a longer sediment core from 

the Hola area would be beneficial to understand how the δ13C-DIC pattern continues below 3 m 
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sediment depths (maximum depth of our gravity cores from the study area). Moreover, for future 

investigations of the Hola seep area the aim should be to obtain sediment cores with video guidance. 

In this way, samples directly at or adjacent to gas escape sites could be chosen and investigated 

where the SMT is suspected to be just a few centimetres or tens of centimetres below the sediment 

surface, and the sulphate pore water profile is expected to show signs of fluid advection (non-linear 

profiles). Another goal should be to obtain gas samples of the gas escaping to the water column. 

Compositional and isotopic changes of this gas, compared to the gas we analysed in the sediment 

would provide further insight into processes at the interface between the sediment and the water 

column. Furthermore, the ‘Lofoten-Vesterålen Cabled Ocean Observatory’ (LoVe) 

(http://love.statoil.com/), initiated by the Institute of Marine Research (IMR) and Statoil, was 

installed in the Hola trough in 2013 and is supposed to get extended by several stations in the coming 

years, one of which will be placed at our investigated seep site. This observatory is planned to host 

several sensors for long term monitoring of the seep site to improve the understanding of the 

dynamics of these seeps. 

In our comparison study between Hola and Ullsfjorden we showed that although the sulphate 

profiles in these two cores are very similar (linear profiles and SO4 depletion between 100 and 150 

cm), the environments and prevailing processes are very different. The organic carbon source in the 

fjord is almost exclusively labile marine organic matter, which is the basis for high rates of 

organoclastic sulphate reduction, releasing ammonium and phosphate to the pore water as reflected 

in the pore water profiles. Less than half of the depth-integrated sulphate reduction in this core is 

coupled to AOM, indicating that in the fjord setting the SMT depth is influenced more by organic 

matter deposition and degradation than by methane ascent. The situation in Hola sediments is the 

opposite. Organic matter composition shows a stronger terrestrial influence and overall 

concentrations are lower due to dominantly coarser grained sediments. Nevertheless, sulphate is 

depleted at an even shallower depth than in the fjord sediments. This indicates that the SMT depth 

in Hola is controlled mainly by methane ascent, which is supported by modelling results showing that 

http://love.statoil.com/
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96% of depth-integrated sulphate reduction is coupled to AOM. Multiple times lower ammonium 

concentrations in Hola sediments than in the fjord sediments support this inference, because AOM 

does not produce ammonium whereas organoclastic sulphate reduction does. An important finding 

from this study is that no conclusions about prevailing processes can be drawn from sulphate pore 

water profiles alone, but other factors such as sedimentary organic carbon content and burial, pore 

water ammonium and phosphate, and δ13C of DIC and methane have to be considered as well.  

We could furthermore show that in fjord sediments where methane carbon and hydrogen isotopes 

clearly prove a microbial methane origin, we can still find higher hydrocarbons such as ethane and 

propane. Additionally, the carbon isotope composition of ethane and propane is considerably lighter 

than in thermogenically produced C2 and C3 hydrocarbons, consistent with a microbial origin. 

Microbial formation of ethane and propane has been proposed previously but an exact process of 

their formation is not known yet. 

The study of methane-derived authigenic carbonates in the Hola trough revealed two different 

mineralogical types. We interpreted aragonite-dominated carbonates to have formed closer to the 

sediment surface under conditions of higher AOM rates and thus stronger methane flux and also 

stronger seawater influence. On the other hand, dolomite-dominated nodules appear to have 

formed deeper within the sediment under more restricted conditions and lower methane fluxes. 

However, we cannot define a certain sediment depth where aragonite precipitation has been 

replaced by dolomite precipitation. At the present depth of the SMT in core GC 51 dolomite 

precipitation is likely occurring because there is a slight indication in the solid phase chemistry (Ca/Ti 

peak) of carbonate precipitation. Furthermore, Ca2+ and Mg2+ pore water diffusion calculations 

indicate similar diffusion rates of these two constituents between the bottom water and the SMT 

(Appendix). A core adjacent to a gas escape site with a SMT very close the seafloor (as suggested 

above) could help reveal at which depth dolomite precipitation is still the dominant process or 

aragonite precipitation could be occurring. Hence, further studies of well placed sediment cores from 
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Hola may allow establishing the mineralogical approach for defining the depth of SMT and methane 

flux rates.  

Three intervals containing dolomite nodules were identified in gravity core GC 51, indicating 

recurring changes in methane flux followed by times of stable methane flux allowing nodule 

formation at the SMT. In all nodules authigenic barite minerals were observed under the scanning 

electron microscope, which typically form at the SMT from downward diffusing sulphate and upward 

diffusing barium. Determining the amount of authigenic barite formed in each interval could help 

constrain the time periods necessary to form the observed dolomite nodules in the different depths 

and provide further information on methane flux dynamics at a single location. Furthermore, 

multiple sulphur isotope studies of barite and co-existing pyrite and carbonate associated sulphate 

may shed light on the process of dissimalatory sulphur metabolism of AOM. 

The most important information derived from the MDAC’s are the temporal constraints of methane 

escape inferred from U-Th dating. Based on our present knowledge, methane seepage in the Hola 

trough started at least 11 ka ago, probably even slightly before (the earliest carbonate cement 

formation could not be dated). It seems likely that strongest events of past methane seepage and 

carbonate formation occurred around 10, 4 and 2 ka BP. The events may be tentatively correlated to 

seismicity events related to isostatic rebound of the lithospheric crust after retreat and melting of 

the Scandinavian ice sheet and local/regional earthquakes, which are known to enable fluid flow due 

to pore pressure changes or reactivation of faults. However, the present data coverage of U-Th dated 

MDAC is not sufficient to draw solid conclusions. More systematic sampling of MDAC crusts will be 

required for the future and the combination of data collect by the LoVe observatory mentioned 

above. It is anticipated that the observatory will record both methane seepage and seismicity in the 

future (camera, methane sensors, ocean bottom seismometer) to improve the understanding of 

which factors control methane seepage in the Hola trough. The suggested link between seismicity 
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and methane escape can be tested, and moreover, a possible strengthening or weakening of 

methane escape in the future could be monitored. 
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7 Appendix 

To asses diffusive fluxes of dissolved pore water constituents in the different gravity cores we used 

Fick's first law of diffusion: 

𝐉𝐬𝐞𝐝 = −𝚽 ∗ 𝐃𝐬𝐞𝐝 ∗
𝛛𝐂
𝛛𝐱               

with Jsed being the diffusive �lux in the sediment [mol m−2s−1] and 

∂C
∂x

 the concentration gradient [𝑚𝑜𝑙/𝑚3𝑚] which was estimated based on the pore water 

concentration profiles (Schulz, 2006). The bulk sediment diffusion coefficient Dsed[m2s−1] was 

determined by dividing the diffusion coefficient in seawater Dsw[m2s−1] (Boudreau, 1997) by the 

tortuosity θ2 to take into account that the ions cannot diffuse in a straight course in the sediment 

(𝐷𝑠𝑒𝑑 =  𝐷𝑠𝑤
 θ2

). The tortuosity was estimated based on the porosity φ and the relationship θ2 = 1 −

𝑙𝑛(𝛷2) (Boudreau, 1997). 

The results are summarized in Table 1 

Table 4: Input parameters and results of 1D diffusion calculations using Fick’s first law of diffusion. A porosity of 0.8 and 
resulting tortuosity of 1.45 was used for all the calculations 

core ion 

diffusion 
coefficient in 

seawater [m2/s] 
for 5°C 

diffusion 
coefficient in 

sediments 
[m2/s] 

dC/dx 
[mol/m3m] 

diffusive flux 
[mmol/m2a] 

 

GC-51 SO4
2- 

  
32.7 JSO4 down = 325.4  

GC-51 HS- 1.11E-09 7.66E-10 -10.7 JHS- up = 206.7  

    
5.9 JHS- down = 113.8  

GC-51 Ca2+ 4.26E-10 2.94E-10 -8.2 JCa down = 61.1  

    
0.8 JCa up = 5.98  

GC-51 Mg2+ 3.93E-10 2,71E-10 -7.85 JCa down = 54 
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