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Abstract 
The Svyatogor Ridge, located in the Fram Strait, is a site hosting a fluid flow system. The 

Svyatogor Ridge is part of the inside corner high at the Knipovich Ridge-Molloy Transform Fault 

intersection. The Knipovich Ridge is an ultra-slow, melt-poor spreading ridge with ~8 mm/yr 

spreading rate. At this northernmost segment of the Knipovich Ridge, spreading is predominantly 

accommodated by crustal-scale detachment faults. While fluid flow systems are not atypical on mid-

ocean ridge flanks, the geothermal gradients are generally too warm and sediment cover too 

underdeveloped for generation of gas hydrates, despite methane release from hydrothermal vent 

systems being well documented. In this study area, the convergence of a well-developed 

sedimentary cover atop partially serpentinized ultra-mafic mantle material and a comparatively cool 

geothermal gradient entails a gas hydrate system in an ‘unusual’ location.  

Carbon pool and gas hydrate estimates worldwide have not considered abiotic methane, 

produced inorganically through gas-water-rock interactions, in their inventories as natural 

accumulations of abiotic methane in sediments or gas hydrates have remained a hypothesis. This 

thesis characterises a potential marine abiotic methane hydrate accumulation site in terms of 

structure, sedimentology, evolution and fluid flow systems. We find a link between crustal faulting 

in serpentinized mantle material and gas hydrate/free gas accumulations leading to the conclusion 

that abiotic methane is likely contributing to the gas hydrate system here. The stress regime has 

been an important factor on the Svyatogor Ridge for controlling fluid flow through geological time 

and into the future. High-resolution 3D P-Cable seismic data was integral for identifying fault and 

fracture networks, which drive fluid migration as normal extensional faulting becomes sub-optimally 

oriented for fluid migration. 



vi 
 

 

Table of Contents 

Preface.................................................................................................................................... iii 

Acknowledgments .................................................................................................................. iv 

Abstract .................................................................................................................................. v 

1. Introduction ........................................................................................................................ 1 

Motivation ...................................................................................................................... 1 

Objectives ....................................................................................................................... 1 

1.1 Geologic and Tectonic Background .............................................................................. 2 

Tectonic Deformation ..................................................................................................... 2 

Plate Tectonics ................................................................................................................ 4 

Sedimentary Depositional Environment and Contourites .............................................. 6 

1.2 Fluid Systems ................................................................................................................ 8 

Subsurface Fluid Flow ..................................................................................................... 8 

Hydrothermal Systems ................................................................................................. 10 

Abiotic Methane on Earth ............................................................................................ 11 

Gas hydrate in marine sediments ................................................................................. 13 

1.3 Study Area .................................................................................................................. 15 

Tectonic Setting ............................................................................................................ 16 

Oceanographic and Sedimentary Setting ..................................................................... 16 

2. Materials and Methods .................................................................................................... 18 

Overview of seismic reflection for subsurface exploration .......................................... 18 

2.1 Seismic data acquisition and processing .................................................................... 19 

2.2 Interpretation of seismic data .................................................................................... 22 

Stratigraphy .................................................................................................................. 22 

Structure ....................................................................................................................... 23 

Fluid Indicators ............................................................................................................. 24 



vii 
 

3. Summary of Articles and Manuscripts ............................................................................. 25 

Article I ............................................................................................................................. 25 

Manuscript II ..................................................................................................................... 26 

Manuscript III .................................................................................................................... 27 

4. Synthesis ........................................................................................................................... 29 

4.1 Summary ..................................................................................................................... 29 

A note on methane origins ........................................................................................... 30 

4.2 Outlook ....................................................................................................................... 31 

References ............................................................................................................................ 33 

Supplementary Material ...................................................................................................... 38 

Other Publications ............................................................................................................ 38 



1 
 

1. Introduction 

Motivation 

This work has concentrated on one study area, a section of the sub-seafloor to the west of 

the Knipovich Ridge in the Fram Strait. 2D seismic data collected over a small part of the study area 

in 2013, showed a gas hydrate Bottom Simulating Reflection (BSR). This prompted a discussion 

relating to how and why gas hydrates should form on an actively spreading, albeit ultra-slow, mid-

ocean ridge. The hypothesis of an abiotic methane source was of interest to the Centre for Arctic 

Gas Hydrate, Environment and Climate (CAGE). Several studies have crossed the Svyatogor Ridge 

with conventional 2D seismic, however the majority of prior studies featuring the Svyatogor Ridge 

relate to either deep crustal structure or characterisation of spreading environment on the 

Knipovich Ridge using bathymetry and side-scan sonar data. Therefore, a significant contribution of 

this thesis has been to establish a framework for future studies on the Svyatogor Ridge. This 

framework needed to include 1) seismic stratigraphy, including depositional environment 2) 

tectonic setting and stress environment 3) an integrated sedimentary and tectonic history of the 

study area and 4) the fluid-flow system evolution and dynamics. Work produced from this thesis 

covers three scientific articles. Article 1 focuses on creating a geologic and tectonic framework for 

the area as well as detailing the fluid flow regime over the Svyatogor Ridge. Manuscript 2 extends 

the framework to the surrounding areas and develops the linkage between fluid flow regimes and 

tectonic setting while manuscript 3 focuses on the tectonic/structural development of the Svyatogor 

Ridge and the implications of stress style for fluid flow processes here.  

Objectives 

The overall objective of this thesis was to determine the origins of, and mechanisms 

controlling, the gas hydrate and related fluid flow system on the Svyatogor Ridge. To meet this 

objective, I investigated the following: 

- Sedimentary history and depositional processes over the study area 

- Tectonic evolution, stress regime characterisation and classifying the role of tectonism in 

fluid migration 

- Mapping and characterising major areas of fluid accumulations, determining their likely 

migration pathways and seepage history  
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1.1 Geologic and Tectonic Background 

Tectonic Deformation  

Deformation is the process whereby rock material alters from an initial state due to stress, 

synonymous with strain (Scholz, 2002). Scales of deformation range from grain boundary (µm scale) 

to plate tectonics (>km scales). Stress is the force that is applied to an object, measured in force per 

area, where the four types of stresses applied to rocks are confining stress (burial for example), 

compressive stress, tensional stress and shear stress (Scholz, 2002). These stresses translate into 

three modes of faulting, assuming all rock has a confining stress – compressional faulting, 

extensional faulting and strike-slip faulting. Any change in shape of the material due to an applied 

stress is strain, or deformation (Scholz, 2002). Elastic deformation occurs when a stress is applied 

and the material deforms but reverts to the original state upon removal of stress, while plastic 

deformation occurs when the material remains deformed when a stress is removed (Scholz, 2002). 

Faults, or brittle deformation, occur when the stress overcomes the strength of the rock (Scholz, 

2002). In an extensional faulting regime, the Andersonian fault style is a fault dipping approximately 

60°, perpendicular to the direction of maximum horizontal stress, SHmax (Zoback and Zoback, 2002). 

Sv, the vertical stress tensor, is the greatest stress (Fig. 1).  

 

 

 

 

 

Figure 1. Andersonian Faulting regimes (Anderson, 1905), and 
focal mechanisms. Figure from Zoback and Zoback (2002). Sv – 
vertical stress, SHmax – Maximum horizontal stress, SHmin – 
Minimum horizontal stress, P – Compression, B – 
Intermediate, T – Tension.  
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If there are changes in the regional stress regime over time, or the typical stress field for 

creating normal faults changes, faults may re-activate causing apparently oblique components 

(Reeve et al., 2015). When faults with very acute or very obtuse dip angles occur, fluid movement 

through the subsurface is often the cause of the deviation from 60° dip predicted by Andersonian 

faulting (Axen, 1992; McCaig, 1988; Scholz, 2002). Water permeation and metamorphosis may 

cause low-angle dips in faults through exhumed mantle rock, for example. Water contact with rock 

may change the physical properties of the rock, in some cases locally weakening the rock and 

allowing rock to fault at lower angles than normal, whereas high-angle dips in sedimentary 

environments are often attributed to compaction de-watering or overpressures generated by 

hydrocarbon accumulations (Cartwright et al., 2003; Sibson, 2000). Faulting in sediments vs. lithified 

material may present differently despite the same tectonic stress regime, as the material strength 

contrast is stark (Fig. 2). If faulting occurs in a mechanically strong material underlying mechanically 

weak material the fault may occur as one large offset plane in the mechanically strong material 

whereas it may be expressed as a number of smaller offset faults ‘radiating’ around the propagation 

tip beneath (Hardy and McClay, 1999).  

Given fluid pressures (the 

amount of pressure imposed by fluid on 

the rock) in pore space of rocks, the 

regional tectonic stress regime can be 

overridden (Sibson, 2000). The most 

common example of this are 

compaction dewatering faults or polygonal fault systems, where the faults form at a random array 

of strikes and typically dip very steeply (Cartwright et al., 2003). In environments where there is 

extensive subsurface fluid circulation, typically much of the fluid movement occurs through small-

offset (cm-m scale) faults and fracture networks despite the presence of large-offset faults available 

for water circulation (Sibson, 1990). The presence of faults in the subsurface alter pressure gradients 

 

 

 

Figure 2. Example of growth faulting in an extensional 
regime, where sediment overlays mechanically stronger 
basement. Figure from Waghorn et al. (2018a). As 
basement offsets, sediment is forced to fold to 
accommodate the fault beneath. Brittle deformation then 
follows as faults grow upwards.  
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and can drive fluid circulation, via the process of seismic pumping, which occurs when the release 

of seismic energy at the moment of a fault rupture agitates and drives fluid circulation through faults 

(Sibson et al., 1975). In areas with high fluid pressure after a fault rupture, seismic pumping and the 

consequent movement of fluid through the subsurface can force new faults to form or faults to 

reactivate (Sibson et al., 1975; Sibson, 1996). In settings where reactivations are more common than 

new fault formation due to fluid pressure, the faults may develop wide core zones, branches and 

complex linkages (Fossen and Rotevatn, 2016; Sibson, 1994). Where fluid movement through the 

subsurface is the predominant forcing mechanism of fault development, areas of linkages or fault 

intersections have been shown to be the loci of fluid migration (Hansen et al., 2005; Sibson, 1996).  

Plate Tectonics 

Movement style at plate boundaries govern the regional tectonic setting in the surrounding 

lithosphere (Zoback et al., 1989). The three types of plate-plate motions occur; divergence, 

convergence and transformation (Kearey et al., 2009). Of interest in this study are transform and 

divergent margins. 

Transform faults generally occur as intermediary faults between segments of mid-ocean 

ridges, for example, the Molloy Transform fault acts as an intermediary fault between the Knipovich 

Ridge and the Molloy Ridge. A small number of transform faults form between convergent margins, 

for example the Alpine Fault, New Zealand, connects Puysegur subduction system in the south and 

the Hikurangi subduction system in the north (Lamarche and Lebrun, 2000; Lebrun et al., 2000).  

Divergent plate boundaries on earth today are predominately in oceanic settings because 

newly created crustal material in divergent boundaries is generally denser than continental crust, 

creating basin structures, which eventually fill with water. This type of plate boundary can be 

categorised several ways, for example by speed of spreading, spreading mechanism, or length 

between transform faults (Searle, 2013). Ultra-slow to fast are the common classes of spreading 

speeds, where ultra-slow is generally classed as ridges creating crustal material at less than 20 

mm/yr (Dick et al., 2003; Grindlay et al., 1996), while slow spreading ridges have a rate less than 50 

mm/yr (Lonsdale, 1977). Intermediate settings spread between 50-90 mm/yr and fast spreading 

ridges greater than 90 mm/yr (Lonsdale, 1977). The mechanism of the spreading environment often 

is dependent on the speed of the spreading. Magmatic spreading occurs where crustal thinning is 

extensive and through submarine volcanism new basaltic (Mid-Ocean Ridge Basalt, or MORB) 

oceanic crust forms (Searle, 2013). On melt-poor spreading ridges, new crust is exhumed as mantle 

material along crustal scale detachment faults (Cannat et al., 2006). Mantle material is ultra-mafic, 
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implying a lowered silica content compared to that in the crust. Mid-Ocean Ridges are often 

delineated along their lengths into segments (Searle, 2013). Individual segments along a mid-ocean 

ridge can have a slightly different orientation, mode of spreading (magmatic, melt-poor or some 

temporal combination) or speed of spreading. The Low Seismic Velocity Zone (LVS) is the 

approximate transition between lithosphere and asthenosphere, and underneath ultra-slow 

spreading ridges, the LVS is up to 4 km deeper than fast spreading ridges (Purdy et al., 1992), 

implying they are cooler than their faster counterparts. This is likely due to detachment faults, as 

well as exhuming mantle material, circulating cool seawater deep into the lithosphere, hindering 

asthenosphere upwelling and therefore hindering speed increases (Purdy et al., 1992).  

Ridge-Transform Intersections (RTI’s) tend to be tectonically complex, as they represent the 

area where two stress regimes interact (Fig. 3). Seamounts of a hotspot nature have been found at 

RTI’s, in the inside corner, which contrasts to the understanding of magmatic induced spreading 

compared to hotspot seamounts (Beutel, 2005; Delaney et al., 1981; Fujita and Sleep, 1978) where 

the spreading ridge is a site of crustal weakening, with a strong thermal and pressure gradient which 

funnels magma towards the seafloor. However, these conditions do not necessarily exist at RTI’s – 

if slip along the transform fault is impeded, immense extensional stresses concentrate at the RTI 

that can give rise to localised pressure and thermal gradients or, upon faulting, allow decompression 

melting to occur giving rise to hotspot signature volcanism (Beutel, 2005). The same factors can also 

cause upwelling of other fluids such as deep circulating water and provide some additional thermal 

buoyancy of the crust making RTI’s and especially the inside corner high topographically higher (Fig. 

3) than other ridge segments with subsidence occurring as the area moves off-axis (Blackman and 

Forsyth, 1989; Buck et al., 2005). As a mid-ocean ridge or transform faults propagate, RTI’s can 

become ‘extinct’ however crustal fluid circulation and processes triggered by the former RTI setting 

might remain active after the locus of activity has migrated away, such as where serpentinization 

has occurred (Charlou et al., 1998; Kelley et al., 2001; Schroeder et al., 2002).  
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Figure 3. An example of a Ridge Transform Intersection and the inside corner high at 30° N on the Mid-Atlantic Ridge. Figure from Cann 
et al. (2001) 

Sedimentary Depositional Environment and Contourites 

The sedimentary environment of deposition as suggested by the name pertains to the 

biological, chemical and physical processes occurring during sedimentation (Pettijohn, 1957). 

Locality is a typical initial classification of such environments, for example alluvial or fluvial on land, 

deltaic or tidal at the seashore and shallow or deep marine environments. In general, inferences can 

be made about the environment at which sediments deposit based on characteristics such as grain 

size, mineral abundances, presence or absence of biological markers (Pettijohn, 1957). In deep 

marine environments, common sediment deposition mechanisms are 1) down slope processes, 

where sediment is transported from the continental shelf, fluvial systems or land, to depth via 

turbidity currents, slope failures, gravity currents (Dott Jr, 1963; Visher, 1969). 2) along slope 

processes, where sediment is transported by geostrophic oceanic currents (Visher, 1969) and 3) 

hemipelagic settling, where particles fall out due to gravity (Visher, 1969).  



7 
 

Contouritic 

deposition is a type of 

depositional/erosional 

process controlled by large-

scale geostrophic oceanic 

currents (Stow and Lovell, 

1979). The current velocity 

is important in determining 

the style of contourite 

development at any given 

location (Stow et al., 2002). 

In general, oceanic bottom 

currents have velocity 

variations in four 

dimensions, and material on 

the seafloor and already 

entrained in a current have 

a critical velocity, below 

which grains will fall out and above which grains will entrain or stay entrained (Sutherland, 1967). 

Depending on the material and current velocity along the seafloor, currents preferentially entrain 

or deposit material, with the centres of the current (laterally) generally moving faster than the 

edges. Confinements, such as slopes, creates asymmetrical velocity variations, which in turn 

preferentially erodes or deposits material asymmetrically (Fig. 4), resulting in mounded or mound-

moat style contourites (Faugères et al., 1999). Eddying has a similar effect, where material is 

preferentially deposited as the current slows to below a critical, grain-size dependant, entrainment 

velocity (Eiken and Hinz, 1993; Faugères et al., 1999). Sheet contourites form on abyssal plains (Fig. 

3), for example, where there is no confinement or obstacle and current velocity, therefore 

deposition or erosion, is relatively symmetrical (Faugères et al., 1999). Seafloor roughness can also 

promote preferential contourite development, whereby localised roughness such as pockmarks 

have been linked to the localised velocity variations and development of mounded contourite 

development (Waghorn et al., 2018b). Given the proximity of the West Svalbard Margin as a 

confinement of the West Spitsbergen Current, mounded style contourites are typical (Eiken and 

Hinz, 1993; Rebesco et al., 2013).  

Figure 4. Styles of contourite development, figure from Rebesco and Stow (2001) 
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Figure 5. Illustration of fluid flow systems on continental (passive) margins. Figure from Berndt (2005).  

1.2 Fluid Systems 

Subsurface Fluid Flow 

Fluid flow through the subsurface is a widespread, persistent phenomenon that occurs in 

any given environment given fluid availability, a function of the geologic processes occurring in the 

area of interest (Collins, 1976). Types of fluid flow through the subsurface includes hydrothermal 

systems, magmatic processes, hydrocarbon migration, or simply circulation of water (Fig. 5). In 

hydrothermal systems, some processes (often related to magmatism or serpentinization reactions) 

heat or create water, which must then rise to the surface. Magmatism is also fluid flow when ductile 

deformation occurs, and the molten rock acts as a fluid. In hydrocarbon fluid flow systems, flow or 

migration occurs when the buoyancy of the hydrocarbon forces the fluid to migrate towards 

lowered pressure environments (Collins, 1976). Remobilized sediment may also constitute fluid 

flow, although requires that a fluid has flowed with a velocity higher than the fluidization velocity of 

the material, prior to entrainment, so might be considered a secondary process (Huuse et al., 

2010a). Faulting is an important factor in fluid migration, as faults or structural fabric (pre-existing 

weaknesses) either act as convenient migration pathways, or trap fluids given certain trapping 

conditions (Sibson, 1981). Migration of fluid through the subsurface requires some permeability 

within the host material. Fault damage zones are often higher permeability than the surrounding, 

however this is dependent on rheology or secondary processes such as mineral precipitation 

(Sibson, 1981). 
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Fluid flow or fluid accumulation in the subsurface can have a variety of expressions in 

geophysical data. Pockmarks are seafloor depressions that are generally circular to elliptical and 

form in response to fluid migrating across the seafloor-water interface (Judd and Hovland, 2009). 

Pingo-like structures (Serié et al., 2012), pagodas or gas hydrate mounds form where localized 

accumulations of gas and/or gas hydrate near the seafloor increase pressure in the pore-space, 

pushing overlying sediment up or increasing volume of the area (Judd and Hovland, 2009). Chimneys 

and pipes are expressions in seismic data that are generally vertical or near-vertical zones of lowered 

amplitude (Cartwright and Santamarina, 2015). Pipes are usually smaller and offset of surrounding 

sedimentary strata is small, while the zone of influence – disruption of pre-existing strata – is limited. 

Chimney zones tend to be wider, often with zones of apparently undisturbed strata configuration, 

faults and paleo-pockmarks interpretable within the chimney structure (Cathles et al., 2010; 

Petersen et al., 2010; Waghorn et al., 2018a). Chimneys, pockmarks and pipes are often related to 

gas hydrate formation and migration of free gas through the subsurface (Berndt, 2005), and the 

internal architecture of chimney structures gives insight into evolution of the fluid flow system. 

Long-term episodic fluid flow indicators are often recorded in chimney structures (Hustoft et al., 

2009), while Riboulot et al. (2014) correlate paleo-pockmarks in chimney structures with sea-level 

changes in the Mediterranean Sea over the Quaternary. Paleo-pockmark distribution and infill rate 

in the subsurface has also been used to determine longevity and spatial variations of fluid flow 

systems (Judd and Hovland, 2007; Moss and Cartwright, 2010). The size of pockmarks and paleo-

pockmarks indicates the nature of gas release, for example massive blow out or sustained seeping 

(Andreassen et al., 2017; Davy et al., 2010; Judd and Hovland, 2007). Due to the density of 

hydrocarbon compared to sediment/water in pore space, accumulations of hydrocarbons express 

in seismic data as high amplitude bright or flat spots which may cross-cut strata (Brown, 2004). 

Vents, mounds and crater-eye structures are generally related to hydrothermal fluid flow (Planke et 

al., 2005).  

Sediment remobilization features include diapirs, mud volcanoes or intrusions, sand 

injectites for example (Huuse et al., 2010b). Often, hydrocarbon fluid flow is involved in these 

processes, acting as secondary buoyancy to move the material even closer to the subsurface, or to 

breach the seafloor (Huuse et al., 2010a).  

The source of fluid flowing in the subsurface may vary; however, sedimentary pore-space 

contains water buried along with the sediment, fluid may form at depth through igneous processes 

or clay remineralisation reactions, or meteoric fluid can reach depth via permeation through faults 

or permeable strata (Judd and Hovland, 2009). Hydrocarbons generally form at depth and migrate 
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upwards, the extent to which is dependent on the buoyancy of the specific hydrocarbon. Of 

particular interest to this study is methane gas, which forms in a variety of ways. As with other 

hydrocarbons, thermogenic methane forms at depth under appropriate temperature and pressure 

conditions, given the availability of sufficient organic material (Etiope and Klusman, 2002; Schoell, 

1988; Stolper et al., 2014). Biogenic methane is formed through degradation of organic matter by a 

methanogenic microbial community, generally in shallower subsurface environments compared to 

thermogenic methane (Claypool and Kvenvolden, 1983). Abiotic methane forms generally through 

magmatic processes or gas-water-rock interactions and is discussed in detail later in this chapter 

(Etiope and Sherwood Lollar, 2013).  

Hydrothermal Systems  

Hydrothermal systems on mid-ocean ridge settings can be categorised as peridotite-hosted 

(Kelley et al., 2005) or magmatic hydrothermal systems (Cathles, 1990). In mid-ocean ridge settings, 

peridotite hosted systems occur atop crustal scale fault and/or detachment faults (Fig. 6), where the 

mode of mid-ocean ridge spreading is predominantly exhumation, while magmatic hosted 

hydrothermal systems predominantly occur where the mode of mid-ocean ridge spreading is 

magmatically driven crustal thinning and creating of MORBs (Cathles, 1990; Kelley et al., 2005). 

Commonly mid-ocean ridge, peridotite hosted hydrothermal systems are heated by mantle material 

being near the surface (Charlou et al., 1998; Etiope and Sherwood Lollar, 2013) although crustal 

melts on axis may also play a role in heating and driving crustal fluid flow. Fluids in hydrothermal 

Figure 6.  Schematic sketch of the tectonic and geologic relationships at the peridotite hosted Lost City hydrothermal field.  
Figure from Kelley et al., 2005 



11 
 

systems can have a variety of origins, from fluids derived from the magma itself to seawater buried 

with sediments, or seawater that percolates down through faults and/or porous media (Cathles, 

1990). Fluid heated at depth will then begin to migrate back towards the surface. Peridotite hosted 

system fluids commonly contain by-products of interactions between seawater and the peridotite, 

including H2 and CH4 (Charlou et al., 1998; Kelley et al., 2005; Proskurowski et al., 2008).  

Abiotic Methane on Earth  

There are a variety of methods for producing methane inorganically, including high-

temperature reactions in the mantle (Fig. 7), hydrogenation of metal carbides (Fe3C + 4H+ = 3Fe + 

CH4), CO2 evolving into CH4 during magma cooling (CO2 + 2H2O = CH4 + 2O2) and gas-water-rock 

reactions, such as the Sabatier reaction, Fischer-Tropsch reactions and decomposition of iron 

carbonate or thermal decomposition of carbonate. Serpentinization is the metamorphic process 

that occurs when olivine-rich rock is exhumed (lowering pressure and temperature) and the olivine 

becomes hydrated, producing H2 (Sherwood Lollar et al., 1993). H2 may then react with CO2 or CO 

to form CH4. The Fischer-Tropsch reaction refers to reactions involving catalytic hydrogenation of 

CO, producing hydrocarbons. This can occur in one-step, the Sabatier reaction (CO2 + 4H2 = CH4 + 

2H2O) or in two steps (CO2 + H2 = CO + H2O, CO + 3H2 = CH4 + H2O). These reactions require a catalyst, 

and the metals or metal oxides which provide the surface for converting to gas molecules are 

commonly found in ultra-mafic rocks, such as peridotite (Etiope and Sherwood Lollar, 2013; 

Sherwood Lollar et al., 1993). Theoretically, the speed at which these reactions may occur is a 

function of the temperature, whereby higher temperatures produce methane faster while lower 

temperatures produce methane slower. However, the initial olivine reaction occurs at temperatures 

less than 400°C (Foustoukos and Seyfried, 2004).  

The heat generated during serpentinization reactions is proportional to the amount of water 

that reacts to form serpentinite (Früh-Green et al., 2004). Rock expansion under heat creates 

additional faults and fractures allowing water to come into contact with a larger surface of the ultra-

mafic rock, producing more H2 (Früh-Green et al., 2004). In this way, heat from serpentinization is 

hypothesized to sustain hydrothermal vent systems (Proskurowski et al., 2008) in lower 

temperature hydrothermal systems although debate still surrounds the role of serpentinization 

producing heat and sustaining hydrothermal systems, where proximal magmatic  heat sources may 

still have a larger influence (Allen and Seyfried Jr, 2004).  

Although abiotic methane production has been shown to occur in laboratories, in mid-ocean 

ridge hydrothermal systems of peridotite-hosted type (Proskurowski et al., 2008) as well as in some 



12 
 

ophiolite belts (Abrajano et al., 1990; Etiope et al., 2013), the implications of abiotic methane to the 

global carbon inventory are unknown. As the processes associated with serpentinization and abiotic 

methane production generally occur at or close to the seafloor in locations where significant 

sedimentary sequences are unlikely to occur (i.e. abyssal settings), or in settings where the 

temperature is high enough to drive hydrothermal seeps (Fig. 7), the potential for hydrocarbon 

storage in sediment is low. Additionally, sediment often does not accumulate fast enough on mid-

ocean ridges in abyssal settings, before the processes forming methane are extinct, to provide a 

suitable reservoir. Ultra-slow spreading ridges, however, move at such slow speeds that they can 

become sedimented while still active (Johnson et al., 2015; Waghorn et al., 2018a). The major 

limiting factors for methane sequestration into the sediment often are 1) the scarcity of sediment 

fall-out at the depths of mid-ocean ridges and 2) the sediment that is deposited is often fine silt, clay 

and ooze material (Pettijohn, 1957). Therefore, abiotic methane sequestered into gas hydrates in 

natural settings is not a common phenomenon.  

Detachment faults are usually invoked as the main mechanism for bringing mantle material 

towards the surface and acting as migration pathways for water to circulate across mantle material 

(Fig. 6), and therefore the main mechanism in formation of abiotic methane through Fischer-Tropsch 

reactions (Escartin et al., 2008). However, transform faults offsetting spreading centres may also 

have the ability to act in a similar role, whereby given oblique movements (some component of 

extension or compression) on the transform (Rüpke and Hasenclever, 2017), mantle material 

exhumed on-axis may be brought closer to the seafloor and undergo serpentinization. Transform 

Figure 7. Diagram indicating methane origins (Biotic vs. abiotic) and environments (terrestrial or marine). 
Peridotite hosted hydrothermal system fluids may contain abiotic CH4 from low temperature gas-water-rock 
interactions or high temperature magmatic systems. Figure from Giuseppe Etiope (2016; 
https://sites.google.com/a/ingv.it/getiope/home/abiotic-gas) 
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faults may also bring seawater into contact with deeper, but previously unaltered mantle material 

(Rüpke and Hasenclever, 2017). Rüpke and Hasenclever (2017) show that the amount of abiotic 

methane produced at transform faults rivals the amounts produced at detachment faults, although 

the speed of offset is an important factor.  

Gas hydrate in marine sediments  

Gas hydrates form as crystalline compounds in the shallow subsurface and are found in 

continental margins and permafrost areas worldwide (Sloan, 1998). Methane is the most common 

constituent of naturally occurring gas hydrates, although ethane, butane, propane and potentially 

CO2 can be constituents in hydrate structures (Mohammadi et al., 2008). Gas Hydrate stability is 

dependent on the pressure and geothermal gradient in the subsurface and/or water column 

temperature, however, for gas hydrate to form, salinity conditions, methane availability and pore-

space are also important factors (Sloan, 1998). Generally, the zone of potential gas hydrate stability 

covers much of the oceans floor (Kvenvolden et al., 1993), except in abyssal plain settings or mid-

ocean ridge settings, where temperatures are too high and/or methane production is low 

(Kvenvolden et al., 1993). Typically, large sedimentary sequences found on continental margins or 

contourite deposits are ideal locations for gas hydrate accumulations as the organic matter input is 

sufficient for the formation of methane either thermogenically or microbially. In addition, the 

material deposited tends to be coarser-grained than in abyssal plains providing ample pore-space 

and pressure-temperature regimes are appropriate for gas hydrate stability (Kvenvolden, 1998; 

Mienert et al., 2005). In contrast, areas of the seafloor where active crust-creation is occurring tend 

to have limited organic matter, limited sediment deposition and limited biological activity (Calvert, 

1987; Canfield, 1993), excepting chemosynthetic communities at hydrothermal vents.  

The gas hydrate stability zone, and base thereof, can be predicted using numerical models. 

The geothermal gradient, bottom water temperature, water depth (pressure), gas composition and 

salinity are all variables in modelling the base of the gas hydrate stability zone (BGHSZ) and local 

variations as well as regional variations (spatially and temporally) in these parameters are often 

attributed to differences in observed and modelled BGHSZ (Vadakkepuliyambatta et al., 2015). 

Discrepancies between the base of hydrate accumulation and the modelled BGHSZ, or lack thereof, 

give insight into the gas flux from below the hydrate accumulation, whereby gas flux must exceed a 

critical value for the base of actual hydrate accumulation and modelled BGHSZ to coincide (Xu and 

Ruppel, 1999). Inconsistencies in the gas hydrate system, such as cooler temperatures than the 

regional geothermal gradient would dictate (Ruppel, 1997), have been used to explore the role of 

pore water composition, pore size and the effect of capillary forces (Ruppel, 1997) in hydrate 
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stability. The composition of porewater affects the formation and stability of hydrate by certain ions 

such as NaCl acting to decrease the activity of water (Dickens and Quinby-Hunt, 1997; Ruppel et al., 

2005).  Capillary forces between sediment grains in very fine-grained sediment (i.e. clay) are high 

because the meniscus of the water in pore space is small. Strong capillary forces in fine grained clays 

have been cited as an inhibitor to hydrate formation in such sediments (Ruppel, 1997). Salinity as 

an inhibitor to hydrate formation is also thought to have an influence on how free gas might migrate 

through the hydrate stability zone without being sequestered into hydrate. The formation of 

hydrate increases salinity in porewater (as H2O is used in the hydrate forming process), which thus 

inhibits further formation of hydrate for subsequent migrating methane (Liu and Flemings, 2006, 

2007).   

Inconsistencies in the depth of the BGHSZ compared to the observed bottom simulating 

reflection have been used to explore the role of faults as conduits of local warm fluid (Fig. 8; Pecher 

et al., 2010), as well as the local effect of increased salinity due to salt diapirsm (Ruppel et al., 2005), 

while modelling the gas hydrate stability zone under past conditions has attempted to explain large 

scale submarine landslides such as the Storegga Slide on the mid-Norwegian margin (Mienert et al., 

2005) and assessing how gas hydrate stability might be affected by future oceanic warming (Biastoch 

et al., 2011).  

  

Figure 8. Example of a discrepancy between the modelled and observed BSR being used to infer subsurface conditions, in this case 
that there are local areas of higher geothermal gradient due to focussed fluid flow along detachment faults. Figure from (Waghorn et 
al., Submitted). 
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1.3 Study Area 

The area of interest for this thesis is located in the central Fram Strait on the western flank 

of the Northern Knipovich Ridge (Fig. 9). The Svyatogor Ridge, the main location discussed in this 

thesis, is the inside corner high of the Ridge-Transform Intersection (RTI) between the extensional 

Knipovich Ridge and the strike-slip Molloy Transform Fault (Johnson et al., 2015; Waghorn et al., 

2018a). The crust underlying the extended study area is dated with magnetic anomaly data from 

Chron 6 (19.6 Ma) to Chron 2A (2.8 Ma) while the Svyatogor Ridge is between Chron 5 (9.8 Ma) to 

Chron 2A (2.8 Ma) (Engen et al., 2008). Fluid flow indicators, including BSR reflections, occur 

predominantly over the crest of the Svyatogor Ridge (Fig. 9); however, occur elsewhere in the study 

area where basement outcrops and/or basement faults occur.  

 

 

Figure 9. The study area presented in this thesis. The Svyatogor Ridge lies at the intersection between the Knipovich Ridge (KR) and Molloy 
Transform Fault (MTF). Seismic lines are numbered as per Waghorn et al. (submitted). The Knipovich Ridge is melt poor, and ultra-slow 
(~8 mm/yr). The crust underlying Svyatogor Ridge is between 9.8 and 2.8 Ma (Engen et al., 2008), indicated by magnetic Chrons 5 and 2A. 
Fluid flow indicators documented in Waghorn et al. (2018a) and Waghorn et al. (submitted) are indicated by blue areas. Detachment faults 
as interpreted in Waghorn et al. (2018a) are marked on the map by ticked lines. Dot-dash lines indicated faults with a strike-slip component 
as interpreted by Waghorn et al. (submitted), while dotted lines indicate the authors’ crustal outcrop or fault interpretations.  
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Tectonic Setting 

The Knipovich Ridge orients at approximately 308° and is spreading asymmetrically, at ~8 

mm/yr on the western flank (Engen et al., 2008; Okino et al., 2002). The segment of the Knipovich 

Ridge pertaining to this study area is ultra-slow and melt-poor at present, however some studies 

suggest that there are igneous intrusions underlying the eastern flank of the Knipovich Ridge 

(Ritzmann et al., 2002), indicating that magmatic spreading may have occurred in the past. As the 

Knipovich Ridge is sedimented at this northern segment, it is difficult to determine what the 

underlying crustal material is, however on the western flank of the Knipovich Ridge, Ritzmann et al. 

(2002) suggest that the seismic velocities (from OBS data) are concurrent with partially 

serpentinized material which is consistent with melt-poor spreading. It is worth noting that the 

distance between Chrons indicate that the Knipovich Ridge spreading rate has changed between 

19.6 Ma and recent, which perhaps correlates to changes in spreading mechanism. Chron 6 (19.6 

Ma) and Chron 5 (9.8 Ma) conjugate anomalies on the eastern flank of the Knipovich Ridge are not 

present, indicating that the junction between transform and spreading ridge has migrated 

northwards (Engen et al., 2008). The Molloy Transform Fault (MTF) delineates the northern extent 

of the Knipovich Ridge and is oriented non-orthogonally to the spreading axis of the Knipovich Ridge, 

implying a non-negligible secondary stress orientation. Bathymetry data indicates that the overall 

MTF is composed of 6-12 individual strike-slip faults with two major branches at the eastern end 

(Fig. 9). Splay faults off major branches extend into the study area at the Svyatogor Ridge (Fig. 9).  

Oceanographic and Sedimentary Setting  

The West Spitsbergen Current (WSC; Fig. 10) is a northward flowing oceanic current that 

transports warm North Atlantic water into the Arctic Ocean (Beszczynska-Möller et al., 2012). The 

WSC is an important sediment transportation and deposition current for the entire West Svalbard 

Margin and slope. The WSC, and eddying therefrom (Fig. 10), are responsible for the formation of 

contouritic drifts further north (Eiken and Hinz, 1993). Although the WSC has migrated upslope, 

eastwards, as the West Svalbard Margin has built out, it has likely been an important transport 

mechanism to the study area (Eiken and Hinz, 1993; Waghorn et al., 2018a). Downslope 

sedimentation processes such as turbidity currents or slope failures are, at present, an unlikely 

sediment supply source as the Knipovich Ridge acts as a basin to catch sediment before reaching 

the Svyatogor Ridge in its present uplifted position. As the method for crustal creation here is 

exhumation, it follows that exhumation and creation of oceanic crust began before sedimentation 

(Amundsen et al., 2011; Johnson et al., 2015). In the manner of confined contourites, an uplifted 
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footwall would likely create the velocity variation required for onset of contourite deposition 

(Faugères et al., 1999; Rebesco and Stow, 2001).  

 

 

 

 

 

 A stratigraphic framework with confirmed dating for the Svyatogor Ridge is not available in 

prior literature as of yet, however the YP stratigraphy constrains sediment age on the West Svalbard 

Margin. YP-1 to YP-3 are the regional framework correlated to ODP leg 151 sites 908-912 (Thiede et 

al., 1995). YP-1 is the oldest unit with a variable basal age, composed of syn-rift and post-rift 

sedimentation, deposited atop oceanic crust (Eiken and Hinz, 1993). YP-2 sequence comprises the 

onset of contouritic deposition with a basal age between 11 Ma and 14.6 Ma (Eiken and Hinz, 1993). 

YP-3 corresponds to the beginning of glacially transported sediment approximately 2.7 Ma (Eiken 

and Hinz, 1993). These three seismostratigraphic units correlate to ODP 908 and 909 boreholes using 

2D regional seismic data (Knies et al., 2009; Mattingsdal et al., 2014).  

  

Figure 10. The major oceanic circulation in the Fram Strait. 
Eddying of the West Spitsbergen Current at approximately 
78° N is responsible for the sediment deposition and 
formation of Vestnesa Ridge. Figure from Beszczynska-
Möller et al. (2012) 
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2. Materials and Methods  

This thesis utilized seismic and bathymetry data in order to achieve the objectives outlined 

in Chapter 1. Acquisition of 18 2D seismic lines, two 3D seismic cubes and bathymetry data (Fig. 9) 

occurred in conjunction with CAGE cruises aboard the R.V. Helmer Hanssen between 2014 and 2018. 

Seismic data sets, both 2D and 3D are the foundation of articles and manuscripts in this thesis, so 

seismic data acquisition, processing and interpretation detail follows in subsequent subchapters 2.1 

and 2.2. Manuscript III details the process for stress regime analysis, while Manuscript II covers the 

methods for bathymetric data interpretation and gas hydrate stability zone modelling.   

Overview of seismic reflection for subsurface exploration 

Seismic waves are elastic waves that travel through the solid earth, produced by natural 

phenomena, such as strain release (earthquakes) or artificial sources. Seismometers record these 

waves, which are visualised as amplitude vs time graphs, or seismograms. As the earth is a 

heterogeneous medium, it is extremely complex and therefore the propagation of seismic waves 

through the earth is equally complex (Lowrie, 2007). A number of different types of waves can travel 

through the earth – body waves (compression and shear waves) and surface waves (Love and 

Rayleigh waves) – categorized predominately by particle motion along the wave path (Lowrie, 2007). 

Compression (P) waves can travel through both fluid and solid while shear (S) waves cannot travel 

through liquids as liquid cannot be undergo shear. Using active source seismology to target specific 

locations in the subsurface is an important exploration tool. The basic principle for using seismic 

energy as a subsurface imaging tool is that elastic waves follow some fundamental rules as they 

propagate through the subsurface. Firstly, given a medium with homogeneous, isotropic properties, 

a wave will travel with a velocity defined by the bulk modulus (incompressibility), the shear modulus 

(rigidity) and the density of the material (Lowrie, 2007). Secondly, at an interface between two 

media with differing impedance properties, some energy will transmit while some energy will 

reflect. The amplitude of reflected waves will be dependent on the impedance contrast between 

the two materials (Lowrie, 2007). Reflected waves then travel back towards the surface, where 

hydrophones or seismometers record the incoming signal. The resolution of seismic data is typically 

¼ of the wavelength, which is a function of the frequency and velocity. Therefore, high-resolution 

seismic data by nature will have lesser penetration that lower resolution data sets. It has been a 

goal of seismic data acquisition and processing to increase the resolution while attaining sufficient 

penetration. Broadband seismic, where the frequency band of the data covers a larger range (ex 

‘conventional’ data usually has a frequency band of 8-80 Hz, while broadband can range from 2-200 
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Hz) is the state-of-the-art for optimising both resolution and penetration, however in marine 

settings the low frequency end of the spectrum is still limited by low frequency noise. Using only 

near-offset data is another solution, where the far offset hydrophones record data with greater 

penetration while the near-offset hydrophones can be isolated for resolution purposes however the 

P-Cable 3D seismic acquisition system (see Chapter 2.1) combines a relatively broadband frequency 

range with near-offset data to increase the resolution in the shallow subsurface.  

Ideally, the seismic record should only contain signal reflected back from interfaces between 

materials of differing properties. However, noise is an inevitability; therefore, processing steps 

improve the signal-noise ratio by removing external sources or unwanted signal in the data (Yilmaz, 

2001).  Generally, processing workflows follow the same basic steps of improving the signal to noise 

ratio by attenuating random and coherent noise, reducing artefacts such as multiples and improving 

the resolution of the data while retaining a wavelet representative of the interface that reflected 

the signal (Brown, 2004; Yilmaz, 2001). The goal of seismic processing workflows are to provide the 

best possible image of the subsurface and allow the end-user to interpret features present with 

confidence (Yilmaz, 2001).  

2.1 Seismic data acquisition and processing  

The P-Cable seismic acquisition system is a high-resolution acquisition set-up, which enables 

users to acquire 3D data sets with relative ease and low cost, and it can also be re-configured into 

2D mode to acquire 2D seismic data. The data collected for this study utilized the P-Cable system. 

For 2D acquisition, 4 x 25 m streamers are connected resulting in a 100 m streamer with receiver 

intervals of 3.125 m. Typically, the source was 15/30 in3 mini-GI airguns firing at 160-170 bar, while 

the firing rate depended on the depth of the water column. Recording parameters of 2D seismic 

data also was a function of the water depth however typically with a sampling rate of 0.25-0.5 ms 

and recording length of up to 5 s. 3D data acquisition involves a cross-cable with 14 streamers 

spaced ~12.5 m apart (Fig. 11). All streamers have a receiver interval of 3.125 m, 8 channels per 

streamer. The cross-cable is towed perpendicular to the sailing direction approximately 150 m 

behind the ship, held taut by two paravanes. Both 3D surveys utilized airguns set up in harmonic GI 

mode, where the generator chamber produces the primary pulse and the secondary injector 

chamber injects a second pulse at or near the maximum expansion of the primary pulse. Air gun 

setup for the southern 3D dataset was 15/15 in3 in while the northern 3D dataset was 45/45 in3, 
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both at 150-160 bar of pressure and a shooting interval of 6 s. Recording parameters included a 

sampling rate of 0.25 ms and recording length of 2 s.  

 

 

 

 

 

 

 

 

Processing of both 2D and 3D data sets followed standard processing workflows using RadEx 

Pro seismic data processing software, described in detail in paper I and III for the 3D data sets and 

paper II for the 2D data sets. The processing workflow for 3D data sets followed the same basic 

procedure and differed where case-specific steps were necessary. 

Processing workflow  

1. SEG-D Input  

2. Geometry assignment in RadEx Pro 

3. Bandpass Filtering using a simple filter where frequencies outside the range of 15-

300 Hz were completely removed and frequencies between 15-30 Hz and 250-300 

Hz were ramped 

4. Burst noise removal (only necessary for northern 3D data set)  

5. Adjustment of geometry* (post publication for southern 3D data set)  

6. Tidal correction*1 

7. Wavelet based processing *2 

8. CDP Binning to 6.25 m 

Figure 11. Simple schematic of the 3D P-cable systems. Modified from 
www.geometricspcable.com, accessed 27.03.2019 
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9. NMO and Stack 

10. Interpolation 

11. Static corrections *1 

12. Migration *3 

13. SEGY-Output 

*The geometry adjustment was implemented during the shipboard processing of the 2016 data set 

because the software supposed some form of symmetry when calculating a catenary for the 

crosscable (Romeyn, 2017). However, when current influences the crosscable orthogonally, 

symmetry in the streamer is lost and the geometry assignment in RadExPro was misfitting 

significantly for one half of the streamers, alternating with sailing direction.  

*1Tidal correction for the southern data set was ~0.02 m extrapolating between sites near 

Longyearbyen and offshore Greenland. As this assumption could not account for the funnelling 

effect of tides into fjords, it was deemed inadequate. A predictive static correction later in the 

processing workflow, along with migration, served to reduce static artefacts in the data to a 

sufficient level  

*2Wavelet based processing included debubbling, deghosting and denoising as well as 

deconvolution. For the southern 3D dataset, the data was published prior to implementing these 

steps so the version presented is the non-wavelet based processing version.  

*3We migrated the southern 3D data set in SeisSpace using a velocity model that combined 

assumptions of velocities based on predicted material present (for example assuming similar 

deposition as that found in the closest drill site, IODP 910 (Thiede et al., 1995)), published velocity 

information (Ritzmann et al., 2002) and calculating diffraction hyperbola velocities. The northern 3D 

dataset was migrated in RadEx using a pre-stack Kirchhoff Time migration, and a velocity model 

created using diffraction hyperbola.  

 Although there were differences in the processing workflows between the two 3D dataset 

as the base processing workflow improved, the interpretability of the southern data set was not 

significantly affected after implementing additional steps. This is likely in part due to the water depth 

(travel time differences between the source and receiver ghosts and reflected signal are less 

significant in greater water depths and bubble pulses are attenuated more).  
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All 2D data was re-processed in conjunction with paper II so that lines were consistent, with 

the exception of 2018 data. The 2D data processing method was very simple, and consisted the 

following  

1. SEG-D Input  

2. Geometry assignment in RadEx Pro 

3. Bandpass Filtering using a simple filter where frequencies outside the range of 15-

300 Hz were completely removed and frequencies between 15-30 Hz and 250-300 

Hz were ramped 

4. Burst noise removal  

5. CDP Binning to 3.125 m 

6. NMO and Stack 

7. Migration using Kirchhoff Time Migration (aperture dependent on water depth and 

reflector depth, velocity from Ritzmann et al. (2002)) 

8. SEGY-Output 

2.2 Interpretation of seismic data  

Interpretation of all seismic data occurred in Petrel Software. The three focuses for 

interpretation were 1) stratigraphy 2) structure and 3) fluid indicators. Interpretation procedure 

generally first mapped reflectors and determined a base depositional environment and history, 

followed by structure mapping, structural analysis and finally fluid-flow indicator mapping and 

analysis.  

Stratigraphy  

Chapter 1.3 summarizes the regional stratigraphy, where the YP sequences are the regional 

seismostratigraphic framework used in the region of this study (Eiken and Hinz, 1993; Mattingsdal 

et al., 2014). The YP framework was initially the basis for interpretation here. However, it became 

clear that the correlation of the YP units across the Molloy Transform Fault was too uncertain 

especially given a large difference in resolution between correlation lines (Mattingsdal et al., 2014) 

and the data sets used here.  The method for determining stratigraphy for all the seismic data 
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became to develop a seismic stratigraphy/facies model independent of the YP stratigraphy. Changes 

in depositional dynamics can often create unconformable features such as erosional truncations, 

onlaps, downlaps or changes in internal reflection character (Mitchum Jr et al., 1977). In this data 

set, two unconformable horizons and changes in thickness (indicating a change in depocentre) 

delineate the stratigraphy (Waghorn et al., 2018a). Significant changes in reflection characteristics, 

such as a change from conformable, continuous horizontal reflections to chaotic, incoherent 

reflections determined changes between sedimentary material and igneous/metamorphic material.  

Structure  

Fault mapping is the first step for determining a structural framework and tectonic history 

of the study area. Faults in the data from this study area are identified as either 1) low amplitude 

discontinuities through the data set, generally sub-vertical, whereby reflections on either side of the 

discontinuity are offset (Brown, 2004) or 2) Areas of reflection orthogonal to the main sedimentary 

reflection orientation, where sedimentary material is adjacent to interpreted basement material. As 

faults with very small offsets (i.e. reaching the limit of resolution) may be difficult to interpret with 

vertical seismic sections, variance/coherence attributes have been used in conjunction with fault 

mapping and structural interpretation (Brown, 2004; Chopra and Marfurt, 2007). Variance 

computes the continuity between traces in a specified window, preferably a horizon, and outputs 

the variance on a scale of 0 (no discontinuity, grey) to 1 (complete discontinuity, red). Any 

discontinuity is highlighted with this attribute, however for the data sets used here faults were the 

discontinuity of interest. Fault picks can be input into a structural model, where reference horizons 

act as checks that the fault planes are geologically feasible. Creating a geologically sound structural 

model allows dip and dip direction information to be extracted from the fault plane, or from discreet 

segments along the plane. From this, the azimuth, dip and dip direction of fault planes interpreted 

in 3D seismic data can be plotted on a stereonet (van Gent et al., 2009). This method of using 3D 

seismic data for stress analysis is useful in determining the stress regime that formed faults.   

Win_Tensor software (Delvaux and Sperner, 2003) uses Schmidt Lower Hemisphere 

stereonets to extract orientations of faults’ kinematic axes. Each fault plane has a P (compression) 

B (neutral) and T (tensional) axis that approximate the directions of principle stress (Célérier, 2010) 

where the P axis represents the maximum compressive stress direction and T the minimum 

compressive stress direction. For this analysis, the Right Dihedra method divides the hemisphere 

into four quadrants, where two are compressional and two extensional (Delvaux and Sperner, 2003). 

As multiple fault planes are plotted, the possible locations of the kinematic axes are narrowed until 

an approximation can be made.   
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Fluid Indicators 

Again, seismic sections are the predominant means of interpreting fluid features in these 

data sets. BSR reflections were interpreted based on their high amplitude, cross cutting, sea floor 

simulating, and reverse polarity nature. Other direct hydrocarbon indicators were otherwise lacking. 

Pockmarks were interpreted when a clear u-shaped surface existed that acted as an erosional 

surface, and generally had a higher amplitude than the on-lapping infill (Judd and Hovland, 2007). 

Other indirect fluid flow indicators such as pipes were largely absent in these data sets although one 

chimney structure was interpreted in article I (Waghorn et al., 2018a), it was based on the 

interpretation of paleo-pockmarks rather than interpreted as a discreet feature. Other fluid 

indicators, such as mounds (manuscript II), were interpreted based on anomalies in reflector 

configuration and/or amplitude, coupled with for example, the presence of clustered small offset 

faults in otherwise continuous reflections. In general, disruptions in normal reflection configuration 

and continuity were investigated for potential links to fluid migration and accumulation.  
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3. Summary of Articles and Manuscripts 

Article I 

Kate A. Waghorn, Stefan Bünz, Andreia Plaza-Faverola, Joel E. Johnson. 3D Seismic 

investigation of a gas hydrate and fluid flow system on an active mid-ocean ridge; Svyatogor Ridge, 

Fram Strait. Geochemistry, Geophysics, Geosystems. 19(8), 2325-2341, DOI: 

10.1029/2018GC007482 

Article I focused on creating a framework for the sedimentary and tectonic setting of the 

Svyatogor Ridge, on the western Knipovich Ridge flank.  Using a high-resolution, 3D P-Cable seismic 

data and supplementary bathymetry data, we created a seismic stratigraphy based on strata 

configuration and character, determined the sedimentary deposition history to the extent possible 

with remote methods. Article I established a basis for future studies on tectonic activity and stress 

environments on the Svyatogor Ridge by characterising patterns in faulting and asserting a tectonic 

history of the region. Lastly, this article gives insight into the fluid flow system present on the 

Svyatogor Ridge and draws some conclusions based on the sedimentary depositional environment 

and tectonic environment as to the longevity of fluid seepage here.  

Key findings with regard to the sedimentary depositional environment on the Svyatogor 

Ridge are that the depocentre of stratigraphies has migrated east with time, in agreeance with the 

presumption that as the West Spitsbergen Current has migrated upslope in the east, the Svyatogor 

Ridge has migrated west. Four types of faults were identified – basement detachment faults, 

sedimentary growth faults, radial faults and small-offset fault/fracture networks. The environment 

and spreading regime of the Knipovich Ridge, and the Svyatogor Ridge being an inside corner high, 

supported the interpretation of detachment faults in the data set. Sedimentary fault terminations 

focus around the downthrown hanging wall of detachment faults and based on their offsets have 

grown in stages upwards (increasing throw with depth), indicating they are growth faults which form 

as a mechanically stronger basal material faults underneath a sedimentary sequence. In some cases, 

growth faults reach the seafloor indicating that seismicity on the detachment faults has occurred 

syn or even post sedimentation, however it was not possible to determine whether these faults 

have reactivated post detachment fault activity, in response to fluid migration.  

The extent and distribution of the gas hydrate system is limited to the apex of the ridge 

structure, centred about the detachment fault. This article asserts that this is a function of the 

detachment fault focussing fluid migration, however the antiformal shape of the ridge structure may 

play a role. The dataset provides evidence of 4 distinct time periods of paleo-fluid seepage, as 
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evidenced by paleo-pockmarks occurring only on four horizons. This article hypothesizes that 

seismicity, a seismic pumping system, may be playing a role in determining when gas migrates into 

the sedimentary column, and further to the seafloor.  

Manuscript II 

Kate Alyse Waghorn, Sunil Vadakkepuliyambatta, Andreia Plaza-Faverola, Joel E. Johnson, 

Stefan Bünz, Malin Waage. Crustal processes sustain arctic abiotic gas hydrate and fluid flow 

systems. Submitted to Scientific Reports for consideration 26/02/2019.  

Manuscript II investigates the linkage between large-scale tectonic features and fluid 

flow/gas hydrate systems considering a larger region than investigated in Article I. While article I 

established a framework for further studies, this manuscript gives further insight into the tectonic 

environment, large-scale tectonic features captured in our seismic data sets and the influence the 

regional tectonism has on methane migration. For this study 22 2D seismic lines were used, covering 

the entire inside corner high of the Knipovich Ridge-MTF intersection.  

A significant observation presented in this paper is the strong correlation between fluid 

accumulations, interpreted as free gas trapped underneath gas hydrate, and crustal faults or 

tectonic lineaments related to spreading or transform fault dynamics. Underneath the majority of 

free gas accumulations, we identify uplifted crust, and often can identify fault planes within the 

interpreted crust. We therefore modelled the expected Base of Gas Hydrate Stability (i.e., where 

the BSR should form) with geothermal gradient data from previous studies. The result of this 

modelling is that where we identify crustal structure beneath a free gas accumulation, the location 

of the BSR in the sedimentary sequences correlates with a higher geothermal gradient value than 

published data suggests. However, in areas of free gas with no observable basement structure 

beneath, BSR depths fit within a margin of error to the depth expected based on published 

geothermal gradient values. We attribute this to crustal structure locally increasing the geothermal 

gradient through circulation of warmer fluids from depth. 

This manuscript also asserts that these accumulations above crustal structure where there 

are likely increased temperatures, support initial hypotheses of abiotic methane contributing to the 

gas hydrate system here. Although we cannot support this hypothesis with geochemical evidence 

at this point, we assert that the geophysical evidence favours an abiotic methane source.  
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Manuscript III 

Kate A. Waghorn, Rowan Romeyn, Andreia Plaza-Faverola, Stefan Bünz. Shallow gas 

redistribution coupled to Arctic Mid-Ocean Ridge tectonics. Manuscript in preparation.  

Manuscript III details the stress environment on the Svyatogor Ridge based on mapping 

sedimentary growth fault planes in 3D, across two 3D seismic data sets. One data set is located at 

the Northern end of the ridge, with another in the south. As the Knipovich Ridge has propagated 

northwards into its present-day position, and is likely propagating further northwards, the 

orientation of minimum horizontal stress acting on the Svyatogor Ridge and environs has likely 

rotated with regards to the sediment accumulated on the Svyatogor Ridge to account for this 

propagation. The aim of Manuscript III was to determine if some record of changing stress regimes 

existed in the orientation (dip, dip direction and azimuth) of the fault planes in the sedimentary 

sequences. As the sedimentary faults on the Svyatogor Ridge have grown because of crustal 

detachment fault propagation, the orientation of slip should reflect a combination of the orientation 

of the master (crustal) fault and the orientation of minimum horizontal stress. This manuscript finds 

that the orientation of stress axes differs across groups of faults (with converging principle stress 

axes) indicating that faults in both data sets have developed under two phases of extensional 

motion, and along fault planes we find that the oblique slip nature indicates a reactivation under 

different stress orientations. It was not possible to determine what role reactivation due to fluid 

migration may have played in these faults. Typically, fluid migration forcing reactivation of faults 

results in fault planes with steep dips, and azimuths which are not necessarily consistent with the 

regional stress regime, as fluid overpressure can override the regional stress. Although the role fluid 

overpressure may play in reactivation here could not be determined, there is no additional evidence 

of fluid migration, such as pockmarks or bright spots, associated with most of the sedimentary fault 

planes. The only fault which exhibits fluid-related features is a single sedimentary fault piercing the 

BSR and culminating in seafloor pockmarks.  

Small faults interpreted in Article I as fault and fracture networks are only identified within 

a small area encompassing the free gas zone and into the gas hydrate stability zone. None of these 

faults had appropriate stress axes to form a general stress orientation and so could not be grouped 

as per the sedimentary faults. However, following the interpretation from Article I that these faults 

are fluid migration-forced faults, this is unsurprising. That we do not identify similar faults in the 

northern dataset hints to timing of fluid migration and stress regime orientation changes – we do 

however note that all pockmarks and paleo-pockmarks in the northern dataset are along growth 

faults and chains of pockmarks strike at an orientation predictable given the present day tectonic 
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regime. We assert that stress orientation rotation over time has limited fluid migration through 

growth faults in the southern dataset, forcing fluid redistribution through networks of small faults 

and fractures – a phenomenon often observed in compressional stress environment hydrothermal 

systems. We conclude that changing stress regimes through time have controlled faulting, fault 

reactivation and determined the mechanics of fluid migration through the subsurface.   
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4. Synthesis 

4.1 Summary 

 The overall aim of this thesis was to determine the origins of the fluid flow and gas hydrate 

systems on the Svyatogor Ridge and in the surrounding inside corner of the Knipovich Ridge-MTF 

intersection, and the mechanisms controlling fluid migration and accumulation.  

 Although the Svyatogor Ridge hosts a gas hydrate system, a major conclusion from the work 

presented here is that cold-seep systems are not the ideal analogue for the Svyatogor Ridge, and 

that many of the processes interpreted here have fitting analogies in hydrothermal seep systems. 

Such interpretations include seismic pumping causing episodic intervals of fluid seepage followed 

by prolonged inactivity (Sibson, 1990), and the potential contribution of abiotic methane – 

documented extensively in peridotite hydrothermal systems (Charlou et al., 1998; Etiope and 

Sherwood Lollar, 2013; Proskurowski et al., 2008). Although only spatially linked, the discovery that 

gas hydrates/free gas occurs coincident with basement outcrops, basement faults and major 

tectonic lineaments in the area is perhaps the most conclusive evidence this study has found to 

support the hypothesis of an abiotic methane contribution here (Johnson et al., 2015). It certainly 

indicates that basement faults are central in the distribution of gas hydrate and fluid flow systems 

in the study area. This finding also supports Rüpke and Hasenclever (2017) findings that transform 

faults are overlooked sources of serpentinization reactions and abiotic methane generation.  

Fluid migration through small-offset faults despite the presence of optimally oriented larger 

faults is typically observed in hydrothermal systems but undocumented in gas hydrate fluid systems 

(Sibson, 1996). RTI’s are areas of high stress, which can lead to hotspot-type seamount formation 

when faulting through the crust create pressure gradients to funnel fluid upwards. This study has 

found that on the Svyatogor Ridge, especially in the southern data set (Waghorn et al., 2018a) fluid 

is predominately migrating through small offset faults on the footwall of larger sedimentary growth 

faults. This phenomenon typically manifests where compression stresses are predominant rather 

than in extensional regimes, however Manuscript III asserts that the high stress nature of the RTI 

setting, coupled with a stress rotation as the Knipovich Ridge migrates, is creating an environment 

where fluid overpressure is the driver of faulting, and reactivations of sedimentary growth faults are 

temporally constrained. 

Globally, settings where gas hydrate accumulations can occur at spreading margins are rare. 

This thesis has documented a landmark case of potential abiotic methane hydrate reservoirs, which 

are currently unaccounted for in the global carbon inventory, and opens up sedimented, melt-poor 
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spreading ridges and their paleo-counterparts as potential carbon reservoirs in the deep oceans. 

Although likely these settings do not pose significant risks for release of methane into the 

atmosphere presently, the long-term stability and future consequences for carbon cycles are not 

yet known.  

A note on methane origins 

It is likely the most scientifically controversial conclusion drawn here; this thesis supports 

abiotic methane contributions to the gas hydrate system. Although determining the origin of 

methane was not a predominant objective as stated in chapter 1, the abiotic hypothesis was a driver 

for this project beginning. Without geochemical data to support hypotheses, any assertions are still 

highly speculative; however, the following observations and factors were important in drawing the 

conclusion that abiotic methane is being produced and contributing to the hydrate system:  

• A significant correlation between basement faults and free gas accumulations. While correlation 

and causation are not intrinsic, areas of uplifted basement and/or crustal faulting are the only 

places where we observe BSR.  

• Timing of contourite development vs. rifting and separation from the West Svalbard Margin. 

Article I posits that detachment fault uplift occurred prior to the bulk of sedimentation on the 

Svyatogor Ridge, implying that spreading was developed and underway during gas charge into 

the sediment. This indicates that, with continued mid-ocean ridge spreading, fluid migration 

from a West Svalbard Margin gas source must traverse an increasingly defined tectonic 

boundary to accumulate on Svyatogor Ridge 

• After rifting began, the likelihood of thermogenic methane charge from the north (Vestnesa 

Ridge area) is low. Major tectonic features, the Knipovich Ridge and MTF, separating this study 

area from the West Svalbard Margin act as impediments for migrating methane rather than 

conduits. In addition, the paleo-detachment fault (Crane et al., 2001; Peive and Chamov, 2008) 

acts as a major tectonic barrier to fluid migration from the Hovgård Ridge area where 

thermogenic methane also forms (Knies and Mann, 2002). Lastly, from any of the known sites 

of thermogenic methane formation, stratigraphy based on our seismic data indicates significant 

down-dip migration to reach the study area, which is also unlikely.   

• In-situ thermogenic methane formation at this study site is improbable. Thermogenic methane 

formation occurs at significant pressure and temperature. Although the thermal regime is 

conducive to thermogenic methane generation, the crust is too young to have accumulated the 
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Miocene source rock that generates thermogenic methane found at other study sites in the 

area, and the basement outcrops to less than 500 m below the seafloor in much of this study 

area implying pressure conditions less than ideal. Although there are likely localized basins 

surrounding the study area that have a thicker sediment column, it is unknown whether the 

sediment contains enough organic matter for thermogenic methane generation. 

• Many of the locations on the eastern flanks of the Svyatogor Ridge (manuscript II) with fault-

trapped free gas accumulations imply some down-dip fluid migration, unless sourced from 

underlying crustal faults.  

While there is no evidence that thermogenic methane is not migrating into the study 

area (i.e. crustal faults as conduits), nor that microbial methane is not being produced in-situ, 

there is a strong likelihood that abiotic methane is contributing to the hydrate system here.  

4.2 Outlook 

 The Svyatogor Ridge and the Knipovich-MTF intersection in general has shown that Arctic 

mid-ocean ridges, sedimented mid ocean ridge flanks and melt-poor, exhumation dominated mid-

ocean ridges have potential to store methane in the form of gas hydrate regardless of gas source. 

As the history of fluid processes from the mantle into the ocean have been capped by sediment for 

a significant portion of the history of Svyatogor Ridge, changes in the fluid flow system may be 

recorded in terms of pore-water geochemistry, remineralisation processes etc. Hints towards 

spreading processes in the past may also be recorded in the sedimentary sequences in this study 

location. If this is the case, sites similar to the Svyatogor Ridge have potential to provide insight into 

not only gas hydrate systems, but also interactions and processes that occur and change through 

time at mid-ocean ridge settings. Understanding such processes through geological time, as well as 

linking deep processes to shallow subsurface processes in the present and past, gives an important 

insight into how systems might react to oceanic, climatic and tectonic changes in the future.  

 The potential for this site to host abiotic methane is also exciting for future studies. Due to 

the lack of natural abiotic methane hydrates, there are several unknowns. For example, do other 

fluid constituents produced in the gas-water-rock interactions that form abiotic methane affect the 

formation and stability of the hydrate in these settings? Debate still surrounds the exact formation 

mechanisms for abiotic methane (Etiope and Whiticar, 2019) and also the amount of methane that 

can be produced by gas-water-rock interactions. A site such as Svyatogor Ridge, which is storing 

methane within the sedimentary column, could help to answer how much abiotic methane is 

produced and over what time scales these processes occur.  
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Etiope and Whiticar (2019) assert that the amount of methane emissions from continental 

abiotic methane sites could be of a similar amount to emissions from natural gas seeps in petroleum 

basins. If this is indeed an accurate representation of the amount of CH4 produced in abiotic 

methane environments, it is not insignificant and should be accounted for in global carbon 

inventories. Not all sites shown in this thesis have evidence of fluid seepage in the past (see 

manuscript II), which may be due to lack of forcing (not enough fluid accumulation beneath the gas 

hydrate stability zone, for example) or due to a change in processes (less peridotiteserpentine for 

example, less microfracturing driving long-lived serpentinization, lesser seawater percolation to 

depth, less heat//too much heat). In either case the Svyatogor Ridge and environs provide a natural 

laboratory to study abiotic methane and crustal fluid processes through time and space.  

A proposal for IODP drilling on the Svyatogor Ridge is in preparation. Given the potential for 

deep drilling to occur here, the origin of methane here can be determined to remove the speculative 

nature of abiotic methane hydrate occurrences. Aside from this, noble gas in pore water should 

indicate the origin of other fluids (deep fluid vs. seawater), remineralisation processes and changes 

of remineralisation processes in the sediment through time can indicate changes in temperature, 

fluid chemistry and spreading regime, and the age of sediment can be constrained. Ideally, IODP 

drilling at this site should also indicate the amount of serpentinization (and following the amount of 

H2 produced for abiotic methane), and hopefully constrain how long serpentinization can occur and 

the amount of methane produced.  
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Abstract 11 

Located on the western flank of the Northern Knipovich Ridge, the Svyatogor Ridge and surroundings 12 

are host to an enigmatic fluid flow system. The fluid flow system here manifests in the upper 13 

sedimentary sequence as a gas hydrate and free gas system, with BSR (bottom simulating reflection) 14 

occurrences. Using 2D seismic lines and bathymetric data, we map tectonic features such as faults, 15 

occurrences of basement outcropping, and indicators of the fluid flow system. Results indicate that 16 

there is a strong correlation between crustal faults, crustal highs and fluid accumulations, and a strong 17 

correlation with an increase in geothermal gradient over crustal faults. We conclude that a gas source 18 

is likely derived from the serpentinization of exhumed mantle rock, and that transform faulting may 19 

play a role in circulating fluids for and from serpentinization processes.  20 

Introduction 21 

Intersections between Mid-Ocean Ridges (MOR) and Oceanic Transform Faults (OTF) are complex 22 

tectonic settings, where extensional and strike-slip tectonics meet. Inside corner highs form either at 23 

the Ridge-Transform Intersection (RTI) or at non-transform offsets along spreading ridges and are 24 

commonly topographically higher compared to the surrounding seafloor 1. There is likely a relationship 25 

between relief and steepness of an inside corner high and spreading rate, and fossil inside corner highs 26 



   
 

   
 

generally appear in less relief than active inside corner highs 1. Generally, these features are coincident 27 

with crustal scale detachment faults, which exhume ultra-mafic mantle rocks and accommodate 28 

spreading at slow and ultraslow melt-poor spreading centers 2,3. Proximity of an inside corner high to 29 

the spreading ridge, as well as comparative steepness 4 can indicate whether the underlying faults are 30 

actively exhuming mantle material, where areas of actively exhuming detachment faults are generally 31 

warmer, more buoyant and steeper than inactive or paleo-inside corner highs1. Fault splays and 32 

damage tips are also common at RTI’s, as RTI’s represent the juncture between two different faulting 33 

regimes. RTI’s generally exhibit many different types of splay faulting, where the specific mode may 34 

vary depending on the kinematics of the moving blocks and relative angles between the main faults 5.  35 

MOR’s and OTF’s are often associated with increased fluid flow, heat flow and increased tectonic 36 

activity compared to the surrounding older, colder basement or continental margins. Deep fluid flow 37 

and seawater cycling are often higher in spreading ridge settings, constituting biogeochemical 38 

exchange between oceans and the solid earth 6. Hydrothermal vent systems are common on spreading 39 

ridges, either hosted on crustal scale detachment faults (peridotite hosted) or associated with 40 

magmatic centers. Hydrothermal systems in peridotite hosted environments commonly vent abiotic 41 

methane, a form of methane produced inorganically either through gas-water-rock interactions or 42 

magmatic processes7. Gas hydrates – crystalline compounds formed under high pressure and low 43 

temperature 8 - are inferred from geophysical data in marine sediments on the inside corner of a ridge 44 

transform intersection in the Fram Strait9,10.  Johnson, et al. 9 and Waghorn, et al. 10 observe a close 45 

relationship between basement detachment faults and the overlying gas hydrate system and 46 

hypothesize that abiotic methane produced from serpentinization reactions may contribute methane 47 

to the overlying gas and gas hydrate system. In slow and ultraslow spreading MOR hydrothermal 48 

settings, large offset normal faults, or detachment faults, as well as secondary sedimentary faults, if 49 

present, are often invoked as fluid migration pathways 11,12 that allow for both downward seawater 50 

infiltration and upward fluid expulsion. Sedimentary faulting is also an important mechanism for gas 51 

migration in gas hydrate systems 13. In addition, studies show that OTF’s are also able to host increased 52 



   
 

   
 

fluid flow and OTF’s may meet the prerequisites for abiotic methane production via serpentinization, 53 

where the OTF acts as conduits for seawater circulating to peridotites at depth6. Thermogenic methane 54 

forms at a depth where organic matter/kerogen is appropriately heated (>150 °C) and pressured 55 

(usually between 2-4 km depth) to become methane14, while microbial methane forms when microbes 56 

in the shallow subsurface generate methane through the decomposition of organic matter15. 57 

Generally, at the depth of most slow to ultraslow spreading mid-ocean spreading ridges, the pressure 58 

regime is appropriate for gas hydrate formation, however, some mid-ocean spreading ridges are sites 59 

of increased geothermal heat, which may inhibit hydrate formation. Additionally, in well-developed 60 

ocean basins the active plate boundary is often sediment starved, which also inhibits hydrate 61 

formation. Abiotic methane is found in vent fluids released from peridotite-hosted hydrothermal 62 

systems16, however, it is still unclear whether abiotic methane is a contributing source to gas hydrate 63 

accumulations in settings where all the prerequisites for gas hydrate formation exist. Rajan, et al. 17 64 

hypothesize the presence of abiotic methane on the eastern Knipovich Ridge flank, while Johnson, et 65 

al. 9 and Waghorn, et al. 10 and hypothesize abiotic methane may contribute to the gas hydrate system 66 

on the Svyatogor Ridge on the western Knipovich Ridge flank. Sedimentary faults on the Svyatogor 67 

Ridge have developed due to movement on already-sedimented detachment faults10. The ultra-slow 68 

spreading, melt-poor Knipovich Ridge has an azimuth of ~308° and a half spreading rate (eastwards) 69 

at ~6-8 mm/yr 18. The strike-slip Molloy Transform Fault (MTF) is slightly oblique to the Knipovich 70 

Ridge19. Sedimentation on the western flank of the Knipovich ridge is dominated by contourites 71 

associated with the modern West Spitsbergen Current and its equivalent predecessor9.   72 

The aim of this study is to determine the role of the Knipovich Ridge and MTF in the development of 73 

deep marine Arctic gas hydrate systems throughout the region. The studied gas hydrate and fluid flow 74 

system extends from a sediment drift (the Svyatogor Ridge) atop a detachment fault on the inside 75 

corner of the Knipovich Ridge-MTF intersection9,10, to the west along the MTF (Fig. 1). We find that 76 

there is a strong correlation between fluid accumulations, crustal faulting and localized geothermal 77 

gradient increases, indicating that active faulting on plate boundaries is responsible for gas hydrate 78 



   
 

   
 

and free gas accumulations here. Observations in this study area support the hypothesis9 that 79 

serpentinization reactions are producing abiotic methane, contributing to free gas accumulation and 80 

gas hydrate formation.   81 

 82 

Figure 1. The study area and 2D seismic lines used in this work. Red lines denote magnetic anomaly chrons – Chron 6- 19.6 83 
Ma, Chron 5- 9.8 Ma, Chron 2A – 2 Ma18. The Knipovich Ridge (KR) separates the Eurasian plate from the north American 84 
plate, which is propagating westwards at about 8 mm/yr20. The Molloy Transform Fault (MTF) denotes the northern extent of 85 
the RTI, and the seismic lines cover most of the inside corner high between the KR and MTF. Figures following in the text are 86 
denoted with yellow lines and the figure reference. The 3D seismic survey used in Waghorn, et al. 10 is denoted with a black 87 
box, while line 19 is the seismic line also shown in Johnson, et al. 9.  88 

Data and Methods 89 

We use 22 high-resolution 2D seismic lines and bathymetry data across the Molloy Transform Fault 90 

and the Knipovich Ridge collected between 2014-2018 aboard RV Helmer Hanssen. The 2D streamer 91 

is 100 m long, consists of 32 receivers and the seismic signal was produced using two mini GI airguns 92 

with volumes of 15/15 in3 and 30/30 in3. Processing of these seismic lines has been consistent across 93 

the surveys and consisted of; 1) Geometry assignment, 2) simple bandpass filter (20 Hz-30 Hz-300 Hz-94 

350 Hz), 3) true amplitude correction, 4) despiking, 5) CDP binning at 3.125 m spacing, 6) Stacking and 95 

7) Kirchhoff Migration using a manual velocity model based on CTD water velocity, and prior published 96 



   
 

   
 

velocity information in the area 21,22. The base of gas hydrate stability (BGHSZ) for each seismic profile 97 

was modelled using the theoretical phase boundary curve for pure methane gas estimated using the 98 

CSMHYD program8. The program estimates multiphase equilibrium pressure values for a given 99 

temperature, with an error range of +/- 15%, assuming pure methane gas and a porewater salinity of 100 

35 g l-1. The pressure estimates are converted to water depth assuming hydrostatic pressure. The 101 

three-phase temperature-depth curve is then compared with the subsurface thermal profile at each 102 

location on the seismic profile estimated using the observed bottom water temperature and 103 

geothermal gradient23,24. Gas hydrates are considered stable at locations where the observed 104 

temperature is lower than the one predicted by the theoretical temperature-depth curve. All BGHSZ 105 

models are given as a range to account for the inherent mathematical error in pressure 8.  106 

Results  107 

Linking crustal scale tectonics with shallow sedimentary features 108 

Imaging oceanic crustal structure in sediment covered mid-ocean ridge environments can be difficult. 109 

However, here we use high-frequency seismic data and can identify chaotic reflections, with 110 

undulating or rough upper boundaries. These features are usually located at the limit of seismic energy, 111 

with no coherent reflections appearing beneath (Fig. 2) and are interpreted as the top of oceanic crust. 112 

Consistent with the interpretation by Johnson, et al. 9 and Waghorn, et al. 10 the oceanic crust in our 113 

study area is clearly recognized at a depth of ~500 ms (Fig. 2). At the western end of the study area, 114 

bathymetric data shows a small ridge-like structure at the southern flank of the MTF (Fig. 1 inset). 115 

Seismic data there show chaotic, undulating reflections, and a quickly deteriorating seismic signal at 116 

~200 ms below seafloor (Fig. 3). In correspondence to the eastern part of the study area, we interpret 117 

this also as an oceanic crustal high. One long, semi-coherent reflection pierces the interpreted crust at 118 

an angle of approximately 30°, located directly beneath the high. Following interpretations from 119 

Johnson et al. 9 and Waghorn et al. 10, This feature is tentatively interpreted as a crustal fault (Fig. 3). 120 



   
 

   
 

 121 

Figure 2. On line 19, basement structure and detachment faults are interpreted based on the interpretations by Johnson, et 122 
al. 9 and Waghorn, et al. 10. The upper reflection characterizing the basement is often undulating, while the internal reflections, 123 
where present, are chaotic. A reflection dipping approximately 30° pierces the basement structure in two places, interpreted 124 
by Johnson, et al. 9 and Waghorn, et al. 10 as detachment faults. Above the western detachment fault is a BSR reflector 125 
approximately 60 ms above the modelled BSR. Above the BSR reflector are horizons of paleo-pockmarks interpreted by 126 
Waghorn, et al. 10, and seafloor pockmarks. We also identify reflections beneath the free gas zone dipping towards the fluid 127 
accumulation which crosscut the otherwise continuous strata. Measured geothermal gradient values (Measured GTG) (Green; 128 
Crane, et al. 24) are plotted against the geothermal gradient calculated (Calculated GTG) based upon the depth of the BSR 129 
(Red).  130 
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 132 

Figure 3. The northwestern extent of the study area has a small bathymetric high where we observe a BSR (70 ms above the 133 
modelled BSR) with reflections dipping upwards towards the free gas zone. Reverse polarity reflections interpreted as fluid 134 
accumulations (RPFA) are observed off the bathymetric high also with reflections dipping upwards towards them.  These are 135 
also interpreted as free gas trapped beneath hydrate. Measurde geothermal gradient values (Green; Crane, et al. 24) are 136 
plotted against the geothermal gradient calculated based upon the depth of the BSR (Red). 137 

Southwest of the Svyatogor Ridge, correlating with a large scarp in bathymetry data we interpret a 138 

basement crust outcrop with steep, sediment covered flanks (Fig. 4A, B; 5). Due to the correlation of 139 

this scarp with other parallel scarps in bathymetric data (Fig. 1), we interpret these as additional 140 

basement crustal highs, likely faulted into their current position. The kinematics of these faults is 141 

unclear as the seismic lines are 2D; however, based on the extent of the scarps forming on the seafloor 142 

above, it appears they are normal faults dipping southwest at ~30° (Fig. 1; 5). In conjunction with this 143 

is a smaller scarp (Fig. 4C) which, although we do not image the crust beneath it, we interpret it to 144 

result from a crustal high and/or faulted crust. Based on the bathymetric map, these potential faults 145 

are not the same strike as the Knipovich spreading ridge fabric at Svyatogor Ridge, but instead more 146 

closely resemble the strike of the MTF (Fig. 1).  In this region, Crane, et al. 25 interpret a paleo-transform 147 

fault with a similar strike.  148 



   
 

   
 

 149 

Figure 4. Lines 15 and 18. Here basement is again interpreted, consisting of large peaks on line 15 (top) and a steep flank with 150 
undulating top on line 18 (bottom left). Reflector configuration and seafloor topography suggests that on line 15 (top) there 151 
is a third peak, however there is a fluid accumulation which correlates to the location of the modelled BSR which is likely 152 
scattering seismic energy.  153 
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Figure 5. Line 16. Here we interpret three, potentially four, areas of crust with steep flanks creating a marked change in 155 
seafloor topography. In addition to the interpreted crust faults, the areas of crust outcrop correspond to areas of increased 156 
sedimentary faulting.  The inset figure shows high amplitude anomalies cutting across sedimentary strata. These anomalies 157 
are interpreted as fluid accumulations beneath a BSR. However, the BSR occurs significantly above the predicted base of gas 158 
hydrate stability. Measured geothermal gradient values (Green; Crane, et al. 24) are plotted against the geothermal gradient 159 
calculated based upon the depth of the BSR (Red). 160 

 161 

In addition to major crustal scale tectonic features, we also interpret many sedimentary faults (Fig. 5; 162 

Fig. 6A; B). These are near vertical, very narrow zones of low amplitude, which offset reflections 163 

vertically. In general, almost all the faults imaged are normal faults, offsetting the sedimentary strata 164 

by up to 60 ms at depth and decreasing in offset towards the seafloor. The sedimentary faults on lines 165 

02 and 03, however, are associated with a small anticlinal bend at the upper end of the fault plane, 166 

and although offset of reflections appears to be very small (~20-30 ms offset) amplitudes across the 167 

fault plane do not match taking into consideration their offset (Fig. 6A; B). These faults often exhibit 168 

steepening upwards, or a Y shaped pattern at the upper section of the fault (Fig. 6A). They also create 169 

a pronounced rolling topography on the seafloor. These characteristics indicate that these faults are 170 

forming under transpression (predominately strike-slip with a compressional component)26,27. All 171 



   
 

   
 

sedimentary faults in this data are interpreted as forming in conjunction with deeper tectonic features 172 

related to either spreading on the Knipovich Ridge or offset on the MTF.  173 

 174 

Figure 6. On lines 02 (B) and 03 (A) we observe a change in sedimentary faulting style. Faults on the main ridge (left, both 175 
figures) are normal, while towards the Knipovich ridge, faults begin to 1) interact more with the seafloor, creating a ‘rolling’ 176 
topography, 2) have small folds at the upper termination – and on line 01 are associated with fluid accumulations which 177 
correspond to the location of the modelled BSR. In addition, faults that are associated with these small folds often appear to 178 
have very little reflection offset, a marked steepening towards the seafloor and sometimes a Y shape upper section of the 179 
fault. 180 

The proximity of fault tips to the seafloor indicates the faults with the most recent activity. 181 

Conveniently, the sediment cover over faults serves to illustrate the relative timing of fault activity, as 182 

sediment drape over inactive faults eventually smooths over fault scarps. In this sense, we observe 183 

that many faults with indications of recent activity are close to the Knipovich Ridge, towards the east 184 

of the study area (Fig. 7). We also note that the bathymetry towards the east and south of the study 185 

area is much more variable than towards the west of the study area, apart from the small bathymetric 186 

high (Fig. 1 Inset). This pattern in active faulting indicates that active deformation is focused near the 187 

Knipovich Ridge with decreasing tectonic activity with distance away from the ridge-as expected in this 188 



   
 

   
 

active MOR tectonic setting. Based on the previous interpretation of faults confined in the sedimentary 189 

sequences that are interacting with the seafloor, with a strike-slip component along certain lines, we 190 

have also extended these interpretations across the study area using the bathymetry. We observe a 191 

small area at the northernmost end of the Knipovich Ridge that has sedimentary faults with a strike-192 

slip component26. This area shows a small basin-like feature between the Svyatogor Ridge and an 193 

interpreted splay fault 25 related to the MTF. Therefore, we also interpret that the MTF kinematics are 194 

influencing at least the northern Svyatogor Ridge (Fig. 7).  195 

 196 

Figure 7. Summary of major fault interpretations (dashed, dotted or solid lines), crustal structure (dashed line), BSR 197 
interpretations (blue blobs) and fluid flow indicators (white dots) based on bathymetry and 2D seismic data over the study 198 
area. Location of the paleo-transform from Crane, et al. 25.  199 

Fluid Flow System 200 

Reflections characterized by high amplitudes and reversed polarity, appearing to crosscut the 201 

stratigraphy while mimicking the seafloor are observed in numerous locations throughout the study 202 

area. These reflections correlate on line 19 to the bottom simulating reflection (BSR) – the base of the 203 

gas hydrate stability zone - interpreted by Johnson, et al. 9 and Waghorn, et al. 10. All such reflections 204 



   
 

   
 

in the 2D seismic lines are also interpreted here as BSR. The main ridge crest of Svyatogor Ridge 205 

contains the thickest zone of high-amplitude anomalies indicating a thick free gas zone, while off the 206 

main ridge crest, the thickness of this zone of high-amplitude anomalies is considerably decreased 207 

(Figs. 2,3).  There are two locations with anomalous BSRs. Firstly, we identify a BSR on the western 208 

crustal high, which lies 70 ms above the interpreted crustal structure (Fig. 3). The BSR here is not 209 

continuous, however appears to center on the interpreted crustal high, non-uniformly distributed off 210 

the crustal high down dip towards the MTF (Fig. 1). Within the sediments between the crustal highs 211 

and Knipovich Ridge axis, we also observe sporadic patches of high amplitude reflections denoting fluid 212 

anomalies focused on the footwalls of sedimentary faults within small anticlinal structures (Fig. 6B). 213 

Towards the MTF in the western section of the study area, there are also sporadic patches of a 214 

reflection interpreted to be BSRs (Fig. 8A, B). However, here these reflections are mostly associated 215 

with doming and lowered amplitudes either above or below the interpreted BSR (Fig. 8A; B). These 216 

features are also interpreted as fluid anomaly indicators. In this location we interpret up to three 217 

generations of domes (Fig. 8A; B), characterized by a seismically transparent ‘core’ and continuous 218 

reflections separating the domes. Domes in this study area are associated with 1) a reverse polarity, 219 

high amplitude reflection beneath (Fig. 8A; B) 2) small sedimentary faults with minimal offset around 220 

the top of the mounds and 3) crosscutting reflections dipping upwards towards either the high 221 

amplitude anomalies or the mound cores (Fig. 8A; B). Similar structures are observed in areas of 222 

upwelling fluids28, and serpentine diapirism29,30 may also form such mound structures. We interpret 223 

these structures as indicators of fluid migration from deep crustal processes.   224 



   
 

   
 

 225 

Figure 8. On lines 09 (B) and 10 (A), mound-like features are interpreted from the western crust high (Fig. 1) to close to the 226 
MTF. These mounds have a center, with up domed reflections above. There does not appear to be any onlap or discordant 227 
stratigraphy around the mounds, other than the up doming. There are often multiple generations of mounds stacked atop 228 
each other, and they are often associated with reverse polarity fluid anomalies (RPFA’s) which sometimes fall into the modelled 229 
BGHSZ range. They are also often associated with very small offset sedimentary faults around the top of the mound. Lastly, 230 
there are several reflections cross cutting the strata, dipping upwards towards the mounds and RPFA’s.    231 

The distribution of BSRs across the entire study area is mainly limited to the Svyatogor Ridge crest and 232 

areas above crustal highs. Patchy BSRs are also interpreted towards the Knipovich Ridge and towards 233 

the MTF (Fig. 7) however there is an apparent strong correlation between the location of crustal highs, 234 

related crustal faults (interpreted and assumed) and BSRs in the study area. Modelling the depth of 235 

base of GHSZ yields a good fit between the observed BSR and the model output. However, in some 236 

instances we observe a systematic mismatch of between +80 ms and +20 ms between the observations 237 

and models. All other parameters fixed, the geothermal gradient would need to be 20°C/km-85°C/km 238 

higher to account for the mismatch. These anomalous BSRs occur over areas where we interpret 239 



   
 

   
 

crustal highs and/or crustal faulting. We assert this is an indication that warmer crustal fluids are 240 

focused at these locations, because of the crustal structure.   241 

Figure 9 shows examples of seafloor depression structures above the BSR, which have areas of 242 

decreased amplitude and are sometimes associated with faults, interpreted here as pockmarks 243 

following Waghorn, et al. 10. U-shaped features with high amplitude bases and low amplitude infill that 244 

appear to truncate lower sedimentary horizons on lines 17 and 19 (Fig. 2, 9) are also interpreted as 245 

paleo-pockmarks10. We observe that all incidences of seepage indicators (paleo pockmarks and 246 

pockmarks) are limited to the Svyatogor Ridge and we do not observe such seepage structures 247 

anywhere else in the study area (Fig. 7).  248 

 249 

Figure 9. We have interpreted a BSR which is slightly shallower than the modelled BSR in this area. At the southern end of the 250 
line, we note crustal structure at depth. At this end of line 17 there are many pockmarks on the seafloor, with vertical, columnar 251 
structures of lowered amplitude linking them to the BSR which we interpret as fluid flow pathways. 252 



   
 

   
 

Discussion 253 

Tectonic Regimes  254 

Our interpretations here indicate that the northeastern section of the study area is complex in terms 255 

of interactions between the MTF and Knipovich Ridge, where we identify dip-slip faults juxtaposed 256 

with oblique slip faulting and faults that appear to have a large strike-slip component (Fig. 6A, B). Splay 257 

faulting occurs off the MTF, transitioning into purely dip-slip or possibly oblique-slip faulting with 258 

distance southwards 10. The crustal high interpreted in the west of the study area (Fig. 1), abutting the 259 

MTF may indicate the presence of an underlying paleo-detachment fault. It is relatively small compared 260 

to other inside corner highs worldwide (i.e. Troodos Ophiolite31, the Kane Transform32 or the Vema 261 

Transverse Ridge33) although this could be an effect of sediment cover smoothing over the crustal 262 

topography. The Svyatogor Ridge lies on crust estimated to be between 2.8-9.8 Ma18, with the 263 

potential paleo-detachment in the western section of the study area near to Chron 6, giving an age of 264 

<19.6 Ma 18 (and 53 km between the two interpreted faults). Although using 2D seismic it is not 265 

possible to determine the true dip of the feature, its apparent dip is approximately 30°, consistent with 266 

the dips of other detachment faults in this region.  267 

We also identified anomalous crustal structures southwest of the Svyatogor Ridge (Figs. 4, 5). Peive 268 

and Chamov 34 and Crane, et al. 25 have reported a paleo-transform fault in a similar location as this 269 

anomalous crustal structure (Fig. 7). Although the area where we identify shallow crustal structure is 270 

not precisely at the previously interpreted paleo-transform, we suggest that the structure here is 271 

representative of the uplifted crust along a strike-slip fault with a slight extensional component. 272 

Bathymetry data indicates that if this is indeed a paleo-transform fault, it is asymmetric with the 273 

northern flank being considerably elevated compared to the southern flank (Fig. 7). Seismic 274 

penetration through the basement structure here does not allow us to discern any faults or features 275 

that confirm whether this is representative of an upfaulted crustal block; however, the sedimentary 276 

sequences appear to have undergone uplift (Figs. 4, 5, 7). Alternatively, these structures, if related to 277 



   
 

   
 

the hypothesized paleo-transform fault, could be representative of splay faults that have formed with 278 

continued propagation of the paleo-transform5. Splay structures often have large, or entirely, 279 

extensional components compared to the main transform fault segments5, which could explain the 280 

apparent uplift of sediment along some tectonic lineaments (Fig. 4, 7).  Given the uncertainty around 281 

the location of the hypothesized paleo-transform, estimating it strikes between 290° and 310° would 282 

imply that it is oblique to the spreading axis.  283 

Heat Flow Anomalies 284 

BSRs overlying crustal faults are systematically shallower than modeled BSRs across the study area  285 

(Figs. 2, 3, 5). Modelled BSRs are were calculated assuming 100% methane, with no contribution from 286 

heavier hydrocarbons.  A change in gas composition towards heavier hydrocarbons would deepen the 287 

BGHSZ, thus the BSR, and hence, this was ruled out as a factor in the mismatch. Due to the coincidence 288 

with crustal faults, we hypothesize that a likely factor for a slight BSR shoaling here would be localized, 289 

fault driven fluid flow that could circulate warmer fluids from depth towards the seafloor. Although 290 

the modelled BSR depth range accounts for inherent mathematical error in the pressure estimation 8, 291 

there are multiple assumptions such as salinity (assumed constant at 35 SU) bottom water 292 

temperature (assumed constant at -1°C based on World Ocean Database values) as well as errors in 293 

pre-existing geothermal gradient measurements. We also assume a linear change in geothermal 294 

gradient between measured points, which inherently provides error as well.   The salinity of pore water 295 

over this study area is an unknown. We have no measured data to provide insight, and salinity of deep 296 

circulating fluids is highly dependent on numerous factors, such as temperature and pressure regimes 297 

at depth of formation as well as rock properties and water-rock reactions35. Hydrothermal vent sites 298 

around the world have greatly diverse fluid salinity values; however, mid-Atlantic hydrothermal vent 299 

sites have salinity values between ~23 SU at Menez Gwen36 and ~42 SU at Rainbow37. The model used 300 

for BGHSZ modelling here only takes into consideration NaCl as a hydrate formation inhibitor8. 301 

However, using values between 3 SU and 42 SU as extremes indicates that given all other factors being 302 

equal, salinity of the pore fluid does not have a significant impact at the water depths at this study site.  303 



   
 

   
 

Similar modelling exercises have been carried out on the Vestnesa Ridge38 where the authors find that 304 

the largest contributor to error in BGHSZ prediction is related to the error in pressure estimates8,38.  305 

To determine the factors controlling 1) the location of observed BSR and 2) the reason for a discrepancy 306 

between observed BSR depth and modelled BGHSZ range, we consider that the geothermal gradient 307 

measurements provide a robust regional overview. In most areas of this study, BSR observations fall 308 

into the modelled range of BGHSZ based on the measurements recorded in Crane, et al. 23 and Crane, 309 

et al. 24, for example, line 03 (Fig. 2B), the mound areas on lines 09 and 10 (Fig. 8 A,B) as well as away 310 

from the detachment fault on line 17 (Fig. 9). The largest difference between observed and measured 311 

geothermal gradients is at the peak of the BSR over the western crustal high (Fig. 3), with a BSR-derived 312 

thermal gradient of ~204 °C/km vs ~120 °C/km interpolated between geothermal measurement 313 

stations from Crane, et al. 23  and Crane, et al. 24. As this area is distal from the spreading axis, we expect 314 

that the crust is cooler than proximal to the spreading center. However, as this area is underlain by an 315 

interpreted crustal fault it is feasible that this mismatch is caused by advection of warm fluids from 316 

depth along the faults. Even if considered tectonically inactive, an oceanic crustal fault plane which 317 

may have undergone some serpentinization may still be important for fluid migration as recent work 318 

suggests the serpentinization process results in the creation of porosity and thus permeability through 319 

fluid-driven mineral fracturing39, therefore crustal faults may remain long-lived pathways for crustal 320 

fluid circulation far from ridge axes. The results of this geothermal gradient comparison imply that 321 

there is still fluid circulation driving localized geothermal gradient increases, which may well be linked 322 

to ongoing crustal processes such as serpentinization39.  323 

Fluid Flow Systems 324 

We identify numerous locations with BSR, or anomalous amplitudes, which we interpret as fluid 325 

related anomalies (Figs. 3-5; Fig. 8; Fig 10) that coincide with oceanic crustal high structures (Fig. 2). 326 

The crustal high structures correspond with major tectonic features, such as detachment faults, the 327 

MTF, the Knipovich Ridge and an interpreted paleo-transform fault25,34. Given the available geothermal 328 



   
 

   
 

gradient data23,24 and water depth at this study location, as well as bottom water temperature 329 

compared to hotter RTI’s, the Knipovich-MTF RTI is in a regime where abiotic methane linked to 330 

serpentinization could well be trapped as free gas and gas hydrate in the sedimentary sequences 331 

overlying much of the crust.  332 

Similar structures to the domes identified in this study (Fig. 8) are interpreted by Judd and Hovland 28 333 

to occur in response to an increase in pore pressure. Pingo-like features can also exhibit similar 334 

amplitude effects and often appear as similar domed structures40; however, they are more common 335 

on the seafloor above sediment covered crust. Underneath some domes, the presence of a high 336 

amplitude, reverse polarity reflection (Fig. 3) may indicate their association to the gas hydrate system 337 

here. Paleo-seafloor methane seepage forming carbonate material can also form mound structures41, 338 

as can sediment remobilization42,43 and serpentine diapirism29. In the case of serpentine diapirism, 339 

compressive forces are important in their formation. As serpentinization in our study may occur 340 

preferentially along large normal or detachment faults, and serpentinized rocks are relatively low 341 

strength, low density materials29, given sufficient compressive or transpressive stress, serpentinite 342 

bodies may undergo ductile deformation and form diapir structures. With the data available it is 343 

difficult to interpret the specific mound forming process, however in any of these common mound-344 

forming processes, fluid flow is an important factor in the formation of the features. Therefore, we 345 

assert that these dome structures are evidence of prior sustained fluid flow at a location, the top of 346 

oceanic crust, deemed relatively unimportant to fluid flow processes in the past.  347 

Waghorn, et al. 10, using 3D seismic data, showed that large-scale crustal faults do indeed underlie the 348 

gas hydrate and fluid flow system in the area of the 3D seismic survey (Fig 1), however owing to the 349 

lack of additional data, the origin of the methane remains untested. Here, we find that almost every 350 

incidence of fluid accumulation, including BSRs, correlates strongly with the presence of crustal 351 

basement highs. We have tentatively interpreted that many of these crustal highs are uplifted into 352 

their current position due to crustal scale faulting, for example, the detachment faults underlying line 353 



   
 

   
 

19 or the paleo-transform fault interpreted by Crane, et al. 25, in the area of lines 15, 16 and 18 (Fig. 1; 354 

Fig. 7). While abiotic methane is well documented in peridotite-hosted hydrothermal fluid flow 355 

systems, and on detachment faults7,9, Rüpke and Hasenclever6 also suggest where ultra-mafic mantle 356 

rocks come into close contact with OTF’s, serpentinization is likely. It is striking that in the areas in this 357 

study that are above these major tectonic features we do observe fluid and gas/gas hydrate 358 

accumulations (Fig. 7). Thermogenic methane production in the area would require deep buried 359 

sediments containing sufficient organic matter to decompose to hydrocarbons, temperatures above 360 

160 °C and pressures equivalent to burial at 2-4 km. The closest known locations where thermogenic 361 

methane production could occur are the Hovgård Ridge and the Vestnesa Ridge44-46. However, 362 

methane migrating from either of these localities would have to traverse significant tectonic 363 

lineaments to reach the study area, assuming the presence of the hypothesized paleo-transform25 364 

between the Hovgård Ridge and Svyatogor Ridge. Although it is documented that methane 365 

accumulations generated in the basin area north of the MTF reach a significant distance towards the 366 

transform47, there is no evidence that methane is traversing the MTF. A very early gas charge of 367 

thermogenic methane might have occurred before the MTF formed, however, the implication of this 368 

is that it began ~19 Ma, before the western crustal high was offset – approximately when the Fram 369 

Strait began opening and sedimentation initiated 18, which is unlikely. Lastly, as we have noted the 370 

detachment faults imaged on line 19 (Fig. 2) and interpreted crustal structures elsewhere appear to be 371 

intrinsic in focusing fluid accumulations. This implies that if methane is not being generated through 372 

serpentinization reactions, these structures are in some way connected to a methane source and 373 

acting as pathways therefrom. Microbial methane production in the shallow sediment cannot be ruled 374 

out, however we would expect microbial methane production to occur over a widespread area and as 375 

noted by Waghorn, et al. 10 shallow penetrating gravity cores did not recover enough gas for isotopic 376 

analysis.  377 

The fluid flow system presented in the study area is unique in that it is not centered on one large drift 378 

deposit (i.e. the Vestnesa Ridge 48, the Blake Ridge 49,50) nor is it forming on a continental margin with 379 



   
 

   
 

massive sedimentary sequences (i.e. Cascadia margin 51, Hikurangi margin52, Vøring Basin53). The 380 

system in this study site also appears relatively stable compared to other systems (e.g. Vestnesa 381 

Ridge48, Blake Ridge54)– it is only on the Svyatogor Ridge crest that we find evidence of fluid release – 382 

in all other areas of interpreted BSR and free gas accumulations there are no pockmarks or seepage 383 

indicators. The dome structures while indicating the presence of a fluid system, do not necessarily 384 

imply leakage from a paleo-seafloor although more data would be required to determine their true 385 

nature and origin. Additionally, as the seafloor region cools and subsides with continued seafloor 386 

spreading, gas hydrate accumulations charged by abiotic methane will become more stable9.  387 

A gas hydrate system occurring on an ultra-slow mid-ocean ridge requires a unique methane source 388 

and thermal and sedimentary conditions that are generally rare. Elevated geothermal gradients at mid-389 

ocean ridge flanks dominated by volcanic seafloor production typically exclude these settings in terms 390 

of temperature regime for gas hydrate formation. In addition, thermogenic methane production 391 

occurs generally at pressures equivalent to burial to >2 km depth14 in the sedimentary column. 392 

Sediment columns reaching these depths are highly unlikely at the flank of actively spreading ridges. 393 

Therefore, the sedimented ultra-slow spreading ridges of the Arctic are ideal locations to explore and 394 

develop a framework for oceanic crust-linked gas hydrate systems. In addition, such Arctic sedimented 395 

mid-ocean ridge flanks provide an evolutionary context for prevalent fluid-rock interactions in such 396 

settings as fluids produced by deep crustal processes can become trapped in the sedimentary column 397 

and trapped abiotic methane may account for a carbon pool not previously accounted for in global 398 

inventories9.   399 

Conclusion 400 

The RTI between the MTF and Knipovich ridge is a unique setting for a gas hydrate system as normally 401 

such geologic settings consist of geothermal gradients too warm and minimal to no sedimentary cover 402 

for gas hydrate formation and accumulation. The Svyatogor Ridge has a documented gas and fluid flow 403 

system present and hosts an overlying gas hydrate system potentially fueled by abiotic methane. Here, 404 



   
 

   
 

we show that in addition to the Svyatogor Ridge crest, hydrate systems occur across all bathymetric 405 

highs underlain by interpreted basement crustal structures. BSRs also overlay large basement crustal 406 

structures that may represent a paleo-transform fault immediately south of the Svyatogor Ridge. In 407 

addition, some evidence of past fluid flow, in the form of mound structures, are recorded near the 408 

western crustal high as well as evidence of sustained fluid flow on the Svyatogor Ridge in the form of 409 

paleo and present-day pockmarks. We speculate that the fault plane imaged underneath the western 410 

crustal high relates to spreading on the Knipovich Ridge after 19.6 Ma, as the Knipovich Ridge 411 

propagated northwards. We therefore propose that these large, crustal-scale, tectonic features are 412 

intrinsically involved in supplying methane into the system at this sedimented mid-ocean ridge flank, 413 

either through serpentinization of ultra-mafic rock forming methane or as fluid flow pathways dictating 414 

the locations of methane and fluid accumulations.  415 

Acknowledgements  416 

This work was supported by the research council of Norway through its centres of excellence funding 417 

scheme, project number 223259.¨ 418 

Additional Information 419 
The authors declare no competing interests 420 

 421 

References 422 
 423 
 424 

1 Cann, J. et al. Corrugated slip surfaces formed at ridge-transform intersections on the Mid-425 
Atlantic Ridge. Nature 385, 329 (1997). 426 

2 Tucholke, B. E., Lin, J. & Kleinrock, M. C. Megamullions and mullion structure defining oceanic 427 
metamorphic core complexes on the Mid-Atlantic Ridge. Journal of Geophysical Research: 428 
Solid Earth 103, 9857-9866 (1998). 429 

3 Gràcia, E., Charlou, J. L., Radford-Knoery, J. & Parson, L. M. Non-transform offsets along the 430 
Mid-Atlantic Ridge south of the Azores (38 N–34 N): ultramafic exposures and hosting of 431 
hydrothermal vents. Earth and Planetary Science Letters 177, 89-103 (2000). 432 

4 Blackman, D. K. & Forsyth, D. W. Axial topographic relief associated with ridge-transform 433 
intersections. Earth and planetary science letters 95, 115-129 (1989). 434 

5 Fox, P. J. & Gallo, D. G. A tectonic model for ridge-transform-ridge plate boundaries: 435 
Implications for the structure of oceanic lithosphere. Tectonophysics 104, 205-242 (1984). 436 



   
 

   
 

6 Rüpke, L. H. & Hasenclever, J. Global rates of mantle serpentinization and H2 production at 437 
oceanic transform faults in 3-D geodynamic models. Geophysical Research Letters 44, 6726-438 
6734 (2017). 439 

7 Etiope, G. & Sherwood Lollar, B. Abiotic methane on Earth. Reviews of Geophysics 51, 276-299 440 
(2013). 441 

8 Sloan, E. D. & Koh, C. A. Clathrate Hydrates of Natural Gases Third Edition. CHEMICAL 442 
INDUSTRIES-NEW YORK THEN BOCA RATON-MARCEL DEKKER THEN CRC PRESS- 119 (2008). 443 

9 Johnson, J. E. et al. Abiotic methane from ultraslow-spreading ridges can charge Arctic gas 444 
hydrates. Geology 43, 371-374 (2015). 445 

10 Waghorn, K. A., Bünz, S., Plaza-Faverola, A., & Johnson, J. E. 3-D seismic investigation of a gas 446 
hydrate and fluid flow system on an active mid-ocean ridge; Svyatogor Ridge, Fram 447 
Strait. Geochemistry, Geophysics, Geosystems 19, 2325–2341 (2018).   448 

11 Bartley, J. M. & Glazner, A. F. Hydrothermal systems and Tertiary low-angle normal faulting in 449 
the southwestern United States. Geology 13, 562-564 (1985). 450 

12 Sohn, R. A., Canales, J. P. & Humphris, S. E. Kinematics and geometry of active detachment 451 
faulting beneath the Trans-Atlantic Geotraverse (TAG) hydrothermal field on the Mid-Atlantic 452 
Ridge. Geology 35, 711-714 (2007). 453 

13 Plaza-Faverola, A. et al. Role of tectonic stress in seepage evolution along the gas hydrate-454 
charged Vestnesa Ridge, Fram Strait. Geophysical Research Letters 42, 733-742, 455 
doi:10.1002/2014GL062474 (2015). 456 

14 Selley, R. C. & Sonnenberg, S. A. Elements of petroleum geology.  (Academic Press, 2014). 457 
15 Claypool, G. E. & Kvenvolden, K. A. Methane and other hydrocarbon gases in marine sediment. 458 

Annual Review of Earth and Planetary Sciences 11, 299-327 (1983). 459 
16 Proskurowski, G. et al. Abiogenic hydrocarbon production at Lost City hydrothermal field. 460 

Science 319, 604-607 (2008). 461 
17 Rajan, A., Mienert, J., Bünz, S. & Chand, S. Potential serpentinization, degassing, and gas 462 

hydrate formation at a young (< 20 Ma) sedimented ocean crust of the Arctic Ocean ridge 463 
system. Journal of Geophysical Research: Solid Earth (1978–2012) 117 (2012). 464 

18 Engen, Ø., Faleide, J. I. & Dyreng, T. K. Opening of the Fram Strait gateway: A review of plate 465 
tectonic constraints. Tectonophysics 450, 51-69, doi:10.1016/j.tecto.2008.01.002 (2008). 466 

19 Plaza-Faverola, A. & Keiding, M. Correlation between tectonic stress regimes and methane 467 
seepage on the western Svalbard margin. Solid Earth 10, 79-94, doi:10.5194/se-10-79-2019 468 
(2019). 469 

20 Ehlers, B.-M. & Jokat, W. Subsidence and crustal roughness of ultra-slow spreading ridges in 470 
the northern North Atlantic and the Arctic Ocean. Geophysical Journal International 177, 451-471 
462 (2009). 472 

21 Petersen, C. J., Bünz, S., Hustoft, S., Mienert, J. & Klaeschen, D. High-resolution P-Cable 3D 473 
seismic imaging of gas chimney structures in gas hydrated sediments of an Arctic sediment 474 
drift. Marine and Petroleum Geology 27, 1981-1994, 475 
doi:http://dx.doi.org/10.1016/j.marpetgeo.2010.06.006 (2010). 476 

22 Ritzmann, O., Jokat, W., Mjelde, R. & Shimamura, H. Crustal structure between the Knipovich 477 
Ridge and the Van Mijenfjorden (Svalbard). Marine Geophysical Researches 23, 379-401 478 
(2002). 479 

23 Crane, K. et al. Thermal evolution of the western Svalbard margin. Marine Geophysical 480 
Researches 9, 165-194 (1988). 481 

24 Crane, K., Sundvor, E., Buck, R. & Martinez, F. Rifting in the northern Norwegian-Greenland 482 
Sea: Thermal tests of asymmetric spreading. Journal of Geophysical Research: Solid Earth 96, 483 
14529-14550 (1991). 484 

25 Crane, K. et al. The role of the Spitsbergen shear zone in determining morphology, 485 
segmentation and evolution of the Knipovich Ridge. Marine geophysical researches 22, 153-486 
205 (2001). 487 



   
 

   
 

26 Reeve, M. T., Bell, R. E., Duffy, O. B., Jackson, C. A.-L. & Sansom, E. The growth of non-colinear 488 
normal fault systems; What can we learn from 3D seismic reflection data? Journal of Structural 489 
Geology 70, 141-155 (2015). 490 

27 SYLVESTER, A. G. Strike-slip faults. GSA Bulletin 100, 1666-1703, doi:10.1130/0016-491 
7606(1988)100<1666:Ssf>2.3.Co;2 (1988). 492 

28 Judd, A. & Hovland, M. Seabed fluid flow: the impact on geology, biology and the marine 493 
environment.  (Cambridge University Press, 2009). 494 

29 Bonatti, E. Serpentinite protrusions in the oceanic crust. Earth and Planetary Science Letters 495 
32, 107-113, doi:https://doi.org/10.1016/0012-821X(76)90048-0 (1976). 496 

30 Polonia, A. et al. Lower plate serpentinite diapirism in the Calabrian Arc subduction complex. 497 
Nature Communications 8, 2172, doi:10.1038/s41467-017-02273-x (2017). 498 

31 Granot, R., Abelson, M., Ron, H. & Agnon, A. The oceanic crust in 3D: Paleomagnetic 499 
reconstruction in the Troodos ophiolite gabbro. Earth and Planetary Science Letters 251, 280-500 
292 (2006). 501 

32 Fujiwara, T. & Fujimoto, H. Seafloor geomagnetic vector anomaly of the intersection of the 502 
Mid-Atlantic Ridge and the Kane Transform Fault: Implications for magnetization of the 503 
oceanic crust. Journal of Geophysical Research: Solid Earth 103, 30335-30349 (1998). 504 

33 Kastens, K. et al. The Vema transverse ridge (central Atlantic). Marine Geophysical Researches 505 
20, 533-556 (1998). 506 

34 Peive, A. & Chamov, N. Basic tectonic features of the Knipovich Ridge (North Atlantic) and its 507 
neotectonic evolution. Geotectonics 42, 31-47 (2008). 508 

35 Kharaka, Y. K. & Hanor, J. Deep fluids in the continents: I. Sedimentary basins. Treatise on 509 
geochemistry 5, 605 (2003). 510 

36 Charlou, J. et al. Compared geochemical signatures and the evolution of Menez Gwen (37 50′ 511 
N) and Lucky Strike (37 17′ N) hydrothermal fluids, south of the Azores Triple Junction on the 512 
Mid-Atlantic Ridge. Chemical geology 171, 49-75 (2000). 513 

37 Charlou, J., Donval, J., Fouquet, Y., Jean-Baptiste, P. & Holm, N. Geochemistry of high H2 and 514 
CH4 vent fluids issuing from ultramafic rocks at the Rainbow hydrothermal field (36 14′ N, 515 
MAR). Chemical geology 191, 345-359 (2002). 516 

38 Plaza-Faverola, A. et al. Bottom-simulating reflector dynamics at Arctic thermogenic gas 517 
provinces: An example from Vestnesa Ridge, offshore west Svalbard. Journal of Geophysical 518 
Research: Solid Earth 122, 4089-4105 (2017). 519 

39 Tutolo, B. M., Seyfried, W. E., Jr., Saar, M. O., Mildner, D. F. R. & Gagnon, C. V. L. Nanoscale 520 
constraints on porosity generation and fluid flow during serpentinization. Geology 44, 103-521 
106, doi:10.1130/g37349.1 (2016). 522 

40 Serié, C., Huuse, M. & Schødt, N. H. Gas hydrate pingoes: Deep seafloor evidence of focused 523 
fluid flow on continental margins. Geology 40, 207-210 (2012). 524 

41 Peckmann, J., Walliser, O. H., Riegel, W. & Reitner, J. Signatures of hydrocarbon venting in a 525 
Middle Devonian carbonate mound (Hollard Mound) at the Hamar Laghdad (Antiatlas, 526 
Morocco). Facies 40, 281-296 (1999). 527 

42 Waghorn, K. A. et al. Paleo-fluid expulsion and contouritic drift formation on the Chatham Rise, 528 
New Zealand. Basin Research 30, 5-19 (2018). 529 

43 Huuse, M. et al. Subsurface sediment remobilization and fluid flow in sedimentary basins: an 530 
overview. Basin Research 22, 342-360 (2010). 531 

44 Smith, A. J., Mienert, J., Bünz, S. & Greinert, J. Thermogenic methane injection via bubble 532 
transport into the upper Arctic Ocean from the hydrate-charged Vestnesa Ridge, Svalbard. 533 
Geochemistry, Geophysics, Geosystems 15, 1945-1959 (2014). 534 

45 Knies, J. & Mann, U. Depositional environment and source rock potential of Miocene strata 535 
from the central Fram Strait: introduction of a new computing tool for simulating organic facies 536 
variations. Marine and Petroleum Geology 19, 811-828 (2002). 537 

46 Knies, J. et al. Modelling persistent methane seepage offshore western Svalbard since early 538 
Pleistocene. Marine and Petroleum Geology 91, 800-811 (2018). 539 



   
 

   
 

47 Hustoft, S., Bünz, S., Mienert, J. & Chand, S. Gas hydrate reservoir and active methane-venting 540 
province in sediments on< 20 Ma young oceanic crust in the Fram Strait, offshore NW-541 
Svalbard. Earth and Planetary Science Letters 284, 12-24 (2009). 542 

48 Bünz, S., Polyanov, S., Vadakkepuliyambatta, S., Consolaro, C. & Mienert, J. Active gas venting 543 
through hydrate-bearing sediments on the Vestnesa Ridge, offshore W-Svalbard. Marine 544 
geology 332, 189-197 (2012). 545 

49 Johnson, G. L. & Schneider, E. D. Depositional ridges in the North Atlantic. Earth and Planetary 546 
Science Letters 6, 416-422 (1969). 547 

50 Holbrook, W. et al. Escape of methane gas through sediment waves in a large methane hydrate 548 
province. Geology 30, 467-470 (2002). 549 

51 Suess, E. et al. Gas hydrate destabilization: enhanced dewatering, benthic material turnover 550 
and large methane plumes at the Cascadia convergent margin. Earth and Planetary Science 551 
Letters 170, 1-15 (1999). 552 

52 Crutchley, G. J., Pecher, I. A., Gorman, A. R., Henrys, S. A. & Greinert, J. Seismic imaging of gas 553 
conduits beneath seafloor seep sites in a shallow marine gas hydrate province, Hikurangi 554 
Margin, New Zealand. Marine Geology 272, 114-126 (2010). 555 

53 Chand, S. et al. Multiple episodes of fluid flow in the SW Barents Sea (Loppa High) evidenced 556 
by gas flares, pockmarks and gas hydrate accumulation. Earth and Planetary Science Letters 557 
331, 305-314 (2012). 558 

54 Paull, C. K., Ussler III, W., Borowski, W. S. & Spiess, F. N. Methane-rich plumes on the Carolina 559 
continental rise: associations with gas hydrates. Geology 23, 89-92 (1995). 560 

 561 

 562 



Manuscript III 
Shallow gas redistribution coupled to arctic mid-ocean ridge tectonics 

 

Kate A. Waghorn, Rowan Romeyn, Andreia Plaza-Faverola and Stefan Bünz 

Manuscript in preparation  
 


	TitlePage
	Thesis_150419
	Preface
	Acknowledgments
	Abstract
	1. Introduction
	Motivation
	Objectives
	1.1 Geologic and Tectonic Background
	Tectonic Deformation
	Plate Tectonics
	Sedimentary Depositional Environment and Contourites

	1.2 Fluid Systems
	Subsurface Fluid Flow
	Hydrothermal Systems
	Abiotic Methane on Earth
	Gas hydrate in marine sediments

	1.3 Study Area
	Tectonic Setting
	Oceanographic and Sedimentary Setting


	2. Materials and Methods
	Overview of seismic reflection for subsurface exploration
	2.1 Seismic data acquisition and processing
	2.2 Interpretation of seismic data
	Stratigraphy
	Structure
	Fluid Indicators


	3. Summary of Articles and Manuscripts
	Article I
	Manuscript II
	Manuscript III

	4. Synthesis
	4.1 Summary
	A note on methane origins

	4.2 Outlook

	References
	Supplementary Material
	Other Publications


	Article I fp
	Article I

	ArticleI
	Manuscript II fp
	Manuscript II

	ManuscriptII
	Crustal processes sustain Arctic abiotic gas hydrate and fluid flow systems
	Abstract
	Introduction
	Data and Methods
	Results
	Linking crustal scale tectonics with shallow sedimentary features
	Fluid Flow System

	Discussion
	Tectonic Regimes
	Heat Flow Anomalies
	Fluid Flow Systems

	Conclusion
	Acknowledgements
	Additional Information

	References


	Manuscript III fp
	Manuscript III

	Manuscript III
	Shallow gas redistribution coupled to Arctic mid-ocean ridge tectonics
	Abstract
	Introduction
	Geologic Setting
	Data and methods
	Geophysical Data Interpretation
	Bathymetry
	Southern 3D Dataset
	Northern 3D Dataset
	A spatially variable fluid flow system

	Fault Analysis
	Fault Slip Analysis
	Growth Faulting
	Error Estimation

	Small offset faulting

	Faulting and fluid redistribution on the Svyatogor Ridge
	Discussion
	Spatial and Temporal Relationships between faults and fluid migration

	Conclusion





