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Abstract 12 

Vent structures are intimately associated with sill intrusions in sedimentary basins globally and are 13 

thought to have been formed contemporaneously due to overpressure generated by gas generation 14 

during thermogenic breakdown of kerogen or boiling of water. Methane and other gases generated 15 

during this process may have driven catastrophic climate change in the geological past. In this study, we 16 

present a 2D FEM/FVM model that accounts for ‘explosive’ vent formation by fracturing of the host rock 17 

based on a case study in the Harstad Basin, offshore Norway. Overpressure generated by gas release 18 

during kerogen breakdown in the sill thermal aureole causes fracture formation. Fluid focusing and 19 

overpressure migration towards the sill tips results in vent formation after only few tens of years. The 20 
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size of the vent depends on the region of overpressure accessed by the sill tip. Overpressure migration 21 

occurs in self-propagating waves before dissipating at the surface. The amount of methane generated in 22 

the system depends on TOC content and the type of kerogen present in the host rock. Generated 23 

methane moves with the fluids and vents at the surface through a single, large vent structure at the 24 

main sill tip matching first-order observations. Violent degassing takes place within the first couple of 25 

hundred years and occurs in bursts corresponding to the timing of overpressure waves. The amount of 26 

methane vented through a single vent is only a fraction (between 5 and 16%) of the methane generated 27 

at depth. Upscaling to the Vøring and Møre Basins, which are a part of the North Atlantic Igneous 28 

Province, and using realistic host rock carbon content and kerogen values results in a smaller amount of 29 

methane vented than previously estimated for the PETM. Our study, therefore, suggests that the 30 

negative carbon isotope excursion (CIE) observed in the fossil record could not have been caused by 31 

intrusions within the Vøring and Møre Basins alone and that a contribution from other regions in the 32 

NAIP is also required to drive catastrophic climate change.  33 
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   44 

1 Introduction 45 

Hydrothermal vent complexes are closely linked to igneous sheet intrusions in sedimentary basins 46 

where they form conduits for the release of fluids and gases generated in metamorphic aureoles. The 47 

vent complexes form pipe-like lower conduit structures, commonly observed to originate from near the 48 

tips of sills or other topological highs related to sill morphology, along with an upper part which 49 

manifests itself as a crater or dome at the paleosurface. Examples of this association have been 50 

observed globally and include the Vøring and Møre basins in the Norwegian Sea (Jamtveit et al., 2004; 51 

Planke et al., 2005; Svensen et al., 2004), the Karoo Basin in South Africa (Svensen et al., 2006),  the 52 

Faroe-Shetland Basin (Grove, 2013; Hansen, 2006) and the Tunguska Basin in Siberia (Svensen et al., 53 

2009). Extensive sill complexes are characteristic of Large Igneous Provinces (LIPs) emplaced in 54 

sedimentary basins, and considerably modify the thermal and hydrological properties of the host 55 

sedimentary strata. The understanding of this process is of importance not only to the scientific 56 

community but also to the industry as it can significantly affect petroleum exploration in volcanic basins 57 

(Monreal et al., 2009). 58 

Two main overpressure mechanisms have been proposed to explain the formation of sill-associated 59 

hydrothermal vent complexes. The first mechanism suggests that boiling of pore fluid within the thermal 60 

aureole of the intruding sill and the release of additional fluids during metamorphic dehydration 61 

reactions would result in a large volume increase, thereby increasing the fluid pressure (Jamtveit et al., 62 

2004). Hydrofracturing occurs once the fluid pressure exceeds the lithostatic and results in the 63 

formation of a vent. However, this mechanism would be limited to the upper 1 km of the sedimentary 64 

basin where pressures allow for the boiling of pore fluids. The second mechanism suggests that fluid 65 



overpressure may be generated by the release of various gases such as CO2, SO2 and halocarbons during 66 

metamorphic dehydration reactions (Aarnes et al., 2010). Generation of large quantities of gaseous 67 

hydrocarbons such as CH4 could result in large overpressures triggering catastrophic blowouts (Aarnes et 68 

al., 2012).  69 

In a previous study, Iyer et al. (2013) developed a numerical model for a single generic sill that 70 

generated hydrothermal plumes without any need for overpressure mechanisms. These vents develop 71 

within few hundred years after sill emplacement and are controlled by flow patterns around the cooling 72 

intrusion. However, vent formation in this model is restricted to relatively high permeability systems. In 73 

this paper, we build on the model presented by Iyer et al. (2013) and study vent formation due to 74 

hydrofracturing associated with sill intrusives in low permeability systems. The study is based on a 2D 75 

transect in the Harstad Basin, offshore Norway, where multiple sills have been imaged in association 76 

with one main hydrothermal vent complex observed above the tip of the main sill. The model aims to 77 

recreate the observed vent structure and tracks the amount of thermogenic methane released into the 78 

system. Using this, we evaluate the amount of methane that vents from a single vent and extrapolate 79 

this volume up to the basin scale and reinvestigate its link to catastrophic extinction events. 80 

 81 

2 Geological Setting  82 

The Harstad Basin is located on the Norwegian continental shelf in the SW part of the Barents Sea, along 83 

the transition from the rifted Lofoten-Vesterålen margin to the sheared W Barents Sea margin (Figure 84 

1a). It is bounded to the west by the continent-ocean boundary and to the east by the southernmost 85 

extension of the Troms-Finnmark Fault system (Olesen et al., 2002). The basin comprises a narrow rift 86 

basin forming a northerly extension of the NE Atlantic late Middle Jurassic-earliest Cretaceous rift 87 

system which formed the major depocentres of the Vøring and Møre basins further south (Faleide et al., 88 



2008). Minor magmatism occurred in the Harstad Basin during the Paleogene continental breakup 89 

between Norway and Greenland. To date, only one exploration well (7016/2-1) has been drilled into the 90 

far north of the basin making it a largely untested frontier basin. Well 7119/12-3, located ca. 100 km NE 91 

of the study area within the Ringvassøy-Loppa Fault Complex, was identified as the most suitable tie well 92 

outside the basin. 93 

A seismic-stratigraphic interpretation of key horizons in the Harstad Basin is presented in Figure 1 and is 94 

based on interpretation of regional 2D and 3D seismic data and borehole ties. The basin has over 8 km 95 

of accumulated sediment in the deepest part and is dominated by a thick Lower Cretaceous succession. 96 

A number of laterally extensive sheet intrusions have been identified and mapped within the study area. 97 

Intrusions were identified by a combination of high amplitude, transgressive sections, saucer-shaped 98 

morphologies and associated hydrothermal vent complexes (Planke et al., 2005; Planke et al., 2014). The 99 

main sill body within the study area extends over ca. 380 km2 in plane view and displays an elongated 100 

saucer-shaped morphology. An average thickness of ca. 0.1 km is inferred for the main sill based on 101 

interpretation of pre- and post-stack seismic reflection data (Planke et al., 2014), giving a total volume of 102 

ca. 4 km3 for the main sill complex. 103 

A well-defined hydrothermal vent complex is imaged above the sill tip in the central part of the study 104 

area (Figure 1b). The vent is characterized by a ca. 1.5 km wide mound-shaped structure above the Base 105 

Vent horizon, interpreted to be the paleo-seafloor at the time of venting. Disturbed reflections within a 106 

narrow region between the sill tip and the mound represent the lower conduit zone (Planke et al., 2005) 107 

surrounded locally by inward dipping and layer-parallel high-amplitude. The high-amplitude events are 108 

interpreted as gas-charged sediments. The age of the venting is interpreted to be of earliest Eocene age 109 

(ca. 55.8 Ma), similar to the age of similar hydrothermal vent complexes mapped in the Vøring Basin 110 

(Svensen et al., 2010; Svensen et al., 2004).  111 



 112 

3 Mathematical Model 113 

The 2D hybrid FEM/FVM model (Finite Element Method/Finite Volume Method) presented here builds 114 

on the model presented by Iyer et al. (2013).  115 

 116 

3.1 Hydrothermal Convection 117 

The fluid density changes are spilt into the pressure and temperature equivalents to give the pressure 118 

field for a compressible fluid (Eqn. 1). The pressure equation also accounts for the source term 119 

associated with methane generated by thermal cracking of organic matter (see section 3.2). Fluid 120 

properties are based on pure water corresponding to the IAPWS-84 steam tables 121 

(http://www.iapws.org/).  122 
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  (Eqn. 1) 123 

Table 1 lists all the notations and values used in the model. 124 

The energy equation (Eqn. 2) describes diffusive and advective heat transfer including radioactive heat 125 

production in the sediments. 126 
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3.2 Thermal Maturation and Methane Generation 129 

We use two different methods to calculate the amount of methane generated during thermogenic 130 

breakdown of organic material in sediments. The previously used, first method is generic and is based 131 

on a simple conversion of thermal maturity to methane generation (Aarnes et al., 2010; Iyer et al., 132 

2013). Except for TOC content, this method does not account for any other sediment property and 133 

assumes a maximum of 85% TOC conversion to hydrocarbons. The second, more robust method is 134 

widely used within the petroleum industry to determine hydrocarbon generation and is based on the 135 

organofacies concept (Pepper and Corvi, 1995a, b; Pepper and Dodd, 1995). This method takes the 136 

depositional environment of the sedimentary layer into account and accordingly categorizes the 137 

kerogen that constitutes TOC available for hydrocarbon generation.  138 

3.2.1 Generic Method 139 

Vitrinite reflectance is a widely used indicator of thermal maturity and can be readily measured in the 140 

field. One of the most common methods used to calculate the synthetic thermal maturity of the source 141 

rock is the EASY%Ro method put forward by Sweeney and Burnham (1990). This model uses 20 parallel 142 

Arrhenius-type first order reactions to describe the process of kerogen breakdown due to temperature 143 

increase and the reacted fraction of kerogen (F) and corresponding vitrinite reflectance (%Ro) can be 144 

determined. 145 

The amount of TOC that has reacted can be calculated by  146 

 TOC TOCoF   (Eqn. 3) 147 

and the rate of organic matter degradation Rom by 148 
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We assume that all of the hydrocarbons released are converted into methane if the maturity of the 150 

affected rock is within the gas window (%Ro>1). The amount of methane generated (RCH4) for a time 151 

step affects the fluid pressure and is given by  152 

 4 4CH om CHR R m   (Eqn. 5) 153 

where mch4 is a stoichiometric  conversion factor to transform carbon into methane. 154 

 155 

3.2.2 Kerogen-based Method 156 

This method uses kerogen kinetic parameters based on the gross depositional environment and 157 

stratigraphic age of the sedimentary layer (Pepper and Corvi, 1995a). Five kerogen organofacies are 158 

characterized: A – aquatic, marine, siliceous or carbonate/evaporite of any age; B – aquatic, marine, 159 

siliciclastic of any age; C – aquatic, non-marine, lacustrine of Phanerozoic age; D/E – terrigenous, non-160 

marine, ever-wet, coastal for Mesozoic and younger age; and F – terrigenous, non-marine, coastal of 161 

late Paleozoic and younger age. Hydrocarbons are divided into initial petroleum present in the rock 162 

defined by the S1 values from pyrolysis and the amount of total kerogen present. The total amount of 163 

kerogen can be subdivided into reactive and inert kerogen. Inert kerogen does not produce any 164 

petroleum products. The amount of reactive kerogen is given by the S2 pyrolysis yield and is known as 165 

the hydrogen index (HI) when normalized to the TOC content. The reactive kerogen can be further 166 

subdivided into oil- and gas-producing kerogen based on the ratio (GOGI) or fraction (G0) of the C1:5 and 167 

C6+ products. Kinetic parameters such as the activation energies and frequency factors for the reactions 168 

are different for oil and gas kerogen fractions. The amount and rate of reaction occurring during thermal 169 

breakdown of kerogen is described by an Arrhenius-type of equation. Secondary cracking of generated 170 

oil to gas takes place as temperatures reach higher values and is described by another set of activation 171 



energies and frequency factors  (Pepper and Dodd, 1995). Generated oil and gas are adsorbed onto the 172 

remaining kerogen present in the source rock and expulsion of these products occurs once a maximum 173 

threshold is reached (Pepper and Corvi, 1995b). The thresholds for oil and gas expulsion are 100 and 20 174 

mg/g kerogen, respectively. The models in this study assume that all of the expelled gas from kerogen 175 

breakdown is methane as it makes up the bulk of the gas released during this process (Tissot and Welte, 176 

1984). Gas generated by this method (RCH4) is also included in the fluid pressure equation. 177 

 178 

3.3 Methane Transport 179 

The model tracks fluid pathways in the domain and calculates the flow of methane out of the system at 180 

the surface. The single-phase model uses a simplified approach to track the release of methane: (1) 181 

methane generated moves with the fluid velocity and (2) methane and fluid within the pore space exist 182 

as a single, mixed phase. Methane advection is mass-conserving and is implemented using the Finite 183 

Volume Method (FVM) (Geiger et al., 2004).  184 
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  (Eqn. 6) 185 

where MCH4 is the mass of methane per unit volume. Increased buoyancy of the fluid due to methane 186 

content is accounted for by linearly varying the density of methane-bearing fluid. The density of fluids 187 

containing 120 kg/m3 CH4 or more is equivalent to 10% of the density of pure water at similar conditions 188 

(Iyer et al., 2013). 189 

 190 



3.4 Fracture and Vent Formation 191 

Vent complexes have been found in sedimentary basins associated with LIPs globally (Gay et al., 2012; 192 

Jamtveit et al., 2004; Planke et al., 2005; Svensen et al., 2006; Svensen et al., 2003; Svensen et al., 2009). 193 

2D and 3D seismic imaging reveal a spatial relation between sill intrusions at depth and hydrothermal 194 

vents (Planke et al., 2005). These vents act as conduits for fluid and gas phases generated within the 195 

contact aureole of the associated sill intrusion (Planke et al., 2005). Explosive formation of vents may 196 

have occurred due to rapid buildup of overpressure as water is superheated near the hot sill and/or due 197 

to rapid generation and expulsion of hydrocarbon gases from thermally degraded sediments within the 198 

contact aureole (Aarnes et al., 2010; Jamtveit et al., 2004; Monreal et al., 2009; Planke et al., 2005; 199 

Svensen et al., 2006). Fracture formation in the model occurs once the fluid pressure, driven by gas 200 

generation, exceeds the lithostatic pressure. The permeability in this region is increased based on the 201 

overstep of the fluid pressure with respect to the lithostatic 202 
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The increase in permeability is capped to a maximum value of 10-12 m2, comparable to the permeability 204 

of porous sandstones and in hydrothermal vent structures (Wilcock and McNabb, 1996). Rock 205 

permeability is returned to the initial value as fluid pressure drops using the same function.  206 

 207 

4 Model Setup 208 

The numerical model is based on the MA-I04 seismic section from the Harstad Basin, offshore northern 209 

Norway. The section has been flattened along the paleosurface corresponding to the timing of sill 210 

emplacement at 55 Ma just below the Eocene Unconformity. The modelled section is 50 km wide and 211 



reaches a depth of 9 km. The model is divided into three sedimentary packages based on seismic 212 

interpretation which from top to bottom are: (1) Tertiary, (2) Upper Cretaceous and (3) Lower 213 

Cretaceous (Figure 2). A number of sills are emplaced within the Lower Cretaceous sedimentary layer. 214 

Three different sills are emplaced such that they form a large main sill that extends horizontally for 215 

about 35 km. Since there are no wells in this frontier region, initial TOC values are obtained from the 216 

nearby 7119/12-3 well which is northeast of the modelled section. The average TOC values obtained 217 

from well 7119/12-3 for the Tertiary, Upper and Lower Cretaceous sections are 0.65, 0.66 and 1.4 wt%, 218 

respectively (Figure 3A). These strata are lithologically similar (silty mudstones) and, therefore, various 219 

rock properties such as density, conductivity, etc. are assumed to be constant throughout the 220 

sedimentary section.  221 

An exponential curve fitted to the sonic log derived porosity gives the relation of porosity in the 222 

sedimentary strata with depth (Figure 3B). 223 

  0.4464exp 0.2353Z    (Eqn. 8) 224 

Rock permeability is related to porosity and is described by a simplified Kozeny-Carman equation (Costa, 225 

2006),  226 
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  (Eqn. 9) 227 

where k0 is the reference permeability. 228 

The bottom boundary has a heat flux boundary condition that results in 35°C/km geotherm once 229 

temperature steady-state is reached in line with the measured vitrinite reflectance in the region (Figure 230 

3C). Fluids can enter and exit the domain freely through the top boundary and no flow conditions are 231 

applied to the sides and the bottom. The top surface is kept at a fixed pressure of 22 MPa to suppress 232 



phase changes so that overpressure generation in the model is restricted to gas generation by kerogen 233 

breakdown only. The sills are instantaneously emplaced at a temperature of 1150°C. The sill porosity 234 

and permeability are kept constant through time with values of 10-3 and 10-20 m2, respectively. Prior to 235 

sill intrusion, the model is run to steady-state temperature in order to equilibrate vitrinite reflectance 236 

and thermal degradation of organic matter in the sediments due to diagenesis. The models are run for a 237 

period of 10,000 years after sill emplacement corresponding to the time over which the CIE during the 238 

PETM is observed. 239 

 240 

5 Results 241 

5.1 Reference Simulations 242 

The first set of simulations investigates the effect of permeability on the thermal structure and 243 

maturation of organic content within the host sediments. Fracturing and methane transport using the 244 

FVM model are not implemented in these simulations. The reference permeability, k0, is varied between 245 

10-13 and 10-17 m2 for the different models. 246 

Models with a reference permeability less than or equal to 10-15 m2 return a temperature solution that is 247 

conductive in nature (Figure 4). The low permeability structure suppresses vigorous fluid flow and 248 

advective heat transport is negligible. As a result the thermal aureole and kerogen maturation is largely 249 

symmetrical around the sills. Increased maturation occurs in regions where the thermal aureoles of 250 

multiple sills interact with each other. Models with a reference permeability greater than 10-14 m2 result 251 

in vigorous convective flow which significantly impacts the thermal structure due to advective heat 252 

transport. Early plumes form at the tips of various sills after 150 years due to merging of hot fluids 253 

migrating from the upper and lower parts of these sills. Due to increased permeability, multiple 254 



convection cells are also formed at the top of the sills after a sufficiently thick thermal boundary layer is 255 

formed. These cells merge with each other as they grow in height after around 1000 years with the 256 

largest plumes sustained at sill tips and local topographical highs (Figure 5). Permeability structures with 257 

a reference permeability between 10-15 and 10-14 m2 result in a system that is transitionary between 258 

conductive and advective dominated processes. The thermal aureoles in these models are largely 259 

conductive around the sill intrusion but show minor effects of advective heat transport in regions where 260 

fluid focusing occurs, i.e. sill tips and local topographic highs. The rate of methane generation increases 261 

drastically within the first 10 years as sediments directly adjacent to the sills are heated in the gas 262 

window. This rate gradually decreases as the thermal aureole increases in size and sediments further 263 

away are heated. The total amount of methane generated increases slightly from 405 to 460 Kt for 264 

models with reference permeabilities of 10-17 and 10-13 m2, respectively, assuming the model domain 265 

extent is 1 m in the third dimension (all values for methane generation and venting given later make this 266 

assumption unless specified otherwise) (Table 2). This small variation is notable in spite of very different 267 

final thermal structures for the conductive and advective models. These results are similar to those 268 

reported by Iyer et al. (2013). However, they do not conform to observations in the Harstad Basin where 269 

only a single hydrothermal vent is detected at the main sill tip.  270 

 271 

5.2 Vent Formation 272 

None of the reference simulations tested in the previous section are successful in recreating the single 273 

vent observed at the main sill tip suggesting that some other process caused the formation of the vent 274 

structure. Building on the reference models, the models in this section also include fracture formation 275 

when fluid pressure exceeds the lithostatic (see section 3.4). 276 



The reference permeability, k0, is varied between 10-13 and 10-17 m2. Significant overpressure does not 277 

develop in hydrothermally driven convection models with a reference permeability greater than or 278 

equal to 10-13 m2 as the generated overpressure is quickly dissipated within the host rock. The resulting 279 

system is therefore similar to the high permeability models (k0 > 10-14 m2) in the previous section where 280 

fracture formation is not implemented. Sustained overpressure from gas generation and, thereby, 281 

fracture formation is observed only in models where the reference permeability is lower than or equal 282 

to 10-14 m2. This inverse relationship of permeability to the sustainability of overpressure and vent 283 

formation is similar to findings from previous studies (Aarnes et al., 2012; Jamtveit et al., 2004). 284 

Overpressure is produced around sills where large volumes of gas are generated by thermal cracking of 285 

organic matter in the host sediments. The overpressure produced above the sills is dissipated upwards 286 

in most regions except for the region between sills and near the left boundary as it cannot escape either 287 

upwards through the impermeable sill or through the left boundary. Overpressure generated below the 288 

sill cannot dissipate upwards through the sill and, therefore, migrates along the sill until the tip is 289 

reached. This migration happens in waves and is due to the implemented fracture mechanism. 290 

Overpressure is reduced where fractures are generated which in turn drives fluid flow into this region 291 

resulting in increased fluid pressures and continued fracturing. This mechanism, therefore, self-292 

generates fluid pathways until the overpressure wave reaches the surface and leaves the system. This 293 

process restarts once sufficient overpressure is built up again due to kerogen breakdown resulting in the 294 

observed waves. The main sill tip acts as the main focusing point for the vast amounts of overpressure 295 

generated over the large area under the main sill and results in the formation of the vent structure 296 

there. The width of the vent formed at the main sill tip is approx. 1 km. The sill tips in other areas only 297 

access small areas of overpressure and therefore do not form large, sustained vent structures. Very 298 

small, transitional plumes are also formed close to the sill boundaries where overpressure generates 299 

increased permeability. The model with a reference permeability of 10-15 m2 recreates the single, 300 



sustained vent structure observed at the main sill tip for the case study which forms within few tens of 301 

years of sill emplacement and is used as a base model for further simulations (Figure 6).  302 

 303 

5.3 Effect of TOC Content 304 

The model presented in section 5.2 successfully recreates the observed vent at the main sill tip. We use 305 

it in this section to investigate the effect of TOC content on the amount of methane generated within 306 

the contact aureole and its subsequent release at the surface. Transport of generated methane occurs 307 

with the fluid velocity using the FVM model. Four models are presented here where the TOC content of 308 

the Lower Cretaceous sediments is varied between 1.4, 2.5, 3.5 and 5 wt% TOC. The amount of methane 309 

generated by thermal breakdown in the sill aureole using the generic method increases linearly with 310 

increasing TOC content and ranges between 680 and 2670 Kt (Table 2). The value for the model with 1.4 311 

wt% TOC is much higher than value for the reference simulation with the same setup except fracture 312 

generation. This is because intense fracturing quickly (within the first 30 years) drives hot fluid towards 313 

the edge of the thermal aureole, thereby rapidly expanding it. Thus, energy that would be otherwise lost 314 

in heating sediment with dead carbon as the aureole slowly expands heats sediment that is colder and 315 

further away liberating more methane. This is also reflected in the rate of methane generation that 316 

shows a distinct second peak after the initial thermal shock that corresponds to fracture generation and 317 

the outwards flushing of hot fluids. The methane transported through the vent and released at the 318 

surface increases non-linearly with increasing TOC content ranging from 70 to 420 Kt. The amount of 319 

methane vented relative to that generated in the system increases slightly from 10 to 16% for increasing 320 

TOC (Figure 7). Rapid methane release at the surface takes places within the first few hundred years. 321 

Vent formation and initiation of methane degassing occurs within the first 40 years for all models (Figure 322 

7). In the model with 1.4 wt% TOC content, most of the violent degassing occurs between 40 and 100 323 



years after sill emplacement during which approximately 50% of the total vented methane is lost. The 324 

rest of the methane is released at a much slower rate into the atmosphere through the rest of the 325 

10,000 years of simulated time. Models with higher TOC contents show similar trends with half of the 326 

total methane vented lost in initial bursts while the rest is slowly vented at the surface. The time over 327 

which these initial bursts last increases to 200 years for TOC contents of 3 and 5 wt% as a larger amount 328 

of generated methane migrates towards the vent and is outgassed at the surface. The number of bursts 329 

in the initial phase increases with increasing TOC content and is due to the number of overpressure 330 

waves generated by gas released during kerogen breakdown. Increased gas generation corresponding to 331 

higher TOC content results in increased overpressure over a larger period of time. This results in an 332 

overall increase in the number of overpressure waves in the system. The time between methane 333 

outbursts at the surface is dependent on the time taken for overpressure waves to be generated, travel 334 

along the bottom of the sill and through the vent to subsequently degas at the surface. 335 

 336 

5.4 Effects of Kerogen-type 337 

The models presented in the previous section use the generic method to determine the potential 338 

amount of methane that can be generated by thermal degradation of organic matter. This method 339 

assumes a maximum transformation of 85% of the total TOC content to hydrocarbons during the 340 

heating process while the remaining 15% is inert and does not contribute to hydrocarbon production. 341 

However, the yield of hydrocarbons from the organic content present in the sedimentary layer is closely 342 

linked to the prevailing conditions during deposition of sediments (Pepper and Corvi, 1995a). In order to 343 

further constrain methane generation linked to sill emplacement, the models are adjusted such that the 344 

kerogen-type is accounted for in this section using the method outlined in section 3.2.2. The rest of the 345 

parameters are the same as the base model used in the previous section with TOC content of 1.4 wt%. 346 



The oil phase in this system is not transported away from the contact aureole with the fluid and 347 

undergoes secondary cracking. The models, therefore, predict the maximum amount of methane that 348 

can be generated for a given kerogen type under the prevailing thermal conditions. 349 

The methane generation potential in the system depends directly on the HI and TI of the kerogen, i.e. 350 

the amount of reactive kerogen and initial crackable oil present in the system. The total amount of 351 

methane generated in the models ranges from 100 to 360 Kt for organofacies F and B, respectively, for a 352 

TOC content of 1.4 wt% (Table 2). These values are 53 and 15% of the value obtained from the same 353 

model when the EASY%Ro method is used as a transformation ratio of 85% in the EASY%Ro method 354 

equates to an HI of approximately 977 mgHC gTOC-1. Hence, the organofacies models return a much 355 

lower methane generation potential than the models based on the generic EASY%Ro method (Figure 8). 356 

The total amount of the methane vented for the models with different organofacies ranges from 4.5 to 357 

30 Kt for the F and B-types, respectively. The total amount of methane generated and vented for the A 358 

and C organofacies is similar to the model with B organofacies as the HI values of the kerogen are 359 

similar, i.e. similar amounts of reactive kerogen to generate hydrocarbons. 360 

 361 

6 Discussion 362 

6.1 Vent Formation and Methane Venting 363 

The reference simulations described in section 5.1 show that sill models can be largely grouped into two 364 

types based on their thermal evolution. The first type results in a conductive thermal aureole around the 365 

sill intrusion and is characteristic of low permeability systems while the second is dominated by 366 

advective heat transport driven by hydrothermal fluid circulation. Both of these systems have been 367 



previously studied with respect to the effects of sill intrusions in volcanic basins (Aarnes et al., 2010; 368 

Galushkin, 1997; Iyer et al., 2013; Wang et al., 2013).  369 

Our study investigates both of these systems while also implementing rapid vent formation driven by 370 

fracture generation. We use the Harstad Basin case-study as an analogue for a typical sill complex with a 371 

single vent structure. Overpressure is generated by gas release during the thermogenic breakdown of 372 

organic matter in the thermal aureole around the sill. This overpressure is rapidly dissipated and cannot 373 

be sustained in systems with high permeability. In low permeability systems, this overpressure does not 374 

readily dissipate and results in sustained rock fracturing. Overpressure generated above sills migrates 375 

quickly upwards towards the surface and is depleted if no other barrier exists. Overpressure generated 376 

below the impermeable sill travels towards the sill tips and subsequently migrates upwards. The 377 

generated overpressure travels in a wave-like pattern due to the fracture mechanism which creates its 378 

own permeability for fluid and pressure to flow into resulting in increased pressure before dissipation. 379 

Fluid and overpressure focusing at sill tips results in vent formation there in few tens of years. The 380 

vertical extent of the vent formed at the sill tips depends on the amount of overpressure and fluid 381 

migrating towards it. As a result, a single, sustained vent is formed only at the main sill tip in the case 382 

study from the Harstad Basin due to access to the large amount of overpressure generated in the entire 383 

area below the main sill. Only a fraction of the methane released by kerogen breakdown, between 10 384 

and 16%, is released through a single vent over a period of 10,000 years. Violent methane degassing 385 

through the vent initiates as soon as 30 years after sill emplacement and lasts over the first couple of 386 

hundred years. Bursts of methane coinciding with overpressure waves are vented at the surface during 387 

this initial period. The number of methane outbursts increases with increasing TOC content as the 388 

amount of generated overpressure increases. The total amount of methane generated in the model 389 

ranges from 680 to 2670 Kt for TOC content of 1.4 and 5 wt%, respectively, using the generic method to 390 

calculate methane release. This number is drastically reduced if the organofacies method is used as 391 



typical amounts of reactive kerogen are lower. It ranges from 100 to 360 Kt for F- and B-type 392 

organofacies, respectively. The amount of vented methane also correspondingly decreases to 5 to 10% 393 

of the generated amount.  394 

 395 

6.2 Climate Effects 396 

Previous studies have shown that global warming, mass extinction and marine anoxia events are 397 

temporally linked to the formation of LIPs (Courtillot and Renne, 2003; Ganino and Arndt, 2009; 398 

Retallack and Jahren, 2008; Svensen et al., 2007; Svensen et al., 2004; Svensen et al., 2009; Wignall, 399 

2001; Zhou et al., 2002). It has been suggested that the amount of gases such as methane generated in 400 

the contact aureoles around emplaced sills may be the driving force behind climate change (e.g. Aarnes 401 

et al. (2015); Svensen et al. (2004)). The Paleocene-Eocene Thermal Maximum (PETM) is temporally 402 

associated with the formation of the North Atlantic igneous province which contains the Vøring and 403 

Møre Basins. The area covered by sill complexes in these basins has been estimated to be around 85,000 404 

km2 (Svensen et al., 2004).In the current study, we determine the likely methane fluxes at the 405 

paleosurface in low permeability systems where vent formation at sill tips is the process that drives the 406 

out-flux of gases from the subsurface into the atmosphere. The modeled sill complex and associated 407 

vent is used as a template in sections 6.2.1 to 6.2.3 for upscaling gas generation and venting values using 408 

the two different methods outlined in section 3.2 thus providing a range for the Vøring and Møre Basins. 409 

A more realistic estimate that accounts for sediment properties in these basins is presented in section 410 

6.2.4.  It should be noted that the upscaled values assume that the sills were emplaced instantly within 411 

the entire basin. However, large uncertainties remain regarding the overall emplacement timing of large 412 

scale sill complexes which could span hundreds of thousands to millions of years (Jourdan et al., 2008; 413 

Magee et al., 2014; Svensen et al., 2012) further limiting the rate of methane degassing.   414 



6.2.1 Basin-Scale Estimates of Methane Generated  415 

The total sill length in our model is approximately 50 km when all of the sills in the complex are taken 416 

into account. The modeled amount of methane generated in sediment with a TOC content of 1.4 wt%, 417 

representative of the intruded Cretaceous sediments in the region, is 680 Kt using the generic method 418 

which assumes a maximum of 85% of TOC conversion. This value can be upscaled using the total 419 

modelled sill length, the modeled amount of generated methane and the area of the basin affected by 420 

sill complexes and results in a basin-scale methane generation potential of 1156 Gt (Table 2). The 421 

upscaled value decreases to between 170 and 612 Gt, depending on kerogen type, for a TOC content of 422 

1.4 wt% when the organofacies method is used. 423 

6.2.2 Basin-Scale Estimates of Methane Vented 424 

A compilation of 734 mapped vents in the Vøring and Møre Basins shows that the average diameter of 425 

the various vent structures can vary from 1.5 to 7.5 km (Planke et al., 2005). The vents can be classified 426 

as small, intermediate and large based on their diameters (1.5, 3.5 and 7.5 km) and make up 62%, 35% 427 

and 3% of the total number of mapped vent complexes, respectively. The actual number of vents in 428 

these basins may, however, be as high as 2000 to 3000. The amount of methane fluxed out at the 429 

surface from the single vent in the models ranges from 70 to 420 Kt for TOC contents of 1.4 and 5 wt%, 430 

respectively, using the generic method for calculating methane generation. Therefore, the basin-scale 431 

amount of methane that may be potentially degassed from vent complexes can be determined by 432 

upscaling the values obtained from the Harstad Basin case study with a modeled vent width of 1 km and 433 

the vent complex vent width distribution for a total of 2000 vents. The total amount of methane that is 434 

vented within 10,000 years after sill emplacement adds up to 810 and 4860 Gt for TOC contents of 1.4 435 

and 5 wt%, respectively. Note that the latter number exceeds the generated amount of methane in the 436 

basins for the same TOC content as the upscaling methods for the amount of methane generated and 437 

vented are different and independent from each other. This suggests that either the number of vents 438 



chosen for upscaling is too high or that all of the methane may be potentially vented at the surface at 439 

higher TOC content. The upscaled amount of vented methane decreases dramatically to between 52 and 440 

347 Gt when the organofacies method is used with a TOC content of 1.4 wt%.   441 

6.2.3 Effect of Methane Venting on Carbon Isotope 442 

The climate change events associated with LIP formation also coincide with negative carbon isotope 443 

excursions in the fossil record and may be explained by the release of massive quantities of δ13C-444 

depleted gases (Cohen et al., 2007; Dickens et al., 1997; Higgins and Schrag, 2006; Pagani et al., 2006; 445 

Retallack and Jahren, 2008). The PETM is characterized by a δ13C incursion of -2 to -3‰ over 10,000 446 

years. Thermogenic methane produced by the cracking of organic matter in sediments has a depleted 447 

carbon isotope ratio (δ13C = -35 to -50‰) with the average tending towards -35‰ (Higgins and Schrag, 448 

2006; Svensen et al., 2004). Using the average carbon isotope ratio, the method proposed by Dickens et 449 

al. (1995) and the results from this study, the negative CIE during the PETM due to methane vented on a 450 

basin-scale is between -0.75 and -3.24‰ for TOC contents of 1.4 and 5 wt%, respectively, the latter of 451 

which corresponds to that observed in the fossil record. Kerogen-based calculations result in a much 452 

lower CIE between -0.05 and -0.33‰ for TOC content of 1.4 wt%. 453 

6.2.4 Realistic Estimates for the Vøring and Møre Basins 454 

The amount of methane that may be potentially generated in the Vøring and Møre Basins has been 455 

previously estimated at between 300 and 3500 Gt (!!! INVALID CITATION !!! (Aarnes et al., 2010; 456 

Svensen et al., 2004)). The Cretaceous sediments intruded by sill complexes in the Vøring and Møre 457 

Basins are dominantly composed of low TOC content (Aarnes et al., 2015) similar to that found in the 458 

7119/12-3 well within our study area. Therefore, accounting for a more realistic scenario that includes a 459 

B-type kerogen, an average HI value of 200 mgHC gTOC-1 and TOC content of 1.4 wt% results in a much 460 

lower methane generation potential of 215 Gt for the Vøring and Møre Basins using the organofacies 461 

method. Correspondingly, upscaling the amount of methane vented from these basins results in only 70 462 



Gt of methane being released into the atmosphere triggering a reduction in carbon isotope values of 463 

only 0.07‰. Based on the calculations made above, a Kimmeridge Clay-type (Jurassic) source rock with 464 

an average HI of 600 mgHC gTOC-1 and average TOC content of 8 wt% needs to be affected by sill 465 

intrusions with all of the generated methane being vented into the atmosphere in order for an area of 466 

85,000 km2 alone to trigger a -3‰ decrease in carbon isotope levels. Such high average values are not 467 

typical to the Cretaceous or indeed, even the Jurassic, sedimentary layers intruded by sill complexes in 468 

the region (Kubala et al., 2003).  Therefore, these findings suggest that it is unlikely that the CIE 469 

observed during the PETM is driven by thermogenic methane vented from the Vøring and Møre Basins 470 

alone. 471 

 472 

7 Conclusions 473 

The 2D FEM/FVM model presented here provides insight into the effect of sill intrusions on hydrocarbon 474 

maturation and migration in low permeability systems. Although 3D multiphase models with an accurate 475 

CH4-H2O EOS and realistic fracture mechanics will help to further constrain these results, our model 476 

highlights the factors controlling methane venting while also successfully recreating observations and 477 

allows for easy upscaling to the basin scale. Overpressure is rapidly generated by gas generation within 478 

the sill thermal aureole by thermogenic breakdown of kerogen. This overpressure is sustained only in 479 

relatively low permeability systems and generates fractures around the sills. Vents are formed at sill tips 480 

due to fluid focusing and overpressure migration along the bottom of the impermeable sill till it reaches 481 

the tip. These vents are small at most of the sill tips as they only access a relatively small area over which 482 

overpressure is generated. A large, sustained vent is produced only  at the main sill tip as the amount of 483 

overpressure generated below the sill is large and requires a relatively longer period of time to migrate 484 

towards the sill tip (ca. 1000 years) before it dissipates. The model, therefore, predicts the formation of 485 



an ‘explosive’ vent structure at the main sill tip in the investigated sill complex in the Harstad Basin. It 486 

shows that only a fraction of the methane generated at depth escapes through a single vent. Upscaling 487 

these values to the Vøring and Møre Basins and using realistic host-rock carbon and kerogen content 488 

demonstrates that the amount of methane vented from these basins alone cannot explain the CIE 489 

observed during the PETM. The future testing of links between thermogenic methane release and the 490 

PETM should incorporate other areas of the NAIP such as East Greenland and the Faroe Shetland Basin 491 

and focus on the source rock properties of the intruded sediments. 492 
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Tables 610 

Symbol Description Units Values 

cpeff Effective rock heat capacity J kg-1 K-1 

cpf Fluid heat capacity J kg-1 K-1 EOS 

cpm Melt heat capacity J kg-1 K-1 820 

cpr Rock heat capacity J kg-1 K-1 880 

g Gravitational acceleration m s-2 9.81 

k0 Reference permeability m2 10-12 – 10-17 

k Rock permeability m2 

Lc Latent heat of crystallization KJ kg-1 376 

4CHM Mass of methane per unit volume kg m-3 

4CHm Methane conversion factor 1.34 

n Kozeny-Carman factor 1.5 

P Fluid pressure Pa 

Pl Lithostatic pressure Pa 

4CHR Rate of methane generation kg m-3 s-1 

omR Rate of organic matter degradation kg m-3 s-1 

t Time s 

TL Liquidus temperature K 1423 

TS Solidus temperature K 1223 

T Temperature K 

fv Fluid velocity m s-1 

Z Depth km 

f Fluid thermal expansion K-1 EOS 

f Fluid compressibility Pa-1 EOS 

logt Acoustic log μs ft-1 

matrixt Acoustic matrix μs ft-1 55.5 

 Rock porosity 

s Sonic log derived porosity 

 Conductivity W m-1 K-1 2.1 (sills) | 1.8 
(sediments) 

 Radioactive heat production W m-3 10-6 (sediments) 

f
Fluid viscosity Pa s EOS 

f
Fluid density kg m-3 EOS 

m
Melt density kg m-3 2600 

r
Rock density kg m-3 2400 

Table 1. List of symbols and values used in the numerical models. 611 



612 

Reference Simulations (m2) Methane Generated (Kt) 

10-17 405 

10-15 420 

10-14 430 

10-13 460 

TOC content (wt%) – 
Generic Method 

Methane Generated | Vented (Kt) Basin-Scale Methane Generated | 
Vented (Gt) 

1.4 680 | 70 1156 | 810 

2.5 1190 | 140 2023 | 1621 

3.5 1710 | 240 2907 | 2778 

5.0 2670 | 420 4540 | 4862 

Organofacies Method (TOC 
1.4 wt%) 

Methane Generated | Vented (Kt) Basin-Scale Methane Generated | 
Vented (Gt) 

A 340 | 30 578 | 347 

B 360 | 30 612 | 347 

C 350 | 30 595 | 347 

D/E 210 | 10 357 | 116 

F 100 | 4.5 170 | 52 

Table 2. Methane generated in the modeled domain and vented at the surface for varying TOC content 613 

(generic method of methane generation) and kerogen type (organofacies method of methane 614 

generation) in the Lower Cretaceous sediments. Note: the amount of methane generated in the models is 615 

calculated based on a 1m extension of the model in the third dimension. The values of generated and 616 

vented methane are also upscaled for the Vøring and Møre Basins (see text for details).  617 



Figures 618 

619 

Figure 1. A. Location map showing the study area (3D survey) within the Harstad Basin, the main sill area 620 

(red) and the vent location (yellow dot). B. Seismic characteristics of the interpreted hydrothermal vent 621 

complex within the study area. C. Depth converted seismic stratigraphic interpretation across the model 622 

profile flattened on the Base Vent horizon. 623 



624 

Figure 2. Modelled domain with sedimentary strata ranging in age from Tertiary to Lower Cretaceous. 625 

Sills (red) intrude into the Lower Cretaceous sediments. 626 

627 



628 

Figure 3. Data from well 7119/12-3. A) Histogram plot with TOC data (NPD database). The average 629 

values of the different sedimentary layers are shown (dashed lines). B) Curve (Eqn. 8) fitted to the 630 

porosity values obtained from the sonic log. C) Fit of the computed vitrinite reflectance for a 35°C/km 631 

geotherm with data from well 7119/12-3. Note that the well data depth has been adjusted for erosion of 632 

450m (Henriksen et al., 2011). 633 



634 

635 

636 

637 

638 

Figure 4. Temperature and maturity of the reference simulation with a reference permeability of 10-15 

m2. The low permeability structure inhibits fluid flow and energy transfer from the hot sill to cold 

sediments is largely conductive. The rate of methane generation increases drastically as the 

sediment directly adjacent to the sill is initially heated up. The rate then decreases as the thermal 

aureole gradually widens.  639 



 640 

Figure 5. Temperature and maturity of the reference simulation with a reference permeability of 10-13 m2. 641 

The high permeability structure induces vigorous fluid flow which results in a number of hydrothermal 642 

plumes. The resulting thermal structure is considerably different from a conductive solution. The rate of 643 

methane generation increases drastically as the sediment directly adjacent to the sill is initially heated 644 

up. The rate then decreases as the thermal aureole gradually widens and hydrothermal plumes are 645 

formed.  646 



 647 

Figure 6. Temperature, maturity and permeability plots at 93 years for the model with a reference 648 

permeability of 10-15 m2 in section 5.2 shows a single, long-lived vent formed at the main sill tip due to 649 

fracture generation (red overlay in the permeability plot) by overpressure. This vent is sustained for a 650 

relatively long period of time (a few hundred years) and reaches the surface as it accesses a large region 651 

of overpressure developed under the main sill which migrates in bursts towards the sill tip. This results in 652 

increased temperatures and maturity in the vent due to enhanced fluid flow. Smaller vents are formed at 653 

the other sill tips but do not reach the surface as not enough overpressure is generated below them. Note 654 

that the color axes for the temperature and permeability plots have been limited for better visibility. 655 



 656 

 657 

Figure 7. The rate of methane generated and subsequently vented at the surface through time for 658 

models with varying lower Cretaceous TOC content. The arrow on the right axis shows the value of the 659 



corresponding curve after 10,000 years. Note: the amount of methane is calculated based on a 1m 660 

extension of the model in the third dimension. Also note that not all of the peaks denoting methane 661 

venting (blue curve) may be resolved in the figure as the time resolution of the plot data is larger than 662 

that during which bursts may occur. This does not affect the amounts calculated for generated and 663 

vented methane. 664 

 665 

 666 

Figure 8. Methane generated and vented at the surface for different kerogen organofacies compared to 667 

the model using the generic method. Note: the amount of methane is calculated based on a 1m 668 

extension of the model in the third dimension. 669 




