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Permafrost and gas hydrates
 Thick, continuous permafrost represents an impermeable seal. In a sedimentary ba-
sin covered by permafrost, the aquifer systems and their pore pressures may be significantly 
changed (e.g. the Longyearbyen test site). In the Norwegian continental shelf there is presently 
no permafrost due to the water depth. Gas hydrates occur in the Norwegian Sea slope and in 
several locations in the Barents Sea. It is likely that extensive gas hydrate deposits were formed 
in the shelf areas during glacial maxima and may have played an important role in the develop-
ment of gas seepage systems.

Time scales and trapping
 In the time scale of exploration and production, a hydrocarbon accumulation can be 
regarded as static. In a static trap, the top and bottom seal are regarded as impermeable, and 
segments with different hydrocarbon contacts are separated by barriers. In a static trap, there 
will be no significant supply or leakage of hydrocarbons, unless the accumulation is influenced 
by depletion of other fields in the same aquifer. Conversely, in a dynamic trap, the top, bottom 
and side seals are regarded as low permeability baffles which allow a slow fluid flux. In the Nor-
wegian offshore, pressure gradients and segmentation in aquifers are common, overpressured 
fields are actively seeping fluids, and in the eroded basins traps are filled to spill only if the rate 
of migration into the trap is equal to or greater than the rate of leakage out of the trap. Tempera-
tures, pressures and isostatic subsidence in many areas have not reached equilibrium. 
 Studies of the paleocontacts of the Troll, Albatross and Ormen Lange fields give insights 
into the rates of migration, seepage, leakage and tilt of large hydrocarbon accumulations. 
It is suggested that in a basin with rapid subsidence rates caused by glaciations, an accumula-
tion could be regarded as dynamic in a time scale of 100 000 to 1 million years.
 In conclusion, knowledge of the Quaternary history is important to understand and predict 
the pressure and temperature history and describe the dynamic trapping of hydrocarbons both 
in the regions with subsidence and in the regions with net uplift.

Effects of Glaciations on Petroleum Systems and Dynamic Trapping of Hydrocarbons 
in the Norwegian Continental Shelf

Fridtjof Riis, NPD

 In this study a petroleum system is geologically described in terms of four distinct environ-
ments where different chemical and physical processes take place: 

• The mature source rock, where hydrocarbons are generated and primary migration (ex 
 pulsion) takes place.
• The permeable carrier beds, where hydrocarbons migrate and spill from the source to 
 wards the traps.
• The trap, with accumulation and retention of hydrocarbons.
• The cap rock, where hydrocarbons seep to shallower traps and the sediment surface.

 The development of the petroleum system depends on the development of temperature, 
pore pressure and stress in the subsurface, as well as the physical and chemical properties of 
the rocks. 
 The oil and gas accumulations in the Norwegian offshore belong to several petroleum sys-
tems. Many of those systems developed or were strongly modified during the Quaternary glacia-
tions in the last 2.8 Ma. Important effects of the glaciations are listed below.

Erosion and sedimentation
 The most obvious effects of glaciations are an increased rate of erosion and deposition 
of sediments, and changes in the mechanisms of sediment transport. In the basinal areas of 
the northern North Sea and the Halten Terrace (fig. 1), sedimentation rates were typically more 
than 10 times the rates of the pre-glacial deposition. Due to the high subsidence rates, the rate 
of temperature increase in the buried Jurassic source rocks was in the order of 10 deg/Ma and 
large volumes of source rocks passed into the oil window. It is likely that most of the hydrocar-
bons in the fields in these prolific areas were generated in the Quaternary. 
 In the Barents Sea, Svalbard and in Scandinavia including the near-coastal offshore, gla-
cial erosion prevailed (fig. 1). Particularly rapid erosion took place in the Barents Sea, which was 
covered by mainly soft Cretaceous and Paleogene sedimentary rocks prior to the glaciations. 
Cooling rates due to erosion were typically in the order of 5 deg/Ma. In the platform areas, gen-
eration of hydrocarbons in the Triassic and Jurassic source rocks appears to have terminated, 
while the deeper basins are still active.

Loading and unloading
 Loads imposed by thick sedimentary deposits and ice caps with large areal extent create 
depressions and forebulges. Isostasy may in some areas have influenced the spill of hydrocar-
bons, e.g. Troll and Hammerfest Basin. In periods of deglaciation, release of stress built up dur-
ing glaciations leads to increased seismicity and increased risk of slide and leakage events, e.g. 
the Storegga slide. It is likely that glacial processes caused reactivation of salt structures in the 
regions with net uplift.

Figure: The bathymetry of the Norwegian shelf 
reflects the large amount of erosion in the Bar-
ents Sea, the troughs which were formed by ice 
streams, and the trough mouth fans where thick 
sections of Quaternary sediments were accu-
mulated. Hydrocarbon accumulations (red lines) 
occur on both sides of the black line which marks 
the boundary between the region where maximum 
burial occurs today (petroleum systems heat-
ing up) and the regions with net uplift (petroleum 
systems cooling down). Major trough mouth fans 
are indicated (NS – North Sea, Sk Sklinnadjupet, 
B – Bjørnøyrenna and S – Storfjorden). Red arrows 
indicate drainage directions in major troughs.

Figure



The Effects of Glaciations on the Petroleum Systems in the Barents Sea

Willy Fjeldskaar, Tectonor 

 Glacial climate changes over the last million years have influenced the distribution of oil 
and gas reserves, mainly in high latitude and arctic basins. 
 Hydrocarbon exploration in the Norwegian part of the Barents Sea has been rather un-
successful so far; numerous glaciations during the last 3 million years are regarded to be a major 
cause for this. 
 Rapid erosion and subsequent differential uplift and tilting is commonly envisioned to have 
led to spillage of hydrocarbons, phase transition from oil to gas, expansion of gas, seal failure, 
and cooling of source rocks. In addition to glacial erosion, repeated ice and sediment loading 
had great influence on and the temperature history, i.e. hydrocarbon maturation hydrocarbon 
and migration routes. Detailed control on the glacial history, glacial erosion and sediment deposi-
tion is therefore an important factor for identification of the remaining hydrocarbon resources in 
the Barents Sea.
 The effects of glaciations on the temperature regime in a sedimentary basin can be sig-
nificant. Glaciations affect the thermal conductivities of the sediments and the surface tempera-
tures. Both will also influence the reservoir temperatures. A typical glacial period cycle lasts for  
100 000 years, which is sufficient time to lower reservoir temperatures to depths of 5 km by 
reductions in mean surface temperatures. Ten glacial periods could lower the reservoir tempera-
ture by up to 10°C. Increased thermal conductivities due to frozen pore water will also contribute 
to the cooling of the subsurface. Subsurface temperatures during a cold (permafrost) glaciation 
could be as much as 25°C lower than the subsurface temperatures in a non-glaciated case. 
 Glaciers, sediments and erosion act as loads on the Earth’s surface – positive or negative. 
Both glaciers and glacial erosion will lead to significant isostatic tilting of the reservoirs. Glacial 
erosion leads to significantly lower sub-surface temperatures, and will thus deactivate source 
rock hydrocarbon generation.
 Changes in local stresses and associated fluid pressures in petroleum reservoirs gener-
ated by glaciers and/or rapid glacial erosion may reactivate or initiate faults and other fractures, 
allowing oil and gas to escape from reservoirs.

Glacial-influenced basins – industrial challenges and potential

Hans Petter Sejrup, Department of Earth Science, University of Bergen

 During the last decade there has been a grooving interest on how the onset of glaciations 
dramatically changed the rate and style of sedimentation in mid and high latitude Northern Hem-
isphere offshore sedimentary basins. 
 This interest has partly been driven by the importance of understanding the history and 
processes linked with the development of marine based parts of the large late Cenozoic ice 
sheets and what this can tell us about the function of the climate system. 
 However, investigation of such sequences on the north-western European continental 
margin has also been driven by industrial interest. These efforts include research focusing on 
themes such as glaciers direct and indirect influence on the deeper hydrocarbon systems, CO2 
storage, gas hydrates, shallow reservoirs and geological hazards. 
 With examples from the North Sea/southern Norwegian margin the current state of knowl-
edge on this subject will be elucidated and major knowledge gaps will be discussed.



Neotectonics in Nordland: Implications for Petroleum Exploration

Odleiv Olsen, Geological Survey of Norway

 One of the most significant exploration problems in the Helgeland and Ribban basins re-
lates to the severe uplift and erosion of the area that occurred during the Cenozoic. 
 The coastal area of Nordland, northern Norway, is a region with increased seismic activity 
relative to other parts of Fennoscandia (Fig. 1). There is a parallel and shallow zone of increased 
seismicity along the coast largely reflecting extensional stress conditions.  Below the Pleistocene 
wedge - along the continental edge to the west - there is another seismic zone with deeper 
compressional events. 
 The amount of sediments deposited along the continental margin within the Pleistocene 
Naust Formation has recently been estimated by Dowdeswell et al. (2010) to be ~0.24 m ky–1 
over the ice age, with bedrock lowering of ~500 m in the ice-sheet catchment. The mean sedi-
ment delivery is 2–3 times higher for the most recent 600 ky than for the period 0.6-2.7 My. The 
coinciding patterns of sediment loading/unloading and compressional/extensional earthquakes 
indicate that there is a causal relationship between the two phenomena. 
 Several independent datasets in the outer Ranafjorden region indicate that this coastal 
area is under WNW-ESE present day extension. This deformation can constitute a part of the 
present day tectonic deformation along the cost of Nordland. A six-station seismic network 
established by NORSAR in this region detected during a two-year period (1997-1999) c. 300 
earthquakes, often occurring as swarms (Hicks et al. (2000). Fault plane solutions indicate E-W 
extensional faulting. The outer Ranafjorden district is also the location for the largest earthquake 
recorded in Fennoscandia in historical times, i.e. the c. 5.8 magnitude in 1819. Three measure-
ments of uplift of acorn barnacle and bladder wrack marks on the islands of Hugla and Tomma 
in the outer Ranafjorden area (Fig. a2) show anomalous low land uplift from 1894 to 1990 (0.0-
0.07m) compared with the uplift recorded to the north and south (0.23-0.30 m) (Olesen et al. 
1995). An irregular subsidence pattern in the order of c. 1 mm/year is also observed on DInSAR 
permanent scatterer data in the same area (Dehls et al. 2002). The relatively low seismicity oc-
curring at a depth of 2-12 km could therefore create the observed irregular subsidence pattern 
at the surface. Benchmarks for GPS measurements have been established along three 15-20 
km-long profiles across outer, central and inner Ranafjorden. GPS campaign measurements in 
1999 and 2008 indicate that the bench marks along the western profile have moved c. 1 mm/
year to the NW and W relative to the stations along the two eastern profiles (Olesen et al. in 
prep). 
 Weathered bedrock can be found up to an altitude of c. 500 m above sea level along the 
coast of Nordland (Figs. 1 & 2) and is most likely exhumed during Pleistocene erosion. These 
observations support the conclusion of Dowdeswell et al. (2010) of a young basement exhuma-
tion along the coast.
 The unloading of the crust along the coastal areas of Nordland resulted most likely in 
flexuring and accompanying fracture extension and seismicity. The pressure decrease associ-
ated with removal of sedimentary overburden may have caused expansion of gas and resulted in 
expulsion of oil from the offshore traps. 
 Where uplift and tilting result in local extension, seal breaching and spillage may also oc-
cur. The cooling of the source rocks owing to vertical movement may also cause hydrocarbon 
generation to decrease. 

 An improved understanding of the processes of uplift and erosion in time and space will 
be an important piece of information in the petroleum exploration of the northeastern Nordland 
area. NGU has therefore in collaboration with NORSAR, Kartverket, NORUT and the universities 
in Bergen and Luleå established a research project to monitor the present stress and strain in 
the Nordland region. We want further to study how these phenomena can relate to the loading/
unloading process along the coast (NEONOR2 - Neotectonics in Nordland - Implications for Pe-
troleum Exploration). The study is sponsored by ten petroleum companies and PETROMAKS2.

Figure 1: Map of the Nordland margin, including source catchment area of glacial erosion (green 
dashed line) and area of offshore deposition (isopach map of thickness of the Naust Formation 
in milliseconds of two-way travel time, where 1 ms is ~1 m). Blue line marks present shelf edge. 
Adapted from Dowdeswell et al. (2010). Zones of deep weathering up to 100 m thick and more than 
1 km wide occur within the eroded area indicating that the present landscape is to a large degree 
of Mesozoic age. Subcrop units (modified from Sigmond 2002) underlying the Naust Formation are 
mainly Tertiary, Cretaceous, and Jurassic sedimentary rocks (hatched pattern). Earthquakes from 
the period 1989–2011 provided by Norwegian National Seismic Network at the University of Bergen 
are shown in yellow and the size of the circles reflects the magnitude on the Richter scale. The red 
frame depicts the location of Figure 2.
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Figure 2: Results from a detailed neotectonics study in southern Nordland . a) The observed 1998-
1999 seismicity in the outer Ranafjord area occurs along NNW-SSE trending clusters. Fault-plane 
solutions indicate N-S compression and E-W extensional faulting (Hicks et al. 2000). The NNW-SSE 
trending earthquake clusters coincide with mapped fractures and faults with pronounced escarp-
ments. GPS stations to the west of the earthquake clusters have moved c. 1 mm/year to the W rela-
tive to the stations on the eastern side during the period from 1999 to 2008. (The velocities are rela-
tive to station ne08). The zones of deep weathering have been mapped by Gjelle et al. (1985) and 
Wilberg (1989). b) The observed 1998-1999 seismicity occurs along NNW-SSE trending clusters. 
Fault-plane solutions indicate N-S compression and E-W extensional faulting (Hicks et al. 2000). 
The shallow and NNW-SSE trending earthquake clusters coincide with mapped fractures and faults 
with pronounced escarpments. GPS stations show relative east-west movement of 1mm/year during 
the period from 1999 to 2008. The uplift data in colours are acquired using the DInSAR permanent 
scatterer method (Dehls et al. 2002) and height measurements of acorn and bladder marks (Olesen 
et al. 1995). The irregular relative subsidence pattern (blue areas) seems to coincide with elongate 
clusters of small and shallow earthquakes. The contoured green isolines of the acorn barnacle and 
bladder marks likewise reveal a relative subsidence of the seismically 
active area.

The Utsira High – Understanding its Oil Charge/Leakage History in Relation to 
Recent Glacial Events

Daniel Stoddart, Arlid Jørstad and Hans Chr. Rønnevik, Lundin Norway

 Recent drilling and appraisal on the Southern Utsira High has proved several large discov-
eries, including the giant Johan Sverdrup, Edvard Grieg, Draupne, Ragnarrock and Apollo, mak-
ing this a prolific petroleum area. 
 The Southern Utsira High contains a variety of GOR fluids and gases found at several 
stratigraphic levels illustrating the compartmentalized nature of accumulations and charge his-
tory. 
 The Southern Utsira High has been in a position to receive an oil/gas charge for a consid-
erable period of time, with the basin towards the west most likely generating petroleum from ear-
ly Eocene (50MMabp) to its maximum present day burial depth. However, reservoir temperatures 
on the Southern Utsira High are just above the threshold for biodegradation (80°C). The South-
ern Utsira High oils are non-biodegraded suggesting that the majority of the oil charged relatively 
late – ca.1 million years ago to present day. 
 The effects of the glaciation on the filling history of the Southern Utsira High are currently 
being assessed. It is clear that several erosional surfaces in the Pliocene can be identified, as 
well as glacial channels and moraine deposits, indicating that significant deposition and erosion 
occurred in the last five million years. Importantly, the effects of glacial rebound mean that the 
Southern Utsira High more than likely underwent tilting and possible leakage, not just once, but 
several times in the last 1 million years. 
 The effects of tilting/leakage of geological areas on oil migration have been recognized 
by several authors. However, the detailed integration of geological mapping and geochemical 
evidence has not previously been published. The implications of a detailed assessment of tilting 
of a ‘’high’ through time are; 1) opening up areas where oil migration is thought to be high risk 
or impossible; 2) identify possible paleo-oil columns aiding the de-risking of discovery appraisal 
strategies.
 The evidence of tilting/leakage of oil accumulations through time can be recognized in 
several oil fields on the Utsira High. The Johan Sverdrup discovery oil columns contain paleo-
OWC, residual oil zones/paleo-oil columns, and oil shows considerably deeper than the current 
OWC or residual oil columns.
 Lundin has performed detailed mapping of the seabed and water column in the Alvheim/
Utsira High areas in order to identify areas of gas leakage and its geological manifestations on 
the seabed and ultimately resulting in the collection of high quality samples. Results shows that 
gas leakage is prominent over the Alvheim and Utsira High areas and the implications of this to 
oil exploration will be discussed.  
 In summary, Lundin’s approach to oil migration is to better understand the fluid/gas move-
ment throughout the whole basin through time.  
 The talk will focus on the timing of charge from the South Viking Graben, fill-spill directions 
on the Southern Utsira High, the effects of late tilting/leakage on the charge/re-distribution of oil, 
and seabed / water column characterization and sampling. All placed in the context of oil explo-
ration. 



‘Carbonoacoustics’ and ‘Seepology’:  - Understanding Quaternary Marine 
Geophysical ‘Anomalies’

Dr Martin Hovland, Ambio Tech Team, Stavanger, Prof. emeritus, Center for Geobiol-
ogy, University of Bergen, Bergen

 Marine seismic, sonar, and geomorphologic ‘anomalies’ commonly occur in Qua-
ternary sediments on the NCS and elsewhere. They are represented by features such as 
1) pockmarks, mounds, and ridges (geomorphology); 2) ‘bright spots’, ‘acoustic blank-
ing’ (‘wipeouts’), ‘bottom simulating reflectors’ (BSRs), and ‘chimneys’ (seismics); and 3) 
‘hydroacoustic plumes’ (‘flares’) and ‘high-reflective patches’ (sonar). 
 Over the last 30 years, such marine geophysical anomalies have been studied visu-
ally (by ROVs) and by coring and sampling. Currently, we have a relatively good idea of 
how movement of hydrocarbons may cause most of these anomalies. 
 Thus, pockmarks are caused by migration of porewater and free gas and the com-
pressible action of sub-surface gas accumulations. Mounds and ridges may be formed 
by the accumulation of organisms (mussels, tubeworms, etc), by precipitation of methane 
derived authigenic carbonates (MDACs), and by shallow gas hydrates (‘pingoes’). There-
fore, the tertiary migration of hydrocarbons not only causes physical and chemical chang-
es in the sub-surface, but also alterations to the seafloor morphology (Figure).

Gigantic Quaternary sand volcano above the Snorre Field

Helge Løseth, Nuno Rodrigues and Peter Cobbold, Statoil

 Using 3D seismic and well data from the northern North Sea, we describe a large 
(10 km3) body of sand and interpret it as extrusive. To our knowledge, this is the world’s 
largest such sandbody. It would bury Oslo under 22 m of sand, or the whole of London, 
UK (1579 km2), under 6 m of sand. 
 This sand vented to the seafloor when it was more than 500 m deep, during the 
Pleistocene glacial period. The sandbody (1) covers an area of more than 260 km2, (2) 
is up to 125 m thick, (3) fills low areas around mounds, which formed when underlying 
sand injectites lifted the overburden, (4) wedges out, away from a central thick zone, (5) 
is locally absent along irregular ditches, 20 km long and up to 50 m deep, which overlie 
feeders on the flanks of the mounds, and (6) consists of fine-grained to medium-grained, 
sub-rounded to rounded grains. 
 We compare the distribution of the sand with the results of scaled physical experi-
ments. In our interpretation, high fluid pressure fractured the regional Hordaland Group 
seal in the study area, so that fluidized sand moved rapidly to the seafloor through fis-
sures on the flanks of underlying mounds, mixed with seawater, and formed lateral gravity 
currents. 
 These transported the sand as much as 8 km away from the blow-out fissures and 
formed extruded sand sheets. We interpret that rapid burial below a 500 m tick prograd-
ing shelf caused pressure build-up in underlying Tertiary parent sands.
 This is the first time large volume of extrusive sand is described. Such sands repre-
sent a new type of economically interesting reservoir and are a new play concept. 

Figure
Figure: A good carbonoacoustic and seepology data example from offshore mid-Norway (Hovland, 
1990, p. 272). The upper image is from the port channel of a side-scan sonar (sss) record, which 
corresponds to the lower image, which is from the simultaneously acquired sub bottom profiler 
(sbp) record. The seafloor ridges named A-D correspond to each other (sss and sbp). Note the 
acoustically high-reflective zones, about 15 m below seafloor. These ‘bright spots’ are suspected 
gas-charged sediments. Note how their ‘edges’ correspond to the seafloor ridges and to the highly 
reflective zones on the sss data. There is suspected to be seepage of hydrocarbons from these 
edges.



 Fertilization: However, there is also a growing awareness of the interaction between 
seeping hydrocarbons from depth, into shallow sediments and the above water column (Boe-
tius and Wenzhöfer, 2013). The migrating hydrocarbons, thus, fertilize and stimulate the growth 
of micro-organisms (first trophic stage), which further stimulates the higher trophic stages of life 
forms in the marine and lacustrine environments (Hovland et al., 2012). 
 Data: This presentation uses published high-resolution data examples, not only from 
Norwegian offshore fields and locations (Veslefrikk, Gullfaks, Troll, Tommeliten, and Nyegga), but 
also from other parts of the world (Adriatic Sea). 
 Both of the themes ‘Carbonoacoustics’ (e.g., the study of how and why hydrocarbons 
affect marine seismic and sonar data) and the related theme ‘Seepology’ (e.g., the study of how 
and why marine and lacustrine fluid flow (seepage) affects the local environment) can be regard-
ed as emergening scientific themes.
 Potentially, further development of these two fields will improve our understanding of 
physical and chemical processes affecting hydrocarbon molecules, water, and other minerals, as 
they migrate, accumulate, precipitate, and dissipate in the sub-surface and the water column. 
Not least, it is expected that the themes will aid in the further improvement of hydrocarbon ex-
ploration and understanding the marine life-web, in general.

High-Resolution P-Cable 3D Seismic Imaging of the Peon Gas Discovery

Ola.K. Eriksen, S. Planke, F.N. Eriksen, E. Planke, S. Vadakkepuliyambatta & S. Buenz,
P-Cable 3D Seismic AS

 Glacial sediments in the North Sea may contain major gas accumulations. The Peon gas 
field in the northern North Sea was discovered in 2005 in Pleistocene sediments approximately 
165 m below the seafloor (GEO 07/2005; «Fra problem til mulighet»). The reservoir covers an 
area of 250 km2 and consists of up to 35 m thick unconsolidated, homogenous sandstone. The 
gas column is 0-25 m thick, and the gas is almost entirely methane.
 The Peon field is very well suited for high-resolution 3D seismic imaging due to the large 
water depth, ca. 380 m, and shallow target. The P-Cable2 seismic system was partly developed 
in a Joint Industry Project between StatoilHydro and VBPR from 2006 to 2009. 
 The P-Cable2 system consists of 24 digital streamers each with a length of 25 m. The 
streamer separation is typically 10-15 m, giving an in-line spacing of 5-7 m. Two high-resolution 
3D P-Cable cubes have been acquired over the Peon field, a small test cube in 2007 and a ca. 
180 km2 cube in 2009. The data has a dominant frequency of about 100 Hz and a bin size of 
6.25x6.25 m.
 The P-Cable cubes provide a detailed image of the regional unconformity URU, the top-
reservoir, and the glacial sediments above reservoir. Intra-reservoir reflections, including a pos-
sible gas-water contact, are imaged on the high-resolution data. Horizon attribute maps reveal 
deep plough marks and shallow gas accumulations in a much better detail than on conventional 
3D data. There is no evidence of current fluid leakage on the seafloor. However, one buried prod 
mark has been identified.
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Figure 1
Figure 1: The heart of the P-Cable system is the cross cable where up to 24 short streamers are at-
tached. This configuration allow for a very short in-line spacing, typically 3 to 6 m.

http://www.geo365.no/sfiles/7/82/6/file/GEO_26-30.pdf


Figure 2
Figure 2: Comparison of top reservoir amplitude maps between P-Cable 3D (top) and conventional 
3D (bottom) data. Important small structures such as deep plough marks are only visible on the P-
Cable data. Data from Statoil.

Figure 3 
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