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The onset of the Late Jurassic marks an extremely important event in
Norway’s geological evolution. A change in crustal spreading configurations
resulted in the formation of an offshore rift structure extending from the
North Sea to the Barents Sea, along which evolved restricted basins where
organic material accumulated under fetid bottom-water conditions, as
shown in the illustration. This event has, both directly and indirectly, provided the source of most of the petroleum resources on the Norwegian shelf.

(Illustration: R.W. Williams)
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The source of Norway’s oil wealth
Late Jurassic – a sea of islands emerges 161–146 million years ago

Late Jurassic plate reconstruction.
Norway’s location in yellow.
(Illustration: R. Blakey)

Late Jurassic

a sea of islands emerges

161–146 million years ago
At the close of the Middle Jurassic a change took place in the break-up configuration of the ancient
Pangaea continent. Sea-floor spreading in the Mid-Atlantic progressed north-eastwards into
the Norwegian Sea, with a branch extending into the North Sea. An elongate and continuous
rift was formed, extending from the North Sea to the Barents Sea. In many ways this
represented a renewal of the older Permo-Triassic rift, after an interval
of more than 50 million years.

Introduction
Even though at 15 million years duration, the Late Jurassic period was relatively short, it
is of special interest from a Norwegian perspective since it was then that the foundation
of the nation’s oil wealth was laid.
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ignificant geological changes occurred during the Late Jurassic, resulting in drastic changes in the landscape. Fragmentation of the crust offshore Norway resulted in the formation of a great continental shelf
rift structure. This structure can be compared with the modern African Rift that is in the process of
dividing that continent into two. In this chapter we shall look more closely at the Late Jurassic rift and the
consequences that these changes had for depositional processes.

They have had a direct influence on the current standard of living of the Norwegian people. During these 15
million years several of the factors that influenced the formation of today’s Norwegian offshore oil and gas
accumulations came together. As we shall see, several coincidental and highly favourable events occurred.

Reconstruction of the continental
landmasses 150 million years ago
during the Late Jurassic. The continents are shown in brown, continental shelves in light blue, and oceanic
crust in dark blue. (Illustration: R.
Blakey)

Firstly, thick sequences of organic-rich muds, containing billions of algae, plankton, and other plant remains
were deposited across the entire shelf. At the same time, Late Jurassic tectonic break-up resulted in the fragmentation of the broad Middle Jurassic basins into narrow sub-basins with poor water circulation. The
lack of oxygen prevented the oxidation of organic material at the sea floor. Sediments were
later buried beneath many kilometres of overburden to depths where elevated temGreenperatures helped transform the organic material into oil and gas. Secondly, thick
Norway Russia
North- land
America
sands were deposited throughout the Jurassic. These are often highly porous
Atlantic
Ocean
and represent excellent oil and gas reservoirs. Thirdly, the break-up process
resulted in the formation of fault blocks in which the sand units were tiltAfrica
South
ed. Subsequently, the fault blocks subsided and were overlain by fineAmerica
grained deposits forming impermeable cap-rocks, or seals, which prevented
India
hydrocarbons from escaping from the reservoirs, thus forming huge oil and
gas traps. During the Jurassic, these remarkable factors combined to lay the founAustralia
Antarctica
dation for the critical prerequisites required for the formation of hydrocarbon traps
– source and reservoir rocks, sealing cap-rocks, and suitable structures.
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An elongate rift basin
The Late Jurassic rift follows the trend of the ancient offshore Permo-Triassic rift from the
southern North Sea to the Barents Sea. Important geological structures such as the Central
Graben, the Viking Graben, the Halten Terrace and the Hammerfest Basin evolved during
this period.
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Schematic diagram showing the
embryonic North Atlantic rift system
as it appeared during the Late
Jurassic, including a branch extending into the North Sea. Note how the
rift system develops along the extension of sea-floor spreading in the
Central Atlantic Ocean. CG=Central
Graben, VG=Viking Graben,
HT=Halten Terrace, EG=East
Greenland Basins, HB=Hammerfest
Basin, GGF=Great Glen Fault,
MTFZ=Møre-Trøndelag Fault Zone.
(Figure modified after A.G. Dore et
al.)

The rifting process began in the south and progressed northwards. In the North Sea the rift structure is commonly associated with the Late Jurassic,
even though the break-up process commenced during the latest Middle Jurassic. Rifting in the North
Sea died out at the onset of the Cretaceous.
Extension within this rift system was oriented in an
east-west direction. However, rifting in the
Norwegian Sea, along the extension of the Rockall
Trough, and sea-floor spreading in the Mid-Atlantic
continued into the Early Cretaceous, when extension
assumed a northwest-southeast orientation, and
transferred its focus from the Halten Terrace and out
into the Møre and Vøring Basins. The magnitude of
extension in these basins was large and the crust
became extremely thin. Beneath the Møre Basin,
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The offshore Late Jurassic rift differed in several
ways from its Permo-Triassic precursor. Late Jurassic
break-up involved deeper subsidence and was
localised within a narrower zone, in contrast to the

61°

-1

RIGHT: Fault blocks on the Gullfaks
field. Note how the blocks are tilted
like a set of dominoes. The bluishgreen surface is the so-called “Base
Cretaceous Unconformity”, an erosional surface which truncates the
fault blocks, notably in the west of
the field. (Figure modified after H.
Fossen)

crystalline crust was reduced in thickness to only a
few kilometres, equivalent to that which we might
anticipate immediately prior to the onset of sea-floor
spreading and the formation of new oceanic crust,
just as is taking place in the mid-Atlantic Ocean at
the present day. In the southern Barents Sea, rifting
occurred primarily in the Early Cretaceous. The Late
Jurassic to Early Cretaceous is characterised in particular by a complex break-up configuration,
although mainland Norway and the northern
Barents Sea were mostly unaffected.
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much broader Permo-Triassic rift. Whereas the
Permo-Triassic rift was essentially continental, Late
Jurassic rifting thinned the crust to such an extent
that the rift became submerged beneath the sea. This
is the result of isostatic equilibrium.
In the North Sea, the Late Jurassic rift comprises the
Viking Graben in the north and the Central Graben
in the south. In the Norwegian Sea, the structure is
divided into two with the Halten Terrace on the
Norwegian side and the basins of East Greenland in
the west. Further north the structure extends into
the Hammerfest Basin. From here it is linked to an
embryonic spreading centre in the Arctic Ocean via
a transverse fault separating Svalbard from northern
Greenland. The structure dies out in the eastern
Barents Sea.

Numerous fault blocks
The Late Jurassic rift is characterised by an axial,
though discontinuous, submarine rift valley. At some
locations, the valley margins are clearly defined
along single faults or zones comprising a few major
faults. Elsewhere the margin is formed by terracelike provinces, each of which comprises a series of
rotated fault blocks linking the central rift valley
with less faulted areas along its flanks. Such areas are
referred to as rift shoulders. The inner shelf
provinces just west of the Norwegian coast together
form the eastern shoulder of the Late Jurassic rift.
Fault blocks are typically several kilometres across
and tens of kilometres in length, and have their
roots deep in the crust. Faulted terrace areas show
overall increasing depth towards the rift valley.

Structural reconstruction of the Late
Jurassic rift in the northern North
Sea. The two profiles are interpreted
from seismic lines which incorporate
data extending down to the mantle.
The geology of mainland Norway is
derived from field mapping. Note
how extension has caused crustal
thinning beneath the rift. The upper
profile is seismic line NSDP 84-1,
which traverses the northern Viking
Graben, with the Tampen and
Oseberg Terraces on its western and
eastern flanks, respectively. The
lower profile is seismic line NSDP
84-2, which traverses the southern
Viking Graben, bounded in the west
by a major fault, with no marginal
terrace province. Here, the Viking
Graben appears as a half-graben.
(Figure after H. Fossen)
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DEVELOPMENT OF A RIFT STRUCTURE

RIFT STAGE
Initial rifting: Formation of fault blocks, minor rotation

A rift structure develops through several stages. Early
rift formation is characterised by an initial break-up
accompanied by minor faulting. This is followed by a
rift climax stage involving major faulting and extensive fault block tilting. During this phase heat flow is
high and the marginal rift shoulders are uplifted at
the same time as the axial rift valley subsides. In the
post-rift phase when rifting has ceased, cooling causes both the rift valley and its marginal shoulders to
subside. Thermal subsidence is greatest along the rift
axis and less along the flanks, because the axis, located above the zones of maximum extension and thinning of the underlying crust, was initially subject to
the highest heat flow.

Seismic depth map at the top of the
Brent Group in the Oseberg area.
Increasing depth is indicated by the
colour transition from red to blue.
The map shows a series of rotated
fault blocks that form a distinct steplike morphology from the platform
down to the Viking Graben. (Figure
courtesy of Hydro)

Rift climax: Rift delimitation, extensive rotation

POST-RIFT STAGE
Early post-rift: Infilling and levelling of the rift terrain

Late post-rift: Gradual subsidence, passive infilling

tens of centimetres to several metres, and are capable
of generating powerful earthquakes.

Oseberg Terrace

Emergent islands were eroded resulting in the formation of a regional erosion or unconformity surface. On the Norwegian shelf this unconformity surface is referred to as the “Base Cretaceous
Unconformity”.

Viking Graben

N
N

Seismic depth map at the top of the
Brent Group in the Troll area on the
Horda Platform. Increasing depth is
indicated by the colour transition
from red to blue. The map shows a
series of rotated fault blocks. The 3Dseismic cube above the map illustrates how sediments infill the
basins between the blocks. (Figure
courtesy of Hydro)
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Frequent earthquakes and the emergence of islands
Structural movements resulted in the formation of
local highs separated by narrow basins. The recent,
broken terrace-like surface relief was largely submerged. However, at some locations the blocks
emerged above sea level and formed narrow, elongate
islands. This fragmentation of the earlier Middle
Jurassic basins was typical of the entire shelf from
the North Sea to the Barents Sea, and the marginal
terrace provinces evolved into vast seas populated by
islands, not unlike the present-day Aegean Sea. The
blocks typically comprised a steep leading edge footwall escarpment with dip-slope angles up to 60°, and
a more gently sloping trailing edge flank representing the former depositional surface, inclined at
between 6° and 12°.
Late Jurassic fault blocks may have been subject to
frequent earthquakes. Similar faults today move at a
rate of about 0.5-1 m per 1000 years. Individual
movements are typically within the range of some

Eventually rifting ceased, firstly in the North Sea,
then later on the Halten Terrace, and finally in the
Hammerfest Basin. Crustal cooling caused the rift to
subside as a result of thermal subsidence. This in
turn caused the Jurassic islands to become submerged, and this continued into the Cretaceous. The
present-day configuration, in which the faulted terraces are steeply tilted towards the axial rift valley, is
partly a result of later Cretaceous thermal subsidence.

Troll East
Troll West

THE BASE CRETACEOUS UNCONFORMITY
Geologists working on the Norwegian shelf often refer to the “Base Cretaceous Unconformity”, or “surface”, which is the
term given to a strong seismic reflector that can be mapped over the greater part of the area. A strong seismic reflection is
the result of large variations in seismic impedance across a lithological boundary. Seismic impedance is the product of a
rock’s density and seismic velocity. The strong seismic reflector between Jurassic and Cretaceous strata is due to the contrast between low-impedance, organic-rich mudstones and sandstones of the Late Jurassic, and higher impedance calcareous rocks of Cretaceous age.
In the North Sea, the Base Cretaceous is a composite surface, incorporating a non-conformable erosional surface (unconformity), and a conformable depositional surface. Erosion across the summits of some of the major fault blocks was extensive, and here Cretaceous deposits overlie Early and Middle Jurassic sediments with an angular unconformity. In contrast,
the downthrown flanks of the fault blocks were for the most part submerged and were thus the sites of deposition
throughout the Late Jurassic and into the Cretaceous. Due to the extreme tilting of the blocks during the Late Jurassic, we
frequently observe that the Cretaceous reflectors abut against, or “onlap”, the Base Cretaceous Unconformity.
Fault block apex –
single unconformity

Conceptual diagram of the Base
Cretaceous Unconformity in an
area dominated by fault blocks.
Such a surface is termed a syn-rift
unconformity.

Fault block, trailing edge –
Multiple unconformities

Erosion at fault block apices
Deeply eroded rift shoulder

Syn-rift unconformity
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ABOVE: Seismic profile from the Statfjord (centre-right)
and Statfjord Nord (left) fault blocks projected through
wells 33/9-15 and 16, showing superimposed, minor
rotated fault blocks and intervening basins. The basins
are infilled with Late Jurassic sediments. Gamma-ray
logs from the wells are projected onto the seismic profile. Sandstones produce a deviation to the left on the
gamma-ray logs, while mudstones cause a deviation to
the right. The logs show that Late Jurassic deposits
comprise mostly mudstone. As the major Statfjord fault
block was gradually tilted, more recent deposits on the
upper right slope of the block were eroded (well 33/916), and turbidite sand and mud were deposited
downdip in what was then a basin (well 33/9-15).
Later, the fault block subsided and was overlain by
beach and foreshore deposits. Finally, the fault block
became submerged and organic-rich mud was deposited across the area, followed by carbonates. On seismic
data, it is only possible to resolve units that are thicker
than 20-30 m, and the Base Cretaceous Unconformity
appears as a single reflector.
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Detail of the gamma-ray log and core from well 33/9-15 illustrating how complex
the Base Cretaceous Unconformity is in reality. It constitutes a marked unconformity
underlain and overlain by a variety of lithologies including sandstones, conglomerates, mudstones and carbonates, all within a vertical sequence barely 1 m thick.

391

Warm seas and abundant life
Late Jurassic break-up and subsidence resulted in the land giving way to an everencroaching sea, especially across lowland deltas and coastal plains. The shelf was
now occupied by warm seas inhabited by abundant life.

Some typical Late Jurassic species.
A: Dinoflagellates are marine
microplankton varying in diameter
from 0.07 to 0.13 mm. B: Ammonite,
from a few cm to several tens of cm in
diameter – a spiral-shelled cephalopod. C: Ichthyosaur from 1 to 15 m in
length, which preyed on fish and
squid. D: Belemnite, from a few cm to
several tens of cm in length – a
cephalopod with a cigar-shaped shell
which inhabited near-shore environments. (Illustration: R.W. Williams)

In the late Jurassic Norway moved slightly southorganic-rich sediments ever deposited during the
wards, to around 50 degrees north. During the early
Earth’s history. Late Jurassic animal and plant
Late Jurassic the climate became somewhat cooler
remains have provided the source for 25 % of the
than it had been in the Middle Jurassic, but towards
Earth’s oil and gas resources.
the end of the period conditions became
Cold (temperate)
The Late Jurassic seas were
warmer again and more arid. At
Warm
inhabited by a rich and
the Jurassic-Cretaceous tran(temperate)
Arid (dry)
diverse fauna comprising
sition the climate was as
Tropical
fish, reptiles,
hot and humid as it
Pacific Ocean
cephalopods and
had been during the
Arid (dry)
bivalves. Many of the
Middle Jurassic. The
Tethys Ocean
fish had thick scaly skins,
Late Jurassic was characWarm (temperate)
and swam somewhat slugterised by relatively high
gishly,
whereas the squid-like
levels of carbon dioxide (CO2)
Cold (temperate)
in the atmosphere.
cephalopods, such as the ammonites and
belemnites, were very mobile and rapid swimmers,
The combination of high temperature, elevated sea
and inhabited the oceans in large numbers. They
levels and high atmospheric concentrations of CO2
evolved systematically over time and palaeontologists
resulted in increased biological productivity, and this
are able to identify ammonites with species durain turn led to the formation of some of the most
tions of only about one million years. These are
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CENTRE: Reconstruction of climate
zones during the Late Jurassic.
Norway was situated in the northern
temperate zone. (Figure modified
after C. Scotese)
Late Jurassic fossils from the
Norwegian shelf and Svalbard. A.
Belemnites from the Viking Group,
Late Jurassic, North Sea, The picture is
about 20 cm across. B. Belemnite arm
hook, from the Viking Group, Late
Jurassic, North Sea. The picture is
about 10 cm across. C. Reptile tooth
from the Viking Group, Late Jurassic,
North Sea. The picture is about 10 cm
across. D. The ammonite Amoeboceras
from the “Pholas” well, Oxfordian,
Norwegian Sea. The picture is about
20 cm across. E. The ammonite
Perisphinctes nikitini from the
Agardhfjellet Formation, Janusfjellet,
Svalbard. The picture is about 20 cm
across. F. Bivalves, Buchia fischeriana
from the Agardhfjellet Formation,
Adventdalen, Svalbard. The picture is
about 10 cm across. Fossils A-C were
discovered by O. Bruun-Christensen.
(Photos A-C: H. Pettersen; Photos D-F:
H.A. Nakrem)
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extremely useful for the dating of Jurassic sequences
and the correlation of geological strata between different provinces. Phytoplankton such as prasinophytes, dinoflagellates and calcareous flagellate forms
also flourished, together with zooplankton such as
foraminifera and radiolaria. Land plants did not
evolve much from the Middle to the Late Jurassic.
Club mosses, horsetails and ferns colonised the luxuriant forest floors where cycads, bennettitales,
conifers and ginkgophytes were highly successful.
The flowering plants had not yet fully evolved.

Areas undergoing erosion
Alluvial plain – mud and sand
Coastal and shallow marine – sand
Marine – mud
Carbonate deposits

Fennoscandia

Greenland

The dinosaurs continued to evolve during the Late
Jurassic. The total number of species increased, and
the earlier Jurassic cetiosaurs were largely replaced by
a diverse fauna of camarasaurs, brachiosaurs and
diplodocids, several of which were enormous animals. The giraffe-like Brachiosaurus grew to more
than 20 m long and weighed more than 15 tonnes.
Seismosaurus, though a slimmer dinosaur, could be
up to 40 m long.
Fine-grained sediments predominate
As the seas encroached and eventually flooded the
Middle Jurassic coastal plains, sedimentation over
the entire Norwegian shelf changed quite markedly.
In the Late Jurassic, the thick sand deposits that had
characterised the Middle Jurassic were replaced by
fine-grained muds.

1000 metres in the deepest basins. However, the sea
floor subsided so rapidly that sediment thicknesses
along the rift axis reached up to 5,000 metres. In
contrast, the platform areas exhibit thicknesses of
only 100-500 metres. Overall, global sea levels rose
during the Late Jurassic, prior to their falling again
towards the end of the period. This is reflected in
the stratigraphic evolution of the shelf.

Water depths varied greatly during the Late Jurassic,
from a few tens of metres on the platforms to up to

Due to the prevalence of shallow water and coastal
environments in the earliest Late Jurassic, silt and

Diagram illustrating palaeogeography and the most important sediment types on the Norwegian shelf
and surrounding areas during the
Late Jurassic. Large parts of Europe
and Russia west of the Urals were
occupied by a shallow sea.
Scandinavia formed the dominant
landmass, and was similar in size to
present-day Greenland. (Figure modified after H. Brekke)

Life in the Late Jurassic seas showing the swimming pliosaur,
Liopleurodon, which preyed on
Perisphinctes ammonites.
(Illustration: R.W. Williams)
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Picture of weathered basement from
Melheimfjellet mountain near Olden
in Sogn og Fjordane county. The
blocks are lying on the ancient Late
Jurassic peneplain. The white quartz
vein in the picture demonstrates that
the blocks have not been moved by
glacial activity. (Photo: S.O. Dahl).
Inset: Diagram showing deep
Jurassic weathering, subsequent burial in the Cretaceous and Cenozoic,
followed by erosion and the preservation of deep weathering minerals
in basement fractures during the
Pleistocene and Holocene. (Figure
after O. Olesen)
Relict deep weathering
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sand-rich deposits predominate. However, finegrained mud starts to predominate as time progresses, reflecting increased water depths and greater distances from the coast. We also see contrasts between
the different shelf provinces. Sandstones occur locally both in the North Sea and on the Mid-Norwegian
shelf, but in the Barents Sea and in Svalbard the Late
Jurassic is entirely dominated by mudstones. Sand
deposition is linked firstly to the building-out of
delta systems in the southern provinces, such as
across the Troll field and secondly to local sedimentation restricted to the coastal areas around the
islands, such as in the northern Tampen area and on
the Frøya High.
Several minor hiatuses, where sediments are not
present, are observed within Middle and Late
Jurassic shelf deposits. In the North Sea, the
Norwegian Sea, and the southern Barents Sea, these
are the result of the uplift and erosion of fault blocks
and areas on the rift margins. In the northern
Barents Sea and in Svalbard hiatuses are related to a
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Late Jurassic stratigraphic columns
from the continental shelf and
Svalbard. The period is dominated by
organic-rich mudstones, with local
sandstones in the North Sea Basin.
Formation names are annotated in
the coloured columns.

Rifting

Initial rifting

combination of imperceptible regional plate movements and periods of restricted sediment supply into
the basins.
Where did the sediments come from?
Norway was for the most part dry land during the
Late Jurassic, and continued to be denuded by erosion. The resulting sediments were transported out
onto the shelf, and it is likely that it was during this
time that many of today’s impressive fjords established themselves as river valleys.
The elevated inner shelf areas became traps for sediments supplied from the Norwegian mainland.
Similar processes were active on the rift’s western
flank where sands and gravels were trapped in smaller, marginal, rift basins. Consequently, the central
rift provinces were supplied only with mud.
A relict Jurassic peneplain
The great landscape features that today form the
mountains of Scandinavia are characterised by elevated and undulating plateaus, where the summits of
the highest mountains form a flat and even surface.
Over large parts of Norway, this surface represents a
relict erosional surface, or peneplain, that remained
after erosion of the Caledonian mountain belt (see
Chapter 14).

Fractures

Cenozoic – Cretaceous
Deep weathering (saprolite)

Fractures

Jurassic
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Today, parts of this peneplain are covered with fields
of large boulders, which geologists believe were
formed after prolonged weathering of the underlying
basement. In many places minerals such as kaolinite
and gibbsite occur in cracks and fissures, providing
evidence of deep weathering in a warm and humid
climate. Similar weathering minerals have been
encountered offshore, seaward of Stad in Sogn og
Fjordane county, at the boundary between basement
and overlying Jurassic sediments. This suggests that
the peneplain was formed as a result of weathering
and erosion that continued up until the Late

Jurassic. In Norway, this deeply weathered surface is
referred to as the “Mesozoic surface”.
The peneplain formed a low-lying area within the
mainland interior with a local relief of up to 500 m.
This flat, low-lying landscape was made up of basement rocks such as gneisses, greenstones and diverse
metasediments which, when deeply weathered, produced sands and muds that were transported out
onto the shelf. Present-day mountains and massifs

such as Gaustatoppen, Jotunheimen, Snøhetta,
Rondane and Lyngen rose as peaks above the peneplain. Most of these mountains are composed of
quartzite or gabbro and are highly resistant to weathering and erosion under all climatic conditions. In
the south, the peneplain became submerged by the
sea during the Cretaceous, whereas on Andøya and
in areas offshore Nordland county it was flooded as
early as the Middle Jurassic.

THE SUEZ RIFT – AN ANALOGUE TO THE LATE JURASSIC RIFT ON THE NORWEGIAN SHELF
Many geologists employ the development of the Suez Rift in the Gulf of Suez as a modern analogue to the Late Jurassic
rift on the Norwegian shelf. The Suez Rift was active during the Miocene in the Late Tertiary. Today, the level of seismic
activity along the Suez Rift is low, and it is believed that rifting has ceased temporarily, and that the major site of deformation is further east along the Sinai
and its northern extension into the Dead Sea. In the Red Sea to the south, seaNileRift
Delta
floor spreading is active and accompanied by the formation of new oceanic crust, further promoting the separation of
Africa from Arabia.
Parts of the old Suez Rift can be observed on land on the Sinai Peninsula. Since the structure is relatively young, much of
the original rifted landscape is preserved, and the arid desert climate ensures that rock formations are particularly wellexposed. The landscape is dominated by tilted fault blocks, and it is possible to make detailed studies of the various structures and deposits formed during rifting. At the same time we can observe and map the development of drainage systems, within both the rifted landscape and the interior hinterlands.
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A) Satellite image of the Suez Rift. The Nile and the
Nile delta are seen in the centre of the picture. The
white frame delimits the satellite image in figure B.
(Photo: NASA)
B) Detailed satellite image from the Suez Rift. The
yellow circle shows where the photograph in figure C
was taken. (Photo: NASA)

Red Sea
C

Syn-rift

C) Picture of a rotated fault block from the Sinai
Peninsula. The white line marks the top of the fault
block prior to tilting. The brown units above the line
were deposited while the block was being tilted (synrift phase), and abut against the beds beneath them
(indicated by white arrows). Geologists term this relationship “onlap”, and we observe similar phenomena
in the Late Jurassic rift on the Norwegian shelf.
(Photo: I. Sharp)
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Black sea floor – black gold
The oil and gas fields on the Norwegian continental shelf contain almost immeasurable
wealth. Oil and gas have their origins in organic-rich mudstones, which petroleum geologists call source rocks.

Organic-rich mudstones in a core
from the Draupne Formation in well
33/9-16 from the Tampen area,
North Sea. The light-coloured bands
are thin silt horizons. (Photos:
Norwegian Petroleum Directorates’s
website; www.npd.no)

Norwegian geologists studying Late
Jurassic organic-rich mudstones in
the Kimmeridge Clay Formation in
Kimmeridge Bay on the south coast
of England. (Photo courtesy of
Hydro). Inset: Organic material is partially transformed into petroleum to
the extent that mudstone blocks on
the foreshore are combustible.
(Photo: I. West’s website)

During the 15 million years duration of the Late
Jurassic period, hydrocarbon source rocks with a
prolific potential were deposited on the shelf.
Faulting produced a highly variable sea floor topography that served to isolate areas where circulation
within the water masses was poor. Here, oxygen-rich
surface waters were not transported to deeper levels
and did not mix with the bottom waters. In the
deepest basins, water masses became very immobile,
and there was insufficient oxygen available to break
down the remains of small dead organisms, most
notably algae, which accumulated on the sea floor.
So-called “anoxic” conditions arose. Stagnating
basins of this type are common today, and are typical of the deeper Norwegian fjords, most notably
those with very narrow inlets.
The lack of oxygen at the sea floor prevented organic
material from decomposing and led to the formation

The most important source rock on the Norwegian shelf
Late Jurassic organic-rich mudstones represent the
most important hydrocarbon source rocks on the
Norwegian shelf. Perhaps more than 99 % of all the
oil and the majority of the gas discovered on the
shelf has been sourced from Late Jurassic mudstones.
It is widely believed that coal-bearing Early Jurassic
coals may also have sourced large volumes of gas.
The Late Jurassic source rocks preserved in various
provinces and basins exhibit a variable and complex
hydrocarbon potential. In the lower part of the Late
Jurassic, organic matter contains much terrestrial
plant material that was washed into the sea by rivers,
and has potential as a source of gas. Higher in the
sequence, the sediments are enriched with marine
plankton and algae, and these are potential sources
of oil. Source rock quality is normally optimal in the
deeper basins where anoxic conditions persisted over
prolonged periods, but there are also examples of
excellent source potential in mudstones deposited on
highs and along the basin flanks.
Maturation of source rocks
When extension along the rift ceased, the fault
blocks became submerged and were subsequently
overlain by thick Cretaceous mudstones and chalk,
which formed a lid on top of the organic-rich muds
in the deeper basins and the sands around the earlier
islands and shoals. As the muds continued to be
buried, the organic matter was heated and gradually
transformed into oil and gas by a process termed
“maturation”. The transformation process is dependent on the geothermal gradient, the subsidence history of the basin, and the properties of the source
rock. On the Norwegian shelf, Late Jurassic source
rocks are found over an area of 225,000 km², equivalent to two-thirds of the area of the Norwegian
mainland.

The majority of the fields on the Norwegian
continental shelf are located within 10-15 km of
a basin where Late Jurassic source rocks are sufficiently mature to generate oil or gas.
Consequently, the probability of discovering new
fields is clearly greatest close to those basins
where we know that a mature
?
source rock exists.
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Late Jurassic source rocks are not found on the
Norwegian mainland, although black mudstones
with some source potential are encountered on
Andøya. Mudstones with good source potential are
found along the southeast coast of England where
they are termed the Kimmeridge Clay, and organicrich mudstones also occur in the Late Jurassic of
East Greenland and in Svalbard.

Migration out of the source rock
The transformation of organic matter causes a
volume increase which in turn increases the pressure within the source rock. Consequently, the
rock fractures and the hydrocarbons are forced out
in a process termed “expulsion”. The process by
which hydrocarbons move from their source rock to
the reservoir is termed “migration”.
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of organic-rich mudstones. However, oxygen concentrations at the sea floor were variable, and in
shallower waters where more oxygen was available,
more of the organic material was oxidised.

No accurate map of the thickness of Late Jurassic
mudstones on the Norwegian shelf exists, and it is
therefore not possible to calculate precisely how much
oil and gas may have been generated through geological time. However, we can make estimates. In those
areas where Late Jurassic source rocks are mature, we
can assume an average source rock thickness of 100
m. We then arrive at an approximate value of about
4,000 billion barrels of oil generated together with an
equivalent volume of gas. This means that less than 1
% of the hydrocarbons generated have been discovered. The remaining 99 % has either migrated into
sequences outside the reservoirs, has leaked into the
atmosphere, or remains yet to be discovered.

Svalbard

BARENTS SEA

Bjørnøya
Basin

r
No

Loppa
High

d

pp
ka

Ba

sin

Hammerfest
Basin

Immature
Oil expulsion
Gas expulsion

Map of the Norwegian shelf showing the distribution of mature Late
Jurassic source rocks. Maturation
levels are indicated in green for oil
(%Ro=0.65-0.90), and orange for
gas (%Ro>0.90). In the blue areas
source rocks have not reached maturity, even though they were deposited and are preserved in many of
these locations. (Figure after T.
Throndsen)

Petroleum accumulations in a sedimentary basin require four essential elements – a source rock, a reservoir rock,
a cap-rock and hydrocarbon traps.
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GOC: Gas-oil contact
OWC: Oil-water contact
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WHAT IS A SOURCE ROCK?

By Per Emil Eliassen, Knut Bjørlykke and Torbjørn Throndsen

The commonest way to describe the quality of a source rock is to state its organic carbon content in combination with
the results of pyrolysis. A normal mudstone contains approximately 1 % by weight of carbon (so-called “TOC” – Total
Organic Carbon), whereas a good source rock may well contain 5 % or more. Pyrolysis enables us to measure the quantity of hydrocarbons that the mudstone can generate when it undergoes maturation, the so-called “S2” value. By calculating the ratio between S2 and TOC, termed the “hydrogen index”, we have a measure of the quality of the organic
matter. The hydrogen index is expressed in milligrams of hydrocarbons per gram of organic carbon (mgHC/gTOC). The
higher a source rock’s hydrogen index, the greater its oil generating potential. The richest Late Jurassic source rocks
exhibit TOC values of 6 %, and S2 values of 24. This gives them a hydrogen index of 400, which effectively means that
40 % of their organic material can be converted into hydrocarbons.
Initially, the organic material is altered to kerogen, which is a solid and durable, polymer-like material composed of large
molecules. Under sufficiently high temperatures, kerogen is broken down into oil and gas. Kerogen is classified into four
major categories (I, II, III and IV – see the accompanying table). Each kerogen type has its characteristic generating
potential for oil and gas, depending on the hydrogen index. The best oil source rocks generally contain high proportions
of marine algal material and very little terrestrial plant material, which exhibits a low hydrogen index. Source rocks containing mostly terrestrial plant material have a high hydrocarbon index and generate mostly gas. In many areas we
encounter a mixture of these, providing the potential to generate both oil and gas.
Kerogen
class

Source
potential

Depositional
environment

Type I

Oil

Lacustrine algal mats

Age

Mill.
yrs

Norwegian- Central Graben
Jæren High
Danish Basin

Mainly gas potential
Oil and gas potential
No source potential

Viking
Graben

138
Ryazanian

Flekkefjord
Formation

Mandal
Formation

Sauda
Formation

Farsund
Formation

144

Type II

Oil

Marine material,
anoxic conditions

Volgian

Oil/Gas

Mixture of marine/
terrestrial material,
anoxic/partly oxic

Kimmeridgian

Type II/III

Type III

Type IV

Gas/some oil

A little gas

150

Tau
Formation

156

164

Egersund
Formation
Sandnes
Formation

169

Bryne
Formation

Oxfordian

Terrestrial material,
anoxic/partly oxic

Haugesund
Formation

Draupne
Formation

Heather
Formation

Callovian

Material deposited in
more oxygen-rich waters

Bryne
Formation

Hugin
Formation

Bathonian

Hydrocarbon generating potential for different North Sea
source rocks.

A crude oil may be composed of many thousands of chemical compounds. In
order to find out from which source rock an oil is derived, it is possible to
analyse so-called “biomarkers”. These may be described as chemical fingerprints. Organic material deposited on the sea floor will often incorporate one
or a group of highly characteristic chemical compounds. Biomarkers are thus
used to compare oils with each other, and to correlate an oil with possible
source rock candidates. Highly advanced instruments called gas chromatograph-mass spectrometers are used to analyse the small quantities of biomarkers that are found in oils and in source rocks.
1
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The level of maturity of a source rock can be measured using techniques
employing vitrinite reflectance. This is an optical property whereby a certain
proportion of the organic material reflects light, and is measured under a
microscope. In order to generate significant volumes of oil, source rocks must
be subjected to temperatures exceeding 130 °C, equivalent to burial depths of
between 3 and 3.5 km on the Norwegian shelf, giving vitrinite reflectance values (%Ro) of between 0.65-0.90. When the temperature reaches 150-170 °C,
the larger oil molecules are cracked to form smaller gas molecules. This occurs
at depths between 3.5 and 4.5 km, and %Ro values of 0.90-1.40. In the
Barents Sea, and close to the Norwegian coast, we observe these levels of
maturity at much shallower depths as a result of the uplift and erosion of
these areas during the Late Tertiary.
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A graph of vitrinite reflectance versus
depth of burial in the northern part of
the Viking Graben.

MIGRATION

By Knut Bjørlykke

The process of hydrocarbon migration is not well understood, but it is thought that within permeable sandstones, the fluids migrate via highly permeable channels rather than as a broad front.
Hydrocarbons can also migrate through faults and fractures. Oil migration is a slow process
because it cannot proceed at a faster rate than oil is being generated. It can be compared to
water flowing through a garden hose at low pressure. At a rate of 1 cm³/sec it would thus take
three million years to fill a giant field of 100 million m³.

Oil inclusion in quartz.
Overgrowth cut in
the plane of the
photograph

Water
inclusion

As reservoir rocks become progressively more cemented, small droplets of oil become trapped in
the sandstone grains. These droplets are termed “fluid inclusions” and can provide clues as to the
pressure and temperature conditions at the time of their formation, and something about the
migration process.
In situations where oil and gas are trapped by a continuous barrier of impermeable rock, pressure
increases until it reaches a fracture pressure, at which point thin fractures are formed that allow
the release of the hydrocarbons. Much of the oil and gas generated is not trapped in reservoirs and
finds its way to the sea floor or the land surface. In most cases this occurs so slowly that bacteria
break them down, and oil thus re-enters the food chain to sustain new organic production in the
marine environment. In the North Sea, gas has seeped through the sea floor and in some cases
this has occurred in the form of concentrated emissions producing small craters or “pockmarks”.
Oil leakages have most probably also occurred, but no evidence of these can be found today.

Late Jurassic faulting caused the reservoir sandstones
within the rift’s rotated fault blocks to be tilted, and
it is these blocks that represent the most important
traps for hydrocarbon accumulations on the
Norwegian shelf. The largest fields in the North Sea,
the Norwegian Sea and the Barents Sea all have their
traps in fault blocks of this type.
The fault blocks are overlain by fine-grained
Cretaceous rocks which became compacted and
impermeable as they were buried, forming cap-rocks
for the Jurassic hydrocarbon traps. They thus provided the last of the four prerequisites for the accumulation of petroleum. These prerequisites comprise a
mature source rock, a reservoir rock, a cap-rock, and
a trap, and combine to form what geologists term a
petroleum system.

Microscopic image of fluid inclusions in a quartz grain from well
30/8-1S in the Tune field, North Sea. The fluid inclusion indicates
that both water and hydrocarbons once flowed between the
sand grains. Since then quartz cement has formed an overgrowth
around the sand grains and small droplets of these fluids have
been trapped within the grain. (Photo: J.M. Rykkje)

Hydrocarbon plays
Geologists term the combination of a specific
reservoir rock, source rock, trap and cap-rock a
hydrocarbon “play”. Plays derive their names
from the age of the reservoir rock in question.
Thus, the so-called “Middle Jurassic play” comprises a Middle Jurassic reservoir (sandstone), a
Late Jurassic source rock (organic-rich mudstones), Late Jurassic trap formation (tilted fault
blocks), and an Early Cretaceous cap-rock (calcareous mudstone). Most of the fields in the
Viking Graben of the northern North Sea, such
as Statfjord, Gullfaks, Snorre, Visund and
Oseberg, belong to the Middle Jurassic play.
This play is also the most important on the
Halten Terrace and in the
Hammerfest Basin. In con2500
trast, the Troll field belongs to
a Late Jurassic play in that it
2000
has a Late Jurassic reservoir, a
1500
Late Jurassic source, and Late
Jurassic trap formation. Sands
1000
that were deposited around
local islands in the Tampen
500
area form the basis for a dis0
tinct Late Jurassic play.
1
100
Cumulative hydrocarbon reserves (million Sm3 o.e.)

Oil and gas become trapped
Late Jurassic source rocks overlie thick and highly
porous Early and Middle Jurassic sands, which
extend over vast areas and represent excellent hydrocarbon reservoirs. Late Jurassic sands are also excellent reservoirs, but are more limited in their distribution. Oil and gas migrated from the Late Jurassic
source rocks into the Early, Middle and Late Jurassic
reservoirs.

62.7 µm

Cumulative plot showing total
hydrocarbon reserves discovered in
relation to the total number of wells
or prospects drilled on the
Norwegian shelf. The Middle Jurassic
play is by far the most productive,
followed by the Late Jurassic. The
curve clearly illustrates how the
majority of reserves were discovered
during the early phases of exploration. The vertical slopes mark the
major discoveries such as Statfjord,
Gullfaks, Oseberg (all Early to Middle
Jurassic), Troll (Late Jurassic), Ekofisk
(Cretaceous) and Ormen Lange
(Palaeogene). (Figure modified after
the Millennium Atlas)
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PETROLEUM – NORWAY’S BIGGEST INDUSTRY
The petroleum industry is responsible for much of Norway’s rapid economic growth, and for the financing of the
Norwegian welfare state. In 2004, petroleum-related activities accounted for 21 % of the nation’s economic growth.
This is twice as much as that generated by onshore industries, and about 15 times more than that in the other primary
industries. During over 30 years of activity, the petroleum industry has generated well over 4,000 billion Norwegian kroner. This has benefited the state to the tune of about 2,000 billions in net income, based on 2004 currencies. In 2004
crude oil, natural gas, and goods and services linked to the supply industry accounted for about 50 % of Norway’s total
export revenues.
However, petroleum-related activities require massive investment. In 2004, investments of 71 billion Norwegian kroner
were made, representing 24 % of the
nation’s total real investment. At the
end of 2004, a total of approximately
Regional distribution of petroleum resources
1,800 billions had been invested in
Yet-to-find resources
Barents Sea
Contingent resources in discoveries
2%
the Norwegian continental shelf. At
3%
Contingent resources in fields
6%
21 %
Remaining reserves
1%
the close of 2003, as many as 75,000
1%
Sold and delivered
77 %
89 %
people were employed in the petrole762 bill. Sm
450 mill. Sm
um industry in Norway.
3

2%

Norway is a leading player in the
global oil market and in the European
gas market. In 2004, 3.2 million barrels of oil and 78 billion m³ of gas
were produced from a total of 48
fields on the Norwegian shelf. Norway
is thus the world’s seventh largest oil
producer, and its eighth largest gas
producer. However, total production is
20 times greater than domestic petroleum consumption, making Norway
the world’s third largest exporter of
both oil and gas.
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Norwegian Sea
24 %

31 %
36 %

44 %

11 %
16 %

30 %

4%

2%

1 834 bill. Sm3

1 318 mill. Sm3

North Sea
15 %

14 %

3%
5%

26 %

5%
4%

54 %
24 %
50 %

3 262 bill. Sm3

4 892 mill. Sm3

Recoverable gas 5 958 bill. Sm3

Recoverable oil, NGL and condensate 6 960 mill. Sm3

Inclusive of 100 bill. Sm3 gas from
future enhanced recovery initiatives

Inclusive of 300 mill. Sm3 oil from
future enhanced recovery initiatives

In 2004, the Norwegian Petroleum
Directorate estimated that recoverable
petroleum resources from the Norwegian shelf consisted of 6,960 million m³ of oil and 5,968 billion m³ of gas. More
than 70 % of these resources come from Jurassic rocks. After more than 30 years of production, only about 30 % of the
total anticipated reserves have been produced. The petroleum industry has thus an enormous potential to promote further economic growth.
Oil and gas production from the Norwegian continental shelf (1971-2005)
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NORWAY BECOMES AN OIL NATION
In the 1950s, very few people believed that the seas off the Norwegian coast could conceal vast wealth in the form of
hydrocarbons. However, in the autumn of 1962 the oil company Phillips, later followed by other foreign interests, requested
permission to conduct geological surveys offshore Norway.
The first round of acreage concessions was announced on the 13 April 1965, and in the summer of 1966 the first exploration well was drilled. It was water-bearing and no oil or gas was discovered. However, in 1967, the Palaeogene Balder field
was discovered in an area bearing the exclusive 001 licence designation. Later, in 1969, the Cretaceous Ekofisk field was discovered, and was already in production only two years later in 1971. This was to remain a record for the Norwegian shelf. In
the 1970s, exploration was concentrated in the areas south of the 62nd parallel, and in 1971 the Palaeogene Frigg field was
discovered, followed by the Jurassic Statfjord field in 1974. Production from Statfjord began five years later in 1979.

Storm rages in the North Sea. Being an oil worker
in conditions like these is challenging. (Photo:
Statoil)

The Statfjord area in the evening light. The Statfjord development comprises
three production platforms and a loading buoy system, which together constitute one of the Norwegian state’s largest single revenue generators. The picture
also shows many of the other production platforms in the Tampen area.
(Photo: Statoil)

The 1980s was the age of the giants. Numerous large discoveries were made in this period and the industry prospered as the
development projects became increasingly more ambitious and technologically advanced. During this phase, many of the
North Sea’s giant fields such as Gullfaks, Oseberg, Troll and Snorre, all of which have their reservoirs in Jurassic rocks, came
into production. In 1987, six of the Ekofisk field production installations had to be jacked up after subsidence of the sea floor
beneath the platforms was discovered in 1984.
During the 1990s, hydrocarbon exploration took the great stride out into deeper waters. During the 15th concession round in
1996, 14 of the 18 production licences awarded were in the Norwegian Sea. In 1997, two major discoveries were made, one
of which was the Palaeogene Ormen Lange field. After Troll, Ormen Lange is the second largest gas field on the Norwegian
shelf. In 1993, the Jurassic Draugen field became the first to be put into production on the Mid-Norwegian shelf. Production
from the Jurassic Heidrun field started in 1995, and the joint Åsgard development project was completed in 1999.
Several small and medium-sized discoveries have been made in the Barents Sea, including the Jurassic Snøhvit gas field. It
was discovered as early as 1984, but has struggled to justify its commercial development, and the decision to start production was only made in 2001.
In May 1993 the Nord-Øst Frigg gas field became the first on the Norwegian shelf to shut down production, and by 1999 a
total of 10 fields had ceased production. The new millennium has been characterised by recognition of the fact that the
majority of the giant fields are approaching the end of their producing lifetimes. The Norwegian oil boom is on the verge of
passing its zenith, and the Norwegian shelf is entering what is termed its “mature” phase.
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A sea of islands replaces the Brent delta
The advance of the great Brent delta gradually came to an end as a result of tectonic
adjustments that occurred at the Middle to Late Jurassic transition. Major fault blocks
emerged, subdividing the elongate coastal and delta-dominated province that had
stretched from Norway and the Shetland Platform.

LOWER RIGHT: Seismic time map of
the Base Cretaceous Unconformity in
the North Sea. The colour scale from
red to blue indicates increasing time
and is equivalent to increasing
depth. The map shows the three rift
arms – the Viking and Central
Grabens and the Moray Firth Rift,
together with adjacent platforms.
The thickest Jurassic deposits occur
in the deep basins (blue), whereas
Jurassic sediments are thin or absent
on the platforms (red and yellow).
(Figure from the Millennium Atlas)

The North Sea province fragmented into a threearmed rift system with the Moray Firth Rift forming
a south-western branch extending from the established Viking and Central Graben complex. The hub
of this three-armed rift became the site of intense
volcanism, with the emplacement and eruption of a
suite of up to 2 km of intrusive rocks and lava flows.
The Horda and Stavanger Platforms, that contain
the Stord and Egersund Basins, respectively, are
located to the east of the rift. The Horda Platform
and the North Sea basins are bounded against the
basement by the Øygarden Fault Zone, which runs
parallel to the mainland coast.
Minor volcanoes appeared in the southern Viking
and Central Grabens, in the Egersund Basin, and
along the Norwegian coast. In areas at some distance
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The Tampen area is the most productive oil province
in the North Sea, and the site of a series of giant discoveries in both the Norwegian and UK sectors. Fault
blocks are aligned closely adjacent to each other, and
the majority contain hydrocarbon accumulations.

Lo
mr
eT
er
ra
ce

Tampen
Terrace

A diversity of fault block morphologies
Large tilted fault blocks were formed on the terrace
and platform areas both within, and closely adjacent
to, the Viking Graben. They are typically several tens
of kilometres across with faults that extend deep into
the crust. They also form giant oil and gas traps.
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Map of the North Sea showing the
major Late Jurassic structural elements. Note that the platforms adjacent to the coast contain shallow
basins. (Figure modified after H.
Brekke)

from the volcanoes we find airborne ash deposits
interbedded with the other strata. The composition
of the volcanics indicates that they originated from
the melts generated in the uppermost mantle.
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One could almost drill at random and still have an
approximately 20 % chance of making a discovery.
The Central Graben in the southern North Sea evolved
somewhat differently. When structural movements
began in the Late Jurassic, thick Zechstein salt sequences in the Central Graben (see Chapter 9) began to
move, causing the formation of minor, subsidiary fault
blocks superimposed on larger, more deeply-rooted
fault blocks. Hydrocarbon traps in the Central Graben
are thus smaller and more complex than the giant
rotated fault blocks of the northern Viking Graben.
The salt drove its way up between the secondary
blocks as both diapirs and pillows. This forced the
blocks apart, often forming depressions between the
fault blocks where, at many locations, Late Jurassic
sands were deposited directly above the salt. During
the Cretaceous these depressions were elevated to form
hydrocarbon traps such as the Ula and Gyda fields.
East Shetland Basin
Lyell

Viking Graben

Ninian Alwyn

Drowning of the North Sea Basin
The structural movements caused rivers to stop supplying sediments from the North Sea Dome in the
south, and a sea-arm gradually encroached southwards into the Viking Graben. The massive Brent
delta eventually became completely submerged and
the sea flooded the North Sea Dome. Smaller delta
complexes and shallow marine sandbanks were superimposed on what had earlier been the main Brent
delta provenance area, and today the resulting sediments form the upper parts of the Sleipner and
Hugin Formations.
At the same time southern Norway and the Shetland
Platform were uplifted, and sands and muds were
transported into the rift along newly-established
drainage systems. In the early Late Jurassic several
hundreds of metres of marine clays, silts and sands
were deposited firstly in the Viking Graben, then
later in the Central Graben, and finally along the
North Sea Basin margins. These deposits are greyish
in colour and are termed the Heather Formation.
They contain fossil bivalves, ammonites and belemnites. Much of the original stratification of these sediments has been destroyed by the action of burrowing
organisms and is evidence of active water circulation
at the sea-floor. These sediments were deposited at
the same time as rotation of the fault blocks was taking place. As a result, the succession is thickest
immediately adjacent to the fault escarpments, and
becomes progressively thinner across the blocks
themselves.
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ABOVE LEFT: Simplified geological
sections traversing the Viking and
Central Grabens, illustrating the contrasts in structural development
depending on the presence or
absence of salt. In the Central
Graben, Permian salt has caused secondary fault blocks to develop above
the larger, more deeply-rooted fault
blocks. (Figure modified after the
Millennium Atlas)

Early-Middle
Jurassic

2

Tracing of an interpreted seismic
profile from the northern North Sea,
extending from the East Shetland
Basin, which forms the southern
extension of the Tampen Terrace,
across the Viking Graben to the
Horda Platform. Note how the major
oil and gas fields are situated on tilted fault blocks. (Figure modified
after the Millennium Atlas)
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Contrasting sediments in a core from
the Heather Formation, including a
laminated mudstone from well
16/10-1, a bioturbated mudstone
from well 16/10-1, and a homogeneous sandstone from well 16/1-5a.
The wells are from the southern
Viking Graben. (Photos: Norwegian
Petroleum Directorate’s website;
www.npd.no)

Increasing water depth

16/1-5a
6/1-5a
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16/10-1
6/10-1
16/10-1

10 cm

Meanwhile, subsidence along the rift resulted in progressively increasing water depths, until eventually
wave and current action was no longer able to transport sand from the coastal areas, and in the latter
half of the Late Jurassic only mud was deposited.
Bottom conditions in the North Sea basins became
stagnant and, in the northern provinces, the resulting organic-rich black mudstones are termed the
Draupne Formation. They are termed the Tau and
Mandal Formations in the central and southern
provinces, respectively. These strata also contain fossils, but these are dominated by organisms that
swam in the upper water layers, such as ammonites,
belemnites and fish. Along the axes of the Viking
Palaeogeography and depositional
environments in the North Sea during the Late Jurassic, showing the
Oxfordian and Volgian evolutionary
stages. During this 15 million-year
period, the North Sea Basin was submerged and transformed into a sea
of islands. (Figures modified after the
Millennium Atlas)
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and Central Grabens, these deposits are several kilometres thick, but are relatively thin on the highs and
basin flanks.
Islands emerge from the sea
Where the fault blocks rose above sea level, islands
were formed, and thus became subject to erosion.
The sediments here were only recently deposited and
relatively unconsolidated, and so erosion was relatively rapid. Landslides, slumping and coastal erosion were active along the steep fault escarpments,
while on the more gently sloping flanks, rivers were
the most important agents of erosion. At first, watersheds were established along the steep fault escarpments, but these were inherently unstable and were
rapidly eroded. This resulted in the progressive backward migration of the watersheds, and after some
time the islands assumed a more symmetrical profile.
Sediments eroded from the islands were transported
out into the basins and deposited in depressions
between the fault blocks.
Studies of the microfossils from these deposits reveal
that they contain a mixture of early Middle and Late
Jurassic forms. Fossils from Early to Middle Jurassic,
and lowermost Late Jurassic, strata have been eroded
and subsequently re-deposited, while the youngest
Late Jurassic fossils are found in their original stratigraphic position. The reworked fossils thus often
exhibit a so-called “inverted” stratigraphy, resulting
from the fact that those sequences deposited first
were eroded last. The oldest reworked fossils are thus
found in the youngest Late Jurassic strata.
Sand and mud are reworked to produce sand and mud
Sediments deposited between the fault blocks
include both reworked Late Jurassic mudstones and
Early and Middle Jurassic sandstones. On the largest
fault blocks erosion was deep enough to remove
deltaic sandstones from the Brent Group and from
the deeper Statfjord Formation. The sand was redeposited along the margins of the islands in sloping
foreshore and beach settings, and sandstones of this
type form excellent reservoirs in the Borg field in the
Tampen area. Sands were also transported into deeper water by density currents and were deposited as
submarine fans in the deepest parts of the basins.
Today, hydrocarbons are being produced from reservoirs of this type. Elsewhere, erosion did not penetrate deeper than the earlier Late Jurassic mud
deposits. Consequently we find only reworked mud
in the basins between these islands.

Conceptual diagram of tilted fault
blocks. In this example the blocks
are also tilted lengthwise so that
they are partly emergent and partly
submerged, as was the case for
many Late Jurassic blocks. Note how
the leading edges of the blocks are
subject to erosion by landslides, and
by fluvial and coastal processes.
Sediments deposited prior to, or during, the early phases of tilting are
now eroded. These are the equivalents of the Brent Group and
Heather Formation, respectively.
Reworked material was deposited in
depressions between the fault
blocks, either as fluvial deposits
where the blocks were emergent, or
as submarine sand and mud where
they were submerged. These are the
equivalents of the Draupne and
Munin Formations.
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Active
deposition
Active
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Erosive wave action

Active
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Alluvial plai
Steep slide slopes
Marine clays and deep marine sand (Draupne Formation)
Submarine fan
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Coastal sand
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3/9-16

33/9-15
3/9-15

34/8-7
4/8-7

I

II

III

IV

Mass deposits along the
fault block’s steep
leading edge.

I

Mudstone containing thin
silt horizons (turbidites)
deposited in the stagnating,
deeper parts of the basin.

Bioturbated sandstone,
deposited in shallow water
with good circulation.

II

III

Laminated sandstone
deposited along the fault
block’s trailing edge.

Cores from the Draupne Formation
in the Tampen area, showing sediments deposited adjacent to the
Late Jurassic islands. The examples
are from wells 33/9-15 and 33/9-16,
located south of the Snorre field, and
from well 34/8-7 on the Visund field.
The diagram below shows a simplified fault block with the cores projected along its length, although in
reality the cores are from two different basins. Laminated mudstones
occur in the deeper basins, bioturbated sandstones in shallower
waters, and laminated sandstones in
foreshore settings on the gently
sloping fault block flanks. Mass
movement breccias are common on
the steep leading edges of the
blocks. (Photos: Norwegian
Petroleum Directorate’s website;
www.npd.no)
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blocks such as Snorre and Gullfaks may have exceeded 500 metres.
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Diagram of the Snorre fault block,
showing a reconstruction of its original morphology, and indicating the
extent of subsequent erosion. Note
that erosion is greatest across the
steep fault escarpment, and much
less on the gently tilted trailing
edge.
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Locally, fault block uplift was significant, and fault
blocks in the northern Tampen area were elevated by
more than one kilometre. Uplift and erosion of the
islands occurred simultaneously so that they were
gradually denuded as they emerged. The result of
this was that an island’s topographic summit at any
given time was significantly lower than the overall
uplift. However, the relief across the largest fault

Close to the coast
On the flank of the rift we find intensely bioturbated
shallow marine mudstones and sandstones, indicating that well-oxygenated bottom water conditions
prevailed here, with much better living conditions
for the bottom-living, so-called benthic, organisms.
Close to the Norwegian coast, between Bergen and
Sognefjord, sand-rich delta systems established themselves and supplied the sands which now form the
Krossfjord, Fensfjord, and Sognefjord Formations.
The great Sognefjord delta was located seaward of
the mouth of Sognefjord, which at that time was a
youthful river valley. Sands from this delta form the
oil and gas reservoirs in the Troll field. They are the
products of deep weathering of phyllitic basement
rocks, and are thus highly micaceous.

THE STATFJORD FIELD – ONE FAULT SCARP IN A SEA OF ISLANDS
The Statfjord oil field is Norway’s largest,
and represents the largest and most
straightforward fault block in the Tampen
area. However, its eastern bounding fault
zone is highly complex, and these are not
ordinary faults. When the Statfjord block
was uplifted and became an island in the
early Late Jurassic, recently deposited
sediments became unstable and began to
slide down the fault escarpment.
The slides were composed primarily of
massive consolidated blocks, or loose
rock masses that slid down the slope in
the same way as avalanches. The complex suite of fault blocks formed by fault
zone gravity collapse is termed a fault
scarp degradation complex. As oil production in the main part of the Statfjord
field reaches its conclusion, the additional reserves in these slide blocks become
increasingly important, but the oil here is
more difficult to produce.

An example of slides and mass movements at the leading edge of a rotated fault block in
the present Suez Rift. (Photo: I. Sharp)
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Seismic profile from the leading edge of the
Statfjord fault block showing the complex of minor
slide blocks situated just behind the main fault
plane. (Figure after J. Hesthammer et al.)
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TROLL – BIG NUMBERS FROM A GIANT FIELD
The Troll Field is located about 80 km north-west of Bergen, and extends over a huge area of about 700 km². The reservoir lies at between 1300 and 1600 m below sea level, and contains 224 million m³ oil and 1325 billion m³ gas.
It was discovered in 1979 and is the largest gas discovery on the Norwegian shelf. The field comprises two main structures, Troll Øst and Troll Vest, and the reservoirs are sandstones of the Late Jurassic Sognefjord Formation. Troll Øst contains mainly gas, with a thin oil zone of no more than between 0 and 4 m thick. Troll Vest also contains gas, but here the
oil zone is between 12 and 26 m thick.
Troll is one of the world’s largest energy-related projects. The Troll Gas development project comprises the massive concrete Troll A platform, linked by a gas pipeline system to a treatment plant at Kollsnes outside Bergen. About 60 % of
Norway’s total gas reserves reside in the Troll field, and the Troll Gas project thus represents the cornerstone of Norwegian
gas production. The technology and sheer scale of the Troll Gas installations have aroused interest around the world. At
about 472 m high, Troll A is the largest concrete production platform in the world, and stands in 303 m of water. In comparison, the Eiffel Tower in Paris is 300 m high. The platform weighs 656,000 tonnes and is the largest structure ever
moved by man. It has been designed for a lifetime of 70 years.
When the Troll field was discovered, the oil was regarded as worthless, but after only ten years plans for completion of
the Troll Oil project were well under way. The Troll Oil development includes the construction of two floating platforms,
Troll B and C, together with numerous complex subsea installations, remote-controlled wellhead assemblies and blow-out
protectors. These are linked by a pipeline system to the surface platforms, situated 340 m above them and several kilometres distant.
Oil recovery from Troll has been critically dependent on the advances in horizontal drilling technology, including the development of multi-branching wells. These make it possible to reach greater oil volumes without increasing the total number
of wellheads and valves. Today, the Troll Oil project has become one of the largest oil fields on the Norwegian shelf.

Oil from the Troll field is produced by means of a network of
horizontal and multi-branching
wells, which are linked back to
installations located on the sea
floor. (Figure courtesy of Hydro)
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Greenland loses its influence
Unsurprisingly, the evolution of the Norwegian Sea basins has much in common with that
in the North Sea, not least because they shared the rift system that extended along the
entire shelf from the southern North Sea to the Barents Sea.

In much same way as in the North Sea Basin, the
Norwegian Sea basins also began to subside at the
onset of the Late Jurassic. During the initial rifting
process the Mid-Norwegian shelf was fragmented
into a series of basins and highs. Today, we can see
only the eastern flank of this rift, represented by the
Halten-Dønna Terrace. The Nordland Ridge forms
the north-eastern extension of this terrace. The
Trøndelag Platform is located east of the rift, together with the Helgeland and Froan Basins, and these
all combine to form the eastern rift shoulder. The
rift axis to the west lies deeply buried beneath several
kilometres of Cretaceous rocks within the Rås Basin,
and cannot be clearly resolved by seismic data. One
particular area along the outer Møre and Vøring
margins subsided more slowly than its surrounding
provinces, and now serves to divide the MidNorwegian shelf basins from those in East
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The major Late Jurassic
structural elements on the
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Greenland. Late Jurassic subsidence in the
Norwegian Sea resulted in the cessation of the great
sediment advances from the western Greenland flank
of the Mid-Norwegian shelf province.
The Halten-Dønna Terrace comprises a series of
rotated fault blocks, which were emergent and
formed an archipelago situated offshore MidNorway, very similar in general appearance to the
terrace provinces of the Tampen and Oseberg areas
to the south. Most of the oil and gas fields on the
Mid-Norwegian shelf are located in this province.
Mobilisation of Late Triassic salt
Beneath the Jurassic sequences of the northern
Trøndelag Platform and Halten-Dønna Terrace, we
find salt deposits resulting from the vast Late Triassic
saline seas. In response to Late Jurassic tectonics,
these evaporites began to move, in much the same
way as the Zechstein evaporites in the Central
Graben further south. Similarly again, we observe
the formation of secondary fault blocks superimposed on the larger, more deeply-rooted, fault
blocks. Salt forced its way up between the blocks as
diapirs and pillows and caused the blocks to move
laterally in relation to the underlying sub-salt
sequences. Geologists call this process “raft tectonics”. Further south we find no evidence of salt movements and here the Halten Terrace comprises a single massive fault block, approximately 45 km across.
Mud replaces sand
Rifting began in the latter part of the Middle
Jurassic and resulted initially in the uplift and erosion of the underlying Garn Formation sandstones
around the margins of the Trøndelag Platform and
Halten Terrace. Subsidence and increased water
depths during the first half of the Late Jurassic
resulted in the deposition of marine mud over much
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Tracing of an interpreted seismic
profile across the Halten Terrace,
extending from the Trøndelag
Platform, adjacent to the presentday coast of Mid-Norway, to the
Sklinna Ridge that limits the
Halten Terrace in the west. Most
of the oil and gas fields offshore
Mid-Norway are found in tilted
fault blocks on the Halten Terrace.
(Figure modified after P. Blystad
et al.)
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The Spekk Formation is mature for oil generation
across most of the Halten-Dønna Terrace, guaranteeing that the traps in this area contain large volumes
of oil.

Palaeogeography and depositional environments on the MidNorwegian shelf during the Late
Jurassic, showing the Late
Kimmeridgian – Early Volgian
and Ryazanian evolutionary
stages. During this period, the
Frøya High, lying offshore
Kristiansund in Møre og Romsdal
county, was first uplifted before
being progressively submerged.
(Figure modified after J. Gjelberg)

Local sand deposition
The larger fault blocks were uplifted by more that
one kilometre and formed elongate islands. They
were deeply eroded and thus became an important
source of sand that was then transported into the
basins between the fault blocks.

6405

6406

Spekk
Form.

6407

6405

6406

6407

Spekk
Form.

Rogn
Form.

igh

In the latter part of the Late Jurassic, mud rich in
marine algae and plankton was deposited, and the
resulting mudstones are termed the Spekk
Formation. Shells and the fossil impressions of
swimming organisms such as ammonites and belemnites are common, but the remains of benthic organisms are rare. The mudstones were deposited under
anoxic bottom conditions and have excellent oil
source potential, very similar to that of mudstones
deposited in the North Sea at the same time. The
best source potential occurs in the upper part of the
formation in the youngest Jurassic sequences. On
the highs, the lowermost units are very thin, providing ample evidence that fault movements were active
during their deposition, whereas the uppermost
units exhibit more constant thicknesses and tend to
drape across the highs. This marks the conclusion of
Late Jurassic rifting and heralds the onset of a phase

of thermal subsidence as a result of crustal cooling
beneath the rift.

Frø
ya
H

of the mid-Norwegian shelf, which is now termed
the Melke Formation. The resulting mudstones are
calcareous and contain fossils such as bivalves and
ammonites. Bioturbation has destroyed much of
their primary stratification, especially in the lower
part of the succession, indicating that open marine
conditions and active water circulation prevailed
during deposition. Since the sediments were deposited at the same time as the blocks were in the process
of rotation, depositional patterns between the fault
blocks exhibit a marked wedge-like geometry. These
deposits are typically several hundred metres thick
between the fault blocks, but may be several kilometres thick in the deeper parts of the rift. They contain much terrestrial material, and may have some
potential as a source for gas, although in general
these mudstones represent a relatively poor hydrocarbon source.
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Draugen field

Western margin of
the Halten Terrace

During the Middle Jurassic the Frøya
High was draped with sediments
before being uplifted and eroded in
the Late Jurassic. Elevation reached a
maximum during the Kimmeridgian,
and eroded material was transported
into the basins adjacent to the high.
Subsidence during the latest Late
Jurassic resulted in the eventual submergence of the Frøya High during
the Early Cretaceous. (Figure modified after J. Gjelberg)

By the end of the Jurassic, the sea gradually
encroached the Frøya High until the structure
was completely submerged. Shallow marine
sands were deposited along the margin as a
result of this relative rise in sea level

ya
Frø

h
Hi g

Structural collapse along the
western margin of the Frøya High.
Submarine sand fans were deposited
along the fault escarpment.

Middle Jurassic sandstones were eroded from the
broad Frøya High, located south-east of the Halten
Terrace. The sand was re-deposited as shallow
marine sandbanks along the flanks of the terrace
The Late Jurassic Hareelv Formation
in East Greenland, which comprises
organic-rich mudstones similar to
the Spekk Formation in the
Norwegian Sea. The sandstones in
the picture were originally deposited
as deep marine fans, but were later
remobilised and injected into the
mudstones. (Photo: J. Gjelberg)
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itself. The resulting sandstones are termed the Rogn
Formation, and form the hydrocarbon reservoir in
the Draugen field. Rapid subsidence caused many of
the fault blocks on the Halten Terrace, especially in
its southern province, to be flooded during the early
Late Jurassic, although they retained their topographic relief.
Knowns and unknowns
During the Middle Jurassic, the Mid-Norwegian
mainland was a lowland area. It is possible that Late
Jurassic rise in seal level may have caused parts of
present-day Trøndelag and Nordland counties to
become submerged. However, this is somewhat
uncertain since later uplift has removed all traces of
such events. We also know relatively little of the evolution of the deeper western part of the Vøring
Basin, since no wells have penetrated the Late
Jurassic in this area. These deposits are also poorly
resolved on seismic data. Supposedly, the outer
Vøring Basin provinces were affiliated to the rift’s
western flank and sediments were derived from
Greenland. Excellent exposures of Late Jurassic
deposits occur in East Greenland, and these are very
similar to sediments encountered on the MidNorwegian shelf.

BASIN MODELLING
It has taken nature several hundred million years to generate the hydrocarbons that now fill reservoirs on the Norwegian
shelf. In order to understand the processes that have produced these oil and gas accumulations, geologists use a concept termed “basin modelling”. This process involves the use of computers to recreate basin evolution, including the
generation and migration of hydrocarbons through geological time.
The first step is to reconstruct the basin’s step-wise geological evolution, layer by layer. The units are then successively
removed, and the underlying surface adjusted to its position as it was during deposition. This process is called “backstripping”. At the same time a variety of methods is applied in an attempt to determine the geothermal history in the
rocks. When this has been completed, step-wise computer simulations are employed to drive the geological evolution
forward in time. This is done using algorithms that calculate the maturation of organic material in the source rocks, and
thence the timing of oil and gas generation. This process is called “forward modelling”. The duration of each of the
modelling steps is normally a few million years.
In the search for oil and gas, many of the structures that are mapped may be dry. Oil may once have migrated into a structure but then leaked away, possibly along faults, or because the cap-rock was not sufficiently impermeable. In some cases,
the oil may have been displaced by gas. Gas is lighter than oil and will always be situated above an oil column in a trap.
Basin modelling enables geologists to determine where within a sedimentary basin one can most probably expect to
find hydrocarbon accumulations, because it allows them to view oil and gas generation processes in the context of the
timing of the formation of structures that can act as hydrocarbon traps. It is also helpful in predicting which hydrocarbon
phase, oil or gas, may be dominant in a given trap and, in some cases, in what proportions these will occur.
Nature has taken 150 million years to generate hydrocarbons and fill the hydrocarbon reservoirs on the Norwegian shelf.
However, it takes less than one hour to recreate this process using a computer. Normally, several simulations are performed in order to test different modifications of the basic model of what might have happened beneath the sea floor
during geological time. In this way it is possible to provide an expression of the margin of error among the different outcomes, and these data are used to assist decision-making prior to drilling.
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3D display illustrating the outcome of a straightforward simulation showing the likely location of oil and gas accumulations on the Dønna
Terrace, Mid-Norwegian shelf. (Figure after A. Tømmerås)
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A vast northern inland sea
During the Late Jurassic, the greater part of the Barents shelf was a stable platform, little
influenced by the extensive rifting processes occurring further south. However, rifting in
the Norwegian Sea gradually progressed northwards and eventually reached the southwestern Barents Sea.

The Norwegian Sea rift extended first and foremost
into the Hammerfest Basin, and to some degree also
into the Bjørnøya Basin. Late Jurassic successions in
the Barents Sea exhibit several hiatuses, indicating
that tectonism was already active early in the Late
Jurassic. However, the initial movements were on a
limited scale and, although the subsurface was subdivided into fault blocks, these were not tilted as were
their counterparts in the North Sea and on the
Halten-Dønna Terrace. This milder form of tectonics resulted in only limited subsidence, and sediments deposited at this time are thus somewhat
thinner than in the North Sea and Norwegian Sea.
Proper rifting commenced in the south-western
Barents Sea by the end of the Late Jurassic, and it
was only then that the fault blocks began to rotate.
Rifting continued into the Early Cretaceous, just as
the process in the North Sea was coming to a close.
Fault blocks in the Hammerfest Basin closely resemble their counterparts in the North Sea and on the
Halten-Dønna Terrace. They also form the traps that
contain most of the hydrocarbon discoveries made to
date in the Barents Sea. Their controlling faults follow long-established zones of crustal weakness.

Finnmark
Platform

The Barents shelf subsides
Initially, the sea retreated from the southern Barents
Sea area, leaving coastal plains that dominated sedimentary environments during the Early and Middle
Jurassic. It is not clear whether this was due to smallscale uplift or to global sea level changes.
Subsequently, subsidence of the Hammerfest and
Bjørnøya Basins led to the flooding of these coastal
plains. Initially, marine mud was deposited in the
west and then gradually also in the Nordkapp Basin
area further east. The southern Barents shelf became
a vast, open and continuous shallow sea with excel-
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Tracing of an interpreted seismic profile across the Hammerfest Basin,
extending from the present-day coast
of Finnmark in the south to the
Loppa High in the north. Jurassic
units are very thin due to only limited
subsidence. The basin began to
assume its present form during the
Late Jurassic, but is primarily a
Cretaceous structure. (Figure modified after R.H. Gabrielsen et. al)

The rifting process contributed to the formation of
the Loppa, Stappen and Sentralbanken Highs in the
western and central parts of the Barents Sea. Today,
and as a result of their being uplifted and eroded
during the latest Late Jurassic and Early Cretaceous,
Late Jurassic sediments are absent from these structures. During the Early Cretaceous, parts of the
Loppa High were eroded, exposing strata as old as
the Triassic. Deep canyons and gorges that formed
channels for the transport of sediments into the
basins are visible on seismic data. These sediments
were deposited as numerous sand fans around the
margins of the Loppa High.
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The northern Barents Sea
The northern Barents Sea remained unaffected
by Late Jurassic rifting. Late Jurassic rocks have
been mapped in the Sørkapp and Olga Basins,
and in Svalbard, where they can be studied on
dry land. The area extending from the
Sentralbanken High to Edgeøya forms an elongate ridge, and due to later Tertiary and
Quaternary uplift we find little or no sediment
younger than of Triassic age preserved here.
However, during the Late Jurassic the northern
7120/7-3
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Map showing the major Late Jurassic
structural elements in the Barents
Sea. During the Late Jurassic, the
Hammerfest and Bjørnøya Basins
developed as distinct structures, and
rifting resulted in uplift of the Loppa,
Stappen, and Sentralbanken Highs.
(Figure modified after H. Brekke)
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Over much of the area, the Fuglen Formation is
succeeded by a succession of highly organic-rich
mudstones, and these are termed the Hekkingen
Formation. They are greyish-brown and were
deposited under stagnant bottom conditions.
The mudstones contain occasional thin calcareous horizons, together with ammonites and
belemnites. Bivalves are also common, especially
in the upper part. At some locations we find socalled “coquina horizons”, which are particularly
rich in fossils. The mudstones contain a high
proportion of marine algae and plankton and
thus have an excellent potential as source rocks.
They have in fact acted as source rocks for many
of the hydrocarbon accumulations so far discovered in the Hammerfest Basin.

0°

Russia

lent water circulation. The lowermost mudstones
are calcareous with only minor concentrations of
organic material, and are termed the Fuglen
Formation. They are generally highly fossiliferous and, just as in the Norwegian Sea, bivalves
and ammonites are very common. The Fuglen
Formation mudstones are bioturbated and at
many locations it is impossible to detect the primary stratification.

Hekkingen
Form.
Norway

LOWER LEFT: Cores from the Fuglen
and Hekkingen Formations in the
Hammerfest Basin, showing bioturbated Fuglen Formation mudstones
from well 7120/7-3, and laminated
and bioturbated organic-rich
Hekkingen Formation mudstones
from well 7120/2-2. The palecoloured horizons in the middle of
the core are calcareous. (Photos:
Norwegian Petroleum Directorate’s
website; www.npd.no)

Palaeogeography and depositional
environments on the Barents shelf
during the Late Jurassic Oxfordian
stage. The Barents Sea area was
occupied by a vast shallow sea with
a carbonate platform in the area of
Franz Josef Land in the northeast.
(Figure modified after H. Brekke)
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GREETINGS FROM OUTER SPACE – THE MJØLNIR CRATER

by Henning Dypvik

The Mjølnir crater lies hidden, but well-preserved, some tens of metres below the sea floor on the Bjarmeland Platform
between Svalbard and the Norwegian mainland. It is overlain by an impermeable overburden, and has thus been protected from external weathering processes. The crater has been studied using a variety of geophysical methods, the detailed
analysis of stratigraphic cores, and advanced numerical modelling. Such studies have provided a thorough understanding
of this jewel of Norwegian geology. Today, Mjølnir is one of the Earth’s most studied impact structures, and is well-known
among the world’s experts in the field. The crater is 40 km in diameter, and is characterised by an innermost central high
and a smaller elevated area between this and the outer elevated crater rim. Surveys have shown that sediments in the
impact area were crushed to a depth of 6 km below the sea floor. The impact imparted a massive shock to these rocks,
involving temperatures of thousands of degrees under which some would have completely melted, and enormous pressures under which diamonds may have formed.
The impact occurred 142 million years ago at the Jurassic-Cretaceous boundary. In what must have been a deafening
spectacle, an almost 2 km-diameter meteorite crashed into about 400 m of water at a velocity of over 20 km/s! The water
and much of the sea floor would simply have been evaporated and washed away, while enormous explosions generated
dust clouds that drifted around the globe. Dust and rocks were thrown into the air, and violent flood waves (tsunamis)
radiated from the impact site at velocities of several hundred km/h. It has been calculated that the sea floor over the 40
km-diameter impact area was transformed into dry land, and remained more or less free of water for approximately half
an hour. During this short period the sea floor burned, and clouds of ash and soot were discharged into the air. These dust
particles are very distinctive and can be recovered from sediments in the Arctic today.
At the time, the Mjølnir impact had serious consequences for animal and plant life in the area. However, no major mass
extinctions have been linked to this event. Calculations indicate that for many years after the impact, the central high
would have remained emergent as an island measuring between 5 and 8 km across. Animals and plants would have
returned to the area quite quickly. In fact, some forms of algae appear to have enjoyed a massive blooming event immediately after the impact, and it appears that animal and plant life was flourishing again only a few years afterwards.

Svalbard
Barents Sea
Mjølnir

J.Reierstad
J.Reierstad
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Barents Sea was probably the site of a continuous,
shallow marine basin in which organic-rich mudstones similar to those found in the southern Barents
Sea and in Svalbard were deposited.
Svalbard submerged
Late Jurassic mudstones can be studied on the slopes
of the Janusfjellet mountain, lying to the northeast
of the seaward approach to the town of
Longyearbyen on Spitsbergen. They also occur in
hillsides along Spitsbergen’s east and west coasts, and
on the eastern Svalbard islands of Wilhelmøya and
Kong Karls Land. At some locations we find the
well-preserved shells and fossil impressions of
ammonites, belemnites and bivalves. The bivalve
Buchia is very common. At some locations we find
highly fossiliferous beds, about 10-20 cm thick.
Skeletal remains of Ichthyosaurus and Plesiosaurus
have also been discovered, in addition to the monstrous Pliosaurus, one of the largest predatory reptiles that has ever lived.
During much of the Early and Middle Jurassic,
Svalbard alternated between being just above and
just below sea level. During this time coastal plains
were well established to the west of Spitsbergen. Late
Jurassic subsidence, combined with a rise in sea
level, caused these plains to become submerged, and
the coastline retreated westwards across Greenland.
Several hundred metres of marine clay and silt were

deposited over the greater part of the Svalbard area.
These deposits have been termed the Agardhfjellet
Formation. The lowermost units are made up of
highly bioturbated grey mudstones, indicating oxygen-rich bottom waters. The upper units are black
and very rich in organic material, with organic contents that vary between 4 and 6 %, implying a
change from oxygen rich to anoxic bottom waters,
similar to the major parts of the Norwegian Shelf.
The organic-rich mudstones are characterised by the
presence of so-called “paper shales”, which are
formed when very thin horizons of non-bioturbated

Geological map of central
Spitsbergen. Jurassic outcrops are
shown in blue. Jurassic rocks are
also buried at depth beneath
Cretaceous and Palaeogene successions in central Spitsbergen. (Figure
modified after the Norwegian Polar
Institute)
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Cretaceous
Jurassic
Triassic
Permo-Carboniferous
Basement

Janusfjellet

Isfjorden

Black, organic-rich, “paper-shale”
mudstones in the upper part of the
Agardhfjellet Formation on
Janusfjellet, Svalbard. Inset: Fossil
impression of an ammonite. (Photos:
A. Nøttvedt)
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Mudstone containing variously sized
shells of the bivalve Buchia, from the
Agardhfjellet Formation on Janusfjellet,
Svalbard. The sample is about 20 cm
across. (Photo: A. Nøttvedt)

claystones and siltstones are weathered. As is the case
for the rest of the Norwegian shelf, organic material
was composed primarily of plankton and algal
remains. The mudstones thus have an excellent
potential as source rocks.
In the middle part of the succession we find a series of
sandstone units that were originally deposited as sandbanks. This suggests that the Jurassic seas became
shallower for a period, since very similar sandbanks
occur in the shallower parts of the North Sea today.
Better water circulation
The uppermost Jurassic deposits are termed the
Rurikfjellet Formation and are composed of dark
grey, bioturbated mudstones containing only very
few traces of their primary lamination, indicating
that an active benthic fauna inhabited and burrowed
extensively in the bottom sediments. They are relatively homogeneous and continue uninterrupted
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into the Cretaceous. The Jurassic-Cretaceous boundary is characterised by a distinct horizon of yellowish-green plastic clay, the Myklegardfjellet Bed,
which was deposited over much of the Svalbard area.
This unit is only a few metres thick and contains the
mineral glauconite. The significance of this horizon
is uncertain, but the presence of glauconite is characteristic of open marine basins supplied with only
limited volumes of sediment.
The transition to the Cretaceous heralded the onset
of sea-floor spreading in the Arctic Ocean, resulting
in the uplift and erosion of northern Svalbard and
the ancient Lomonosov Ridge landmass. Uplift
caused the development of a regional southerly dip
which increased with time, and this in turn led to a
gradual southward migration of the coastline.
Alternating beds of mud and sand were deposited
into the basin along the advancing coastline.

FOSSIL DISCOVERIES IN SVALBARD

By J.H. Hurum, H.A. Nakrem and A. Nøttvedt

Some remarkable discoveries of Late Jurassic marine reptiles have been made on the soft papershale slopes of the massive Janusfjell mountain in Svalbard. In 2002, a group of students and lecturers from the University Centre in Svalbard
(UNIS) came across a fine plesiosaur specimen during one of their annual field expeditions. However, further excavations
required experts, and an expedition from the Natural History Museum in Oslo was dispatched to supervise removal of the
specimen. They excavated not only the remains found by the students, but also an ichthyosaur skull and a second larger
plesiosaur. The total of 10 skeletons were mapped in the same area, the largest of which was twice as large as the first
discovery, with vertebrae up to 10 cm in diameter. This was the first discovery of a Jurassic ichthyosaur head in Svalbard.
Bones buried in permafrost are easily broken into small pieces and destroyed when subject to repeated melting and
freezing. They were therefore cast in plaster of Paris to protect them prior to transport to the preparation laboratory.
The plesiosaurs were descendants from terrestrial reptiles that had later returned to the sea. They preyed on fish and
squid. Plesiosaurs first appeared during the Triassic and died out 65 million years ago at the same time as the dinosaurs.
The specimen found in Svalbard, Tricleidus svalbardensis, could be between 8 and 10 m in length, and weigh up to 10
tonnes. The species belongs to the medium-sized group of plesiosaurs, characterized by a relatively short neck.
Ichthyosaurs are marine reptiles with a dolphin-like body. They bore live young and were highly efficient predators of
squid and fish. They appeared in the Triassic but became less common during the Jurassic and became extinct before the
dinosaurs. The specimen found in Svalbard was approximately 5 m long and weighed tonnes.
In 2006 remains of a large pliosaur were found in the same area. The bones were excavated in the summer of 2007. It is
estimated to be from a 15 meter long individual making it one of the longest and most massive plesiosaurs ever found.
Pliosaurs were the top predators in the sea at the time, preying upon squid-like animals, fish, and even other marine reptiles.

This is how a plesiosaur may have appeared. (Figure
courtesy of the Natural History Museum, Oslo)

Excavation of the plesiosaur, showing the neck and one of the paddlelike flippers. (Photo: A. Nøttvedt)

The skull of an ichthyosaur. (Photo: A. Nøttvedt)

This is how an ichthyosaur may have appeared. It reminds us
of modern dolphins but has a quite different anatomy. For
example, and in contrast to the dolphins, it had vertical, not
horizontal tail fins. (Figure courtesy of the Natural History
Museum, Oslo)
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