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The Pilarberget mountain, due west of Longyearbyen in Svalbard, with the Nordenskiöldfjellet mountain in the background. These are composed of Palaeogene strata, with the exception of
the lowermost units just above sea level, which are of Cretaceous age. (Photo: A. Nøttvedt)

Norway rises from the sea
Palaeogene and Neogene (Cenozoic) – the modern continents
take shape: 66–2.6 million years ago

The Palaeogene and Neogene periods – also known
as Tertiary and Quaternary – were extremely
important in the geological evolution of Norway
and its adjacent areas. During the Palaeogene, the
Norwegian Sea began to develop by rifting, accompanied by major volcanic activity on Greenland
and in the western oceans. The volcanic island of
Iceland was formed during the Neogene. The North
Sea became a shallow marine basin, which periodically became dry land. After sea-floor spreading
between Norway and Greenland, the Norwegian
Sea evolved into a deep ocean. During the
Neogene, ice was formed at the poles and deep,
cold-water ocean currents were generated in the far
north. These had a major influence in creating the
basis of the food chain in the western oceans. Giant
oil and gas fields were formed in the North Sea
and the Norwegian Sea.

Palaeogene plate reconstruction.
Norway’s location in yellow.
The globe is viewed obliquely from the
north, such that Norway appears to be
located further south than it actually
was. (Illustration: R. Blakey)

Palaeogene and Neogene (Cenozoic),
the modern continents take shape;
66–2.6 million years ago
The Palaeogene and Neogene (Tertiary and Quaternary) are characterised by intensive crustal tectonics,
involving massive continental collisions and the formation of mountain belts such as the Alps and the Himalayas.
During the Palaeogene, the northern Atlantic Ocean opened and evolved into a deep ocean basin.
The Norwegian mainland was uplifted and mountains were formed once more. In the north,
Svalbard and Greenland collided, resulting in the formation of a major fold belt
along the west coast of Spitsbergen.

Introduction
The Palaeogene and Neogene – better known by the terms Tertiary and Quaternary – combine
to form the Cenozoic era, and it was during this period that Norway as we know it today
began to take shape.
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he plate that carried Norway continued to drift northwards during the Palaeogene and Neogene
(Tertiary and Quaternary), and the continents began to assume the locations and the general outlines that they possess today. The Cenozoic thus represents the conclusion of Norway’s long journey
from the southern hemisphere to high northern latitudes.
The opening of the Norwegian Sea began in the Palaeogene. While provinces further south in the Atlantic
Ocean had started to drift apart and form broad oceans as early as the Triassic, continental drift between
Greenland and Norway began about 55 million years ago. Prior to this, at the end of the Cretaceous and the
onset of the Cenozoic, major lava eruptions occurred both on Greenland and in the oceans west of Norway,
in response to rifting of the crust.

Reconstruction of the continental
landmasses 50 million years ago in
the Palaeogene. The continents are
shown in brown, continental shelves
in light blue and oceanic crust in
dark blue. (Figure modified after R.
Blakey)

Continental drift and crustal tectonics had a major influence on Norway’s climate. The opening of the
Norwegian Sea allowed heat exchange between the warm and cold water masses of the southern Atlantic and
the northern oceans, respectively, while the formation of the semi-continuous Pyrenean, Alpine and
Himalayan mountain chain during the Neogene effectively inhibited exchange between
tropical and polar air masses. The combination of northward continental drift
Norway
and changing circulation patterns resulted in a transition from the warm
and humid climate that initially had prevailed from Cretaceous times, to
The Alps
a period of cooling that intensified during the Neogene.
Atlantic
Tethys Ocean

Himalaya

Ocean

Our modern ecosystems arose during the Cenozoic. The mammals,
flowering plants, insects and birds evolved rapidly, together with the
attribute of intelligence, which had survival advantages over brute
strength. Continental drift and tectonics also resulted in uplift of the flat
Cretaceous plains on the Norwegian mainland, producing the now familiar
mountainous landscapes incised by deep valleys.
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Formation of a new ocean
Rifting processes that had continued through the Mesozoic culminated during the
Palaeogene in sea-floor spreading and the formation of oceanic crust in the North
Atlantic.

As the North American and North European plates
drifted apart, the Norwegian Sea evolved into a deep
ocean underlain by a crust composed of volcanic
rocks. The final break between the continents, and
the onset of sea-floor spreading, occurred about 55
million years ago at the transition between the
Paleocene and Eocene epochs. This replaced the
Topographic map of Scandinavia and
the Norwegian Sea displaying the
relative depths of different crustal
provinces. (Figure: J.F. Dehls et al.)
1) Mainland: very thick continental
crust, most of which was uplifted
during the Cenozoic.
2) North Sea: shallow marine
province overlying thinned continental crust – oil and gas province.
3a) Deep Norwegian Sea: very deep
marine province overlying thin and
weakened oceanic crust.
3b) Shallow Norwegian Sea: shallow
to moderate depth marine province –
oil and gas province.
4a) Mohns Ridge: mid-ocean
ridge/submarine mountain chain.
4b) Knipovich Ridge: mid-ocean
ridge/submarine mountain chain.
5) Jan Mayen Fracture Zone: transform fault zone separating provinces
spreading at different rates.
6) Vøring Plateau: volcanic highs
formed during sea-floor spreading
and continental drift.
7) Barents Shelf: shallow marine
province overlying thinned continental crust subject to late uplift: oil and
gas province.
8) Storegga slide scar: massive
Holocene submarine slide.
9) North Sea and Bjørnøya Fans:
Pleistocene deep marine fans.
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deep, elongate seaway that had existed between
Norway and Greenland during the Cretaceous, which
was probably no more than a few hundred kilometres
across, and was not underlain by volcanic crust.
New sea floor
Sea-floor spreading takes place along submarine
mountain ranges, so-called spreading ridges, which
are characterised by a central rift valley. The rift valley represents the spreading centre from which lava
erupts at the sea floor to form new oceanic crust.
The North Atlantic spreading ridge is located along
the centre of the Norwegian Sea. To the north of
Iceland, it is known as the Kolbeinsey Ridge, and to
the south, the Reykjanes Ridge. Because spreading
ridges are often located in the middle of the great
oceans, they are termed “Mid-Oceanic Ridges”.
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The geological term Tertiary has its origins in Italy in
1760, when the Italian geologist Giovanni Arduino
described sequences of this age. It was originally the
third of the four major geological periods following
the Primary (Palaeozoic) and Secondary (Mesozoic),
and succeeded by the Quaternary. As the need to
understand geological time has increased, together
with the demand for data to support age determinations, some older terms have become redundant, and
the term Cenozoic now covers both Tertiary and
Quaternary, although Quaternary is kept as part of
the latest Cenozoic. The Cenozoic is divided into the
Palaeogene and the Neogene, The Palaeogene
extends from 65 to 23 million years ago, and comprises the Paleocene, Eocene and Oligocene epochs.
The Neogene extends from 23 million years ago and
comprises the Miocene, Pliocene, Pleistocene and
Holocene epochs. These terms will be used in the current chapter.

Sea-floor spreading in the Norwegian Sea continues
today at rates varying from between a few millimetres
to a few centimetres per year. The ridge is thus classified as a slow spreading ridge. It is broad and has a
deep axial rift valley, is intensively faulted, and exhibits
a very irregular bathymetry. Submarine volcanoes are
located along its length, rising to between 50 and 500
m above the ocean floor. Rapid spreading ridges, such
as those found in the eastern Pacific Ocean, typically
exhibit a smoother, dome-like, and less elevated relief.
Oceanic crust is normally between 5 and 7 km thick
and is formed by a combination of magma that
solidifies below the sea floor along the ridge axes,
and lava that erupts onto the sea-floor itself. The
magmas crystallise primarily as basalts and gabbros.
Fragments of oceanic crust that have subsequently
been brought to the surface, for example during
phases of orogenic folding, are called ophiolites. The
major oceans are formed because oceanic crust is
thinner and denser than continental crust, which

can be up to 70 km thick and is mainly composed
of granitic rocks. Oceanic crust thus tends to subside
in relation to the surrounding continents.
Sea-floor spreading is a very gradual process and
takes place over many millions of years. During such
a prolonged period the Earth’s magnetic field may
undergo several reversals. Newly-formed oceanic
crust is thus magnetised alternately, forming a pattern that reflects fluctuations in the Earth’s magnetic
field. This pattern of magnetic anomalies provides
the most important evidence for sea-floor spreading,
and demonstrates that oceanic crust becomes older
with increasing distance from the spreading ridge
(see also Chapter 2).

Submarine volcanic activity in the
Mariana Island Arc in the western
Pacific Ocean. Large photo: Venting
of carbon dioxide under very high
pressure. Inset: Precipitation of iron,
copper and zinc sulphides near a
submarine “smoker” volcano.
(Photo: Submarine Ring of Fire 2004
Exploration, NOAA Vents Program)
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The magnetic field is also reflected in sedimentary
rocks, as magnetic particles tend to become aligned
with the magnetic field during deposition. The orientation of the magnetic particles can be measured
and used for relative dating of the rocks. This is termed magnetostratigraphy.
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Expansion of the Norwegian Sea
At the end of Cretaceous, about 65 million years ago,
the shortest distance between Norway and Greenland
was about 150 km. During the Palaeogene and
Neogene the Norwegian Sea widened in several phases and along different spreading ridges. Today the
ocean is about 1,600 km wide, almost ten times that
65 million years ago, and it is sea-floor spreading that
is responsible for the volcanic activity, lava eruptions
and earthquakes that we see on Iceland, Jan Mayen
and along the mid-ocean ridge.
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While ocean depths between Norway and Greenland
were perhaps between 800 and 1,000 m during the
early Palaeogene, today they can reach 4,000 m or
more. The reason for this increase is that oceanic crust
formed at the spreading ridges subsides as it cools.
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The processes that promoted continental break-up
and formation of the Atlantic Ocean were linked to
widespread tectonic activity throughout Northern
Europe, which also resulted in the uplift of western
Scandinavia. In addition, crustal movements that
resulted in the formation of the Alps also influenced
events closer to Norway, although to what extent
remains uncertain. Ancient deep crustal structures

50°
N

50°V

M0

33
34

30

13

5

6

ly
ma

20°V

10°V

HF
Z

Barents
r
shelf

FZ
J
Jan
Mayen
y

SFZ

Magnetic anomalies in the
Norwegian and Greenland Seas. The
map illustrates symmetrical spreading in the Norwegian Sea between
Jan Mayen and the Barents shelf.
Towards the southwest, and in the
northeast between Svalbard and
Greenland, spreading patterns are
more complex.
HF = Hornsund Fault Zone
SF = Senja Fracture Zone
JMB = Jan Mayen Fracture Zone
(Figure after BATLAS/O. Olesen)

JM

Simplified map showing magnetic sea-floor anomalies and the age of the North Atlantic and Arctic
Ocean crust. Blue denotes the oldest oceanic crust
and yellow the youngest. The volcanic crust below
the oceans shows more or less parallel bands of
magnetic anomalies produced when lavas are
emplaced along the spreading ridges. During cooling
they become magnetised, consistent with the Earth’s
magnetic field at the time of formation. The bands of
magnetic anomalies are numbered in chronological
order (“chrons”) and exhibit increasing age with distance from the active spreading ridge. During the
Palaeogene and Neogene, sea-floor spreading was
most active in the south, and less so in the north. The
Greenland and Barents Sea plates started to move
apart at magnetic anomaly 13, some 30-35 million
years ago. (Figure modified after BATLAS/E. Lundin)
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Map showing generalised continental topography and sea-floor
bathymetry centred around Iceland.
The deep oceans are coloured blue
and shallow marine environments
are yellow/pale brown. The shallow
ridge extending from Greenland
through Iceland to the Faeroes
(GIR/IFR) is made up of a chain of
extinct volcanoes.
GIR = Greenland-Iceland Ridge
IFR = Iceland-Faeroe Ridge
AeR = Aegir Ridge
JM = Jan Mayen
MR = Mohns Ridge
KnR = Knipovich Ridge
YP = Yermak Plateau
NR = Nansen Ridge
MB = Møre Basin
VB = Vøring Basin
LM = Lofoten Margin
SWBS = South-western Barents Sea
(Figure after BATLAS/E. Lundin)
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along the continental margin may also have influenced
the pattern of crustal break-up and continental drift.
A hot mantle plume
During the early Palaeogene, a region of extremely
hot mantle, a so-called mantle plume or hot-spot,
developed in the North Atlantic region, with its centre beneath southern Greenland. It caused partial
melting of the overlying continental crust, allowing
magma to force its way up to the Earth’s surface and
form volcanoes.
In situations where high-temperature and partially
molten magma is less dense than the surrounding
rocks, the crust will be elevated. The Greenland
plume produced thermal uplift over a vast region
more than 700 km in radius.
As continental drift carried Greenland westwards,
the older volcanoes became extinct and new volcanoes formed above the plume as it, in relative terms,
migrated eastwards out into the Atlantic Ocean,
leaving a chain of volcanoes in its wake. Today, this
chain forms the submarine ridge extending across
the North Atlantic from Greenland to the Faeroes. It
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passes through Iceland and is responsible for the formation of the island, which is a highly active volcanic centre, subject to frequent eruptions. West of
Iceland, the ridge is known as the Greenland-Iceland
Ridge. East of Iceland, it is termed the IcelandFaeroe Ridge.
Transform zones
The expansion of the Norwegian Sea resulted in the
formation of fracture zones. These are always oriented in a SE-NW direction, approximately at right
angles to the spreading ridge. There are several of
these zones, but the exact number is currently the
subject of much debate among research scientists.
Modern bathymetric maps reveal that all the world’s
mid-oceanic spreading ridges are transected by such
fracture zones, also known as transform zones. They
are the sites of lateral displacement and arise to compensate for irregularities in spreading rate along the
ridges. Oceanic plates move faster at some locations
than at others with the result that fracture zones may
develop within the plates. Spreading rate variations
may be linked to a number of factors, including conditions within the mantle, the volumes of magma
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erupted at the spreading ridge, and the degree of
resistance that a given plate encounters as it moves.
The Jan Mayen Fracture Zone
The best-known transform zone in the Norwegian
Sea is the Jan Mayen Fracture Zone. Displacement
along a given transform zone may either be sinistral,
by which a plate is displaced to the left in relation to
its neighbour, or dextral, where relative displacement
is to the right.
On the Norwegian shelf, the Vøring Basin is located
north of the Jan Mayen Fracture Zone, and the
Møre Basin to the south. While the Vøring Basin
has been subject to intense tectonic activity throughout the last 65 million years, the Møre Basin has
undergone a more tranquil evolution, with some
important exceptions. The major structural evolution of the Møre Basin occurred during the
Cretaceous.
An ancient ocean encounters the new
During the earliest Palaeogene, the Barents Sea plate
was attached to the Greenland plate, but crustal
movements linked to the opening of the Norwegian
Sea induced faulting along the plate boundary. The
boundary thus developed primarily as a transform
zone, along which the Barents Sea plate was displaced laterally to the right, or dextrally, as viewed
from the Greenland plate. This transform zone
extended northwards, and connected sea-floor
spreading processes in the Arctic Ocean with the
opening of the Norwegian Sea.
The western margin of the Barents Sea plate is in
fact defined by two parallel transform zones. In the
north-west it is bounded by a zone which runs seaSubmarine eruption of pillow lavas,
Kilauea volcano, Hawaii.
(Photo: G. Tribble)

ward of, and parallel to, the west coast of
Spitsbergen and south to Bjørnøya – the so-called
Hornsund Fault Zone. South of Bjørnøya, the plate
boundary makes an abrupt turn to the west, where it
is bounded by another transform zone, the Senja
Fracture Zone, which continues southwards and
intercepts the Norwegian coast close to the island of
Senja. At this location Norway’s continental shelf is
at its narrowest, and oceanic crust formed during the
early Palaeogene is identified less than 100 km offshore. Thus, the Lofoten islands and the area around
Senja were close to being carried away as part of the
Greenland plate.
As Greenland slid past Norway, an increasingly large
part of the Barents Sea plate, composed of older
continental crust, came into contact with newlyformed oceanic crust formed in the west.
The transition from continental to oceanic crust
varies. At some locations, the continental margin is
faulted, step-like, down to the deep ocean where
new oceanic crust is formed. Elsewhere, the transition from the Barents to the North Atlantic plates
occurs along one or a number of major faults
exhibiting throws of several kilometres.
Opening of the Greenland Sea
Some 30-35 million years ago, changes occurred in
the relative directions of plate movement, resulting
in the onset of sea-floor spreading in the Greenland
Sea. This caused also the Barents Sea and Greenland
plates to drift away from each other, driven by a
spreading ridge in the Greenland Sea between
Svalbard and Greenland. The ridge is divided into
two segments, the southern Mohns Ridge, and the
northern Knipovich Ridge.
Prior to continental break-up and opening of the
Greenland Sea, there was a period of extension along
Svalbard’s western margin. The margin was subject
to intense faulting, and today we find rotated fault
blocks and grabens, such as the Forlandsundet
Graben, on the continental shelf along Spitsbergen’s
west coast.
The Lomonosov Ridge abandons Svalbard
At the same time as the Norwegian Sea began to
open, a change in the spreading pattern occurred in
the Arctic Ocean. Throughout the Cretaceous, seafloor spreading had been active in the Canada Basin
north of Canada and Alaska. However, at the beginning of the Palaeogene, the spreading axis migrated
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quantities of volcanic ash were deposited during the
Paleocene-Eocene transition at the opening of the
Norwegian Sea, and ash units are now encountered
from the North Sea Basin in the south to the
Barents Sea shelf in the north. Lithified volcanic ash
is termed tuff. In addition, magma was emplaced
into the crust in the form of sills and dykes.

LEFT: Map showing distribution of
gas eruption craters in the Møre and
Vøring Basins. (Figure modified after
H. Svensen)
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into the northern Barents shelf province. This resulted in the formation of an elongate landmass, the socalled Lomonosov Ridge, which became separated
from the rest of the Barents shelf.
The new spreading ridge between Svalbard and the
Lomonosov Ridge is called the Gakkel Ridge, and
the resulting deep ocean basins have been named
after great Norwegian polar explorers. Thus the
Nansen Basin is situated between Svalbard and the
Gakkel Ridge, and the Amundsen Basin is located
between the Gakkel and Lomonosov Ridges.

On the outer Mid-Norwegian shelf these volcanic
deposits are several hundred metres thick, and
extend eastwards into the Vøring and Møre Basins,
where they form a northeast-southwest trending
province, aligned parallel to the spreading ridges.
Lava and ash horizons were deposited both along the
rift structure’s eastern slope, and along the recent
spreading axis. Initially, this slope was inclined to the
east, away from the rift structure. However, today
these units dip to the west because they were rotated
after the outer marginal provinces were subjected to
several kilometres of subsidence.
Volcanic activity on the shelf
Signs of volcanic activity are encountered also in the
interior of the Mid-Norwegian shelf, at some distance from the spreading ridges. Here, the volumes
of lava were insignificant in comparison to those
erupted in the western oceans, but there is evidence
of the emission of gases and other fluids. These
emissions were the product of magma forcing its
way into sediments at depth, heating the formation
waters, and causing pressure to build up. The gases
and fluids then found their way to the surface and,
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Diagram showing the formation of
gas eruption craters. Initially, magma
is intruded into organic-rich mudstones. Gases and fluids then ascend
rapidly through the sedimentary succession causing a “blow-out” at the
sea floor. Methane (CH4) forms a
high proportion of these gases.
(Figure modified after H. Svensen)
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Today, the Lomonosov Ridge lies directly beneath
the North Pole and forms a submarine ridge extending across the entire Arctic Ocean Basin.
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A submarine Armageddon!
The transition to sea-floor spreading in the Norwegian
Sea was accompanied by intense volcanic activity,
especially during the earliest Palaeogene. As the crust
was progressively stretched, enormous volumes of lava
were erupted, firstly on land and later on the sea floor.
Lava that erupts under water cools very rapidly to
form pillow-like structures, so-called pillow lavas.
Volcanoes discharged ash that rained down over land
and sea. Explosive eruptions produced volcanic ash
composed of rock, mineral and volcanic glass particles less than two millimetres in diameter. Enormous

Gas eruption craters

1 km

N

A. Seismic depth map at the base of the Cenozoic showing several large circular structures representing gas eruption craters (Figure from A. Groth). B. Seismic profile across a gas eruption crater. Craters appear as circular depressions in Palaeogene sequences. Gas eruption craters are discharge vents for gases and fluids formed after the heating of subsurface sediments by magmatic intrusions.
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PLATEAU BASALTS ON GREENLAND

Uppermost on the horizon we see the lava plateau surrounding the Christian IV Glacier in Nansenfjord, Hold with Hope, East Greenland. In the
nearby mountain, lavas are superimposed on fluvial sandstones and mudstones of Paleocene and Cretaceous age. Lowermost in the picture a
thick intrusion has been emplaced in the Cretaceous mudstones. (Photo: M. Larsen)

Towards the end of the Cretaceous, the crust beneath East Greenland began to fragment, and enormous volumes of lava
erupted and flowed across the land surface and further out to sea. This event was a forerunner to the rifting and opening
of the Norwegian Sea. Today, these great lava suites form vast plateaus in the Greenland landscape. In addition, intrusions
were emplaced as part of a process that continued into the latest Cretaceous and early Paleocene. These are over 100 m
thick at some locations. The lavas are of basaltic composition and are termed plateau basalts because of their extensive
distribution.
Volcanic activity related to the opening of the Norwegian Sea continued into the Paleocene and attained enormous magnitudes, both in time and space. The cumulative volcanic successions on both sides of the Norwegian Sea represent what
is termed a LIP (Large Igneous Province). Earth history has seen the evolution of several LIPs, including those in Siberia, the
Deccan Traps in India, and the Columbia River province in the USA. All are associated with so-called mantle “hot-spots”
and, in many cases, with the opening of new oceans.
The formation of many of these provinces has coincided with major mass extinctions, and it is generally accepted that volcanism on the scale required to produce an LIP must have had a significant influence on the Earth’s climate and ecosystems, both in terms of dramatic global cooling events and acidification of the atmosphere.

in some cases, were discharged from large craters on
the sea floor. Several thousands of these craters have
been identified in the Norwegian Sea.
The Vestbakken Volcanic Province
Volcanic deposits are also encountered in the socalled Vestbakken Volcanic Province, situated
between the Hornsund and Senja Fracture Zones.
Here, the crust underwent extension and was
thinned, resulting in intense volcanic activity and
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the eruption of lavas several hundreds of metres
thick onto the sea floor. Today, at least two volcanoes have been identified on seismic data. These
lavas erupted at the same time as those in the
Norwegian Sea. In addition, there is evidence of a
much more recent volcanic event which occurred
within the last 5 million years, and caused the formation of volcanic rocks both in an area southwest
of Bjørnøya, and on northern Spitsbergen, although
the origins of these events are as yet unknown.

NORWEGIAN VOLCANOES

By Winfred Dallmann
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Jan Mayen with the Beerenberg mountain in the background. (Photo: P-E. Dahlen)

It is not generally known that there exist active volcanoes on Norwegian territory at the present day, in addition to several
more that have been active in very recent times. The most active volcano is found on the small island of Jan Mayen far
out in the Norwegian-Greenland Sea. The shelf surrounding the island was formed some 40 million years ago during the
opening of the Atlantic Ocean, and is composed of relict continental crust. In contrast, the oldest rocks above sea level
are only 500,000 years old. Jan Mayen is linked to a submarine volcanic mountain chain called the Jan Mayen Ridge.
North of Jan Mayen the sea floor slopes steeply to depths of over 2,000 m. At this location, the otherwise continuous
Mid-Atlantic spreading ridge is displaced by some 200 km. This displacement continues to increase today at a rate of
about 2 cm per year. Due to its location, volcanic activity and earthquakes are frequent on and around the island. The
majestic 2,277 m-high Beerenberg mountain on Northern Jan Mayen is the world’s most northerly active terrestrial volcano. It is also one of Norway’s highest peaks, exhibiting smooth flanks that slope at about 30°, immediately surrounding
the central crater. The lower slopes of the main massif are inclined at about 15°. This break in slope angle is the result of
the formation of a young stratovolcano cone, composed of alternating layers of lava and volcanic ash, superimposed on
an older shield volcano constructed primarily of lavas.
The largest recorded eruption on Jan Mayen occurred during September-October in 1970, and was reported by a passing
passenger aircraft, which had observed an 11 km-high column of smoke. Lava was erupted from several craters along a 5
km-long zone of fissures at the north-eastern tip of the island. The eruption continued for over three weeks and produced
about 0.5 km³ of lava, creating over 4 km² of new land out across the pre-existing sea floor, which had previously been
300 m deep. However, within a few years more than half of this new rock had been removed by erosion.
At Bockfjord in northernmost Svalbard we find travertine terraces associated with spectacular and active hot springs with
water temperatures of up to 28 °C. Also here are the remains of three Neogene volcanoes, Sverrefjellet, Halvdanpiggen
and Sigurdfjellet, of which the Sverrefjellet stratovolcano is the best preserved.
There are several localities on the north and north-western coasts of the island of Bouvetøya in the Southern Ocean
where we find fumaroles, which are small vents or fractures from which volcanic gases and steam are emitted. At its summit, Bouvetøya also possesses a caldera, the result of the explosive collapse of a volcanic crater. There are no historical
records of eruption on Bouvetøya, but the neighbouring volcanic Thompson Island was supposed to have been totally
destroyed by an eruption as recently as 1895.
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Life and the landscape take on
familiar shapes
Norway was subject to continuous climate change throughout the Palaeogene and Neogene
(Tertiary and Quaternary), and our modern ecosystems evolved both on land and in the sea.
Landscape features that evolved during the Cenozoic can still be recognised today.

Climatic zones during the
Palaeogene. Norway was located in
the northern warm temperate zone.
(Figure modified after C. Scotese)

Mammals inhabited the vast plains
during the Palaeogene and Neogene.
They evolved rapidly and began to
resemble modern mammalian
groups. (Illustration: B. Bocianowski)
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During the Palaeogene the climate continued to be
water masses of the southern Atlantic Ocean and the
warm and humid, as it had been during much of the
cooler waters of the northern oceans. The Gulf
Jurassic and Cretaceous. Volcanic activity in the NorStream, which is vital in maintaining Norway’s preswegian Sea was responsible for massive carbon dioxide
ent climate, forms an integral part of this circulation
emissions into the atmosphere, and researchers believe
pattern, and today’s south-westerly cyclone path
that submarine craters may have been the sites of sigdirected towards the Norwegian coast is a consenificant methane gas discharges from the subsurface.
quence of this change.
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Cold (temperate)
This may be linked to a combinaThese massive orogenic events
tion of continental drift and tectonics. As Norway
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masses between polar and tropical latitudes.
progressed, heat was exchanged between the warm
Eventually, this resulted in global cooling and a
Greenland

Himalaya

series of glacial periods, or ice ages, during the
Pleistocene (see next chapter).

During the Cenozoic, the major mammalian groups
evolved in step with new plant groups.

Modern life forms gain a foothold
The Cenozoic is often referred to as the age of mammals. However, this is somewhat misleading, partly
because the mammals themselves first appeared long
before the Cenozoic, and partly because mammals
were hardly the only group of animals inhabiting the
planet at this time. The Cenozoic might just as easily
be called the age of flowering plants, or of insects, or
of birds. The Cretaceous-Palaeogene transition
marks perhaps the best-known species mass extinction in the planet’s history (see Chapter 13). On
land, the dinosaurs and all the larger reptiles became
extinct, while in the oceans the ammonites died out
entirely, and other groups were severely reduced in
diversity. In contrast, the mammals, birds, insects
and flowering plants underwent rapid evolution.

Extensive swamp forests appeared on land, characterised by conifers such as Metasequoia and the
unique pine species Pinus succinifera, which produced large quantities resin now preserved as amber.
Deciduous trees also became common and their
pollen is frequently used to date rocks from this
period. During the Neogene the appearance of the
grasses was a major floral evolutionary development,
and in turn laid the foundation for the evolution of
long-limbed animals, which were to become adapted
to life on the grassy savannas and prairies. As a
group, the horse family enjoyed remarkable success.

Mammals gradually occupied the niches in the food
chain, which the giant herbivorous and carnivorous
dinosaurs had recently vacated. They rapidly evolved
new climbing, burrowing and swimming forms.

Corals and bryozoans inhabited the oceans together
with soft-bodied gastropods (snails) and bivalves,
including Ostrea, Mytilus and Pecten. After the
numerous and diverse ammonites became extinct,
the cephalopods, including the ten-armed varieties,
became more dominant. The fish evolved progressively towards the groups that we recognise today
and sharks, in particular, assumed giant forms.
Species of up to 20 m in length have been recorded.

Foraminifera (microfossils) from the
Palaeogene on the Norwegian shelf.
Diameter: 0.4-0.6 mm. (Photo: R.W.
Williams)

Foraminifera (microfossils) from the
Neogene on the Norwegian shelf.
Diameter: 0.4-0.6 mm. (Photo: R.W.
Williams)

A fragment of fossil wood (above)
from the Aspelintoppen Formation in
Svalbard. The structures in the fossil
are almost as clearly defined as in a
modern wood fragment (below).
(Photo: A. Nøttvedt)

Closely-packed layers of beech
leaves in a mudstone from the
Aspelintoppen Formation, Svalbard.
At the time of deposition Svalbard
was covered by vast alluvial plains
and warm-temperate beech forests.
(Photo: A. Nøttvedt)
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During the Palaeogene the Norwegian mainland
began to rise. Geologists recognise five periods during which the landscape was uplifted. The last of
these periods is probably not concluded, although it
is difficult to be certain. Today, mainland Norway
continues to rise in response to isostatic rebound following the last glacial period. This isostatic uplift is
so rapid that it may mask uplift due to other causes.

Fluctuating sea levels
Significant changes in sea level occurred throughout
the Palaeogene and Neogene, and the aforementioned periods of uplift have been linked to some of
these changes. Sea level changes are also partly the
product of plate tectonic influences, such as variations in sea-floor spreading rates. Rapid spreading
rates produce hotter spreading ridges with increased
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Palaeogene and Neogene stratigraphic columns for the continental
shelf provinces and Svalbard. The
shelf is dominated by mudstones,
with local sand deposition in the
North Sea, Norwegian Sea and in
Svalbard. Cenozoic deposits are
absent over much of the Barents
shelf.

Norway emerges
During the Cretaceous the landmass that is now
mainland Norway was a relatively flat lowland, or
peneplain, which was periodically encroached by the
sea. The fjords and deep valleys that we recognise in
the Norwegian landscape today did not exist.

Rogaland

Palaeogeography and the most
important sediments on the
Norwegian shelf and surrounding
areas during the Palaeogene. The
northern European landmasses and
Greenland closely resemble their
modern outlines. Thick volcanic
series were formed in the western
Norwegian Sea and on East
Greenland. (Figure modified after H.
Brekke)

Continental shelf deposition also reflects these uplift
events. As the mainland was progressively uplifted,
sand and mud were transported first by rivers, and
then by submarine currents out onto the deeper
continental shelf. The succession which we now
observe in wells and on seismic data records fluctuations between periods of abundant supply of sand
and mud out onto the shelf, and periods when sediment supply was much more restricted.
Unsurprisingly, phases of increased sediment supply
followed periods when the mainland and adjacent
marine provinces underwent uplift.

Shetland
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Alluvial plain – mud and sand
Coastal and shallow marine – sand
Marine – mud
Deep marine – sand
Volcanic rocks

NEOGENE

UK

Cenozoic uplift had two distinct centres in Norway.
Uplift in the south was focused in the Jotunheimen
mountains, while in northern Norway there is a centre located in the Ofotfjord region. The area between
them, centred close to Trondheimsfjorden, has been
subject to significantly less uplift.

One branch of the apes descended from the trees,
perhaps as a result of high species density, and began
to explore the African plains. These were the
hominids, the forerunners of modern humans.
During the Quaternary, the hominids began to use
tools and develop primitive languages based on gesticulation. This in turn led to an explosive development in brain capacity, and the human race was
born!

CENOZOIC

Greenland

PALAEOGENE

Fennoscandia

It is not possible accurately to date the phases of
continental uplift, because relevant deposits of this
age containing index fossils for dating are not preserved onshore in Norway. Any young terrestrial
deposits were transported to the continental shelves
as sand and mud during the last glacial period.

Increasing intelligence
Cenozoic life forms are characterised by an increasing degree of intelligence, in contrast to the
Mesozoic, during which survival strategies were
founded on brute strength. During the Palaeogene
several mammals evolved larger brains, indicating
intelligence similar to that of modern groups. The
most intelligent creatures were the forest apes and
dolphins.

Svalbard orogeny
Opening of Norwegian Sea
and uplift of mainland
Uplift of mainland
Rifting in Norwegian Sea

relief, and these displace water resulting in a sea level
rise. Slow spreading rates result in faster cooling and
subsidence of the ridges, which in turn causes sea
level to fall.

Bedrock geology
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Profile 3

Domes and basins

At the onset of the Oligocene, about 30-35 million
years ago, large volumes of ice began to form in the
Antarctic, and global falls in sea level resulted from
ice becoming bound up in these new ice masses.
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If we construct curves through the block fields and
the highest summits at various locations across
Norway, regular, but somewhat asymmetrical profiles
are revealed. The curves are generally steepest in the
west and more gently inclined on their eastern
flanks. In the west they are interrupted by steepsided valleys and fjords that were formed during the
Quaternary glaciations (see Chapters 15 and 16). In
the east, the profiles are much less affected by glacial
erosion. These summit profile curves are interpreted
as representative of an ancient, pre-glacial, denuded
landscape.

Map and profiles illustrating
Scandinavian topography and morphology. In Norway there are two significant centres of uplift, a southern
(SS) and a northern (NS). During the
Cenozoic, the sub-Cambrian peneplain that extends westwards from
Sweden and Finland was uplifted by
some 1,000-1,500 m in southern and
northern Norway. Hence, present-day
topography may be a reflection of
that established as early as the
Caledonian orogeny. (Figure after K.
Lidmar-Bergstrøm and J.O. Näslund)
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2000

In many of the highest mountainous regions of
Norway, there are extensive areas covered by socalled block fields, composed of boulders formed by
frost-shattering and the weathering of exposed rocks.
These are characteristic of southern Norway and
some locations along the coast of the Møre region,
where block fields may also be found at sea level.
The block fields do not appear to have been noticeably eroded by the inland ice masses.
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Profile 1

Oslo Rift

The classic Norwegian landscape begins to take shape
The Norwegian fjords and inland valleys were
sculpted for the most part by glacial processes during
the last two million years. However, it is possible at
some locations to recognise landforms from periods
prior to the glaciations.

SS = Sør-skandinavisk
hevingsområde (dom)
NS = Nord-skandinavisk
hevingsområde (dom)
SSD = Sør-svenske
hevingsområde (dom)

Profile 2

Oslo Rift

Later, in the Neogene, ice established itself across
much of the Antarctic continent during several phases. This resulted in rapid sea level changes that exerted an influence on oceanic margins, and thus also
on the supply of sand and mud from the continents.
During periods of high sea level only limited volumes of sediments were transported into the deeper
basins. The opposite was the case during periods of
low sea level, when deltas and sand-rich foreshore
environments extended far across the continental
shelves, supplying large volumes of sand and mud to
the deeper basins.
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Aerial photograph of Åndalsnes in
Møre og Romsdal county, showing
different Cenozoic landscape features. The peaks in the background
are of approximately the same
height and define the old Cenozoic
landscape. The elevated, gently-sloping valley shoulders to the right
were probably formed by fluvial erosion and downcutting into the palaeic landscape during the Neogene.
The glacial landscape is characterised by the present U-shaped valleys and fjords. This landscape is further modified by post-glacial
processes involving downcutting by
rivers and the formation of younger
flood plains. (Photo: Fjellanger
Widerøe)

The landscape that existed prior to the development of
Norway’s characteristic glacial geomorphology is
termed the “palaeic” surface (see also Chapter 15). This
surface is a composite landscape combining inherited
Palaeozoic, Mesozoic, Palaeogene and Neogene landforms and surfaces. The fact that this surface today is
not flat, but uplifted, is the result of the irregular
nature of Paleocene and Neogene uplift processes.

Jotunheimen and Trollheimen massifs, and the
Lyngen Alps. All these features rose above the lowlands in both southern and northern Norway at that
time, although the area around Trondheimsfjorden
remained low. Major rivers may have transported
sand and mud to the Mid-Norwegian coast across
these lowlands, which extended eastwards into present-day Sweden.

The flat, severely denuded lowland that existed at
the close of the Cretaceous also exhibited distinct
elevated regions, which we identify today as the
summits of Gaustatoppen, Hallingskarvet, the

Ancient structures and new fjords
Older landscape features have also influenced
Norway’s geological evolution during the Cenozoic.
In map view, the fjords and the valleys along the

coast of the Møre region and up to
Trondheimsfjorden exhibit dominant NW-SE and
NE-SW orientations. The latter trend is approximately parallel to the coastline. It is noticeable that
some fjords and valleys curve systematically towards
the southwest, and at some locations combine to
form a rectangular pattern.
The NE-SW trend is aligned parallel to old and
well-established structures associated with the socalled Møre-Trøndelag Fault Complex. This is a
complex fault zone and the product of much older
Caledonian tectonic movements of Ordovician and
Silurian age, possibly extending back to the
Precambrian. The fjords and valleys along the MøreTrøndelag Fault Complex are themselves located
within zones of weakness formed during the
Caledonian orogeny, although it is clear that these
zones have been subject to more recent reactivation.
For example, we know that these faults were active
during the Jurassic since some of the fjords contain
Jurassic basins (see Chapter 11).
Some 60 to 70 million years ago these fjords were
most probably river valleys cut into the surrounding
landscape. These same valleys may already have
existed during the Cretaceous, and possibly also during the Jurassic.
In Romsdalsfjorden, just outside the town of Molde
in Møre og Romsdal county, we can see that the
local mountain peaks fall somewhat below the
smooth, palaeic surface. This indicates that the area
has subsided, and has most probably been low-lying
since the early Cenozoic. Romsdalsfjorden has thus
probably acted as an important conduit for
sand and mud supplied to the Møre
Basin.

River capture
During the Cenozoic, the principal Norwegian watershed was located west of its present position. Erosion
has since caused it to migrate eastwards. Evidence for
this can be seen at several locations where tributary
valleys are oriented in the opposite direction to the
principal river valley. Such valleys arise when strong
headward erosion causes a river to intersect the course
of another on the other side of the watershed, and are
thus able to “capture” the more slowly eroding
streams as part of their drainage network.
The river Verma in the Romsdal region is an example of a captured river. The river flows to the southeast, and belonged originally to a catchment area
feeding water to the east. However, the north-westerly flowing river Rauma continued to erode
backwards and captured segments of the
Gudbrandsdalen catchment area,
including the river Verma.

Satellite image of the area between
Stadlandet in Sogn og Fjordane
county and Trondheimsfjord. In
north-western Norway, present-day
landforms and fjords exhibit a subrectangular pattern that reflects
older geological structures linked to
the Møre-Trøndelag Fault Complex.
As a result, many fjords do not run
parallel to the coast, but exhibit an
oblique SW-NE orientation following
older fracture systems. These fjords
were probably formed along older
river valleys that were reworked by
the action of inland ice during the
Pleistocene. The rivers probably
transported large volumes of sediment to the coast. (Illustration from
Landsat GeoCover ETM+ 2000,
USGS)

Silt and sand fill the North Sea
While the Norwegian Sea evolved by sea-floor spreading and continental drift, the North
Sea Basin gradually subsided under the weight of new sediments, without the aid of continental drift.

Interpretation of a seismic profile
extending from the East Shetland
Platform, across the North Sea, to
the Stord Basin and the Norwegian
mainland. Note that sequences
derived from the East Shetland
Platform are much thicker than those
from the Norwegian mainland. The
Stord Basin, on the eastern flank of
the Utsira High, was largely filled in
during the Cenozoic. Several large
oil fields such as Balder, Grane and
Jotun are located on the western
flank of the Stord Basin, where the
reservoirs are in Paleocene sandstones derived from the East
Shetland Platform.
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Although the North Sea area was a relatively stable
province during the Palaeogene and Neogene, differential subsidence continued across the older Jurassic
rift structures such as the Viking and Central
Grabens. Overall, the crust cooled and the greatest
subsidence occurred along the axis of the rift.

The massive volcanic centre beneath Greenland and
Iceland caused crustal uplift over a vast area that
extended south to the British Isles and the Shetland
Platform. Large areas of the North Sea Basin subsided at the same time.

Subsidence rates were much greater during the
Palaeogene than during the periods immediately
before and after. Curiously, this does not fit the
aforementioned cooling model, which would predict
reduced subsidence rates over time. Geologists have
thus speculated that other agents played a role, such
as large-scale downward flexuring of the crust linked
to uplift in the west.

Horizontal stresses generated by spreading ridges are
capable of being transmitted far into the interiors of
adjacent continental plates. Measurements made in
offshore wells and in mines in Svalbard and the
Norwegian mainland demonstrate that there exists a
dominant WNW-ESE compressional stress pervading the subsurface throughout Norway, and that this
is a response to stresses exerted by the spreading
ridges in the Atlantic Ocean and Greenland Sea.

Vertical movements
Landmasses surrounding the North Sea Basin underwent several phases of uplift during the Palaeogene
and Neogene. These were probably linked to ongoing sea-floor spreading in the Atlantic Ocean, which
promoted fluctuating heat flow and lateral stresses
exerted by the spreading ridge itself.

Sand from the Shetlands
In the North Sea Basin, the deposition of carbonate
mud continued into the earliest Paleocene. These
deposits belong to the Ekofisk Formation. Gradually,
areas surrounding the Shetland Platform were uplifted, while the North Sea Basin subsided, resulting in
an increase in the supply of mud and sand to the
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Core photograph from well 25/1118 in the Grane field in the North
Sea, showing part of a severalmetre thick, oil-bearing sandstone
intrusion. These
25/11-18
intrusions were
formed when the
sand was subject to
overpressure during
10 cm
burial enabling it to
force its way into
lower pressure
regions in the overlying strata. Later,
oil migrated into
the sand and displaced the formation waters.
Reservoirs of this
type present a massive challenge for
oil recovery techniques because they
are limited in extent
and cannot be identified on seismic
data.

North Sea from the west. This effectively marked the
end of carbonate sedimentation that had been dominant during the Cretaceous.

T. 1842,00
B. 1843,00

T. 1843,00
B. 1844,00

T. 1844,00
B. 1845,00

Core photograph from well 25/11-21S in
the Grane field, showing the oil-water
contact (OWC). The dark rocks are oilbearing sandstones overlying paler,
water-bearing, sandstones. Lower-density
oil is encountered above water in the
reservoir. The sandstone was deposited
as part of a deep marine fan system.

T. 1845,00
B. 1846,00

25/11-21S

The North Sea was a deep-water basin during the
early Palaeogene, with water depths reaching up to
700-800 m in some areas in the southern North Sea.
OWC

Uplift of the Shetland Platform during the Paleocene
and Eocene resulted in the formation of extensive
delta systems. Thick successions of sand and mud
were deposited seaward of these deltas, reaching up
to 1,000 m in thickness along parts of the Viking
Graben. Smaller volumes of sand and mud were also
supplied from the Norwegian mainland.

BELOW: Interpretation of a seismic profile (above) extending south-westwards
from North Sea quadrant 35 offshore
Nordfjord in Sogn og Fjordane county.
The profile displays Late Cretaceous and
Cenozoic successions. The diagram
beneath it is of the same profile, but the
vertical axis is in geological time. It clearly shows that breaks in deposition and
periods of erosion (grey/hatched pattern)
were common, and that deposition
(brown-coloured units) in the North Sea
Basin during the Cenozoic was not continuous, but episodic. The green-coloured
intervals in the wells are mudstones,
while yellow represents sandstones.

These major delta systems advanced eastwards, but
did not extend fully to the Norwegian margin of the
North Sea Basin. The remains of these delta plain
deposits are thus encountered only in the British sector of the North Sea.
Mud was the dominant sediment type deposited in
the central North Sea Basin. During periods of high
sea level, the delta systems retreated and mud was
deposited across low-lying areas on both flanks of
the basin. The resulting mudstones are termed the
Våle, Lista and Sele Formations (Paleocene), and the
Balder Formation and Hordaland Group (Eocene).
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“Clay soup” on the sea floor
During the Oligocene, sea levels rose again and the
coastlines retreated. This resulted in the deposition
of thick packages of almost pure clay over much of

4000

31/1

30/3

Oligocene

Submarine fan deposits
During periods of lowered sea levels, delta systems
advanced far across the shelves, enabling sand and
mud to be transported further into the deeper basins
by density-driven turbidity currents. These density
currents produced extensive submarine fan systems
that reached as far east as the submarine Utsira
High. The resulting deposits are termed the Ty,
Andrew, Heimdal, Forties, Hermod and Frigg
Formations, and submarine fans of this type form
the hydrocarbon reservoirs in the Jotun, Balder,
Frigg and Grane fields.

S

Eocene

Balder Formation mudstones are of particular interest. They are composed of a high proportion of volcanic minerals derived from the enormous volumes
of volcanic ash discharged from eruptions related to
the opening of the Norwegian Sea.
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Palaeogeography and depositional
environments in the North Sea area
during the Paleocene and Eocene.
During the Paleocene, sediments
derived from the elevated East
Shetland Platform formed successions more than 1,000 m thick, as a
result of platform uplift. A large proportion of these are sandstones
deposited in deep marine fan systems. Deep marine sand fans were
also deposited in the Eocene, but
were less extensive than their
Paleocene counterparts. After burial
these became oil and gas reservoirs,
and now form some of the most
important fields in the UK,
Norwegian, and Danish sectors of
the North Sea. Relatively little sand
was derived from the Norwegian
flank, and these thin units are productive only in minor fields. (Figures
modified after the Millennium Atlas)

At many locations on the Norwegian
shelf, seismic data reveal intense
faulting in soft Oligocene clay formations. In map view, these faults form
polygonal patterns, such as here in
the Grane field in the North Sea.
Inset: Seismic profile from the Grane
field showing faulted Oligocene
deposits. (Figures after F. Biskopstø)
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the northern North Sea. These clays were of
extremely low density and can be compared to a
thick soup. During the Oligocene, sediment supply
from the Norwegian mainland was significantly
reduced compared with that from the west. It seems
likely that southern Norway was subjected to only
limited uplift at this time, which in turn restricted
the drainage area from which the rivers could transport sediment. The watershed during the Palaeogene
and Neogene was located somewhat to the west of
2 km
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N
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its present position. Hence, it was a relatively short
distance from the coast and only minor rivers developed. These were not particularly effective in transporting sediments coarser than clays out onto the
shelf.
The North Sea becomes shallower
During the Neogene, lowered sea level, combined
with the increased supply of sand and mud from the
landmasses surrounding the North Sea, resulted in a
shallowing of the basins. This process was probably
aided by the fact that sea-floor spreading in the
Atlantic Ocean was now advanced and vertical
crustal movements in the North Sea Basin had
ceased. The North Sea area thus evolved into a shallow marine basin.

Two-way time (seconds)

1,3

During the Miocene, some 15 million years ago, sea
level was exceptionally low, and a land bridge may
have existed between Western Norway and the
Shetland Platform. It is not possible to date precisely
for how long this bridge may have existed, since no
sediments of this age are preserved. In contrast, sediments from this period are encountered further
south in the North Sea.
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The Utsira Formation – a massive repository
About 12 million years ago, a system of deltas
advanced eastwards from the Shetland Platform. The
resultant delta plain was located on the basin margin

VOLCANIC ASH IN THE NORTH
AND NORWEGIAN SEAS
During a period of several million
years, beginning about 58 million
years ago, present-day Scotland, the
Shetland Platform, and East
Greenland were the sites of major
volcanic eruptions linked to the opening of the Norwegian Sea. The volcanoes discharged enormous volumes
of ash, and each eruption produced a
distinctive ash layer. Today, these ash
units can be studied in borehole cores
across the entire Norwegian shelf. The
Balder Formation in particular is characterised by its green-coloured ash
units that alternate with black mudstones. Ash was transported by winds
many hundreds of kilometres from its
area of origin, deposited in layers on
the sea floor, and later buried
beneath younger sediments.

Early Eocene volcanic ash units from well
25/11-22 (at 1,686-1,687 m depth) in the
Balder Formation. Note the interbedded
pale and darker green-coloured horizons
representing coarse and fine-grained ash
deposits, respectively. The core is 1 m
long and 10 cm in diameter.

THE FIRST OIL…

25/11-22

10 cm

within what is now UK territory, such that the
coastline extended approximately along the current
median line between the UK and Norwegian sectors.
Enormous volumes of sand were deposited in the
Norwegian North Sea, and these were subsequently
reworked by ocean currents. These deposits are now
termed the Utsira Formation.
The Utsira Formation sandstones, which are today
buried at approximately 600-800 m, do not contain
hydrocarbons. However, they are of increasing significance for the petroleum industry because they
provide a source of water for injection into deeper
oil and gas bearing reservoirs to enhance production.
This water has the same chemical properties as that

By Eigill Nysæther

In the spring of 1967, the oil company Esso drilled well
25/11-1 on what was later to become the Balder field.
This was only the second well drilled on the Norwegian
continental shelf and at 1,750 m depth, it penetrated a
thin oil-bearing sandstone. This oil represented the first
traces of mobile hydrocarbons discovered on the
Norwegian shelf, and the Paleocene sandstone reservoir
was later named the Heimdal Formation. At this location, Esso had most probably drilled simply to investigate the stratigraphy of the area, since no obvious
structural trap could be identified on seismic data.
Several wells were then drilled in rapid succession by
other operators, mainly in the Egersund Basin, but none
resulted in discoveries.
In the spring of 1968 the Phillips Group drilled the
7/11-1 well, which was only the second to be spudded
in the Central Graben. At a depth of 2,900 m the well
encountered gas-condensate in the uppermost 50 m of
a thick sandstone. This sandstone was also of Paleocene
age and the discovery, called the Cod field, redirected
the operators’ attention to the Central Graben. The first
well here had been dry, and it was only after several
attempts that a further discovery was made in
December 1969. This time, the reservoir was in Early
Paleocene chalks and the discovery was named Ekofisk
(see Chapter 13). It is a curious fact that the first well
on the Ekofisk structure (2/4-1X) also encountered oil in
a Miocene dolomite at a depth of 1,660 m, but drilling
was abandoned because of a potentially hazardous
build-up of pressure. The following well confirmed the
Ekofisk discovery at 3,000 m depth, but encountered no
hydrocarbons in Miocene reservoirs.

in the deeper reservoirs and is thus well suited for
this purpose.
The Utsira Formation is also used as a repository for
carbon dioxide, thus contributing to reducing CO2
emissions to the atmosphere. In the future, CO2
may actually be injected into oil fields as a pressure
drive and to enhance recovery factors.
Between 12 and 5 million years ago, a major delta
system advanced from the Skagerrak into the central
North Sea Basin. It is likely that enormous volumes
of sand and mud were transported by major rivers
emanating from north-western Fennoscandia, and
from as far east as present-day Russia.
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Sketch map showing the formation of a
major North Sea delta system during the late
Miocene. It originated in the Skagerrak and
occupied the greater part of the southern
North Sea Basin. (Figure modified after J.
Cartwright)

Several major Norwegian oil and gas fields have
Paleocene reservoirs. The Sleipner, Balder, Frigg and
Grane fields are among the most important in the
southern North Sea.
The hydrocarbons in these fields have been trapped
in isolated sandstone bodies encased in mudstones,
which act as seals preventing the hydrocarbons from
leaking away. Hydrocarbons are derived from Late
Jurassic Draupne Formation source rocks, and have
migrated vertically several hundred metres through
fractures and faults in overlying mudstones and
chalk.

Sediment transport

20
0

(A) Sketch map of the North Sea area during
the middle to late Miocene, when the sea
occupied a much more limited area than
today. (B) Enlargement of the area between
the Shetland and Horda Platforms, illustrating
the advance of a major delta plain from the
west. This delta system supplied large volumes of sand and mud to the shallow sea.
Today, these deposits form the Utsira
Formation and are encountered at depths
between 800 and 1,200 m below the sea
floor. (Figures modified after W. Galloway)

North Sea oil and gas fields
On the Norwegian shelf, the early Palaeogene period
is, next to the Jurassic, the most prolific in terms of
its hydrocarbon reservoirs. The initial oil discovery
on the Ekofisk field was made in sediments of earliest Paleocene age.

The key to Norway’s oil and gas fields
The Cenozoic holds the key to the formation of
Norway’s hydrocarbon accumulations, since much of
the oil and gas discovered on the Norwegian shelf
has been generated during the last 5 million years.
It is the youngest Neogene succession, of Pliocene
age, which Norway has to thank for being able to
produce oil and gas from the continental shelf.
These deposits, which are over 1,000 m thick at
some locations, have ensured that Late Jurassic
source rocks have been buried deep enough to attain
the temperatures necessary for the generation of oil
and gas. They also ensured that the impermeable
cap-rocks that seal the hydrocarbon reservoirs were
buried deep enough to prevent them from fracturing
and leaking hydrocarbons to the sea floor.
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Seismic cube display illustrating intense valley-like incision of the Miocene surface in the northern North Sea.
Whether this is the result of fluvial or submarine erosion is subject to debate. If fluvial agents are responsible, it is possible that there may have been a Miocene
land bridge between Norway and the UK. (Figure from
F. Bøen)

TURBIDITY CURRENTS
On submarine slopes inclined at over 1-2°, sediment slides or mass movements are capable of generating suspension
clouds, which comprise a mixture of mud, sand and water. They are denser than the water surrounding them, and gravitational forces cause the sediment-laden clouds to travel downslope as a so-called turbidity current. Turbidity currents are
frequently generated along submarine canyons or in depressions on the continental slope. They may be several metres in
height and can reach velocities of up to 25 m/s (90 km/h). Turbidity currents are capable of transporting mud and sand
several thousand kilometres out into the deep ocean basins, depositing sand units (turbidites) of variable extent. An individual current may deposit a layer of sediment varying from a few millimetres to several metres thick. Over time, several
turbidite deposits can accumulate to form submarine fans many hundreds of metres in thickness, and are capable of forming hydrocarbon reservoirs. The reservoirs of the Ormen Lange and Grane fields are examples of submarine fan sandstones
formed by turbidity currents approximately 60-65 million years ago.
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(Figure modified after H. Reading and M. Richards)
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TURBIDITY CURRENTS IN AN EXPERIMENTAL WATER TANK
During recent decades, research scientists have conducted experiments
simulating turbidity currents in laboratory water tanks in order to study
their hydrodynamic properties and internal structure. Such experiments
provide important data, which help us to understand depositional
processes in the deep oceans, where turbidity currents cannot be
observed directly. The photograph is from an experiment conducted in
1966 by Gerry Middleton of McMaster University in Canada, one of the
pioneers in the field. We can see that the current, travelling from right
to left, has an oval-shaped “head” or leading edge, and a “tail” containing clay and silt particles. (Photo: R. Walker)

Today, we can study ancient turbidity current deposits, so-called turbidites, in the field. The photograph illustrates a 310 million year-old
turbidite from western Ireland, which was deposited in a deep basin.
The turbidite has since been lithified prior to later uplift and exposure. Note the sharp base of the turbidite unit and the massive character of the sandstone, demonstrating that the sand travelled at
high velocity prior to its deposition, and that it actively eroded the
sea floor over which it flowed.
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Deep-sea deposits in the Norwegian Sea
The Palaeogene and Neogene depositional evolution of the Mid-Norwegian shelf was
influenced both by sea-floor spreading in the Norwegian Sea and by older crustal
structures both on land and beneath the sea.

Interpretation of a seismic profile
from seaward of the Sunnmøre
region, extending westwards across
the Norwegian Sea to the Møre
Marginal High. Cenozoic units dip
consistently westwards and then
flatten out before abutting against
and onlapping the Møre Marginal
High. Note the irregular bathymetry.
This defines the Storegga slide, the
world’s largest recorded submarine
mass movement.

West

During the Palaeogene, the outer margins of the
Møre and Vøring Basin areas emerged above sea level
as a result of break-up processes and volcanic activity,
and were subsequently overlain by a thick succession
of lava and ash. By this time, the Mid-Norwegian
shelf had developed into a distinct marine basin, and
was entirely separated from the Greenland landmass.
Gradually, as sea-floor spreading increased in intensity, these areas subsided, and the Norwegian Sea
assumed its status as a major ocean basin.
Water depths in the Møre and Vøring Basins
reached up to several thousand metres, while the
Trøndelag Platform, which was formed during the
Late Jurassic, remained a shallow platform and constituted a broad continental shelf province situated
between the mainland and the deep western ocean.
However, to the north and south of the Trøndelag
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Platform, the shelf was extremely narrow, and was
less than 50 km across at its narrowest point.
Mountains beneath the ocean floor
Throughout the Cenozoic, the crust beneath the
Mid-Norwegian shelf was subject to several tectonic
events, just as in the North Sea. These produced a
series of bathymetric highs that were later overlain,
and gradually levelled, by younger sediments. The
Ormen Lange Dome, the Grip High, the HellandHansen Arch, the Fles area, the Nyk High, the
Modgunn Arch, the Ringhorne Dome and the
Utgard High are all structures of this type.
Today, we can study these highs on seismic data, and
it appears likely that their formation was linked to
Atlantic sea-floor spreading. One theory suggests
that at the onset of sea-floor spreading, the plates on
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each flank of the spreading ridge were forced together and folded against the Norwegian and Greenland
basement provinces, respectively. An opposing theory proposes that the highs were the products of the
tectonic reactivation of deeper Jurassic structures
transmitted to shallower levels.
It appears that these highs were elevated during several episodes in the period between 70 and 10 million years ago. The nature of the uplift events
appears to vary from structure to structure with
regard to timing, duration, and in the morphologies
they produced. These differences in timing and morphology may be an indication that the structures
had their origins in a variety of geological processes.
Ancient river valleys become new fjords
During the Paleocene, the coastline of Mid-Norway
was situated close to its present position, or possibly
some few tens of kilometres further east. On the
mainland, long-established structures within the
Møre-Trøndelag Fault Complex were influential in the
formation of NE-SW oriented depressions in what
was otherwise a lowland landscape. Depressions of this
type, such as the present-day Romsdalsfjord, were the
sites of sediment transport out into the basins.
The Vestfjord area was the site of another such
depression. The Lofoten island chain in Nordland
county is located along a fault that separates the
ancient basement rocks that make up the islands from
a Cretaceous sedimentary basin in Vestfjord itself.
During the Palaeogene and Neogene, the Vestfjord
depression and adjacent valleys acted as sources for
sand and mud supplied to the continental shelf.
Thick mud deposits
During the Paleocene, mud was deposited over large
areas of the Norwegian Sea. Sediment supply was
abundant and today, thick mudstone deposits are
encountered in the Møre and Vøring Basins. Much
of this material was derived from the Norwegian
mainland, but sediments in the western parts of
these basins were probably derived from East
Greenland. These mudstones are now termed the
Tang Formation. The uppermost mudstone units of
Paleocene age are similar to the Balder Formation in
the North Sea, in that they contain a high proportion of volcanic material. These deposits are termed
the Tare Formation.
Across the more elevated parts of the Trøndelag
Platform only thin mud and individual sand horizons

of Paleocene age are present. The reason why deposits
are thinner and more fine-grained here is probably
because the majority of the mainland rivers flowed
southwards to the area seaward of Romsdalsfjorden.
Sediment supply in the north was thus reduced.
During the Eocene there was a general reduction in
sediment supply to the Norwegian Sea, resulting in
the deposition of thinner units of primarily mudrich sediments, which are now termed the Brygge
Formation.
Hidden treasure in deep marine sandstones
In the early Paleocene, sand was deposited both to
the south and north of the Trøndelag Platform.
Thick, coast-parallel sand units are encountered in
the area between Stad and Molde in Sogn og
Fjordane and Møre og Romsdal counties, respectively. These sandstones were deposited from sand and
mud-bearing turbidity currents, which flowed along
the sea floor from the narrow shelves and out into
the basins, which were typically between 500 and
1,000 m deep.

Seismic time map at the base of the
Cenozoic in the Norwegian Sea. The
colour scale from red to blue
denotes increasing time, which is
equivalent to increasing depth. The
map displays highs developed in the
deeper western provinces that only
seismic data can reveal, and which
do not influence sea floor bathymetry today. Several of these highs
have been drilled for hydrocarbons
but to date, only the Ormen Lange
Dome (OL) contains commercial volumes of hydrocarbons. The white circles denote well locations. The
Haltenbanken oil and gas province
stands out due to its high well density. Note that relatively few wells
have been drilled in the deeper
oceanic provinces.
OL = Ormen Lange Dome,
HH = Helland-Hansen Arch,
TD = Trane Dome ,
M = Modgunn Arch,
N = Nyk High,
V = Vema Dome,
RH = Ringhorne Dome.
(Figure after T. Veum)

At most locations, the sand and mud were trapped
by a submarine basement ridge, aligned parallel to
the coast. This ridge is termed the Gossa High in the
north and merges with the Selje High in the south.
However, the ridge is not present seaward of
Romsdalsfjorden, in an area coinciding with the
present-day bathymetric depression known as
Buadjupet. Here, sand-bearing currents were able to
travel even further out into the deep basins where
they formed a massive submarine fan system. Today,
these deep-water sandstones form the reservoirs of
the Ormen Lange field. Later in the Paleocene, the
supply of sand became restricted and the fans were
overlain by mud.
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Core photographs and sedimentary
log from parts of well 6305/5-1, the
discovery well for the gigantic
Ormen Lange field. The sandstones
(1) define the base of turbidites
deposited from turbidity currents,
and are excellent hydrocarbon reservoirs. The photographs are taken
from the uppermost part of the core
(denoted by the red rectangle).
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Frøya High

Satellite image of Mid-Norway, superimposed by a
map showing early Paleocene palaeogeography
and depositional environments in the Ormen
Lange area. During the Paleocene, the coastline
extended from seaward of Aukra in Møre og
Romsdal county while to the west, a thick, sandrich submarine fan was formed in the deep ocean.
This fan now forms the Ormen Lange reservoirs.
Sand was transported to the coast by rivers that
flowed in valleys currently occupied by fjords (red
arrows), and thence by turbidity currents into the
deep ocean. The black line denotes the MøreTrøndelag Fault Complex of Jurassic age, which
continues to exert a major influence on the orientation of both valleys and fjords in the Møre and
Trøndelag regions today.
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During the early Paleocene, enormous volumes of
sand were deposited in the area seaward of
Vestfjorden. In one exploration well, over 700 m of
mainly Paleocene sandstones were penetrated. These
thick sandstones are distributed over an area of several hundred km², and were most probably transported from the uplifted mainland via Vestfjorden
itself.
Rock-forming micro-organisms
While sand and silt were the most dominant sediments deposited during much of the Palaeogene and
Neogene, we also find deposits made up of very finegrained sediments known as ooze. These are composed of the skeletons of dead micro-organisms,
which may accumulate in enormous numbers following so-called blooms. The skeletons of certain
micro-organisms, such as diatoms and radiolaria, are
composed of silica. Beds dominated by diatomaceous and radiolarian oozes are encountered in the
Eocene deposits on the Mid-Norwegian shelf. The
skeletons dissolve during burial, causing the pore
waters around them to become saturated with silica,
which is subsequently re-precipitated as quartz in the
pore spaces between the mineral grains and effectively lithifies the rock.

Core photographs from well 6305/51 showing characteristic and contrasting deep ocean sediments,
including turbiditic sandstones (1)
and mudstones (3). The Ormen
Lange field is one of the few locations in the world where the
Cretaceous-Palaeogene boundary (4)
is preserved in its entirety. This is the
time at which the dinosaurs became
extinct, most probably as a result of
intense volcanic activity, combined
with a meteorite impact. In well
6305/5-1 the boundary is marked by
a deformed sandstone unit (2) which
represents a submarine slide deposit,
and which is found nowhere else in
the area. We can also see an unusual
mudstone containing thin siltstone
horizons (3). This denotes a marked
increase in sedimentation rate and
change in sea-bottom conditions.
Geologists are currently speculating
as to whether the slide deposit and
subsequent increase in sedimentation rates may have been the result
of a giant tsunami generated by a
major meteorite impact in the Gulf
of Mexico, or elsewhere (see previous chapter).

Today, blooms of such organisms occur as a result of
so-called upwelling phenomena, where currents
bearing large volumes of cold, nutrient-rich waters
rise from the ocean depths. Coastal upwelling events
are common where trade winds drive warmer surface
waters away from the coast, such as off the coast of
California. Palaeogene and Neogene blooms in the
Norwegian Sea most probably also had their origins
in similar upwelling processes.
The Norwegian Sea takes shape
During the Oligocene and Miocene, the Norwegian
Sea widened and became deeper, while at the same
time, reduced volumes of mud were supplied to the
basins from the surrounding landmasses. The deepening ocean caused upwelling events to become
more frequent, and sediments became increasingly
dominated by biogenic siliceous oozes. Today, these
oozes form part of the Brygge Formation.
Seismic profiles acquired across the aforementioned
highs reveal that overlying sediments were not
deposited conformably on those within the structures. Sediment onlap (see Chapter 12) is common
across these highs, and provides evidence that they
were progressively overlain by fossiliferous ooze, clay,
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silt and sand. Onlap also provides geologists with
clues as to when the highs were formed, and when
they were elevated above the sea floor.
Just as in the North Sea, sea level in the Norwegian
Sea was severely depressed during the Miocene. In

CALCAREOUS AND SILICEOUS ALGAL OOZES
Oozes may be composed of micro-organisms with
either calcareous or siliceous (quartz) skeletons. They
are often formed at the transition between deep and
shallow marine settings, where nutrient-rich, cold
water masses are driven up from deeper levels and
promote the development of blooms of microscopic
algae close to the sea surface. When the algae die,
their skeletons sink to the sea floor and accumulate as
highly unconsolidated and loosely-structured low-density oozes. Deposits of this type were common in the
Norwegian Sea during the Miocene, and are also
encountered in Late Cretaceous strata. Because of the
unconsolidated nature of the sediments they are vulnerable to sliding and mass movements along the sea
floor. They have low seismic velocities due to their low
densities, resulting in high impedance contrasts at their
upper and lower boundaries in contact with other rock
types. A high proportion of seismic energy is thus
reflected from the top of such units, often making it
difficult to resolve the detail of underlying sequences.
Today, algal blooms are common along the west
coast of North America, where enormous volumes of
cold, nutrient-rich waters well up from the deep offshore trenches. These same cold water masses are
also responsible for generating the fogs that frequently occur along the west coast states of northern
California, Oregon and Washington.

Electronmicrograph of a siliceous algal form, about 0.3 mm
in diameter. (Photo: J.M. Rykkje)
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the late Miocene the coastline was situated out on
the Trøndelag Platform, and a sand-rich coastal strip
extended from Trøndelag in the south to Vestfjorden
in the north. This situation continued despite the
fact that water depths in the Norwegian Sea were
increasing as a result of cooling and thermal subsidence within the deep basins. Miocene mudstones
are now termed the Kai Formation, while the sandier deposits on the Trøndelag Platform belong to the
Molo Formation. Some of the more dramatic
changes in sea level are linked to cycles of ice buildup and subsequent melting in the Antarctic, which
in turn were driven by fluctuations in climate.
The Norwegian Sea conceals future gas resources
The Ormen Lange field is located offshore Møre og
Romsdal county, and contains huge volumes of gas
in latest Cretaceous and earliest Paleocene sandstone
reservoirs. The elongate submarine ridge containing
the Ormen Lange field has been described as one of
the Norwegian Sea’s major submarine highs. After
the ridge was formed and the underlying Late
Jurassic source rocks had been buried deeply enough
to generate hydrocarbons, gas migrated vertically
upwards and was trapped in the Ormen Lange structure.
The Norwegian Sea highs were formed during the
period from the Eocene to the Miocene. The timing
of formation is critically important, because it provides an indication as to whether it would have been
possible for hydrocarbons to have migrated and subsequently become trapped within a given structure.
Competition among the oil companies to secure
acreage covering these giant geological structures has
been fierce. To date, oil and gas has been proven in
only three of them – the Ormen Lange Dome, the
Grip High, and the Nyk High. Commercial volumes
of hydrocarbons have not been encountered in
Cenozoic reservoirs elsewhere on the MidNorwegian shelf.
In the Slørebotn and Gossen areas, located between
the Ormen Lange Dome and the mainland, extensive sand deposits have been encountered. In principle, these may also have developed into excellent
reservoirs. However, only minor traces of hydrocarbons are encountered in these rocks. Oil and gas has
most probably migrated into these reservoirs during
the last 20-25 million years, but the late uplift during the Miocene and Pliocene has caused these layers
to become tilted, with consequent erosion of their
cap rocks and leakage of the hydrocarbons.

ORMEN LANGE: THE DISCOVERY OF A GIGANTIC GAS FIELD

By Terje Enoksen

The sandstone reservoirs of the Ormen Lange field contain
440 billion standard m³ of gas and 22 million standard m³ of
condensate, valued at several hundreds of millions of
Norwegian kroner. But how was the field discovered?

Two-way time (seconds)

Diagram of the subsea production system for the Ormen Lange
field. Pipelines are laid from the
wellhead installation complex in
800 m of water, across the steep
Storegga slide scar, to the
Nyhamna processing plant in
Aukra municipality in the
Romsdal region. There are no
platforms, and advanced engineering techniques have been
employed in the planning and
installation of wells and equipment in water depths where bottom temperatures are -1°C, and
where sea floor relief resembles a
mountain range, with slopes of
up to 40°. (Illustration: Hydro)

Flat spot
Flat spot

In 1992, two minute and almost invisible flat reflectors, so-called flat-spots, were detected on
seismic profile GFB84-202W from the Møre Basin. The profile had been acquired eight years previously, and had been available to the oil industry since 1984. The discovery of the flat-spots (see
previous chapter), which possibly represented the gas-water contact in a major gas field, caught
the attention of the oil company Hydro, which continued to pursue its interest in acreage blocks
6305/1, 2, 4, 5, 7 and 8, by immediately acquiring 753 km of proprietary 2D-seismic data in the
area. The data were processed and interpreted during the following years in utmost secrecy.
Mapping revealed an elongate and dome-like structure at Paleocene levels, covering an area of
about 425 km³, and situated about 2,200 m beneath the sea floor. The structure was given the
code name Ormen Lange, after the Norwegian King Olaf Tryggvason’s Viking ship, meaning “the
long snake”.
In the years after data acquisition in 1992, additional seismic surveys were conducted across the
structure. Based on these data, Hydro developed a knowledge base and a good understanding of
the area. The data, along with the huge potential of the structure, were later presented to the
Norwegian Petroleum Directorate and Ministry of Petroleum and Energy. In the spring of 1995,
the structure was formally named Ormen Lange, which had already been its code name for many
years. The area was made available for acreage application in the Norwegian 15th round in 1995,
and aroused fierce competition among the oil companies. Many companies made applications
and the four blocks covering the structure were awarded to three different operators.

The original seismic profile
GFB84-202W, along which the
Ormen Lange structure was first
identified. Note the two, almost
undetectable, horizontal reflectors cutting across the sedimentary reflectors. These are flat
spots and represent the gaswater contact within the reservoir
sandstones. The contrast in fluid
content causes a significant
change in seismic velocity within
the rocks and gives rise to a flat
reflector. All explorationists
dream of discovering such a
structure. The presence of a flat
spot is virtually a certain indication that hydrocarbons are present in the subsurface. For this
reason they are also known as
Direct Hydrocarbon Indicators
(DHI).

In the autumn of 1997, Hydro drilled well 6305/5-1 and discovered gas. Later wells on the Ormen
Lange field have confirmed their geological model and the pre-drill prognoses. Today, the Ormen
Lange development project is the world’s largest offshore industrial venture, and represents a formidable technological undertaking for the Norwegian oil industry.
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The north – a mountain belt rises from
fertile alluvial plains
During the Palaeogene, a mountain belt evolved along the west coast of Svalbard. Later,
in the Neogene, Svalbard and the northern areas were transformed from a warm and
humid landmass to a barren glacial landscape.

The central and eastern Barents Sea remained relatively tectonically stable throughout the Cenozoic.
However, the details are somewhat obscure because
the entire area was first uplifted and then subjected
to intense erosion throughout the Neogene.
Cumulative uplift and erosion was formidable, about
1,000 m on average, but as much as 3,000 m in
Svalbard, and succeeded in removing much of the
Cenozoic strata. In the northern Barents Sea most
Cretaceous sediments were also removed by erosion
during the Neogene.
However, several tectonic events are recognised in
the western Barents Sea and in Svalbard. This area
represents the western margin of the continental
Barents Sea crust, which today is bounded in the
west by the North Atlantic oceanic crust.
Palaeogeography and depositional
environments on the Barents shelf
during the Eocene and Pliocene.
During the Eocene, the western
Barents shelf was occupied by a
shallow sea bounded in the west by
the Norwegian Sea. The eastern
Barents shelf was most probably dry
land. During the Pliocene, much of
the Barents shelf was uplifted and
eroded. Sand and mud were transported westwards into the
Norwegian Sea.
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Svalbard is the only locality in Norway where we can
study Palaeogene sediments on land. These were
deposited at the same time as the onset of the opening of the Atlantic Ocean, and thus give us a revealing picture of events that occurred at the margins of
the new ocean.
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Rare Cenozoic deposits
In the Barents Sea itself only remnants of Palaeogene
and Neogene deposits are encountered, limited to a
few provinces such as the Hammerfest and Bjørnøya
Basins. During the Palaeogene, the Barents Sea was
relatively shallow and sediment supply was restricted.
Marine mud was deposited over the greater part of
the area, and this is now termed the Torsk
Formation.

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

Norway

50°Ø

Pliocene

The Barents Sea’s empty oil fields
Neogene uplift and erosion has had direct consequences for hydrocarbon exploration in the Barents
Sea. After 20 years of exploration in the Norwegian
sector, development of the Snøhvit gas fields in the
Hammerfest Basin has now begun. The Snøhvit field
itself contains mostly gas, but also has a 15 m-thick
oil column below the gas. Interestingly, the gas-bearing sandstone reservoirs also contain traces of residual oil indicating that the field once contained much
larger volumes of oil, which have now been replaced
by gas.
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Mountain building in Svalbard
In Svalbard we can study the remains of a mountain
belt that was formed during the Palaeogene between
65 and 40 million years ago. It has been severely
denuded, and the landscape we see today is much
younger and the product of uplift that has occurred
during the last ten million years. The mountain belt
has been named the West Spitsbergen Fold and
Thrust Belt, and is revealed in the major overthrust
and fold structures that we can observe today in the
older sedimentary layers. These can be seen along
Spitsbergen’s west coast from Ny-Ålesund in the
north, from where they extend westwards into the
Greenland Sea, to Sørkapp at the southern tip of the
island. The fold and thrust belt also continues further south into the Barents Sea.
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Map of the Barents shelf and Svalbard. On the shelf the sedimentary succession shown on the map is overlain by a thin unit of glaciogenic sediments. Palaeogene and Neogene sediments are encountered in the
Hammerfest Basin, in Svalbard and along the western margin of the Barents shelf, but are absent elsewhere.
(Figure modified after the Norwegian Polar Institute)

NW

SE
Marginal
High

An interpreted seismic profile through well 7216/11-1S in the
Sørvestnaget Basin, south-west of Bjørnøya. The well encountered Eocene
turbidite sandstones which exhibited reservoir properties. (Figure after A.
Ryseth)
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This phenomenon is a direct result of Neogene
uplift, which brought hydrocarbon traps containing
oil to shallower levels within the crust. The resulting
drop in pressure allowed gas to be released from the
oil. As the gas expanded in the reservoirs, it effectively displaced oil from the traps.
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The formation of the fold and thrust belt was the
result of a collision during the Palaeogene between
Svalbard and northern Greenland, which at that
time formed a single landmass. It had been thought
that the fold and thrust belt was the result of a
short-lived and direct collision between Svalbard and
Greenland. However, it is now assumed that it was
formed following lateral displacements along the
transform zone between the Barents Sea and
Greenland plates, and that these lateral movements
also induced compressional, or so-called transpressional movements between Svalbard and Greenland.
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Diagram showing the evolution of
Svalbard’s Central Basin. Coal-bearing sequences were deposited during
the initial Paleocene phase. During
the Eocene, the development of the
West Spitsbergen Fold and Thrust
Belt resulted in the transport of large
volumes of sands and muds into the
Central Basin. In the concluding
phase, these sediments were themselves incorporated into the advancing fold belt. (Figure modified after
A. Andresen)
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The San Andreas Fault – an analogy
Today, transpression can be observed along the wellknown San Andreas Fault in California. Here, movements along the plate boundary are effectively separated into a lateral and a compressive component.
Lateral displacement is taken up in its entirety along
the plate boundary, while the compressive component is transmitted into the continental plate. This is
why the deformation patterns observed in the fold
and thrust belt in Svalbard are very similar to those
we find in areas that have been subjected to direct
head-on collisions between plates that have not
undergone lateral displacement.
Furthermore, the Palaeogene fold and thrust belt is
asymmetrical, in that the compressive component
was for the most part transferred eastwards into
Spitsbergen’s interior, which became dramatically
compressed and shortened. Geologists have estimated that the western Spitsbergen orogeny resulted in
several tens of kilometres of crustal shortening. Most
structures within the fold and thrust belt thus reflect
tectonic transport from west to east.
Glide planes and fold structures
Along the west coast of Spitsbergen, in the centre of
the fold and thrust belt, we find highly deformed
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basement rocks that have been subjected to several
kilometres of uplift, whereas in central Spitsbergen
only sedimentary rocks overlying basement have
been affected. This indicates that the rocks were
thrust along a glide plane that climbed obliquely
upwards from west to east. On eastern Spitsbergen,
deformation is typically observed only in the
youngest, uppermost part of the succession. These
movements may be compared to what happens
when we push snow from our driveways. As the
snow is pushed forwards the lower layers become
packed. As we continue to push, a glide plane
emerges at the surface representing the boundary
between the upper, mobile levels of snow, and the
lower, packed layers at the base.
The fold and thrust belt is characterised by a series
of spectacular fold structures, and major folds and
overthrusts are beautifully exposed in the mountainsides north of Isfjorden. On the Midterhuken
mountain in Bellsund we can compare tight folds
developed in soft, organic-rich mudstones, with
open, larger-scale folds in overlying, more brittle
sandstones in the Triassic succession. In eastern
Spitsbergen, detachment faulting and related rampup faults and folds can be studied in Middle Triassic
and Late Jurassic organic-rich mudstones. The high
organic content acted as a lubricant, and the major
detachment faults thus became concentrated in these
mudstones. Similar structures can be recognised on
seismic data acquired on land and in the fjords.

Spitsbergen’s Central Basin
In central Spitsbergen, east of the fold and thrust
belt, the sedimentary succession is folded to form a
north-south trending basin, known as the Central
Basin. It is a foreland basin, and exhibits many of
the characteristics of such basins, which are formed
along the leading edge of orogenic belts as the result
of downward flexuring. Flexuring is induced by the
weight of increased volumes of stacked thrust
nappes, which exert a downward force on the foreland closest to the orogenic belt.
The Central Basin is highly asymmetrical. Closest to
the fold and thrust belt in the west, sediments are
folded into vertical attitudes, but structures become
much flatter across central Spitsbergen, from where
the strata rise gradually towards the east. The layers
were approximately flat-lying prior to orogenic folding. Palaeogene deposits dominate the landscape in
central Spitsbergen.

The traditional view on the Central Basin has been
that it formed in two phases. During the first phase,
in the Paleocene, lateral displacement, combined with
gentle crustal stretching, or transtension, occurred
along the plate boundary. This resulted in the formation of a half-graben that was deepest in the west.
During the second phase, in the latest Paleocene and
Eocene, movements became transpressional, and the
Central Basin was transformed into a foreland basin.
Two source areas
The Paleocene fluvial deposits were transported
westwards from an eastern sediment source area during the first phase. In contrast, during the second
phase the major sediment source area had now shifted to the west flank of the basin. At the same time
the Central Basin was subject to intense subsidence.

The Midterhuken mountain in
Bellsund in Svalbard, showing a fold
in Triassic mudstones and sandstones overlying dipping Permian
chert units to the right. Note the
tight folds in the black Triassic mudstones, in contrast to the open folds
in the overlying Triassic sandstones.
The Midterhuken mountain is located at the transition between the
West Spitsbergen Fold and Thrust
Belt and the Central Basin. (Photo:
A. Nøttvedt)

This change in sediment transport direction has
been used to date the change from transtension to
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The mountains surrounding
Longyearbyen are composed of
Palaeogene deposits. Mining operations in the lowermost coal-bearing
sequences have underpinned human
settlement in Longyearbyen,
Barentsburg and Svea. (Photos:
A. Nøttvedt)

transpression, and the initial development of the
fold and thrust belt. However, there exists an alternative theory which proposes that transpression was
active throughout the Palaeogene and that the
change in transport direction was caused by the progressive eastward migration of the foreland basin
during propagation of the fold and thrust belt. In
this model, Central Spitsbergen initially received
sediment from the eastern margin of the foreland
basin and thereafter from the western flank. The
Central Basin may be pictured as a large-scale, wavelike flexure that migrated progressively towards the
east over several million years.
Uplift in the north
Northern Svalbard was subject to several phases of
uplift during the Cretaceous in connection with the
opening of the Atlantic Ocean. When the
Lomonosov Ridge became separated from the
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Barents shelf early in the Palaeogene, during the initial opening of the Nansen and Amundsen Basins in
the Arctic Ocean, northern Svalbard was uplifted
once again. This event resulted in the erosion and
transport of sediments from north to south throughout the Palaeogene. The repeated uplift of Svalbard
has resulted in a southerly tilting of the entire sedimentary succession, which is one of the most distinctive characteristics of the geology of the archipelago.
A south-facing gulf
The Central Basin was filled with a succession of
alternating sand and mud, which now belongs to the
Van Mijenfjorden Group. During the initial,
Paleocene, phase, the basin was a south-facing
marine gulf occupying much of central Spitsbergen,
possibly extending as far north as Ny-Ålesund. The
lowermost units were deposited within the basin and

COAL IN SVALBARD
Paleocene coastal plain sediments in Svalbard contain
abundant coal deposits, and mining has formed the
foundation for human settlement in the towns of Svea,
Longyearbyen and Barentsburg. The coal is derived
from peat that was originally formed in bogs located
between river channels on the vast Paleocene coastal
plains, and later transformed into coal during burial.
During the Paleocene, Svalbard was situated at Arctic
Circle latitudes, and enjoyed a climate favourable for
peat formation. Today, the climate close to and north of
the Arctic Circle is significantly cooler, and coal cannot
be formed from peat deposited in these latitudes at the
present day.
On Spitsbergen, up to five coal seams may be present
at any given location. At Svea, current production
exploits the lowermost “Svea seam”, while in
Longyearbyen and Barentsburg production is focused
on the middle, so-called “Longyear seam”. At up to 5
m, the Svea seam is by far the thickest, and also
exhibits the cleanest coal quality. Because the Svalbard
coals have been deeply buried and later uplifted, their
thermal efficiencies and calorific values are very high,
making them highly sought after by the markets, in
contrast to the brown coals mined elsewhere in Europe.

Coal tip in Longyearbyen in 1916. Note the train. The remains of the railway
track may still be seen today. (Archive photo: Store Norske Spitsbergen
Kulkompani)
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Today, many of the coal mines in Svalbard have been
shut down, and only the Svea mine, operated by the
Store Norske Spitsbergen Kulkompani A/S, remains as a
serious commercial concern. Coal is also produced from
Mine No. 7 in Longyearbyen, providing fuel for the
town’s power station. The “Store Norske” company was
founded in November 1916, and assumed responsibility
for mining operations from the American Arctic Coal
Company under John Munroe Longyear. Since then,
“Store Norske” has conducted uninterrupted mining
operations in Longyearbyen, except for a period during
the Second World War when Svalbard’s inhabitants
were evacuated to England.

along the margins of the gulf. These are termed the
Firkanten Formation. Initially, the gulf was somewhat restricted and protected from intense wave
action and this permitted the development of peat
bogs on the coastal plains. Large volumes of peat
were later transformed into coal, which today forms
commercial deposits that are the foundation of
human settlements at Longyearbyen, Svea and
Barentsburg. Gradually the gulf became less restricted, and wave and storm action promoted the development of beach and foreshore environments which

Todal

Central mine
Svea mine

Svea
Svea

Van Mijenfjorden

Map showing the distribution of coal deposits in
Longyearbyen and Svea.

formed a continuous ring around the basin margins.
However, rapid subsidence caused the sea to flood
theses beaches and the coastal plains became entirely
submerged. This resulted in the deposition first of
marine mud, followed by sand, which are now
known as the Basilika and Grumantbyen
Formations, respectively. Well-rounded gravel boulders that were originally deposited in foreshore settings can now be found in these mudstones and
sandstones. Outcrops of the Firkanten and
Grumantbyen Formation sandstones form distinctive
477

ledges on the mountainsides in the neighbourhood
of Longyearbyen.
Further development of the fold and thrust belt
During the initial stage of the second, Eocene,
phase, thick layers of marine mud, now constituting
the Frysjaodden Formation, were deposited.
Gradually, increasing volumes of sand and mud were
transported from the new mountain belt into the
basin, promoting the eastward migration of the
coastline. These deposits are now termed the
Battfjellet Formation.

The Storvola mountain in Van Keulenfjord in Svalbard, showing dipping clinoforms within the Battfjellet Formation.
The clinoforms can be recognised by the fact that they are inclined at higher dip angles than the overlying strata.
They represent old depositional surfaces and reflect the eastward advance of a submarine slope within the Central
Basin. Sediments were supplied from the fold and thrust belt. (Photo: R.J. Steel). The inset photograph shows
details of a sandstone from the upper part of the clinoform succession. These were deposited in a marine environment influenced by storm and wave action. (Photo: A. Nøttvedt)

Depositional surfaces resulting from the different
stages of the coastal advance can be studied in the
mountainsides of Central Spitsbergen in the form of
spectacular, large-scale, inclined units called clinoforms. Individual clinoforms within the Battfjellet
Formation can extend over vertical distances of up to
300 m from the top to the base of units that exhibit
the prevailing regional dip. Some clinoforms can be
followed as continuous units from the older coastal
plains, through the foreshore environments, out
onto the shelf, and beyond to the floor of the basin,
where submarine fan deposits are encountered.
Gradually, the gulf was filled in and became occupied by extensive alluvial plains. Here, sand was
deposited in river channels, and finer-grained material on their banks. Minor peat bogs developed on
the plains, from which a series of thin coal deposits
later developed. These deposits are now termed the
Aspelintoppen Formation.
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Depositional model for the Battfjellet Formation. Sand and mud were eroded and transported from the fold and thrust belt in the west and out into the Central Basin. The dipping beds in the figure are clinoforms, which illustrate the different stages in coastal
advance from west to east. (Figure modified after W. Helland-Hansen)
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Extensive uplift
The sediments of the Central Basin form a succession some 1,700 m thick. Initially, they were
deposited close to sea level. Today, coal-bearing units
and Palaeogene sandstones and mudstones are found
close to 1,200 m above sea level. Based on studies of
coal rank in the lowest part of the succession, these
coals have once been buried beneath a further 1,500
m of sediments, which have since been eroded. Since
the coals were formed close to sea level, this means
that the cumulative uplift on Spitsbergen has been
close to 3,000 m.
Uplift was greatest in western and north-western
Spitsbergen, and the phenomenon is closely linked
to a number of different factors. As the fold and
thrust belt orogeny ceased, and the mountains
became progressively denuded, loading on the crust
was reduced. This resulted in crustal uplift by so-

Fossil impressions of alder and beech
leaves in a sandstone from the Aspelintoppen Formation in Svalbard. Svalbard
was then located at Arctic Circle latitudes, but was subject to a climate similar to that enjoyed by Denmark today.
(Photo: A. Nøttvedt)

called isostatic rebound. In addition, the opening of
the Greenland Sea in the Oligocene led to further
uplift of the western Spitsbergen margin. Opening
also resulted in the intrusion of large volumes of
magma on the Yermak Plateau, northwest of
Spitsbergen, which promoted uplift in north-western
Spitsbergen. Another important factor was the very
high levels of erosion and run-off that occurred during the Pleistocene glacial cycles, which also resulted
in significant isostatic uplift. Eastern areas were subjected to significantly lower levels of elevation, and
only some few hundred metres of uplift are recorded
in the Kong Karls Land archipelago.
Deposition in the Greenland Sea
Rifting that resulted in the opening of the
Greenland Sea began during the Oligocene. During
this process, the eastern flank of the new Greenland
Sea, which included western Spitsbergen and the

continental shelf to the west of it, was uplifted.
Initially, sand and mud were deposited in narrow,
local basins along Spitsbergen’s west coast. Gradually,
the transition to sea-floor spreading occurred and
the shelf offshore western Spitsbergen subsided as a
result of cooling. Sand and mud sourced by erosion
of Spitsbergen and the western Barents Sea were
then transported into the newly-evolving Greenland
Sea. However, sediment supply during the Oligocene
and Miocene was somewhat restricted, indicating
that topographical landscape relief on Spitsbergen
was already relatively low by this time.
Seismic data from west of Svalbard, however, reveal
that thick successions of sediments are present on
the continental shelf and the slope beyond. These
deposits are mostly of Pleistocene age, and are
described in more detail in the following chapter.
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