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Pterosaurs above the North Sea during the Middle Jurassic. (Illustration: R.W.Williams)



During the Early Jurassic, the

North Sea, Norwegian Sea and

Barents Sea basins became sub-

merged. The Norwegian main-

land and the continental shelf

assumed much of their present

form. At the same time a

marked change occurred from

an arid to a humid climatic

regime, resulting in increased

run-off and the transport of

gravel, sand and mud from the

mainland out onto the shelf.

Many of the most important oil

and gas reservoirs on the

Norwegian shelf were deposited

during the Early and Middle

Jurassic.

Norway encircled by coastal plains and deltas
Early and Middle Jurassic; 200–161 million years ago



Early and Middle Jurassic
200-161 million years ago

The Early and Middle Jurassic were marked by a reorganisation of the Earth’s continental plates.

The fragmentation of the old Permo-Carboniferous Pangaean supercontinent continued, and in many

provinces on Earth this resulted in the formation of rift basins. The break-up axis migrated

progressively northwards to the central Atlantic Ocean. Following the intense break-up

tectonics of the Permian and Triassic, however, the North Atlantic and areas close

to Norway became subject to a period of less tectonic activity. The present-day

continents began to take shape.

Early Jurassic plate reconstruction.

Norway’s location in yellow.

(Illustration: R. Blakey)
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Introduction

In the Early Jurassic, after millions of years of relative drought, a humid subtropical

climate prevailed in Norway, and the landmasses became encircled by vast coastal plains

and deltas.

The climate change resulted in increased erosion and run-off from mainland Norway. Erosion levelled
out the topography and great rivers transported gravel, sand and mud to the shelf via a variety of
deltas distributed along an elongated coastline. In this chapter we shall look at these deposits and the

processes active in the basins.

The coastline migrated back and forth repeatedly during the Early and Middle Jurassic. Limited basin sub-
sidence, combined with the supply of enormous volumes of sediment, caused the coastline to advance sea-
wards. When basin subsidence increased the seal level rose and the coastline retreated. Meandering and braid-
ed river drainage patterns characterised the coastal plains and coastal sediments were reworked by wave action
and the tides.

In simple terms, the Early and Middle Jurassic deposits along the Norwegian coast represent a great stratified
sandpit, with thick units of sandstones interbedded with mudstones. The sandstone units cover vast areas
across much of the Norwegian shelf. Jurassic sand units are very porous, and the normally water-filled pores
between the sand grains are in many places occupied by oil or gas. Jurassic sandstones represent the most
important oil and gas reservoirs on the Norwegian shelf.

Jurassic rocks are widely distributed across the shelf, but are found in only a few
places on the Norwegian mainland and in Svalbard. Oil exploration, involv-
ing the recovery of many kilometres of cores, and millions of kilometres of
seismic data, provide us with a unique insight into an environment that
was very different from present-day Norway.
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Reconstruction of the continental

landmasses 200 million years ago at

the onset of the Early Jurassic. The

continents are shown in brown, con-

tinental shelves in light blue, and

oceanic crust in dark blue.

(Illustration: R. Blakey)



CO2 concentrations from the

Devonian to the present day. The

terms Siberian, CAMP and Deccan

indicate the timing of the three most

important continental break-up

events since the Devonian. The

Siberian (end of Permian), CAMP =

Central Atlantic Magmatic Province

(that began at the Triassic-Jurassic

transition), and Deccan (end of

Cretaceous) events all represent

periods of extremely active volcan-

ism that continued over many cen-

turies. (Figure from Ekart et al.)

Break-up events in the central and southern Atlantic
Ocean caused enormous volumes of lava to force their
way to the surface and these eruptions released large
volumes of carbon dioxide (CO2). Carbon dioxide is a
recognised greenhouse gas, and its
concentration in the
atmosphere during
the Early Jurassic
was approxi-
mately three
times higher
than that in
the Triassic
and what it is
today. This promot-
ed global warming
which dramatically altered the
basis for survival both on land and in the oceans, to
the extent that it led to a mass extinction of many
organisms (see Chapter 10). Some estimates suggest
that up to 20 per cent of marine animals became
extinct, and on land the great amphibians were almost
wiped out. This event opened the way for the
dinosaurs, which were eventually to dominate the
fauna.

At this time, Norway continued to drift northwards
into a more humid climatic zone. It is estimated that
southern Norway was situated around 55 degrees
north during the Early and Middle Jurassic. A warm,
stable climate with only minor seasonal variations
allowed the diversity of animal and plant life to sta-
bilise somewhat after the initial mass extinction.

Norway in the tropics
During the Early Jurassic, the North Sea and the
Norwegian and Barents Seas were occupied by humid

swamplands, colonised by tropical vegetation includ-
ing numerous forms and sizes of club mosses and
ferns. Coal beds found in sediments from this period
represent the remains of these swamp forests. In the

gently undulating interior hinter-
lands, seasonal climatic vari-

ations were probably
more marked, and
this allowed
conifers and
other plants
that could tol-
erate less humid

conditions to
flourish.

During the Jurassic, Europe was
divided into two floral provinces: the southern
Tethyian, and the northern Boreal realms. The cli-
mate was warmer and more humid within the for-
mer than in the latter. During the Early to Middle
Jurassic, the boundary between these two provinces
was situated approximately where Mid-Norway is
today.

Ichthyosaurs and plesiosaurs swam in the oceans and
shallow seas together with ammonites and belemnites,
which are cephalopods protected by an outer shell.
The belemnites also possessed an internal carbonate
skeleton and are related to modern ten-armed squids.
Ammonites and belemnites both enjoyed dramatic
species evolution during the Jurassic. The sea floor
was inhabited by large numbers of bivalves.
Brachiopods (lamp-shells) were still common, but
were less diverse. In addition, we find sea urchins and
sea-lilies, the latter growing to as much as 16 metres
in length.
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Humid climate and dense vegetation

Mainland Norway and the shelf areas were tectonically relatively stable during the Early

and Middle Jurassic, even though the shelf continued gradually to subside as a result of

cooling following Permian and Triassic rifting. At the same time, the climate became

warmer and more humid, and swamp forests and dense vegetation colonised the earlier

Triassic arid wastelands.
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On land, and particularly in the flat, swampy areas,
the dinosaurs ruled. Apatosaurus could be up to 30
tonnes in weight and 20 metres long, and was one of
the largest plant-eating dinosaurs of the “Norwegian”
fauna. Stegosaurus, with its characteristic spiny tail and
dorsal plates also grazed on the swamp vegetation. The
13-metre long Allosaurus was a feared predatory
dinosaur. The first birds, named Archaeopteryx, flew
over the great forests. They possessed teeth and had
claws on their wings, and shared the air with
pterosaurs such as Rhamphorhynchus and Pterodactylus.

A new seaway forms
Following Permo-Triassic rifting Norway acquired a
coastline that looked something like its present
form. When the shelf areas subsided at the transition
between the Triassic and the Jurassic, sea level rose
and large provinces of the North Atlantic region
became submerged, drowning the former land areas
and coastal landscapes. This Early Jurassic sea level
rise resulted in the development of a continuous sea-
way through the Atlantic rift system connecting the
northern Boreal Sea and the southern Tethys Ocean.

Subsidence on the shelf varied from region to region.

During the late Triassic the southern North Sea
Basin subsided below sea level and was encroached
from the south by a vast shallow sea extending from
the European continent. The northern North Sea
Basin became subject to marine influence for the
first time some tens of millions of years later, during
the Early Jurassic. The basins of the Norwegian Sea
became submerged at approximately the same time,
but between Mid-Norway and Greenland there
remained a series of islands that only became sub-
merged during the Jurassic. The submergence of the
Barents Sea had already started in the Late Triassic
and continued into the Early Jurassic.

Mainland Norway, the Shetland Platform and Green-
land, which had formed the Permo-Triassic rift basin
margins, remained dry land during much of the Jurassic.

The Jurassic sandpit
The warm and humid climate promoted increased
weathering and erosion of the older sediments and
basement rocks on land. Large volumes of gravel, sand
and mud were transported out into the shelf basins.
Early and Middle Jurassic sequences generally contain
a large proportion of sand and petroleum geologists
somewhat jokingly refer to these as the “Jurassic sand-

POLLEN TELLS US ABOUT CLIMATE By Arnfinn Rømuld

Sediments deposited on alluvial plains or in coastal
settings colonised by vegetation are often rich in
pollen and spores from plants growing in the area.
Pollen and spores are used to interpret palaeoclimate
at the time of deposition and the climatic evolution of
a given area. For example, in Early and Middle
Jurassic rocks from the North Sea, we find the spores
of ferns and club mosses, which indicate a warm,
humid climate. These plants belong to the Tethyian
flora. In the Barents Sea we find pollen from conifers
belonging to the Boreal flora, which indicate a dryer
and cooler climate.

Club mosses from the Brent delta swamp forests, Gullfaks field.

(Photo: O. Bruun-Christensen)

During the Early and Middle Jurassic

the climate was humid, and vast

wetlands inhabited by dinosaurs and

pterosaurs dominated the present-

day Norwegian coast.

(Illustration: B. Bocianowski)
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Some characteristic Early to Middle

Jurassic species. A: Dinosaurs –

numbers and species diversity

increase. B: Vegetation comprising

conifers, cycads and ferns. C:

Ginkgo – an Early Jurassic gym-

nosperm (“naked seed” plant) that

survives at the present day. D:

Dimorphodon – a pterosaurs with a

wingspan of 120 centimetres.

(Figures from R.W.Williams)

Boreal flora pollen with air-sacs (above),
and a Tethyian flora spore (below).
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pit”. Our knowledge of the Early and Middle Jurassic
is derived mainly from studies of borehole data.
Individual geological units of this age are often too
thin to be resolved clearly on seismic data.

Numerous and diverse basins
There are many similarities, but also marked differ-
ences, between the Jurassic sedimentary basins along
the Norwegian coastline. In many of the shelf basins
the Jurassic was heralded by sands and silts with thick
coal units, deposited on vast coastal plains. Thick
deltaic sequences were deposited at the mouths of the
great rivers. However, subsidence promoted a gradual
relative rise in sea level throughout the Early Jurassic
before falling again in the Middle Jurassic. Minor
local changes in sea level caused the coastline repeat-
edly to advance and then retreat again.

Eventually this led to a transition to marine muds
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with associated sand wedges that built out from the
North Sea Basin margins. In the Norwegian Sea, this
transition occurred somewhat later, and in the
Barents Sea not until the latest Early Jurassic.

Early Jurassic marine basins were shallow and rarely
more than 100 metres deep. However, continued
subsidence across the established Permo-Triassic rift
province resulted in sediment thicknesses of several
hundred metres, and at many locations along the rift
axis we find successions of up to 1000 metres. As a
result of uplift and erosion of the North Sea Dome
during the Middle Jurassic, however, Early Jurassic
sediments are today almost entirely absent from the
southern North Sea. Early Jurassic sediments are also
absent in the northern Barents Sea and on
Spitsbergen. It is likely that there was little or no
deposition in these areas.

The differences between the Norwegian coastal
provinces are most marked during the Middle
Jurassic. In the North Sea and Norwegian Sea, Middle
Jurassic deposits are composed of large volumes of
sand as a consequence of advancing coastal plains and
great delta systems, first on the Mid-Norwegian shelf,
and later in the North Sea. In the southern Barents
Sea, Middle Jurassic sediments are absent, and on
Spitsbergen we see only thin deposits of this age. On
Kong Karls Land in the east, Early to Middle Jurassic
deposits are present. A transition from cleaner to
more mud-rich sands reflects a general reduction in
sediment supply and retreat of the coastline.

The Jurassic on land
Jurassic deposits similar to those that occur on the
Norwegian shelf are known from Andøya in north-
ern Norway, as well as in Yorkshire, the Hebrides,
Greenland, and Arctic Canada. By studying these
areas we can better our understanding of how

Greenland

Fennoscandia

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

Diagram illustrating palaeogeography

and the most important sediment

types on the Norwegian shelf and

surrounding areas during the Middle

Jurassic. This reconstruction shows

that the landmasses surrounding the

Atlantic Ocean and in the Arctic were

encircled by sand-rich coastlines,

deltas and shallow seas. At this time,

the North Sea was completely occu-

pied by the Brent delta. (Figure modi-

fied after H. Brekke)



Rivers of all sizes flowed across the

vast Early and Middle Jurassic coastal

plains. Braided channel systems

evolved on plains where the gradients

were relatively high, such as the pres-

ent Tana River. Note also that the Tana

delta is tidally influenced (large photo-

graph). (Photo: Fjellanger-Widerøe).

Inset: On the flatter delta plains, broad,

winding meanders and oxbow lakes

developed, such as here in Kildalen in

Troms county. (Photo: I. Lindahl)



The northern North Sea area subsided gradually
during the Early and Middle Jurassic. Areas that
were subject to high heat flow during Permo-Triassic
rifting now became the sites of enhanced cooling. As
a result, the crust became denser and heavier, caus-
ing it to sink deeper into the mantle. Subsidence was
greatest in the central parts of the old rift structure
where heat flow was most intense during rifting.
Early and Middle Jurassic successions thus increase
in thickness from the margins towards the centre of
the North Sea Basin.

Subsidence was accompanied by movements along
the old Permo-Triassic faults. Faults fragmented the
subsurface into great fault blocks. In the North Sea
area we see no marked indications that these blocks
were rotated, indicating that active extension did not
occur. Fault movements were probably linked to

variations in differential compaction within the
underlying Permo-Triassic basins.

At the beginning of the Jurassic in the North Sea,
fault-bounded basins inherited from the Permo-
Triassic accumulated sand and reddish-coloured muds
deposited in river channels and on great alluvial
plains. These sandstones and mudstones now form
the Statfjord Formation, the lower part of which is
composed of red alluvial plain sediments. The upper
part is progressively more greyish-green in colour and
in the uppermost part we find thin horizons of black,
coal-bearing mudstone, reflecting the Early Jurassic
transition from an arid to a humid climatic regime.

Due to subsidence, the earliest Jurassic plains were
progressively encroached and the coastline retreated.
Evidence for coastal migration is provided by fluvial
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Formation of the great Brent delta

At the beginning of the Early Jurassic, the North Sea Basin was a lowland plain that was

gradually encroached and drowned by the end of the Early Jurassic. In the Middle Jurassic,

the great Brent delta built out northwards and eventually occupied the entire northern

North Sea province.
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Palaeogeography and deposition-

al environments in the North Sea

area during the Middle Jurassic.

The diagram illustrates the

Bajocian and Callovian evolu-

tionary stages. During this period

the great Brent delta built out

from a southern landmass, the

so-called North Sea Dome, and

occupied the entire northern

North Sea Basin before eventu-

ally retreating. (Figures modified

after the Millennium Atlas)

Schematic, vertical sedimentary log
(type log) for the northern North
Sea, showing the transition from
Triassic alluvial deposits to Early
Jurassic marine sandstones and
mudstones. The Brent Group shows a
coarsening upward section from
marine mudstones, through
shoreface sandstones to deltaic
sandstones, mudstones and coal. The
Brent delta occupied the entire
northern North Sea during the
Middle Jurassic. (Figure from R.J.
Steel)
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deposits succeeded by sandstones deposited in the
coastal zone. Gradually, the alluvial plains were com-
pletely submerged by a shallow sea, in which the
black marine mudstones of the Amundsen
Formation were deposited.

The colour change from the black marine mudstones
of the Amundsen Formation to the red and greyish-
green alluvial plain deposits of the Statfjord
Formation is easy to identify in boreholes. The
boundary is also easily seen on seismic profiles that
are essential to oil exploration. Seismic waves travel at
lower velocities in the black marine mudstones than
in the underlying alluvial sediments, and this causes a
strong reflection to be generated at the boundary,
which acts as a mirror for the seismic waves.

Uplift of the mainland
While subsidence prevailed in the northern North
Sea province, mainland Norway was undergoing
uplift. The erosion of older sediments and basement
rocks on the mainland supplied the sand-rich deltas
that advanced westwards into the North Sea Basin.
However, since relief was subdued, sediment supply
was somewhat limited, to the extent that deltas com-
monly did not extend further west than the present
location of the Oseberg field, although they did on
occasions reach the present Gullfaks field.

On the opposite flank of the North Sea Basin, the
Shetland Platform and parts of the Scottish
Highlands also acted as sources for material trans-
ported out into the basin. At this time, the Tampen
area and the Shetland Platform were submerged
beneath a shallow sea.

The Sognefjorden area in western Norway formed
an important drainage network for the transport of
gravels, sands and muds from mainland Norway into
the North Sea Basin. During the Early Jurassic, three

phases of major delta outbuilding centred due west
of the mouth of the present Sognefjorden are record-
ed. The resultant successions have been termed the
Johansen, Cook, and Oseberg Formations, and
demonstrate that there existed an ancient
“Sognefjord Valley” where Sognefjorden is located
today. The delta fronts display an arcuate form
resulting from persistent wave-action that reworked
the outer shoreface of the deltas. Deltas of this type
are called wave-dominated.

We know very little of the Early Jurassic in the
southern North Sea area, since it was uplifted and
eroded during the Middle Jurassic. However, we do
find the dispersed remains of marine claystones, and
these tell us that Early Jurassic seas also occupied the
greater part of the southern North Sea Basin.

The North Sea Dome
At the transition to the Middle Jurassic, lithospheric
plate movements following the break-up of Pangaea
caused the southern North Sea Basin to drift across a
mantle hot-spot. Heat from the mantle caused ther-
mal uplift of the greater part of the southern North
Sea area forming an elevated structure termed the
North Sea Dome while, at the same time, the north-
ern North Sea area continued to subside. Uplift of
the Dome led to erosion resulting in a regional

The great Brent delta occupied the

entire northern North Sea during the

Middle Jurassic. A pterosaur’s eye

view of the great south-to-north

flowing rivers must have been an

impressive sight. (Illustration: R.W.

Williams)

The continental shelf as it may have

appeared during the Jurassic. The

shallow seas and coastal and delta

plains were surrounded by swamp

vegetation. Such areas were inhabit-

ed by pterosaurs and dinosaurs of all

shapes and sizes. (Illustration from

R.W.Williams)
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STUDYING NORTH SEA STRATIGRAPHY IN SCOTLAND
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Correlation between the Oseberg-Rannoch-Etive Formations in the Oseberg field and the Hebridean Bearreraig-Elgol sandstones in Scotland
(Raasay/Skye sedimentary log after R.J. Steel). Selected cores from the Oseberg-Rannoch-Etive Formations are arranged in vertical sequence, and
form a coarsening-upward sequence similar to the weathering profile in the photograph from the Hebrides. (Photo Elgol Sandstone: E.P. Johannessen,
Core photos: Statoil)

On the islands of Skye and Raasay in the Scottish Inner Hebrides, we find Jurassic rocks that are virtually a mirror image of
the geology of the Oseberg field. Sediment logs from the Hebrides and the Oseberg field exhibit a very similar develop-
ment. In both areas the Early Jurassic began with the deposition of fluvial sandstones, succeeded by marine mudstones and
sandstones. The Hebridean Middle Jurassic Bearreraig Sandstone is equivalent to the Oseberg Formation, while the Elgol
Sandstone is the equivalent to the Rannoch and Etive Formations. The thicknesses of the Elgol Sandstone and the Rannoch
and Etive Formations in the Oseberg field area are approximately the same (10 to 15 metres). Elsewhere in the North Sea,
the combined Rannoch and Etive Formations are typically between 80 and 120 metres thick.

The core photographs depict the Rannoch, Etive and Ness Formations. We find similar sedimentary structures in the Elgol
Sandstone. Both units have black mudstones at their base, are overlain by a fine-grained sandstone with hummocky cross-
stratification, and are succeeded by a medium-grained cross-bedded and parallel-bedded sandstone. A gradual coarsening-
upward development of this type is characteristic of the basinward advance of a shoreface zone.

It is often possible to interpret grain size variations from a rock’s profile in outcrop. The
photograph from the Hebrides shows an underlying, severely eroded, fine-grained sand-
stone overlain by a more resistant coarser-grained unit that forms an overhang in the cliff-
face. The gamma-ray log from the Oseberg field demonstrates that fine-grained sandstone,
which contains a higher proportion of clay particles, gives a higher reading than the coars-
er-grained sandstone, which contains less clay and thus produces a lower reading. The
gamma-ray log thus reflects an upward-coarsening profile very similar to that of the Elgol
Sandstone.



367

depositional hiatus, the so-called Mid-Kimmerian
Unconformity. Erosion was most extensive at the
centre of the dome, where today Middle Jurassic
sediments lie directly on Early Triassic rocks. On the
western, British, flank of the dome, thick suites of
basalt lava erupted from active volcanoes, now
known as the Rattray Volcanics.

The Brent delta advances northwards
The North Sea Dome was an extensive land area
comprising Early Jurassic and Triassic rocks. These
were easily eroded, and large volumes of sand and
mud were transported towards the north, forming
the so-called Brent delta and the deposits that now
constitute the Brent Group.

The Brent Group is the most important oil-produc-
ing rock unit on the Norwegian shelf. It comprises
five units, termed the Broom, Rannoch, Etive, Ness,
and Tarbert Formations, whose initial characters
combine to form the BRENT acronym. Brent is a
British name, so that although the Broom Formation
is only encountered on the British flank, and replaced
by the contemporaneous Oseberg Formation on the
Norwegian side, the name Broom has taken prece-
dence in forming the Brent Group acronym.

More recent geological interpretations have ques-
tioned the affinity of the Broom and Oseberg
Formations to the Brent Group. The present view is
that they were formed independently of the Brent
Group as sand-rich deltas that advanced from the
Shetland Platform and mainland Norway respectively.

The Brent delta occupied the entire northern North
Sea area and was so vast that it formed a continuous
coastal zone extending from the coast of south-west
Norway across the North Sea Basin to the Shetland
Platform. Today’s beaches along the coast of Jæren,
south-west of Stavanger, are minor in comparison.
As this shoreface zone gradually advanced north-
wards, it left behind a thick sediment package of
sand that was later to become Norway’s most impor-
tant petroleum reservoir.

Fine-grained sands and silts were deposited farthest
from the coastline, and these are now encountered at
the base of the Brent Group and are termed the
Rannoch Formation. Well-sorted sands were deposit-
ed closer to the shoreline, within the shoreface zone.
These belong to the Etive Formation and overlie the
finer-grained Rannoch Formation strata. Together,
these form what is termed a coarsening-upward

Delta plain deposits from the

Saltwick Formation in Whitby,

Yorkshire. The cliff section reveals

numerous massive river channel

deposits between 5-10 metres thick

and 50-100 metres across. The chan-

nel deposits are encased in stratified

muds and sands deposited on the

flood plain between the channels.

The Saltwick Formation was deposit-

ed at the same time as the Rannoch

and Etive Formations in the North

Sea, although its depositional envi-

ronment is more like the Ness

Formation. (Photo: I. Sharp)

sequence, which is characteristic of advancing coast-
lines (sequence, see Chapter 2).

Several deltaic advances
The outbuilding of the Brent delta from the south-
ern dome made a tentative start, but it rapidly came
to occupy the entire northern North Sea Basin. It
built out northwards in several great advances, the
last three of which have been mapped in great detail.
During the antepenultimate advance, the coastline
reached the present location of the Gullfaks field.
Following the penultimate advance the coastline was
located 20 kilometres further north across the pres-
ent-day Visund field, while the final advance result-
ed in delta plains occupying almost the entire
Tampen area. The coastline was then situated at
about the same latitude as the northernmost exten-
sion of the Snorre field. The Brent delta coastline
probably never extended further north than 62o N,
and deltaic Brent Group sandstones are thus not
encountered off the coast of the Møre region.

A) Hummocky cross-stratification is

a sedimentary structure formed by

storm waves acting along a wave-

dominated coastline, especially in

middle to lower shoreface settings.

The hummocky cross-stratification in

the picture is from Tertiary strata in

Svalbard. Here, the lower boundary

erodes down into an underlying

storm deposit, while the structure

itself is made up of gently curving

laminations dipping at a low angle.

(Photo: E.P. Johannessen)

B) Hummocky cross-stratification in

a core from the Rannoch Formation

in well 30/9-8, Oseberg Field. (Photo:

Statoil)

Erosion

25 cm
10 cm

A

B

Low-angle dipping strata

Low-angle dipping strata
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The surface of the delta was dominated by vast wet-
lands. Rivers typically between five and ten metres
deep flowed across the plains. Eventually, the fluvial
channels became filled with sand and during floods,
silts and clays were deposited on the channel banks
and alluvial plains. These deposits are termed the
Ness Formation. Great swamps and peat bogs occu-
pied the areas between the channels, and later
became transformed into coal beds. At the delta front
the sediments were reworked by wave action forming
elongate sand beaches many kilometres in length.

The Brent delta possessed an arcuate, convex, coastal
morphology, just as Early Jurassic deltas had in the
past, indicating that the North Sea Basin was occu-
pied by an open sea with coasts subject to powerful
wave action. Waves reworked and redistributed the
sand supplied by the rivers along the entire coastline.
The size and morphology of the Brent delta is com-
parable with the great present-day Nile and Niger
deltas in Egypt and West Africa respectively.

In places where the rivers transported so much sand
and mud that the sea was unable effectively to redis-
tribute the sediments, the coastline protruded out to
sea. The great river systems often developed sub-

sidiary deltas, termed delta lobes, superimposed on
the main delta structure.

The Rannoch and Etive Formations, together with
the lowermost part of the Ness Formation, were
deposited during the constructive outbuilding of the
Brent delta, and this succession exhibit relatively con-
stant thicknesses over large areas of the North Sea.

The “demise” of the Brent delta
In the late Middle Jurassic the initial stages of North
Sea rifting began. In the Late Jurassic this led to the
formation of a distinct rift structure, similar to that
which developed during the Permo-Triassic (see
Chapter 12). This in turn led to subsidence and the
gradual retreat of the Brent delta that had dominat-
ed the landscape for the last 5-6 million years. This
retreat resulted in the deposition of thick sand units,
termed the Tarbert Formation, across the delta plain.
The Tarbert Formation is made up of several minor
coarsening-upward sequences, similar to the
Rannoch and Etive Formations, interbedded with
thin coal units and deltaic deposits. This demon-
strates that although the Brent delta was in general
retreat, there were also minor episodic advances.

Subsidence was greatest around the axis of the rift
within the embryonic Viking and Central Grabens.
The first phase of the demise of the Brent delta was
characterised by the incipient tilting of several of the
great fault blocks. This tilting would not have been
observable at the surface of the Brent delta, but its
influence caused depositional thicknesses at the
apices of the blocks to become reduced over time. In
some cases erosion, and not deposition, occurred,
while thicker sequences were deposited along the
flanks of the blocks. Lateral thickness variations of
this kind are seen throughout the uppermost Brent
Group, notably in the upper part of the Ness
Formation and the overlying Tarbert Formation, and
are used to give precise dates to the start of Late
Jurassic rifting.

There was a gradual increase in the intensity of
break-up and subsidence along the rift structure, and
the North Sea Dome subsided. Sediment supply
from the south was reduced and the Brent delta
retreated southwards, with minor local advances
where the great sediment-loaded rivers reached the
coast. Gradually, the delta assumed the form of a
great embayment opening to the north, which
received a greater proportion of its sediments from
mainland Norway and the Shetland Platform along

A) Photograph illustrating a sub-

sidiary delta in an embayment

within the great Mississippi delta.

(Photo: M.O. Hayes). B) Drill core

from well 30/9-8, Oseberg field.

The core comprises sandstone

overlain by a coal unit. We can

see fossil plant roots below the

coal. When the Brent delta

retreated, the delta plains were

occupied by great lagoons and

brackish-water embayments. The

core represents the uppermost

sediments of the bay infill. (Photo:

Statoil)



its flanks. Finally, the once massive delta became
completely submerged as the sea encroached across
the southern North Sea Dome.

The stratigraphic development of the Brent Group is
“symmetrical” in the sense that we encounter coastal
deposits in its lowermost and uppermost strata, with
delta plain deposits in the middle part. This reflects
the Brent delta’s large-scale geological evolution
involving advance followed by retreat.

Norway’s most important hydrocarbon reservoir
Large volumes of sand were deposited in the North
Sea during the Early and Middle Jurassic. They now
form excellent reservoir rocks in that the sand units
are thick, widely distributed, and are often well-sort-
ed, exhibiting excellent porosity.

More than half of Norway’s oil and gas resources
occur in Early and Middle Jurassic reservoirs. Two
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Map showing the extent of the Brent

delta. Oil and gas fields with Brent

Group sandstone reservoirs are

marked. Note that most of the fields

are situated in areas with thick

sands deposited in coastal settings.
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GULLFAKS – OIL IN MANY RESERVOIRS By Eirik Graue

Gullfaks was discovered in 1978 and oil production began in 1986. The field covers
an area of 51 square kilometres and is situated on a rotated fault block on the Tampen
Spur. It has several other giant fields as its neighbours. The main reservoir on Gullfaks
is in the Brent Group, but oil is also found in the deeper Cook, Statfjord and Lunde
Formations. A total of 142 wells have been drilled and have revealed a 250-metre oil
column and total field reserves estimated to be 342 million cubic metres of oil. The
reservoir rocks have excellent reservoir properties, with porosities between 20 and
34 per cent, and permeabilities of up to four darcies. Since the Gullfaks structure lies
at relatively shallow depths, the sand is quite unconsolidated and the reservoir rela-
tively uncemented. This means that sand itself is easily produced together with the oil
with the disadvantage that it corrodes
equipment and plant on the production
platform. In order to prevent sand from
flowing into the wells, several preventive
measures have been taken, such as the
use of sand screens and gravel packing.

With the help of so-called 4-dimensional
(4D) seismic, geologists can now monitor
the volumes of oil produced and at the
same time identify the locations of small pockets
of oil that remain or have not been reached by
the production wells. 4D-seismic involves the
acquisition of a new seismic survey at given inter-
vals of a number of years. By repeating acquisi-
tion while production is taking place, changes in
seismic velocity and density can be used to moni-
tor the movement of the oil-water contact, and
thus observe how the oil field becomes depleted.
This allows the planning of new wells to optimise
oil recovery in areas that are poorly depleted.
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thirds of these resources are in the North Sea, and
the sandstones of the Brent Group are by far the
most important reservoirs.

10 km
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The Gullfaks field on
the Tampen Spur.
The field is formed by
one of a series of
minor, tilted fault
blocks. (Figure from H.
Fossen)



Following intense Permo-Triassic rifting, the area was
now characterised by continued cooling and passive
subsidence. However, today we find examples of tilt-
ed fault blocks offshore Mid-Norway which indicate
that there was active extension controlled by faults
that formed along the extensions of ongoing sea-floor
spreading processes occurring further south between
western Europe and Canada. Large volumes of sedi-
ment were transported into this basin from mainland
Norway in the east and Greenland in the west. At
this time Greenland was located less than 200 kilo-
metres from Mid-Norway, no more than the distance
between Bergen and Stavanger. Sediments from
Greenland were deposited in the outer basins of the

Mid-Norwegian shelf. Large islands existed between
Mid-Norway and Greenland, and these also provided
sediment for transport eastwards into the Mid-
Norwegian shelf basins.

The Early and Middle Jurassic were characterised by
alternating shallow marine and coastal plain environ-
ments resulting from a prolonged battle between
subsidence and coastal advance. Minor deltas built
out along the coastlines of both mainland Norway
and the large islands in the west. Some advances
from the Greenland side extended far across the
Mid-Norwegian shelf, almost reaching the
Norwegian coast.
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Sediments from Greenland invade the
Norwegian Sea

During the Early and Middle Jurassic, the Norwegian Sea was a relatively narrow

sedimentary basin, unaffected by major crustal movements. The distance across the basin

between Norway and Greenland was very short.
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Palaeogeography and depo-

sitional environments on the

Mid-Norwegian shelf during

the Early Jurassic. The dia-

gram illustrates the

Pliensbachian and Toarcian

evolutionary stages. During

the Pliensbachian, the nar-

row seaway between mid-

Norway and Greenland was

occupied by coastal plains

and tidal deltas that now

form the Tilje Formation.

During the Toarcian, the

coastal plains were flooded

and the marine muds of the

Ror Formation were deposit-

ed. Sand-rich deltas formed

at some locations along the

coast, and these now form

the Tofte Formation. (Figure

modified after J. Gjelberg)

Schematic, vertical sedimentary log

(type log) for the Haltenbanken area,

showing the gradual transition from

Triassic fluvial deposits, via interbed-

ded alluvial and coastal sandstones

of the Early Jurassic, to Middle

Jurassic marine sandstones and

mudstones. (Figure from J. Gjelberg)
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Large coal deposits
After burial, the peat was transformed into coal
under the influence of increased pressure and tem-
perature. As a general rule coal is compacted to
approximately one twelfth of its original peat thick-
ness. However, much of this compaction occurs just
below the surface in the uppermost few metres of
the peat bog.

Most coal beds on the Mid-Norwegian shelf do not
exceed one metre, but some are several metres thick.
In the Midgard area, due west of the Sklinna archi-
pelago in Nord-Trøndelag county, the coals represent
a combined thickness of more than 70 metres of the
succession, witnessing the magnitude of the great
peat bogs that formed them.

The swamps were flooded periodically, and shallow
lakes developed between the fluvial channels.
However, subsidence resulted in the gradual
encroachment of the sea across the alluvial plains,
and small marine embayments and brackish-water
lagoons appeared. At the same time, the rivers
became smaller, and the accumulation of plant mate-
rial that might later become coal almost ceased.
Depositional environments gradually became more
marine in character.

The Malacca Straits between

Sumatra and Malaysia connect the

Indian Ocean with the South China

Sea. The channel is 800 kilometres

long and only 65 kilometres wide at

its narrowest point. It is between 10

and 70 metres deep, and the tidal

range increases from two metres in

the outer part of the channel to four

metres along the coast. Local tidal

currents may reach up to five metres

per second. (Photo: NASA)

10 cm

Core from the Ile Formation in well

6506/12-1 on the Halten Terrace,

showing stratified sandstones and

mudstones with vertical and hori-

zontal burrows. (Photo: Statoil)

Since drainage into the mid-Norwegian
shelf was more diffuse, being made up of
numerous smaller drainage basins and coastal estuar-
ies, a great delta system of a magnitude similar to
the Brent delta in the North Sea was never devel-
oped. The Brent delta emptied onto the floor of a
single great marine gulf, and had received much of
its sediment from one great hinterland drainage
basin.

Jurassic floodplains
At the end of the Triassic, and in much the same
way as in the North Sea area, red fluvial and alluvial
plain sediments accumulated in the Mid-Norwegian
shelf basins. The humid conditions of the Jurassic
climatic regime promoted rapid colonisation by
plants, and by the earliest Jurassic, the Norwegian
Sea basins were dominated by vast plains with slug-
gish rivers and densely vegetated swamplands.

Initially, sands and muds rich in plant material were
deposited on the alluvial plains, and these are now
termed the Åre Formation. The rivers were several
tens of metres deep and several hundreds of metres
across. Sand was deposited in the river channels, and
silt and clay on the floodplains. The decomposition
of the abundant vegetation caused the alluvial plain
soils to be rich in humus. Vast swamplands devel-
oped between the river channels where decomposing
plant remains accumulated in thick peat bogs.
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HAS GREENLAND ANYTHING TO TELL US? By John Gjelberg

The geology of East Greenland mirrors that of the Mid-Norwegian shelf. Even though the
Jameson Land Basin in East Greenland was probably detached from the Norwegian Sea
province, similar evolutionary stratigraphic histories can be recognised.

The Kapp Stewart Group of East Greenland was deposited at the same time as the Åre
Formation on the Mid-Norwegian shelf, and comprises mainly alluvial plain and lacustrine
deposits. For long periods, the central East Greenland basin was occupied by a permanent lake in
which fine-grained, organic-rich, mudstones with source rock potential were deposited. To date,
thick lacustrine deposits have not been encountered in the Åre Formation, even though shallow
lakes were common on the Jurassic flood plains.

The Gule Horn Formation and the lower part of the Ostreaelv Formation of East Greenland com-
prise sandstones and mudstones exhibiting tidal sedimentary structures similar to the Tilje
Formation in the Norwegian Sea. In the middle parts of the Ostreaelv Formation we find shallow
water sandstones. The transition from tidal to shallow marine deposits is very abrupt, and very simi-
lar to that between the Tilje and Ror Formations. The middle part of the Ostreaelv Formation (the
Nathorst Fjeld Member) contains sands, gravels and mudstones deposited in coastal settings during
a period of sea level rise, and is similar to the Tofte Formation. The uppermost part of the Ostreaelv
Formation can most probably be correlated with the Ile Formation in the Norwegian Sea.

The mudstones of the Sortehat and sandstones of the Pelion Formations of East Greenland are
equivalent to the Not and Garn Formations respectively on the mid-Norwegian shelf. Both are
composed of shoreface sediments deposited seaward of low-lying coastal plains. At the begin-
ning of the Late Jurassic, marine muds of the Fossilbjerget and Jakobsstigen Formations were
deposited in East Greenland, at the same time as the Melke Formation was deposited in the
Norwegian Sea.
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Jameson Land in East Greenland. There is an excellent correlation between East Greenland and Mid-Norway,
with fluvial deposition during the Triassic and Early Jurassic which shifts to coastal and marine sandstones
and mudstones later in the Early Jurassic continuing into the Middle Jurassic. (Photo: B.T. Oftedal)

During the Middle Jurassic, the area between East Greenland and
Mid-Norway was occupied by several basins separated by great ele-
vated highs that were subject to erosion, and which became the sedi-
ment provenance for the deltas and coastal advances that now form
the Pelion and Garn Formations.



Core from the Garn Formation in

well 6506/12-1 on the Halten

Terrace, showing a cross-bedded

sandstone. The darker, paired, mud-

stone laminations are called “double

drapes”. These structures are charac-

teristic of environments dominated

by tidal currents and are deposited

during the quieter periods when the

currents turn. (Photo: Statoil)
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deposits now known as the Ror Formation. These
sediments are disturbed by the burrowing animals
that inhabited the sea floor. At the same time, uplift
and erosion of the western hinterland promoted the
transport of sands and gravels eastwards to be
deposited as deltas far across the Mid-Norwegian
shelf. These deposits are named the Tofte Formation.

Rapid changes
At the transition to the Middle Jurassic, subsidence
gradually decreased and the inland sea became filled
first with mud and then with sand. These deposits
form the coarsening-upward sequence termed the Ile
Formation and, as a result, a shallow sea was once
again established between Greenland and Norway.
Shallow bays and estuaries with sand banks charac-
terise the coastal areas, together with river deltas that
advanced both from the eastern and western basin
margins. Conditions were very similar to those that
prevailed during deposition of the Tilje Formation
during the Early Jurassic. Coal beds are found in the
Haltenbanken area on the eastern Mid-Norwegian
shelf, indicating that parts of the basin were sediment-
filled and occupied by coastal plains and swamps. In
some provinces located north and south of Halten-
banken, deposition alternated with erosion as some
areas were periodically elevated as intra-basinal highs.

The sea level then rose again and the recently-formed
plains and swamps were submerged. The greater part

Elongate
sand banks

Fluvial channel

“Embayment delta”
Embayment

Tidal flats

Tidal channels
(estuary)

Tidal-dominated shelf
with sand banks

Core from the Ile Formation in well

6506/12-1 on the southern Halten

Terrace, showing a cross-bedded

sandstone deposited in a fluvial

channel. (Photo: Statoil)

Core from the Ile Formation in well

6506/12-1 on the Halten Terrace,

showing stratified tidal flat sand-

stones and mudstones disturbed by

large vertical burrows. (Photo: Statoil)

Tidal influence appears
Subsidence between Greenland and Norway resulted
in the gradual evolution of a shallow sea with strong
tidal currents. These currents most probably devel-
oped as a response to the formation of a narrow sea-
way connecting the northern Boreal Sea and the
southern Tethys Ocean. Today, similar conditions
occur in the Malacca Straits that connect the Indian
Ocean with the South China Sea.

Enormous quantities of sand were deposited in this
shallow sea, and the resulting sandstones are now
termed the Tilje Formation. Tidal currents formed
the sand into elongate ridges oriented parallel to the
coast. Sand-rich tidal deltas were formed at the
mouths of the great rivers. These deltas were funnel-
shaped with offshore shoals and sandbanks oriented
at right angles to the coastline, in contrast to the
arcuate, wave-dominated deltas that built out into the
North Sea Basin. The coastal zone between the rivers
was otherwise occupied by tidal flats and wetlands.

As sea levels continued to rise, the mainland valleys
and river outlets were periodically flooded, promot-
ing the formation of elongate, cone-shaped, marine
embayments or estuaries. Tidal ranges in the estuar-
ies were often greatly amplified and today, estuaries
of this type are encountered at many places around
the southern North Sea.

As subsidence continued, the sea became deeper, and
layer upon layer of silt and clay were deposited in
the central parts of the basin, forming mud-rich

A) Tidal delta from the Gulf of Papua, New

Guinea, showing elongate sandbanks separat-

ed by tidal channels. In the innermost part of

the delta we can see a funnel-shaped estuary,

which develops seaward of a meandering

river channel. (Photo: NASA)

B) Schematic depositional model of the Tilje

Formation, including funnel-shaped estuaries

and sandbanks. (Figure from J. Gjelberg)

A

B



of the Mid-Norwegian shelf became the site of
marine mud deposition. These mud-rich deposits are
termed the Not Formation. Coarser deposits are
encountered in the coastal zone along the margins of
the basin. An increase in fresh and brackish-water
algae in sediments in the southern Haltenbanken
area indicates that shallow lakes and swamps had
developed on the coastal plains closer to the
Norwegian mainland. At the same time, the climate
was humid, and a relatively high rainfall supplied
abundant fresh water to the basin.

Early in the Middle Jurassic the basin flanks of the
Norwegian Sea were uplifted, marking the transition
to the Late Jurassic rift phase. This resulted in the
building out of sand-rich coastal plains and deltas

from both mainland Norway and the western
islands. The resulting sand-rich deposits are termed
the Garn Formation. Ocean currents transported
great volumes of sand further out into the shallow
and narrow sea between Norway and Greenland,
and the coastline underwent several phases of
advance, interspersed with periods of retreat.

At the same time, silts and clays were deposited both
to the north of Haltenbanken and to the southwest
in areas off the present coast of the Møre region.
These are termed the Melke Formation. Along the
south-eastern basin margin off the coast of Romsdal,
we find the remains of coal-bearing, fine-grained
floodplain deposits and fluvial channel sands.
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RELATIVE SEA LEVEL

As mainland Norway and the other marginal areas became progressively worn down by erosion, sediments accumulated in
the surrounding seas. This infilling process was episodic and closely linked to changes in sea level.

Variations in sea level are the result of complex interplay between many factors, and it is not always easy to unravel the
causes. Hence, the term “relative changes in sea level” is used simply to describe rises or falls at a given location, regard-
less of the cause.

Sea level changes may have consequences on a global scale, and these are termed “eustatic”. Eustatic changes in sea level
may be caused by changes in the volume of water in the Earth’s oceans. This volume is dependent on the temperature as
well as on the amount of water bound up in ice masses such as is the case today in the Antarctic and on Greenland, and is
sensitive to events that cause these ice caps to melt. Variations in spreading rate and heat flow along mid-ocean ridges,
which in turn cause uplift or subsidence of the ocean floors, will also produce eustatic sea level changes. However, sea level
changes can also occur on a more local scale, and local variations may be caused by subsidence or uplift of individual
basins or their surrounding hinterlands.

During periods when the relative sea level falls, coastal plains and deltas are able to build sand-rich sediment wedges out
into the seas. When relative sea level rises, the wedges retreat and become overlain by thick, clay-rich, marine deposits.

Global sea level changes (resulting from changes to ice masses, plate movements, temperature)

Local uplift => local sea level fall

Local subsidence => local sea level rise
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A SANDSTONE’S INNER SECRETS By Knut Bjørlykke and Arvid Nøttvedt

Sandstones are made up of small mineral grains measuring between 0.06 and 2 millimetres in diameter. A sandstone has pores between the grains that may
be filled with water, oil or gas. In a good quality oil reservoir there are many large pores between the grains, providing space for the large volumes of oil. The
proportion of these pores in the rock is called the porosity. During deposition at the surface, a well-sorted sand may have a porosity as high as about 45 per
cent, although this decreases as it is progressively buried and becomes subject to increased temperature.

When a sand bed is overlain by new layers of sand and mud, it becomes subject to high pressures, and porosity decreases as the grains reorient themselves
and become more closely packed. They will also be crushed, by coming into contact with each other. If the sand consists of robust grains that are not easily
crushed or deformed, as is the case with quartz or feldspar grains, the compaction process will not reduce the porosity to less than about 25 per cent, even
if the sand is overlain by several kilometres of younger sediments. If no cements have precipitated to bind the grains together, a sand deposit may remain
entirely unconsolidated, but in some cases carbonate cements will completely fill the pores. Increases in temperature may further reduce porosity in that
some of the grains will dissolve where they are in contact with each other. The dissolved material precipitates as cement in the pores and forms a coating
around the original grains. In this way the sand grains become fused together to form solid rock, and the pores fill with minerals such as quartz and calcite,
thus reducing the volumes of oil and gas that can occupy them. Sandstones that have been deeply buried and subject to high temperatures are thus typically
poor reservoirs, whereas those at shallow depths often exhibit excellent properties. Cementation by calcite can occur at all temperatures, whereas quartz
cementation occurs only above 80–90 °C.

In addition to having excellent porosity, a good quality reservoir sandstone must also have a pore network that allows fluids to flow easily through them.
This property is called permeability, and reflects the connectivity of the pore network that allows fluids to flow between the pores. It is measured in units
called darcies. Two rocks with identical porosities may have vastly different permeabilities. If the sandstones are packed in different ways such that the aper-
tures between the pores are of different sizes, the permeability may be thousands of times lower in a sandstone with unfavourable grain packing than in
another where the grain packing is more favourable.

Immediately after deposition, and especially in deltas and along strand zones, a sand may be subject to flushing by large volumes of fresh water. In such set-
tings feldspar and mica are gradually dissolved and the clay mineral kaolinite is deposited in the pores. If the sand contains volcanic material, the clay miner-
al smectite (montmorillonite) may be formed. Clay mineral formation does not necessarily greatly alter the porosity, but may cause drastic reductions in per-
meability.

The reservoirs in many of the most important Norwegian oil and gas fields comprise quartz-rich Middle Jurassic sandstones.
These sandstones have been buried to different depths and temperatures, from less than 1.7 kilometres and about 70
degrees in the Gullfaks Field, to over 4.5 kilometres and at least 170 degrees in the Kristin Field. Porosity varies from more
than 30 per cent in the shallowest reservoirs to less than 15 per cent in the deepest and hottest. Permeabilities vary from
over 10 darcies in the best zones of the shallowest reservoirs in the Gullfaks Field, to less than 1 millidarcy (0.001 darcy) in
the least permeable zones of the deep Kristin Field. Some of the quartz grains in these sandstones are coated with chlorite
and also in part with illite, and this has effectively prevented quartz cementation and allowed higher than normal porosities
to be preserved at these great depths.

A)

B)

0,5 mm

C)

0,5 mm 

A picture showing two core plugs. The pores in the brown-coloured sandstone plug
are filled with oil, while the pale-coloured plug is water-bearing. A core plug is nor-
mally five centimetres long and 2.5 centimetres in diameter. Core plugs are drilled
from cores, usually at intervals of three per metre, and are used in the analysis of
mineralogy, diagenesis, porosity and permeability. (Photo: H. Pettersen)

A) Thin section of a highly porous
sandstone from the Early Jurassic Åre
Formation from the Halten Terrace.
The sand grains are quartz with occa-
sional potassium feldspars. Shallow
burial (1.7 kilometres) and low tem-
peratures mean that the sandstone
contains no quartz cement. The poros-
ity is 33 per cent and the permeability
5.1 darcies. B) Electronmicrograph
showing the sand grains and the
pore-filling in great detail. The sand
grains are quartz with minor amounts
of quartz cement with well-developed
crystal surfaces. The pale-coloured
fibres are clay minerals, which are
only found in small quantities in this
sample. C) Thin section of a well-
cemented quartz sandstone from the
Garn Formation on the Halten Terrace.
All the sand grains are quartz and the
pores are partly filled with diagenetic
illite. The pervasive quartz cementa-
tion is a result of deep burial (four
kilometres) and high temperatures
(160 oC) over long periods of time.
The porosity is five per cent and the
permeability 0.1 millidarcies. (Photos:
Statoil)



376

JURASSIC BOULDERS ON THE BEACH

Since the oil industry arrived in Norway in the early 1970s, we have become more knowledgeable about the Jurassic geol-
ogy along the Norwegian coast. How mainland Norway appeared during the Jurassic has preoccupied scientists for more
than a century, especially after Jurassic rocks were discovered on Andøya (see separate Andøya text box) and the discov-
ery of blocks of Jurassic sandstone and coal fragments in Beistadfjorden as early as 1845, and on the Froan islands in
1914. Botanist Rolf Nordhagen was the first to find and describe blocks from the eastern shores of the Froan islands. The
blocks are composed of fine-grained, calcareous sandstones, rich in marine fossils, which he interpreted to have been
deposited during the Middle Jurassic. But how had these blocks come to be here among the Froan island granites?
Nordhagen proposed the following: “it is possible that the great glaciers have carried them out here. It must be supposed
that the original Jurassic outcrop lies further east, for example in the deep Frohavet Basin, or along the west coast of the
Fosen peninsula – perhaps also further south”. Modern seismic data have since helped to confirm this model. The erratic
blocks from the Froan islands and the western side of Beistadfjorden have been eroded and moved by the ice from small
neighbouring sedimentary basins. These basins are half-grabens similar to the giant Jurassic basins found out on the shelf,
and are formed as a result of faulting along the Møre-Trøndelag Fault Zone. Late Jurassic and Early Cretaceous sediments
were probably also deposited across areas of mainland Norway, but due to up to 1000 metres of Late Tertiary and
Quaternary erosion, only Middle Jurassic sediments are found today, preserved in the deepest parts of these half-grabens.

Erratic blocks from the Frohavet Basins are of Middle Jurassic age, and those of the Beistadfjord Basin date from the
Middle to Late Jurassic transition. This means that they are of the same age as the marine sandstones of the Garn
Formation and the marine mudstones of the Melke Formation lying further to the west, respectively. Two types of block
are encountered. In Beistadfjorden we find iron-bearing sandstones and siltstones rich in plant remains, and probably
deposited in fluvial channels on an alluvial plain. The blocks from the Frohavet Basin are dominated by well-sorted sand-
stones containing marine fossils, and were probably deposited in a shoreface setting. The discovery of Middle Jurassic
erratics demonstrates that there existed great river systems and peat swamps seaward of the present-day Mid-Norwegian
coast. In the Late Jurassic the area was encroached by a shallow sea.
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Møre Basin
Halten
Terrace Frøya High Hitra Basin
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Islands

Frohavet
Basin Mainland
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Early JurassicMiddle Jurassic
sandstones

Middle Jurassic
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Quaternary Basement

COAL – A SHORT STORY

In the 1970s, as part of his
work with the sideritic
iron-bearing blocks found
on the west side of
Beistadfjorden in the
innermost part of
Trondheimsfjorden,
Professor Christoffer
Oftedal wrote an account
of the coal fragments
found at the same site.

“The coal fragments
(first described by C.W.
Carstens in 1929) were
discovered embedded in
glacio-marine clays
along the Svartdals-
bekken stream at Tun,
and as loose fragments
along the beach near the
mouth of the stream. It
is clear that fragments
found along the beach
have been transported
here on the spring floods.
In order to explain how
coal fragments were
deposited in the marine
clay it is possible that the
ice excavated them from
Jurassic coal units in the
bottom of the fjord and
transported them up the
Svartdalsbekken stream.
When the ice melted,
glacial streams trans-
ported the fragments
back down to the fjord
and deposited them in
the marine clay. After
the ice melted the clay
was elevated to its pres-
ent position by isostatic
uplift and, for a second
time, the coal fragments
were transported back
into Beistadfjorden by
flood waters.”

Schematic east-west profile through the Frohavet
Basin extending onto the continental shelf. (Figure
from Haugane og Rise). Inset: An interpreted seismic
profile across the Frohavet Basin. (Figure from A.
Sommaruga and R. Bøe)

a) “Pencil sketch from nature.”, The following description of the drawing was written by Nordhagen in 1917: “During the summer of 1914 I was on
the Froan islands studying the archipelago’s flora and vegetation. My attention was drawn to some curious erratic blocks lying on an elevated part of
the beach about five metres above sea level on the western side of Nordø, one of the largest of the islands. The rocks revealed themselves to be rel-
atively fine-grained calcareous sandstones, with marked weathering colouration on their surfaces. Fresh surfaces were more bluish-grey in colour. The
surface structure was most remarkable, and bore some resemblance to the melt pits observed on meteorites. For this reason the locals on the islands
said that they believed that I must have found a meteorite. The surfaces are covered in extensive small grooves and pits, some with honeycomb
structures due to weathering and, probably first and foremost, the influence of water when the blocks were submerged or located on the foreshore.”
b) A rounded brown-weathered boulder similar to those described by Nordhagen. The calcareous nature of the sandstone suggests that the crater-
like surface structures are most likely formed by the chemical action of gastropods and bivalves dissolving the carbonate. c) Stratified, coarse-grained,
conglomerate block. Both blocks were found on the Froan islands.

a) b) c)
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FROM THE“MIDDLE LIFE”
ERA

From a lecture given by T.
Kjerulf at the Christiania
Scientific Society in 1870:
“This investigation was con-
ducted at the request of a
Mr. Jespersen, parish priest
in Kvedfjord, who sent a
sample of the probable fos-
silised remains of a whale.
When I requested that more
of this material be sent for
closer examination, I con-
cluded that it was coal, and
since I believed that the
material was found in situ,
it raised the possibility of
commercial exploitation.”

Further study indicated that
the Kvedfjord coal might be
from the “Middle Life Era”,
more specifically the
Jurassic. Analysis revealed
that it had a specific gravity
of 1.01, and could thus
“float on the sea”.
Furthermore, Kjerulf con-
cluded “the Kvedfjord coal
appears to have been
washed ashore at many
locations in northern
Norway. From where and
from which strata it origi-
nates is not known, but we
can say with some certainty
that it is derived from
Jurassic deposits occurring
seaward of northern
Norway’s west coast”.

When the oil industry arrived
in Norway at the beginning of
the 1960s, the issue as to
whether sedimentary rocks
existed offshore Norway was a
matter of some discussion, but
it appears that Kjerulf had
arrived at the correct conclu-
sion as early as in 1870.

ICHTHYOSAURS VISIT ANDØYA By Tormod Henningsen

In 1867 mine superintendent Tellef Dahl visited Andøya, after having heard rumours that coal had been found on the
beach and subsequently used as fuel. Between 1869 and 1871 he made some thorough surveys, and conducted some
drilling. In 1896 and 1897, Dahl’s investigations were followed up by J.H.L. Vogt, who also conducted some drilling and
confirmed that the coal beds occurred in the lowermost part of the sequence together with bituminous shales and refrac-
tory clays. Based on these, and the initial investigations, he made a correlation of the three most important coal units but
concluded that they did not constitute the basis for commercial mining.

Vogt collected plant and invertebrate fossils, which indicated that the deposits were of late Early Jurassic to Early
Cretaceous age. In 1952 T. Ørvig led a new fossil-collecting expedition to Andøya. He found many well-preserved ammonite
and bivalve fossils, together with the skeletal remains of an ichthyosaur which was the first fossil marine reptile discovered
in Norway. In 1975, a well-preservedspecimen of an Ophthalmosaurus was found during fieldwork conducted by Arne
Dalland.

The sediments on Andøya were deposited in a half-graben. The succession from Ramså in the south to Skardstein in the
north is over 700 metres thick. These strata extend to the northeast, and are between two and three kilometres thick in the
outer part of Andfjorden. They are primarily marine deposits, with brackish-water interbeds in the lower part of the Jurassic
succession. The Jurassic and Cretaceous strata of Andøya are similar to those encountered in boreholes both in the Barents
Sea and seaward of the Lofoten Islands.

It has been known for many years that sedimentary, fossil-bearing, erratic blocks have been found on both the east and west
sides of the Sortlandssundet channel between the islands of
Hinnøya and Vesterålen. During recent years the Norwegian
Geological Survey and IKU have conducted seismic surveys and
shallow corings, which led to the discovery of a sedimentary basin
lying between the islands of Hinnøya and Langøya in Sortland
municipality. A further basin has now been identified between the
islands of Andøya and Langøya. The basin in Sortlandssundet is
thought to be a half-graben, bounded in the north by NNE-SSW-
trending faults, which is the same orientation adopted by faults
located between the Lofoten islands and Vesterålen.
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The fish-lizard, Ophthalmosaurus.
(Photo: Natural History Museum,
Oslo)

Map showing the present-day distri-
bution of Jurassic deposits in the
Vesterålen area (blue). These are
preserved in three small basins
associated with fault zones, and this
protected them from glacial erosion
during the last glaciation.

Tracing of a seismic profile from Sortlandsundet showing the
preservation of thick sediments of Early and Middle Jurassic age.



The Hammerfest Basin was the dominant basin in
the southern Barents Sea during the Early Jurassic.
No Early Jurassic deposits are found east of the
Hammerfest Basin where today, the Middle Jurassic
lies directly on Triassic sediments. An elevated land
area probably separated the Hammerfest and
Nordkapp Basins during the Early Jurassic.

The Finnmark region, together with the land areas
in the east, was an important source area for sedi-
ments that entered the southern Barents Sea. To the
north, the Loppa High was most probably elevated
and subject to erosion during the Early and Middle
Jurassic. Sediments derived from the high were
transported south into the Hammerfest Basin.

At the end of the Triassic, the Barents Sea area, in
common with much of the Norwegian shelf, was
occupied by vast alluvial plains. However, since the
climate was humid, and in contrast to the North Sea
and Norwegian Sea, these plains were occupied by

swamplands and other vegetation. This is because
the Barents Sea was situated further north within the
humid temperate climatic zone, whereas areas fur-
ther south remained in the arid climatic zone.

In the Early Jurassic, the Barents Sea area became
submerged, and the coastline gradually retreated
back across the older alluvial plains. Sand was
deposited in the coastal regions, and the resulting
sandstone, in the lower Tubåen Formation, today
forms an extensive sand sheet that overlies the older
fluvial deposits. Sedimentary structures within the
sands bear witness to powerful tidal currents, similar
to those recorded in the Norwegian Sea.

Vast coastal plains
Extensive coastal plains occupied the Eastern
Hammerfest Basin. Periodically, the coastal plains
made several minor advances into the western
Hammerfest Basin. These advances appear in the
upper part of the Tubåen Formation as repeated
coarsening-upward sequences where coastal sands
overlie marine muds. Minor deltas developed at the
mouths of the large rivers.

With time, the deltaic coastline advanced further
west until eventually the greater part of the
Hammerfest Basin was occupied by a vast coastal
plain dominated by sluggishly-flowing rivers and
tidal channels. In the Barents Sea area a balance
between sediment supply and basin subsidence was
almost achieved during the Early Jurassic such that,
after its initial and rapid advance, the coastline
remained more or less stable for a prolonged period.

Sand was deposited in the river channels, but the suc-
cession is otherwise dominated by mud deposited on
the flood plains between the channels. These deposits
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Palaeogeography and depositional

environments in the southern

Barents Sea during the Middle

Jurassic. A continuous landmass

probably extended from Finnmark

northwards to the present Loppa

High and beyond. The Hammerfest

and Nordkapp Basin provinces were

occupied by coastal and delta plains.

(Figure modified after J. Gjelberg and

G.B. Larssen)

Deltas and coastal plains in the far north

Throughout the Early and Middle Jurassic, the Barents Sea was a relatively stable platform,

but with increasing vertical tectonic movements the area was divided into southern and

northern sub-basins by the Loppa High.
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are termed the Nordmela Formation. Thin coal beds
and traces of roots within the mudstones provide evi-
dence of the existence of dense vegetation and peat
formation. Minor marine encroachments across the
plains resulted in the formation of tidal embayments
that rapidly became infilled by interbedded units of
mud and sand with abundant traces of burrowing
organisms. Conditions in the Early Jurassic on the
Barents shelf are very similar to those in the present-
day German Bight, where wave action and tides con-
stantly rework the Rhine delta more rapidly than the
river is able to supply it with sediment.

In the Hammerfest Basin towards the end of the
Early Jurassic, subsidence increased and the coastal
plains became completely submerged, resulting in
the deposition of a thick marine sand unit that now
overlies the alluvial plain deposits. The resulting
sandstones are now termed the Stø Formation. Sand
was deposited in the shoreface zone and in the shal-
low seas adjacent to the coastline, which was in
retreat. Preserved sedimentary structures in the lower
part of the Stø Formation demonstrate that the sand
was reworked by wave and tidal action. The upper
units of the Stø Formation are intensely disturbed by
burrowing organisms and contain phosphate nod-
ules, indicating a somewhat restricted supply of sedi-
ments, probably as a result of low topographic relief
in the sediment provenance areas.

Sea level rise during the Middle Jurassic had regional
implications, and also resulted in flooding of land
areas further to the east, including what later became
the Nordkapp Basin. Here, the Stø Formation was
deposited immediately above older Triassic alluvial
plain deposits.

The Stø Formation is the most important reservoir
rock on the southern Barents shelf. It comprises
thick, massive, sandstones that contain very little silt
and clay and exhibit excellent porosity, making them
highly permeable and enabling efficient oil and gas
flow through the reservoirs.

We have very little information about the Early and
Middle Jurassic in the northern Barents Sea, and our

Core from the Nordmela Formation in the

Hammerfest Basin well 7119/12-1, show-

ing ripple-laminated sandstone. Some of

the ripples are oriented in opposite direc-

tions in a herringbone cross-bedding pat-

tern, and are formed by the interaction of

opposing tidal currents. (Photo: Statoil)
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Core from the Nordmela

Formation in the Hammerfest

Basin well 7120/8-1, showing

a sandstone with traces of

roots. (Photo: Statoil)
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East-west oriented well log correlation

from the Hammerfest Basin. The figure

shows how contrasting depositional

environments correlate and interfinger

with each other. The uppermost part of

the Tubåen Formation develops from flu-

vial sediments in the east to marine and

deltaic sandstones in the westernmost

well. The Nordmela Formation thins

towards the east, where fluvial channels

become more common. Coastal sand-

stones in the lower part of the Stø

Formation wedge out towards the east

into delta plain sequences of the

Nordmela Formation. Marine shales in

the middle part of the Stø Formation also

disappear towards the east. These lateral

variations indicate that the Early and

Middle Jurassic was characterised by a

landmass in the east and an ocean in the

west. (Figure from J. Gjelberg et al.)

10 cm

Core from the Nordmela

Formation in the Hammerfest

Basin well 7119/12-1, showing

stratified sandstones and mud-

stones with wave-ripple lamina-

tion. Examples of individual sand

ripples encased in mud are

termed lenticular bedding.

(Photo: Statoil)

U-shaped Diplocraterion burrows in

the Nordmela Formation from well

7119/12-2, indicating shallow water

and high energy. (Photo: Statoil)
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TRACES OF OIL IN THE BARENTS SEA

It is 1981, and the third well is being drilled in the Hammerfest Basin. Hydrocarbons have been discovered, and excitement
on the drill floor is at fever pitch. The drill bit continues nibbling away small fragments of rock as it relentlessly gnaws its
way onward and downward. The cores arriving on deck are brown in colour and there is a smell of oil in the air. The atmos-
phere is charged. In total, 220 metres of core were taken before the base of the hydrocarbon-bearing units was penetrat-
ed.

However, the print-outs of the electric logs that measure the
rock properties in the well showed that they contained only
minor traces of oil, so-called residual hydrocarbons. Cores
provide geologists with important information, but they are
expensive and are normally only taken when it is quite cer-
tain that reservoirs are hydrocarbon-bearing. It was thus a
major disappointment when it was confirmed that the well
did not contain mobile hydrocarbons. But exploration geolo-
gists do not give up. There were traces of oil, after all. Later,
residual oil and structures half-filled with gas were discov-
ered in one drilled structure after another.

More than 50 wells have been drilled in the Hammerfest Basin and in the western Barents Sea with similarly disappointing
results, with the exception of a single commercial gas discovery – the Snøhvit field, and a single oil discovery – the Goliat
field. This is to a large extent due to Cenozoic uplift and erosion that has resulted in the removal of up to 1,500 metres of
sediments and has tilted the traps causing the oil to leak away. As the traps were tilted, gas in the reservoirs expanded and
expelled the oil.

A geologist on Ross Rig studying oil-bearing cores from well 7119/12-2.
(Photo: Statoil)

THE SNØHVIT FIELD By Atle Folkestad

The Snøhvit Field comprises the Askeladd, Albatross and Snøhvit dis-
coveries and is located in the centre of the Hammerfest Basin. The
field contains gas and small volumes of light oil. The Stø Formation
represents the main reservoir, where the estuarine sandstones that
make up about half of the succession exhibit the best flow properties
for gas. These excellent flow characteristics are the result of the action
of waves and tidal currents that sorted the sandstone and washed
away all finer-grained material. A lesser proportion of the Stø
Formation is made up of beach deposits, which also exhibit adequate
reservoir properties, but are not of the same quality as the estuarine
deposits. Finer-grained sandstones situated seaward and leeward of
the barrier islands exhibit somewhat poorer flow properties as a
result of the increased pro-
portion of silt and clay parti-
cles in the sandstone, and
some of the sandstone
pores have been blocked by
calcite cement derived from
dissolved oyster shells.
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Tubåen
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A) Schematic depositional model for
the Stø Formation. The different depo-
sitional environments are numbered as
follows: 1) alluvial plain, 2) tidal flats,
3) estuary, lagoon, beach, and barrier
islands, 4) marine.

B) Sedimentary log from the Snøhvit
field. The Tubåen, Nordmela, Stø and
Fuglen Formations were deposited in
contrasting coastal depositional envi-
ronments. The numerals refer to the
same environments as shown in A.

Snøhvitfeltet bygges ut med undervannsinstallasjoner og rørled-

Har ikke engelsk tekst
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evolutionary model of this area remains speculative.
However, it is believed that conditions were approxi-
mately the same as in the southern Barents Sea,
characterised by alternating cycles of coastal plain
advance followed by phases of retreat.

Our northernmost Jurassic landmass
Svalbard’s easternmost landmasses are represented by
the protected archipelago of Kong Karls Land where
we find the Early and Middle Jurassic of the Barents
Sea province cropping out on land. Here, the land-
scape is dominated by yellow and white sandstones
alternating with black claystones.

Sediments in Svalbard and the surrounding shelf
areas were derived from the Frantz Josef Land area
and the now submerged Lomonosov Ridge, which

represented a northern landmass situated approxi-
mately where the Arctic Ocean is today.

The Jurassic succession of eastern Svalbard has not
been buried very deeply, and the sand- and clay-
stones on Kong Karls Land have thus remained rela-
tively unconsolidated and uncemented. In fact, the
sediments are so loosely compacted that they can be
cut with a knife. On Kong Karls Land, a geologist’s
most useful tools are a spade, a spatula and a knife –
much the same as those used for studying
Quaternary drift or modern beach deposits. With
these it is possible to cut completely planar sections
through the strata in order to study the sedimentary
structures in detail.

This also means that the archipelago is vulnerable to
erosion, and Kong Karls Land would probably have
been washed away long ago if it hadn’t been for the
resistant Cretaceous basalts that rest like a lid cover-
ing the uncompacted Jurassic sandstones. In addi-
tion, the sea surrounding the islands is frozen for
much of the year, and this helps to reduce the extent
of coastal erosion.

The geological evolution of the islands of eastern
Svalbard is very similar to that of the Hammerfest
Basin. At the transition to the Early Jurassic, the sea
encroached onto the Triassic coastal plains. The
coastline advanced again during the Early Jurassic,
but in the same way as in the southern Barents Sea
area, it did not reach as far west as during the
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Palaeogeography and sedimentary

environments in the northern

Barents Sea during the Early and

Middle Jurassic, showing the

Sinemurian and Toarcian evolution-

ary stages. Spitsbergen was proba-

bly submerged below the sea for

much of this period, but perhaps

emerged episodically and became

subject to erosion. It is also likely

that there was a seaway connecting

the Norwegian Sea to a precursor of

the modern Arctic Ocean. The gener-

al trend is similar to that in the

Hammerfest Basin, with vast coastal

plains and deltas in the east during

the Early Jurassic that were

encroached by the sea in the Middle

Jurassic. (Figure modified after G.B.

Larssen et al.)

Schematic, vertical sedimentary log

from Kong Karls Land showing the

gradual transition from Middle

Jurassic coastal, marine sandstones

and mudstones to Middle and Late

Jurassic outer shelf marine mud-

stones. (Figure from G.B. Larssen et

al.)
Fossil impression of the rib-cage of a Plesiosaurus from Teistberget in

Svalbard. (Illustration: Statoil)



Triassic. Coastal outbuilding resulted in the deposi-
tion of stratified sands and muds, now termed the
Svenskøya Formation. Here we find large channels
and sedimentary structures formed by powerful tidal
currents. Except for the climatic conditions, the
depositional environments on Kong Karls Land, just
as in the southern Barents Sea, may have been com-
parable to the tidally-dominated coastal environ-
ments of the present day North Sea.

After the advance of the tidally-dominated coastline,
eastern Svalbard gradually became submerged again
and the coastline retreated towards the northeast, fol-
lowed by the deposition of marine sands and muds
that now make up the Kongsøya Formation. Finally,
the entire area including all of Svalbard became sub-

merged by a vast shallow sea, which was the site of
deposition of a carbonate-bearing, and often fossilif-
erous, sand unit containing gravels and phosphate
nodules. This unit is known as the Brentskardhaugen
Bed. The formation of phosphate nodules requires
clear marine water over a prolonged period and indi-
cates that sediment supply into the basin was proba-
bly very restricted. The bed is relatively thin, varying
from only 0.5 to 5 metres in thickness.

During much of the Early and Middle Jurassic, west-
ern Svalbard was a shallow marine platform receiving
only a very limited sediment supply. On Spitsbergen
we find no great advances of coastal sands similar to
those in the east. In the classic Festningen profile in
the outer part of Isfjorden, the entire Early and
Middle Jurassic succession is only 20 metres thick
and is composed of mudstones and sandstones with
phosphate nodules, very similar to the Brent-
skardhaugen Bed. Here, it contains both Early and
Middle Jurassic fossils, indicating that it was deposit-
ed over a much longer period.

Strata along the west coast of Spitsbergen are hard
and extensively cemented, as a result first of deep
burial, followed by uplift to the surface later during
the Cenozoic.
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The Hårfagrehaugen mountain on
Kongsøya. The lowermost white-
coloured strata are lenticular in form,
belong to the uppermost part of the
Early Jurassic Svenskøya Formation,
and are composed of medium-
grained sandstones deposited in
broad tidal channels. The yellow-
coloured interval in the upper part of
the slope is the Middle Jurassic
Kongsøya Formation, and comprises
fine-grained sandstones deposited
along the coastline and in large
embayments between tidal channels.
(Photo: A. Nøttvedt)

Inset: Tidal channel complex from
the Svenskøya Formation. The chan-
nel is infilled with stratified sand-
stones and mudstones. In the upper-
most right-hand corner we can see
the base of a channel downcutting
into underlying channel deposits.
(Photo: G.B. Larssen)

Helvetiafjellet Formation

Agardhfjellet FormationAgardhfjellet Formation

Kongsøya FormationKongsøya Formation

Svenskøya FormationSvenskøya Formation

Cross-bedded sandstone from the
Svenskøya Formation on Kongsøya.
The dipping beds contain examples
of the paired mud horizons termed
“double draping”, which become
thicker towards the base of the dip-
ping strata. Similar stratification
structures are recognised in modern
tidal channels in the Netherlands.
(Photo: E.P. Johannessen)
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NORTHERN CANADA – A PART OF NORWAY

During the period from 1898 to 1902, Otto Sverdrup’s polar expedition, often referred to as the second Fram expedition,
was mapping the northern parts of Greenland. Poor ice conditions forced the expedition south-westwards and into Jones
Sound, located just to the north of the Northwest Passage in northern Canada. It was during this period that a landmass
and islands almost as large as mainland Norway were discovered and mapped. In geological terms, the area is known as
the Sverdrup Basin and many of the place and formation names are derived from those of Norwegian expedition members
and the expedition’s sponsors. Today, most of these names have been retained on maps from the Canadian Survey.

Schei, who was a geologist on the Fram expedition, pointed out the major similarities between the Sverdrup Basin and
Svalbard. He demonstrated that Late Palaeozoic and Mesozoic fossils from the basin have northern European, and not
American, affinities. At Blaafjeld, among other things, a black Triassic shale containing the bivalve fossil Daonella was dis-
covered. Schei was able to confirm that both the fossil and its host rock were identical to finds on Spitsbergen. This is
hardly surprising, since prior to the opening of the Norwegian Sea in the Tertiary (see Chapter 14), the Sverdrup Basin was
situated much closer to Svalbard and the Barents Sea than it is today.

The Jurassic succession is extensively exposed in the Sverdrup Basin, and has also been penetrated in many of the 180 oil
wells drilled during the 1970s. A log correlation from the Sverdrup and Hammerfest Basins clearly illustrates the similarities
in their respective geological development. The Sverdrup Basin thus provides a very important reference area for all those
exploring for oil in the Barents Sea.

A correlation of sedimentary logs from the
Sverdrup and Hammerfest Basins. There are
striking similarities between their deposition-
al environments. (Figure from E.P.
Johannessen and A.F. Embry)

The Early to Middle Jurassic sequences of the Sverdrup Basin. The stratified sandstones and
mudstones in the lower part of the picture are equivalent to the Nordmela Formation, while the
massive sandstone cliff above is equivalent to the Stø Formation. (Photo: E.P. Johannessen)

From northern Ellesmere Island on the
Sverdrup Basin margin. At the base we
see red and white-coloured Mid-
Carboniferous sediments. These strata are
tilted, and form an angular disconformity
with the overlying strata. The black marine
mudstones in the centre of the picture are
of Late Triassic age, and are overlain by
light-coloured deltaic deposits of Jurassic
age. (Photo: E.P. Johannessen)
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