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During the Carboniferous and Permian,

fundamental changes occurred in the geolog-

ical development of the Barents Sea and

northern areas. Crustal movements resulted

in the formation of minor rift basins, but

eventually these ceased and the area became

a great shallow sea. Continental drift

brought about significant changes in cli-

mate, with depositional environments vary-

ing from tropical coal swamps in the Early

Carboniferous, to warm shallow seas with

limestone deposition and reef structures in

the Late Carboniferous and Early Permian.

Towards the end of the Permian the area

drifted into the northern temperate climatic

zone.

Vast lowland plains, coal and salt
CARBONIFEROUS AND PERMIAN IN THE NORTH; 359–251 MILLION YEARS AGO

In Ebbadalen on Spitsbergen there are

folded yellow and red sandstones, alter-

nating with white evaporites and grey

limestones from the Carboniferous and

Permian. (Photo: A. Nøttvedt)



CARBONIFEROUS AND PERMIAN IN THE NORTH

359–251 million years ago

In the Late Devonian, North America, Greenland and Baltica merged to form the continent Laurasia, but

remained separated from southern Gondwanaland. During the Carboniferous, Laurasia drifted northwards and

we also see the initial break-up of, and lateral movements between, Norway and Greenland. During the Early

Permian, Laurasia and Gondwanaland collided to form the supercontinent Pangaea that extended almost from the

South to the North pole. The continental collision resulted in the formation of a great mountain belt, the so-called

Variscan Orogen. The remains of this mountain belt now lie beneath modern-day central Europe.

Early Carboniferous plate reconstruction

showing Norway’s location in yellow.

(Illustration: R. Blakey)
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Introduction

“Carboniferous and Permian in the north” is the story of how our cold, northern coast-

lines once lay much further south, with tropical swamp forests and warm oceans.

At the close of the final stage of the formation of the Caledonian mountain belt, the so-called
Svalbardian phase, the Barents Sea was part of an extensive and continuous area that extended from
Northern Greenland and Arctic Canada in the west, to Novaya Zemlya in the east. Even though a

more or less continuous Late Devonian, Carboniferous and Permian sedimentary sequence is found over the
entire area, the depositional histories of the different provinces vary quite markedly. Isolated basins are sepa-
rated by extensive platforms and narrower, seismically active, zones. In this chapter the geological develop-
ment within these contrasting basins will be discussed.

At the onset of the Carboniferous period, the present day Barents Sea area was located just north of the equa-
tor, and formed the northern segment of the Laurasian continent. During the Permo-Carboniferous, the area
drifted northwards and passed through several climatic zones. This gave rise to the highly contrasting sedi-
mentary successions that we find today and that form some of the most spectacular mountains seen in
Svalbard. Environmental conditions resulted in deposits ranging from coal-bearing alluvial plain and red
desert sediments, to grey- and yellow-coloured carbonates and white evaporites. Together with recent oil
exploration in the Barents Sea, exposures in Svalbard provide the key to our understanding of the Permo-
Carboniferous history of the northern areas.

Very little information is available from the Permo-Carboniferous on the shelf off-
shore Mid-Norway. The little we do know is derived from widely-spaced shallow
boreholes drilled close to shore, together with exposures in East Greenland,
which at this time was situated close to Norway. The geological develop-
ment of this area will therefore only be discussed incidentally in the
remainder of this chapter, although our knowledge is incorporated in the
map reconstructions in the figures.

Much more information is available for the Permo-Carboniferous in the
North Sea area. In England, the Netherlands and in Germany, oil and gas are cur-
rently being produced from Carboniferous and Permian reservoirs. The development of
the North Sea area is described as part of the next chapter dealing with the Oslo Graben area.

Panthalassa

Caledonides

(GONDWANA)

India Australia
Africa

Norway

Siberia

Palaeo-
Tethys Ocean

South
America

North-
America

Palaeogeographic reconstruction of

the Early Carboniferous continents

from 340 million years ago. Brown

indicates landmasses, pale blue rep-

resents continental shelves, and dark

blue indicates oceanic crust.

(Illustration: R. Blakey).



In the Early to Mid-Carboniferous, crustal move-
ments resulted in the formation of several rift basins,
both in Svalbard and on the Barents shelf. The
basins were bounded by active fault zones, several of
which followed older fracture zones formed initially
during the Caledonian orogeny, and which were also
active during the Devonian. As in Devonian time
lateral movements, as well as extension, most proba-
bly occurred along these faults.

The Carboniferous basins varied in their structural
configuration. In the Early Carboniferous the basins
were larger, and some of them, notably along the
west coast of Svalbard and on Bjørnøya, subsided to
great depths, while others developed as broader
depressions that underwent only limited subsidence.
Middle Carboniferous rift basins were narrow and
underwent extensive subsidence.

During the Late Carboniferous and Permian, the
movements abated, and large areas of the Barents Sea
became a continuous stable platform where a relative-
ly thin sedimentary succession was deposited. The
deep Nordkapp Basin in the southern Barents Sea
represents an important exception, in that here we
find a thick succession of Late Carboniferous and
Permian age. Further west, in the Tromsø and Bjørn-
øya Basins, Late Palaeozoic sediments are very deeply
buried, and their geological evolution is unclear. It is
uncertain as to whether Carboniferous and Permian
basins extended onto the present-day Norwegian
mainland where, in any event, all remnants of earlier
sediments have now been removed by erosion.

An ancient fault zone
Along the west coast of Svalbard we find an ancient
fault zone, the so-called Palaeo-Hornsund Fault
Zone. This fault zone extends from Svalbard south-
wards to Bjørnøya and represents the ancient plate
boundary between Baltica and Greenland. The
Palaeo-Hornsund Fault Zone is the forerunner of the
younger Hornsund Fault Zone that crucially defines
the site along which Greenland and Svalbard moved
away from each other during the Cenozoic. Deep
Early Carboniferous basins are characteristically
located along this fault zone.

The area along the Palaeo-Hornsund Fault Zone,
and the closely-related Loppa High, were repeatedly
uplifted and eroded during the Permo-
Carboniferous, resulting in the local deposition of
sand around elevated highs.

Baltica drifts northwards and the climate changes
Massive and dramatic changes in climate took place
during the Carboniferous and Permian. The Barents
shelf drifted through many climatic zones, starting
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From rift basins to stable platforms

The region’s geological development during the Carboniferous and Permian was greatly

influenced by the formation of the Uralian mountain belt in the east, and the initial break-

up of, and subsequent lateral movements between, Norway and Greenland in the west,

combined with climatic changes resulting from continental drift.

Map illustrating the major structural

elements on the Barents shelf during

the Carboniferous and Permian.

Elevated highs are shown in green.

Subsidence was active in the

Nordkapp Basin, which is shown in

yellow. Other stippled areas indicate

structures that developed later dur-

ing the Jurassic and Cretaceous.
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with tropical and then into arid climes, and finally
into the temperate zone. This was due in part to the
northward drift of the Baltic Plate, and during this
period the Barents shelf passed from about 15o to
40o N. At the same time, the Laurasian and
Gondwanaland continents collided to form the
supercontinent Pangaea, and this led to changes in
global atmospheric circulation patterns. This in turn
resulted in a massive expansion of the arid climatic
zone over the entire central Pangaean continent.

In addition, we see significant changes in sea level
during the Carboniferous and Permian. Variations
occurred rapidly, most probably as a result of a peri-
od of repeated glaciations occurring at the same time
on the southern Gondwana continental landmass.
Further sustained regional and global sea level
changes also occurred as a result of plate movements.
From the Carboniferous, and throughout the
Permian, there was a gradual rise in sea level culmi-
nating towards the end of the Permian in a global
sea level fall that caused extensive areas that were
previously shallow seas to become dry land.

Life flourishes
The transition from the Devonian to the Carboni-
ferous marks a gradual evolution in fauna and flora.
At the end of the Devonian, typical “coal forests” and
their characteristic pteridophyte (fern-like) flora had
already evolved, while in the Carboniferous, seed-
bearing plants also appeared. Many Carboniferous
plant species became extinct in the Permian, possibly
in response to the increasingly arid climatic conditions
that in turn became characterised by conifers. Ginkgo
(maidenhair) trees and other seed-bearing plants were
the forerunners of the Mesozoic flora to come.

Insects enjoyed an explosive evolution during the
Carboniferous. Many species evolved specialised jaws
for opening cones and seed pods, while others devel-
oped a tube-like proboscis that enabled them to
drink sap and other plant fluids. Primitive «dragon-
flies» had wingspans of up to 70 centimetres.
Cockroaches and spiders also inhabited the swamp
forests, and a millipede more than 1.8 metres long
has been found in Late Carboniferous deposits.

During the Carboniferous, the land was dominated
by the stegocephalids, or armoured amphibians, and
the first reptiles appeared at the end of the
Carboniferous. The first land vertebrates were car-
nivorous. During the Permian, the armoured
amphibians and reptiles underwent further develop-

Diagram showing the continental

drift of Svalbard. Since the

Carboniferous, Svalbard has drifted

progressively northwards over a dis-

tance equivalent to about 90

degrees of latitude, or a quarter of

the Earth’s circumference.

(Figure modified after R.J. Steel & D.

Worsley)
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ment. Reptiles were not affected by periods of
drought and evolved a new type of hard-shelled egg
that could be laid on land, and in which both egg-
white and yolk provided nourishment for the
embryo. Specialised bones in their neck and feet
enabled these creatures to hold their heads erect and
to walk more easily, and they were thus able to range
widely across the hinterland of the Pangaean conti-
nent. Mammal-like reptiles, such as Thrinaxodon
and Cynognathus, evolved several mammalian char-
acteristics. These creatures were most probably cov-
ered in fur and, in contrast to the reptiles, almost
certainly warm-blooded.

Both cephalopods (cuttlefish and squids) and
brachiopods (lamp shells) were common in the oceans.
The brachiopods Spirifer and Productus were repre-
sented by many species. During the Carboniferous
and Permian, sponges, corals and bryozoans (sea
mats), including the species Fenestella, built reef
structures in the warm oceans. The fusilinids are a
group of complex-shelled microfossils (amoebae)
that died out at the end of the Permian, and which
are now used to compare and correlate sedimentary
rocks from different locations.

The end of the Permian, 251 million years ago, is
known for the greatest mass extinction in the Earth’s
history. It is thought that about 90 % of all marine
life forms died out, including the trilobites, rugose
and tabulate corals and fusilinids, while bryozoan
species, many brachiopods, and the cephalopods
were severely reduced in number. During the subse-
quent Triassic period, many of these groups were
replaced by other species that found vacant niches
within the food pyramid.

A variety of deposits
Permo-Carboniferous deposits varied greatly over
time, but their development in the different
provinces of the Barents Sea and in Svalbard is
remarkably similar, and was controlled by variations
in crustal movements, together with climatic and sea
level changes, all of which resulted in the deposition
of four characteristic sequences.
1) Early Carboniferous sandstones, mudstones, and
coals were deposited in rivers and swamps in narrow
rift basins and broad depressions. These deposits
were laid down close to the equator under hot and
humid conditions in the tropical climatic zone.
2) Middle Carboniferous red sand- and mudstones,
limestones and evaporites were deposited in narrow
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In the Early Carboniferous, the cli-

mate was humid and characterised

by large swamp forests, containing

ferns, club mosses and

Lepidodendron trees.

(Illustration: B. Bocianowski)

In the Late Carboniferous and

Permian northern Europe was hot

and dry, and reptiles ruled the

scorched landmasses.

(Illustration: B. Bocianowski)
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rift basins, and reflect a change to arid, but still hot,
climatic conditions that were similar to those of the
northern arid climatic zone seen in the Persian Gulf
or Caribbean today.
3) Carbonates and evaporites of Late Carboniferous
and Early Permian age were deposited in an exten-
sive shelf sea. Crustal movements had now abated,
and the climate continued to be hot and dry. The
teeming life of the Carboniferous and Early Permian

seas, now preserved as fossil corals, algae and a vari-
ety of shellfish, was characteristic of the prevailing
warm, salt-water conditions.
4) Late Permian mudstones, sandstones and lime-
stones were deposited in deeper and cooler seas than
in earlier periods. Towards the end of the Permian,
the Barents Sea area had drifted into the northern
temperate zone.

Stratigraphic columns showing

Carboniferous and Permian succes-

sions on the Barents shelf and in

Svalbard. In the Early Carboniferous,

we find coal-bearing sandstones and

mudstones, while the Late

Carboniferous and Permian are dom-

inated by limestones and evaporites.

These successions reflect a progres-

sive change from humid to arid cli-

matic regimes.
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the locations where Carboniferous and Permian rocks crop out. Spitsbergen’s evolution is typical of large parts of the Barents shelf. In the Early

Carboniferous, sand and mud were deposited in broad basins, while in the Mid-Carboniferous, crustal movements resulted in the formation of narrow and

more isolated rift basins. In the Late Carboniferous and Permian, the Barents Sea area developed into a gradually subsiding, stable platform. BFZ =

Billefjorden Fault Zone, LAFZ = Lomfjorden–Agardhbukta Fault Zone. (Figure modified after A. Andresen)



The deposition of these continental successions
began at different times in each of the basins. The
oldest sediments are probably found on Bjørnøya,
and are of latest Devonian age.

Latest Devonian and Early Carboniferous deposits
have been termed the Billefjorden Group, after
Billefjorden in Svalbard, where they are exceptionally
well-exposed. Greyish Early Carboniferous sand-
stones, dark mudstones, coals and plant fossils are
markedly different from both the underlying deep-
red Devonian mudstones and sandstones, and the
overlying pinkish-red Middle Carboniferous sand-
stones. These deposits were formerly called “Culm”,
after similar, but younger, sediments that occur fur-
ther south in Europe.

Basin formation in Svalbard
Crustal movements on Spitsbergen resulted in the
formation of local rift basins and depressions. Along
the west coast, movements along the Palaeo-
Hornsund Fault Zone generated narrow basins and
the deposition of thick sedimentary successions.

Large cone-shaped fans comprised of sand and gravel
built out eastwards from the western Palaeo-
Hornsund Fault Zone, and now comprise the
Hornsundneset and Orustdalen formations. In
Hornsund there are close to 1,500 metres of Early
Carboniferous sandstones. Low-lying wetlands with
rivers, flood plains, lakes and swamps were devel-
oped out in the basin, where alternating beds of
sand and mud, rich in plant fossils, were deposited.
Peat formed in the swamps, and was later trans-
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Tropical swamps and river systems

Continental sediments of Latest Devonian to Early Carboniferous age are found at various

locations in Svalbard and on Bjørnøya within a series of isolated basins that have under-

gone similar evolutions.
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Diagram showing the palaeogeogra-

phy and most important sediment

types in the northern areas during

the Early Carboniferous. Elongated

basins with alluvial plains were

developed between Norway and

Greenland, while a shallow sea

occupied the present Barents shelf

area. The locations of Norway,

Svalbard and Greenland are shown

in relation to the Carboniferous plate

reconstruction. (Figure modified after

H. Brekke)

RIGHT: Palaeogeography and deposi-

tional environments in Svalbard in

the Early Carboniferous. (Figure mod-

ified after R.J. Steel and D.Worsley)
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From Billefjorden in Svalbard. The

photograph shows Early

Carboniferous coal-bearing mud-

stones and sandstones of the

Hørbyebreen Formation. The yellow

sandstone beds were deposited in

and along the banks of river channels,

while the greyish-black mudstones

were deposited on flood plains

between the channels.

(Photo: A. Nøttvedt)

Fossil stem of the club moss

Stigmaria, from Billefjorden in

Svalbard. (Photo: E.P. Johannessen)
an open shelf sea existed east of Svalbard at this
time. In addition, there were most probably alluvial
plains and great lakes in local basins in the area
between Bjørnøya and Spitsbergen. The succession
on Bjørnøya comprises sandstones deposited in river
channels, and fine-grained, coal-bearing, flood plain
or lacustrine sediments. These deposits are similar to
those we find in eastern Spitsbergen, and belong to
the Røedvika and Nordkapp formations.

formed into coal. These deposits belong to the
Adriabukta Formation.

Faulting was less active in central and eastern Spits-
bergen, and this resulted in the formation of broad
depressions containing thinner sedimentary succes-
sions. Extensive flood plains with sluggish rivers devel-
oped in the eastern basins, where sand was deposited
in the river channels and mud on the plains. Here,
the deposits are termed the Hørbyebreen Formation.

Eventually, the eastern and western basins merged to
form one great alluvial plain covering all of southern
Spitsbergen. The rivers flowed towards the southeast
along the long axis of the basin, and sand and mud
were deposited in the river channels and on the flood
plains. Sediments from this period belong to the
Sergeijevfjellet, Vegardfjella and Mumien formations.

Marine deposits of Early Carboniferous age have not
been found in Svalbard, but geologists believe that



Rifting offshore Finnmark
Early Carboniferous deposits have also been found
in shallow boreholes and exploration wells on the
Finnmark Platform in the southernmost Barents Sea.
These deposits occur just below the seabed off the
coast of Finnmark, and are also encountered at
depths of 2.5 kilometres or more in wells further out
to sea. They may also be present beneath parts of the
northern shelf, but seismic data from these areas do
not yet give a clear answer. Further exploration
drilling has to be awaited.

The evolution of the Finnmark Platform is similar to
that in Svalbard, with rift basins containing conti-
nental sandstones, mudstones, and coal. Marine
deposits are encountered in the uppermost part of
the succession; the Soldogg, Tettegras and Blærerot
formations are named after common plant species
found on the elevated tundra plains of Finnmark.

During the Early Carboniferous, areas between the rift
basins were probably exposed as dry land, and the
Finnmark Platform and other areas at its margins were
only flooded during periods with rising sea levels.

In the Early Carboniferous, the Nordkapp Basin was
most probably the site of a shallow sea-arm that may
have been connected to the open sea located further
east in the present Timan-Pechora area, south of
Novaya Zemlya.

Oil in the Carboniferous
Some of the mudstones that we find interbedded
with the coals were formed in lakes containing a rich
algal flora and are abundant in organic material, and
may have a significant potential as oil and gas source
rocks. Similar deposits have been encountered in
Arctic Canada. The coals and coal shales themselves
may also represent important source rocks for gas
and smaller volumes of oil, as is the case for younger
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Reverse fault
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Reactivated fault
Décollement surface

Glaciers
Quaternary deposits
Young moraines

Tempelfjorden Group
Kapp Starostin Fm.
(Late Permian)

Gipsdalen Group

Minkenfjellet Fm. (Moscovian)
Ebbadalen Fm. (Bashkirian)
Hultberget Fm. (Serpukhovian)

Billefjorden Group
Hørbyebreen and Mumien
Fms. (Early Carboniferous)
Devonian sedimentary rocks

Pre-Devonian basement

Anticline
Syncline
Monocline
Flexure

Billefjorden Fault Zone

Wordiekammen Fm.
(Late Carboniferous)

Gipshuken Fm. (Early Permian)

Drill core from the Soldogg

Formation in well 7128/4-1 on the

Finnmark Platform, showing alluvial

plain deposits – pale grey sand-

stones and dark grey mudstones,

separated by a coal seam. (Photo:

G.B. Larssen et al.)

RIGHT: Diagram of a seismic profile

from the Finnmark Platform.

Billefjorden Group sequences exhibit

a wedge-shaped geometry and were

deposited in half-graben basins dur-

ing the Early Carboniferous. The

Gipsdalen Group also varies some-

what in thickness, while the Bjarme-

land and Tempelfjorden Group suc-

cessions exhibit constant thickness

over large areas. These were deposit-

ed after crustal movements in the

Barents Sea area had abated. (Figure

from G.B. Larssen et al.)

Geological map of Billefjorden on

Spitsbergen, showing Carboniferous

and Permian successions uncon-

formably overlying Devonian strata.

(Figure from W. Dallmann)
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COAL – THE BLACK DIAMOND

Coal is an easily ignitable rock composed of more than 50 per cent by weight carbon, and formed by the compaction
and lithification of thick accumulations of plant remains. Coal beds are most commonly formed in tropical swamp
environments, but in some cases result from the lithification of peat of the type currently found in the peat bogs of
cooler climes.

We find most of the world’s coal resources in Late Carboniferous successions. The Carboniferous is thus informally
termed the “age of coal”. Svalbard is unique in that here are found some of the world’s oldest coals, of Devonian and
Early Carboniferous age. Interest in these coals began as early as the 19th century when polar fishermen, trappers, and
hunters brought coal home to Norway. Industrial mining operations started on Bjørnøya in 1916, and in 1925 produc-
tion reached a peak of 32,000 tonnes. Mining was shut down in the same year, however, after detailed surveys demon-
strated that the coal seams could be traced for only a few metres at a time due to the high frequency of small faults. In
addition, the coals produced were shaly and impure and this, combined with a global fall in coal prices, made these
mining operations economically unfeasible.

Coal deposits of the same age in Billefjorden in central Spitsbergen became the focal point of complex international
negotiations and conflicting mining rights claims after the signing of the Svalbard Treaty in 1920. Rights to parts of the
area were finally granted to the Soviet Union and, after preparatory investigations lasting many years, mining opera-
tions were started at Pyramiden in 1939. After a break due to the Second World War, production continued until 1998.
The estimated maximum annual production was about 200,000 tonnes, although the coal was most probably of poor
quality. Surveys indicate that there are still significant, though commercially uneconomic, coal deposits remaining in the
Billefjorden area. The coals currently being mined in Svalbard are of much younger Palaeogene age (See Chapter 14).

The thermal efficiencies of the Carboniferous and Palaeogene Svalbard coals are high, in contrast to the softer, and only
partially lithified, brown coals of similar age that are found at many other locations throughout the world. This is

because coal-bearing sequences in Svalbard were buried
rapidly beneath a younger sedimentary sequence, over
three kilometres thick, and later uplifted to the surface as
a result of crustal movements between Greenland and
Svalbard (see Chapter 14).

The Carboniferous coals of Svalbard have produced both
methane gas and small quantities of oil, but there is cur-
rently only very limited commercial oil and gas explo-
ration activity in Svalbard.

The remains of the mine railway on Bjørnøya. The wreckage is not
the result of the passage of time, but of a shelling attack by the
British Navy in 1940! (Archive photo)

Carboniferous coals buried beneath vast areas of the
southern North Sea. The gas discovered in major
fields such as the Groningen discovery in the
Netherlands, is sourced from Carboniferous coal.
Carboniferous coals may thus be important in the
future exploration of the Barents shelf.

In places such as on the Finnmark Platform and
Bjørnøya, where Early Carboniferous sandstones are
not too deeply buried, they are often highly porous
and permeable, and thus have excellent potential as
oil and gas reservoirs. In contrast, overlying lime-
stones and marine sandstones often exhibit low
porosity and permeability. This situation is interest-
ing in terms of hydrocarbon exploration, since we
have a situation in which source, reservoir and cap-
rocks are found in close association with each other.

Alluvial plains on the mid-Norwegian shelf
In the Early Carboniferous, continental conditions
dominated the area between Mid-Norway and
Greenland. Our knowledge of the structures of the
various basins in this province is incomplete, but it is
assumed that several parallel basins may have been
formed, and under a similar regime to those devel-
oped in England at the same time. The basins are
thought to have formed as a result of the collapse of
the Caledonian mountain belt, although the question
as to whether rifting and crustal extension occurred
at this time is still under discussion.

The basins were characterised by alluvial plains and
local inland seas that were infilled by sand and mud
derived from the erosion of the Caledonian moun-
tains.



Mid-Carboniferous rift basins were being formed at
the same time as break-up and extension occurred
within the Nordkapp Basin in the southern Barents
Sea, and in the Sverdrup Basin in Arctic Canada,
which at this time was located somewhat closer to
Svalbard. Extension resulted in faulting and the for-
mation of local rift basins on the platforms between
the larger basins. It propagated in a northwest-south-
east direction, whereas the resulting rift basins
assumed a north-south orientation, indicating that
lateral movement took place contemporaneously
along the rift basin boundary faults.

The red sandstones, mudstones and thick evaporites
of the Gipsdalen Group indicate that the Mid-
Carboniferous climate was hot and dry. The evaporite
deposits comprise mostly anhydrite and salt. At this
time the Barents shelf was located within the north-
ern arid climatic zone. The change in climate from
the Early to the Mid-Carboniferous was abrupt, and
it is suspected that there was a break in deposition in
the intervening period. Such a hiatus has been
recorded in North Greenland and Arctic Canada, in
the Timan–Pechora Basin, and on Novaya Zemlya.

The arid climates represented by the evaporites thus
contrast to the tropical and humid conditions that

were characteristic of the depositional environments
of the underlying, coal-bearing and sand-rich Early
Carboniferous succession.

The Billefjorden Trough on Spitsbergen
On Spitsbergen we find the well-known and much
studied Billefjorden Trough, which is a well-exposed
Mid-Carboniferous rift basin situated in one of
Isfjorden’s innermost fjord arms. The Billefjorden
Trough is in fact a half-graben measuring 15 kilome-
tres across and containing a wedge-shaped sedimenta-
ry infill. The succession is up to 1 kilometre thick
and is termed the Ebbadalen Formation, made up of
fans and fan-deltas that built out from the basin’s
western fault escarpment – the so-called Billefjorden
Fault Zone. Red sandstones and conglomerates were
deposited within the fans. These deposits are promi-
nent features of the mountainside behind the aban-
doned Russian mining town of Pyramiden, which lies
in the inner part of Billefjorden. In the central part of
the basin, arid coastal plains coexisted with vast lakes,
in which were deposited yellowish-white and grey
anhydrite beds produced by evaporation, and greyish-
black dolomite, a magnesium-bearing limestone. The
contrasting red, yellowish-white and black colours
have produced spectacular mountainside exposures.

These alternating rock types are the result of differ-
ential fault movements and changes in sea level.
During periods of minor fault activity, the fans built
out and extended for relatively long distances
beyond the fault. In contrast, periods of major fault
activity promoted basin subsidence and allowed the
sea to encroach across the fans and coastal plains. At
the same time, this resulted in greater topographic
relief and increased sediment transport into the
basin from the hinterland that, in due course,
enabled the coastline to encroach back across the
basin. This process was repeated many times, result-
ing in the accumulation of rhythmic deposits.

In the Late Carboniferous, rifting ceased completely,
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Palaeogeography and the most

important sediment types in the

northern areas during the Mid-

Carboniferous. Shallow marine envi-

ronments in the Barents Sea area

had now expanded to include an

elongated gulf extending south-

wards across Sweden and Finland.

Limestones were deposited in the

shallow seas. A little to the north of

present-day Finnmark, coastal plains

underwent evaporation, and evapor-

ites were deposited along shallow

sea coasts. Earlier alluvial plains

located between Mid-Norway and

Greenland had now become desert

plains. The locations of Norway,

Svalbard and Greenland are shown

in relation to the Carboniferous plate

reconstruction.

(Figure modified after H. Brekke)

Climate change and more earthquakes

Red sandstones and pale-grey evaporites characterise the Mid-Carboniferous succession,

and were deposited in narrow, elongated rift basins.

Greenland

Crocker Land

Fennoscandia

Areas under erosion
Desert – sand and mud
Beach and shallow marine – sand
Marine – mud
Carbonate deposition
Evaporites
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St. Jonsfjorden
Trough

BFZ

Nordfjorden
Block

Billefjorden
Trough

Areas under erosion
Alluvial fan – sand and gravel
Salt-bearing coastal plain (sabkha)
Alluvial plain – sand and mud
Shallow marine – mud, carbonates and evaporites
Billefjorden Fault Zone

Bashkirian

Hornsund
Trough

BFZ

LEFT: Mid-Carboniferous palaeogeography and depositional environments in Svalbard.
(Figure modified after R.J. Steel and D.Worsley)

The mountain Pyramiden in

Billefjorden on Spitsbergen, with the

Russian mining town Pyramiden in

the foreground. The pipe-lines on the

left lie approximately along the

Billefjorden Fault Zone. Dark red

Devonian rocks outcrop to the left of

the fault. On the right, and closest to

the fault, are the greyish-black, coal-

bearing Early Carboniferous deposits

of the Hørbyebreen Formation, and

these are overlain by alternating red

and yellowish-grey Mid-

Carboniferous beds of the Ebbadalen

Formation. The grey beds at the top

of the mountain belong to the

Wordiekammen Formation of Late

Carboniferous age. (Photo: A. Strøm).

A B

Detail of Mid-Carboniferous beds from the Odellfjellet Member of the Ebbadalen Formation at Pyramiden.

A) Laminated, gravel-bearing sandstone deposited as part of a flood-dominated delta fan. (Photo: E.P. Johannessen)

B) A sequence comprising bedded red sandstones deposited as flood-dominated delta fans and eolian dunes, over-

lain by white sandstones deposited in coastal settings, and shallow water dolomites. The sequence marks the grad-

ual flooding of the basin in response to subsidence. (Photo: A. Nøttvedt)
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Schematic section through the Billefjorden Trough on Spitsbergen. Note the

marked wedge-shaped geometry of the Ebbadalen Formation deposits. These

beds are termed “syn-rift” deposits because they were laid down while subsi-

dence of the trough was ongoing. (Figure from E.P. Johannessen)

and any remaining topographic relief became gradu-
ally infilled, and the land surface levelled out. Other
rift basins in Svalbard and elsewhere on the shelf
evolved in a similar way.

Similar deposits in the Barents Sea
We also find Mid-Carboniferous red sandstones and

shales on Bjørnøya, including the extensive flood
plain deposits belonging to the Landnørdingsvika
Formation. Rift basins and related deposits similar to
those seen in Svalbard and Bjørnøya are also present
elsewhere in the southern Barents Sea. Drilling on
the Finnmark Platform has revealed Mid-
Carboniferous red sandstones and mudstones, and
rift deposits of this age in the Barents Sea have been
termed the Ugle Formation.

The platforms between the rift basins were generally
elevated above sea level at this time and formed
extensive, lowland plains.

The Nordkapp Basin, which is between 30 and 80
kilometres across and over 300 kilometres long, was
subject to rifting and extensive subsidence at this
time. In the Mid-Carboniferous, intense levels of
evaporation were experienced across the entire basin,
producing thick evaporite deposits comprised mainly
of salt. The evaporite deposits of the Nordkapp
Basin are very similar to those of the same age
encountered in the Sverdrup Basin in Arctic Canada.

Desert environments across Trøndelag
Mid-Carboniferous climate change resulted in the
transformation of the alluvial plains within basins on
the Mid-Norwegian shelf into arid desert areas. Wind
action brought together and sorted sand into massive
dunes, while infrequent, but heavy, showers transport-
ed mud particles into local depressions and lowlands.
Red-coloured sand and mud gave the Trøndelag region
and areas lying to the west of the present-day coast the
characteristics of our modern North African deserts.
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Diagram of a seismic profile from

the Loppa High, extended north-

wards towards the Bjarmeland

Platform. The Gipsdalen Group

exhibits a wedge-like geometry and

was deposited in half-grabens, as in

Svalbard. Note that the faults do not

penetrate the Bjarmeland and

Tempelfjorden Group units, which

were deposited after crustal move-

ments in the Barents shelf area had

abated. (Figure from G. B. Larssen

et al.)
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The mountain Trikolorfjellet at the
mouth of Austfjorden in Svalbard.
The photograph shows interbedded
red and yellow sandstones, white
evaporites, and greyish-black
dolomites from the Trikolorfjellet
Member, Ebbadalen Formation
(Photo: A. Strøm)
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EVAPORITES – GYPSUM, ANHYDRITE AND ROCK SALT

The term evaporite is used for a rock produced by the precipitation of minerals from brine, such as the result of the drying-up of, and
subsequent evaporation from an enclosed sea, marine embayment, inland sea or coastal plain. Gypsum, anhydrite and common rock
salt are among the common evaporite minerals, but potassium salts are also found, together with more complex chemical compounds.
Carbonate is the first mineral to precipitate as a result of evaporation, albeit in only small quantities, and is then followed by sulphates
such as gypsum and anhydrite. Gypsum will be precipitated while water is still present, but in situations where the water evaporates
entirely, anhydrite will also form. Anhydrite may also be formed secondarily at depth as high temperature and pressure force water out
of the gypsum mineral structure. In order for salt to precipitate, fully 90 per cent of the original brine must evaporate. Up until this
time, sulphates will constitute the dominant minerals precipitated.

The Dead Sea in the Middle East and the Great Salt Lake in Utah provide examples of present-day inland seas undergoing active evap-
oration. Precipitation is also active at the present day in marine embayments along the eastern coast of the Black Sea. However, we
find no extensive enclosed marine environments where salt precipitation is currently taking place.

Coastal plains containing gypsum and salt are encountered at several locations in hot and arid areas, such as around the Mediterranean
coast, the Persian Gulf, and at Baja California in Mexico. These result from episodic marine encroachment across coastal plains and sub-
sequent evaporation. Evaporite deposits formed in this way in coastal settings, as opposed to the open sea, are termed “sabkha”, after
the Arabian term for this type of coastal plain. On arid coastal plains, anhydrite is the primary mineral precipitated, and most commonly
in the variety known as “chicken-wire”, which is formed when anhydrite nodules precipitate between thin algal filaments.

The best-known fossil evaporite accumulations in Europe occur in the Permian Zechstein deposits that are found beneath large areas
of the southern North Sea and Central Europe, and which form the commercial basis for enormous salt mines such as the huge 700
year-old “Wieliczka” mine near Krakow in Poland.

White gypsum and anhydrite from the Minkinfjellet Formation in
Billefjorden on Spitsbergen. The gypsum is formed mainly at the
surface by the hydration of anhydrite. (Photo: A. Nøttvedt)

BELOW: Chicken-wire anhydrite formed on vast sabkhas during
the Late Carboniferous. Picture is 15 centimetres wide.
(Photo A. Nøttvedt)



Mid-Carboniferous rifting was followed in the Late
Carboniferous by subsidence on a more regional scale
extending over the entire area from Arctic Canada to
the Barents shelf. The only exceptions in the Barents
Sea are provinces linked to the Palaeo-Hornsund
Fault, such as in western and south-western
Spitsbergen, on Bjørnøya and the Loppa High, where
faulting continued, as was also the case in the
Nordkapp Basin. Faulting during the Mid-Permian
resulted in the uplift of Bjørnøya and the Loppa
High. This occurred at the same time as major crustal
movements in the Sverdrup Basin in Arctic Canada,
also located along the Palaeo-Hornsund Fault Zone.

The Billefjorden Trough on Spitsbergen continued
to subside during the Late Carboniferous, even
though rifting had ceased. In general, Late
Carboniferous subsidence was a response to the dif-
ferential compaction of underlying Mid-
Carboniferous sequences, in that mud and evaporite
deposits in the central Billefjorden Trough were
compacted to a greater extent than the sand and
gravel sequences at its margin.

In the Late Carboniferous and Early Permian, the
Barents Sea area was still located in the northern arid
climatic zone. Hot and arid conditions are reflected
in the early alteration of primary carbonate sedi-
ments to dolomite. In the Nordkapp Basin subsi-
dence continued, partly as a result of cooling. Deep
water marine environments had already been estab-
lished as a result of extreme levels of subsidence dur-
ing the Mid-Carboniferous.

The formation of an extensive carbonate platform
Eventually, regional subsidence resulted in the devel-
opment of a vast shallow sea and areas that were pre-
viously dry land were flooded. Elevated landmasses
that had been eroded, and acted as sources of sedi-
ment during the Early and Mid-Carboniferous, were
gradually submerged. Consequently, the supply of
sand and mud to the shallow seas was significantly
reduced and, in this way, the Barents Sea evolved
into an extensive carbonate platform.

Throughout the Mid-Carboniferous and into the
Late Carboniferous, deposition continued in the ear-
lier rift basins. In the Billefjorden Trough in Svalbard,
bed upon bed of anhydrite and dolomite were
deposited as the basins alternately dried out and then
were flooded by very shallow water. These evaporite
sequences comprise sabkha deposits and are termed
the Minkinfjellet Formation. Gradually, most of
Svalbard became submerged, and bedded sequences
of limestone and dolomite were deposited. This
sequence is termed the Wordiekammen Formation,
and variously overlies Early Carboniferous,
Devonian, Caledonian and Precambrian depositional
bed rocks. These limestones are mainly composed of
carbonate mud, but carbonate grainstones, made up
of crushed fossils and containing very little carbonate
mud, are found adjacent to local highs. At some loca-
tions, gypsum and anhydrite beds are also found.
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Sea level rise leaves only a few islands

Rifting ceased at the onset of the Late Carboniferous. The Barents shelf area became

a stable platform with little structural movement, and the ancient rifted landscape was

gradually flooded.

Palaeogeography and the most

important sediment types in the

northern areas during the Early

Permian. Shallow seas continued to

occupy the Barents Sea area, but the

elongated gulf extending south-

wards through Sweden and Finland

had been closed. Limestones were

deposited in shallow seas. In the

central Barents Sea and in Russia we

find coastal sabkhas undergoing

evaporation and the precipitation of

evaporites. The province between

Mid-Norway and Greenland contin-

ued to be dominated by desert envi-

ronments. The locations of Norway,

Svalbard and Greenland are shown

in relation to the Permian plate

reconstruction. (Figure modified after

H. Brekke)

Greenland

Fennoscandia

Areas under erosion
Desert – sand and mud
Beach and shallow marine – sandstone
Marine – mud
Carbonate deposition
Volcanic deposits
Evaporites



Thin section from the Ørn Formation

in well 7128/6-1. The photograph

shows a coarse-grained, bioclastic

limestone containing the remains of

planktonic foraminifera.

(Photo: G. B. Larssen et al.)
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The fine-grained carbonate beds are very hard and
often produce almost vertical cliffs where they crop
out. In central Spitsbergen, Late Carboniferous and
Early Permian limestones and dolomites often form
distinct “buttes” (or hat-like peaks) on the mountain
tops, as a result of their being more resistant to ero-
sion than the underlying rocks.

Initially, on Bjørnøya, alternating beds of sands and
carbonate mud were overlain by carbonates as the
area was covered by the sea. These deposits are
termed the Kapp Kåre Formation, but renewed
faulting resulted in them being succeeded by sand-
stones of the Kapp Hanna Formation before quieter
tectonic conditions led to the reefoid limestones of
the Kapp Duner Formation.

In the southern Barents Sea elsewhere, Late
Carboniferous sediments have been penetrated in
several wells. These deposits are termed the Falk and
Ørn formations, and are very similar to those seen
on Spitsbergen.

A rich fauna
Late Carboniferous and subsequent Early Permian
limestones are extraordinarily rich in fossils. The sea

floor was inhabited by a rich diversity of shelled ani-
mals such as brachiopods, bryozoans, marine snails
and corals.

The Permian brachiopod Spirifer keilhavii was in
fact one of the first fossils to be described from
Svalbard, after an example of this species was discov-
ered by Professor Keilhau when he visited Bjørnøya
in 1827. Other brachiopods were equipped with
spines that were most probably used as “anchors” to
secure their shells in the soft carbonate muds at the
sea bottom.

There was also an incredible diversity of calcareous
algae and crionids (sea-lilies) on the shallow sea
floor, although complete specimens of these are rare.
Many of the algae were dependent on light in order
to photosynthesise, and were thus restricted to warm
and shallow environments. In spite of their name,
the crinoids were in fact animals. They are related to
modern-day sea urchins, each comprising a head
with tentacles supported on a segmented stem, and
captured their prey from the sea water. Both groups
had one characteristic in common in that only a few
hours after they had died, they broke up into their
individual skeletal components. The algae disinte-

From the area between Austfjorden

and Billefjorden in Svalbard.

Yellowish-grey limestones of the

Late Carboniferous Wordiekammen

Formation directly overlie greyish-

black basement rocks of the Hecla

Hoek Group. Inset: Geologists exam-

ine fine-grained limestones within

the Wordiekammen Formation.

(Photos: A. Nøttvedt)
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Fossils from the Late Carboniferous

and Early Permian in Svalbard and

Bjørnøya.

A. The bryozoan Fenestella,
Wordiekammen Formation –

Tyrrellfjellet Member, Grøndalen,

Spitsbergen. The photograph’s actual

size is four centimetres across.

B. The bryozoan Ascoporella,
Wordiekammen Formation –

Tyrrellfjellet Member, Gipsvika,

Spitsbergen. The bryozoans are

seven millimetres thick.

C. Fusulinids, Wordiekammen

Formation – Tyrrellfjellet Member,

Billefjorden, Spitsbergen.

D. The brachiopod Neospirifer,
Wordiekammen Formation –

Tyrrellfjellet Member, Billefjorden,

Spitsbergen. The brachiopod is five

centimetres across.

E. The colonial coral Kleopatrina,
Kapp Kåre Formation, Bjørnøya. The

photograph’s actual size is ten cen-

timetres across.

F. Corals, Kapp Kåre Formation,

Bjørnøya. Each coral is 2 centimetres

thick. (All photographs: H.A. Nakrem)

grated into a fine carbonate ooze, whereas the sea-
lilies broke up into individual calcite plates and stem
segments. Both groups are important microscopic
components of the limestones we find today.

Rhythmic deposits
Late Carboniferous and Early Permian sequences are
characterised by rhythmic sedimentation. Limestones
were formed during periods of elevated sea level,
whereas low sea levels promoted the precipitation of
evaporites, or the deposition of sand adjacent to
exposed highs. Soil horizons were formed during
periods when the platforms were exposed as dry land.

Rhythmic sequences can be correlated over great dis-
tances, and their formation was most probably relat-
ed to the contemporaneous glaciation of
Gondwanaland. Glacial periods involved intense ice
build-up as sea water became locked up on the land-
masses, resulting in sea level falls, whereas the oppo-
site occurred during the milder interglacials.
Successive cycles of glacial and interglacial periods
occurred at intervals of between several thousand
and several hundred thousand years, in much the
same way as during the last ice age (see Chapter 15).

Carbonate reefs on the sea floor
Carbonate reefs were formed across elevated shallow
banks on the sea floor, and we find reef structures at
many stratigraphic levels within Early Permian
sequences. Small, individual reef structures, often less
than 10 metres thick, are found above previously
active seismic zones such as the Billefjorden Fault
Zone on Spitsbergen, and on Bjørnøya. These belong
to the Wordiekammen and Kapp Duner formations
respectively. Much larger reef complexes, up to sever-
al hundred metres in thickness, are found in the Ørn
Formation on the Loppa High, and along the mar-
gins of the Bjarmeland and Finnmark platforms.

These reef structures were formed primarily by a sin-
gle colonial animal called Palaeoaplysina. The bio-
logical affinity of this fossil is unclear, but it is gener-
ally thought to belong to an extinct group of fossil
sponges. Similar reef structures are known from
rocks of the same age in North America and Russia.
On Spitsbergen and Bjørnøya, these reef structures
are found in close association with organic-rich lime-
stones that are source rocks for oil and gas. In addi-
tion, highly productive lagoons developed between
the reefs, all of which combine to provide these
structures with significant potential as petroleum
reservoirs on the northern Norwegian shelf.

Sabkhas revisited
Later in the Early Permian, sea levels fell and
Svalbard’s shallow ocean reverted to a series of exten-
sive coastal sabkhas that were repeatedly dried out
and subsequently drowned. Anhydrite, gypsum and
dolomite interbeds were deposited on the sabkhas,
and these now comprise the best-known evaporite
sequences found in Svalbard. They have given their
name to the Gipshuken mountain in Isfjorden, and
to the succession called the Gipshuken Formation.

At some localities, the sabkhas were uplifted and
subjected to weathering, during which time fresh
water partly dissolved the anhydrite strata, creating
large pores in the rock. After they became more
deeply buried, dolomite collapsed into these pores,
resulting in the formation of so-called solution brec-
cias. Breccias of this type are found locally at several
locations in Svalbard and, being often highly porous,
may form favourable oil and gas reservoirs.

Large-scale evaporation
During the Late Carboniferous, the deep Nordkapp
Basin gradually became enclosed by its surrounding
hinterlands and continued to evolve as a vast, salt-
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rich, inland sea. This resulted in an intensification of
the evaporation processes that had started in the
Mid-Carboniferous and, during the Late
Carboniferous and Early Permian, led to the precipi-
tation of salt deposits several kilometres in thickness.

This salt later provided the source beds for the great
salt diapirs that characterise the basin at the present
day. Salt is mobile because it is less dense than its sur-
rounding rocks. In the Nordkapp Basin, pressure cre-
ated by overburden caused the salt to force its way
upwards through several kilometres of overlying sedi-
ments and, in the case of some diapirs, all the way to
the sea floor. Previously flat-lying salt strata now form
pillows and mushroom-shaped diapirs that have
forced their way up through the overlying deposits.

Major changes in depositional environments
In the latest Early Permian, a major change in depo-
sitional environments occurred over the entire
Barents shelf area. Changes in fossil assemblages
reflect cooler waters in response to a change from an
arid to a more temperate climate. Similar changes
are observed in Northern Greenland and the
Sverdrup Basin.

These changes are reflected to a lesser degree in the
succession in Svalbard, where anhydrite and
dolomite continued to be deposited across extensive
sabkhas. However, fossil-rich limestones are also
found locally in the upper part of the Gipshuken
Formation, providing evidence of periods during
which more open marine conditions prevailed.

Life on the sea floor in the Early

Permian. A rich benthic fauna inhab-

ited the warm seas, including corals,

bryozoans (moss animals), crinoids

(sea-lilies), and sponges. From the

exhibition “Life through the ages”,

University of Michigan.

(Photo: www.palaeos.com/Timescale)

5 cm

Fossil reef structures from the

Wordiekammen Formation near

Skansen on Spitsbergen. Inset: The

reefs were formed by a single organ-

ism, Palaeoaplysina - a plate-like

animal resembling the sponges.

(Photos: A. Nøttvedt)



On Bjørnøya, the presence of thin fossiliferous sand-
stone and sandy limestone strata indicate the onset
of cooler waters during this period. These shallow
marine deposits are termed the Hambergfjellet
Formation. During the Early Permian, crustal move-
ments caused the Stappen High and Bjørnøya to be
uplifted, tilted and subsequently eroded, prior to the
deposition of the Hambergfjellet Formation.

In and around the Nordkapp Basin in the southern
Barents shelf, we find a thick succession of cold-
water carbonates containing reef-building organisms
such as bryozoans and crinoids, which constructed
new reef structures immediately overlying the older
sponge mounds. Mud was deposited between these
reefs. The reef structures and the mud deposits sur-
rounding them are termed the Polarrev and Ulv for-

mations, respectively. Gradually, reduced water
depths and increased wave energy resulted in the
deposition of very coarse carbonate deposits, so-
called bioclastic limestones, which are composed pri-
marily of crushed bryozoans and crinoids. These
deposits belong to the Isbjørn Formation.

The Mid-Permian limestones may form cap-rocks
for potential oil accumulations in the underlying
and more porous dolomites.

No change on the Mid-Norwegian shelf
Just as in the Mid-Carboniferous, desert conditions
continued to dominate in the province between
Mid-Norway and Greenland. No evidence has been
found of the drowning of these landmasses, such as
was the case in the Barents Sea.
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The mountain Skansen in Billefjorden

on Spitsbergen. The lowermost slope

is made up of beds of white and grey

gypsum, anhydrite and dolomite of

the Gipshuken Formation. The steep

uppermost cliffs comprise chert beds

of the Kapp Starostin Formation.

(Photo: A. Nøttvedt)

BELOW LEFT: Seismic relief display

from the Loppa High showing polyg-

onal carbonate reef patterns in the

Permian sequence.

(Figure from D. Hunt)

BELOW RIGHT: Seismic line from the

Loppa High showing well-defined

reef structures within dipping

Permian sequences.

(Figure from D. Hunt)
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PIONEERING ARCTIC GEOLOGISTS

Baltazar Mathias Keilhau was the first student to sit the mineralogy examination at the Royal Fredrik’s University of
Christiania in 1821. He became a lecturer in geology at the university in 1826, and in the following year undertook the
first Norwegian geological research expedition to the Arctic. After first visiting northern Norway, he obtained passage by
sloop for the voyage from Hammerfest to Bjørnøya and Spitsbergen. During an exhausting six-week journey he conducted
pioneering work on the geology, palaeontology and botany of these areas. Even today, we might feel a little queasy on
reading his comments on the start of the four-day voyage from Hammerfest to Bjørnøya – a somewhat stormy passage in
a cabin containing air that was “so foul, that in a few hours all the silverware had turned yellow”!

It was nearly 50 years before the next Norwegian scientific expedition set out for the northern areas. In the meantime,
while Norway was under Swedish administration, geological field studies in Svalbard were dominated by a profusion of
Swedish expeditions, either led or inspired by Adolf E. Nordenskiöld. On Spitsbergen, Alfred G. Nathorst and Gerhard De
Geer conducted extensive geological field studies, while Joh. Gunnar Andersson focused his interest on the stratigraphy
and coal seams on Bjørnøya.

Fridtjof Nansen revitalised Norwegian scientific efforts in the northern areas. He collected a number of rocks and fossils
during his involuntary stay on Franz Josef Land with the “Fram” expedition during the winter of 1895/1896. Otto Sverdrup
participated in the second voyage of the “Fram” to the Canadian Arctic islands in the period 1898–1902, where the geol-
ogist Per Schei studied the entire geological sequence, including the Late Palaeozoic rocks.

With Norwegian independence in 1905, a new phase in the exploration of Svalbard began. In 1906 the Prince of Monaco
sponsored an oceanographic cruise to Svalbard, and at the same time delegated the task of leading a topographic and
geological expedition to Spitsbergen to cavalry commander Gunnar Isachsen. After this, work continued on an almost
annual basis, eventually under the leadership of Adolf Hoel, and continued up until 1928 and the inauguration of
Norway’s Svalbard and Arctic Ocean Survey, the forerunner to the modern Norwegian Polar Institute.

Many of these expeditions conducted field work on different aspects of Late Palaeozoic stratigraphy. During Isachsen’s
expeditions in 1909/1910, the young geologist Olaf Holtedahl studied Late Palaeozoic stratigraphy in north-west
Spitsbergen. Holtedahl was later to achieve renown for his many geological studies, but his career began in earnest with
his research into Svalbard’s Late Palaeozoic limestones and their fossils.

In the years between the World Wars, Anders K. Orvin conducted
many expeditions to Svalbard and made many pioneering efforts,
most notably in the Kings Bay area.

Von Buch’s drawing of Spirifer keilavii. The Permian brachio-
pod Spirifer keilhavii was discovered and described by
Professor Keilhau when he visited Bjørnøya in 1827.
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Thin section showing Late Permian

bryozoans and fusulinids from shal-

low borehole 7129/10-U-2 on the

Finnmark Platform. (Photo: H.A.

Nakrem)

ABOVE LEFT: Diagram of a seismic

profile from the Nordkapp Basin

showing Late Carboniferous salt

penetrating overlying Mesozoic and

Cenozoic sequences and reaching

the sea floor. During its ascent the

salt has carried with it a large block

of Permo-Carboniferous limestone.

The Mesozoic sequences have been

forced upwards and, at the present

day, Triassic sandstone beds that

have been truncated by the salt

diapir form traps for oil and gas.

Well 7228/7-1A is shown penetrat-

ing the “Dumbo” prospect. (Figure

from K. Sollid)
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In the Norwegian Barents Sea, quieter conditions
prevailed during the Late Permian. Areas that earlier
had been dry land and subject to erosion, such as the
Sørkapp–Hornsund High, Bjørnøya, Mid-Norway,
and East Greenland were now encroached by the sea.
However, some highs were only barely submerged,
and only thin mixed carbonate and sandstone
deposits are now preserved. In several areas, Late
Permian strata lie directly on Caledonian or
Precambrian basement, providing good evidence of
the extent of the flooding caused by higher sea levels.

It is possible that towards the end of the Permian some
Barents Sea provinces became dry land. In any event,
there is evidence of a marked drop in sea level, possibly
in response to a major structural readjustment to the
relative positions of individual continental plates.

A new and cooler climate in the north
In the Late Permian, the deposition of the
Tempelfjorden Group marks a shift to a wetter and

cooler climate, and dramatic changes in deposits
from limestones to a mixture of limestones, sands
and mud occur over the entire province. More rain
fell on the surrounding land areas resulting in an
increase in the erosion and transport of sand and
mud into the marine environments. The Barents Sea
area had by now drifted even further north and had
entered the northern temperate climatic zone.

A characteristic feature of the Late Permian is the
abrupt blooming of silica sponges that inhabited the
cooler waters. Silica sponges inhabited deeper waters
than the carbonate-forming organisms. This change
reflects the onset of an entirely new set of depositional
environments compared with those that had prevailed
during the Mid-Carboniferous and Early Permian.
The silica sponges also provide evidence of the inva-
sion of colder waters onto the continental shelves, per-
haps as a result of upwelling from greater depths.

We encounter much less rhythmic sedimentation
during the Late Permian, due largely to the fact that
the Gondwanaland glaciation was now at an end.
Nevertheless, gradual variations in sea level prevailed
throughout the Late Permian. During periods of ele-
vated sea levels, mud was deposited on the carbonate
platforms, which were colonised at the same time by
silica sponges. During periods when sea levels were
low, carbonate mud was deposited in shallow marine
environments close to the coast. A diverse fauna
inhabited these environments, including bryozoans,
crinoids, corals and brachiopods, among others.

Spitsbergen’s Late Permian succession is termed the
Kapp Starostin Formation. A 10–20 metre thick
marker bed is present in the lowermost Kapp
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Palaeogeography and the most

important sediment types in north-

ern areas during the Late Permian.

Shallow marine conditions persisted

in the Barents Sea area, but mud

now became the dominant sediment

type in preference to carbonate. A

continuous desert basin province

was established between Greenland

and Mid-Norway. The locations of

Norway, Svalbard and Greenland are

shown in relation to the Permian

plate reconstruction. (Figure modi-

fied after H. Brekke)

Late Permian seaways and cold-water
silica sponges

In the Late Permian, the crust between Mid-Norway and Greenland fractured to form

a major rift structure on what is now the continental shelf. This in turn resulted in the

formation of an open seaway between the northern Boreal Ocean and present-day

Central Europe.

Greenland

Crocker Land

Fennoscandia

Areas under erosion
Alluvial plain – mud and sand
Desert – sand and mud
Beach and shallow marine – sand
Marine – mud
Evaporites
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Starostin Formation – the so-called Vøringen Member
– which is particularly rich in brachiopods. Equivalent
deposits on Bjørnøya belong to the Miseryfjellet
Formation, while in the southern Barents Sea they are
termed the Røye and Ørret formations.

Unique chert beds
Late Permian chert beds are unique in the context of
the Earth’s geological history. Only in exceptional
cases do we observe the blooming of a dominant
single organism that also produces a distinctive rock
type, as is the case with the Late Permian chert bed
sequences. Late Permian mud-bearing sequences may
contain as much as 60–70 per cent sponge-derived
needles or “spicules”, which have given the name
“spiculites” to these unusual rocks.

The chert beds are extremely hard and resistant to
erosion, and thus form cliffs wherever they crop out
on land. They are a major irritation to drillers off-
shore, where penetrating these sequences puts even
the toughest diamond drill bit through its paces.

Late Permian oil reservoirs
Relatively thick sandstone sequences were deposited
adjacent to the few remaining highs. These sandstones
have excellent reservoir properties and may become
interesting exploration targets for oil companies at the
few localities where they occur. A particularly interest-
ing and unexpected oil discovery was made by an
exploration well on the Finnmark Platform in 1993,
in which secondary porosity developed as a result of
partial dissolution of a silica-cemented limestone.

The Late Permian in the south
In the Helgeland Basin off the coast of
Sandnessjøen, grey-coloured Late Permian marine
mudstone and sandstone units are found overlying
red sandstones. This development is very similar to
that seen in East Greenland, and demonstrates that
these areas were closely linked at this time. The
Nordland Ridge, located somewhat further out to
sea, was barely submerged during the Late Permian,
but here we find limestones and possible reef struc-
tures similar to sediments of the same age encoun-
tered in East Greenland. During this period, Mid-
Norway was situated in somewhat warmer climes
than those into which the Barents shelf had drifted.

The Late Permian northern seaway opened the way
for enormous volumes of sea water to flow south-
wards, which led in turn to the deposition of thick
salt deposits in the Zechstein evaporite basin that
now extends over large tracts of present-day Europe

Drill core from well 7128/6-1 on the

Finnmark Platform, showing the

transition from greyish-blue lime-

stones of the Isbjørn Formation to

greyish-black, silica-bearing mud-

stones of the Røye Formation.

(Photo: G. B. Larssen et al.)

5 cm

Akseløya in Bellsund on Spitsbergen.

Akseløya is composed of vertically-

bedded cherts of the Kapp Starostin

Formation, and forms a prominent

ridge almost blocking the entrance

to van Mijenfjorden. The chert beds

are very hard, and because of this

the glaciers that carved out van

Mijenfjorden failed to erode these

strata to the same degree as the

surrounding rocks. (Photo: A.

Nøttvedt)

Thin section showing a spiculite unit

from the Kapp Starostin Formation.

The photograph shows sponge

spicules mixed with clay. (Photo: T.

Hellem)



and the North Sea (see Chapter 8). At this time, the
North Sea was still located in the hot and arid cli-
matic zone, north of the equator.

The great mass extinction
The greatest and most all-embracing mass extinction
that the Earth has ever experienced to date occurred
at the end of the Permian. Leading up to this event,

Late Permian fossils from

Spitsbergen, Bjørnøya, and the

Barents Sea.

A. Meekopora magnusi, Svalbard.
The photograph’s actual size is two

centimetres across.

B. The brachiopod Neospirifer,
Miseryfjellet Formation, Gravodden,

Bjørnøya. The brachiopod is five

centimetres across.

C. Crinoid stems, Miseryfjellet

Formation, Gravodden, Bjørnøya.

The stems are one centimetre in

diameter.

D. The bryozoan Ramipora, Kapp
Starostin Formation, Festningen,

Spitsbergen. The photograph’s actual

size is eight centimetres across

E. The bryozoan Fenestella, Late
Permian, shallow borehole 7129/10-

U-1, Finnmark Platform. The drill core

is five centimetres in diameter.

F. The bryozoan Tabulipora, Kapp
Starostin Formation, Trygghamna,

Spitsbergen. The bryozoan is two

centimetres across.

(Photos A–C and E-F: H.A. Nakrem,

Photo D: A. Nøttvedt)
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Thin section from well 7128/4-1 on

the Finnmark Platform, showing a

spiculite unit from the Røye

Formation. The blue colour is an

epoxy resin that is used to highlight

zones of high porosity within the

rock. (Photo: G. B. Larssen et al.)
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we have described a period rich in both terrestrial
and marine life, but all this was to come to a dra-
matic end. Something happened that made life over
the greater parts of land and sea impossible. It is
possible that as many as 90 per cent of marine ani-
mals, and 80 per cent of land animals and plants,
died out. The demise of the dinosaurs 65 million
years ago (see Chapter 13) was insignificant in com-
parison. During this period, much of the Barents
shelf and other Arctic shelf provinces were dry land.

An epochal shift
The end of the Permian marked an epochal shift.
This has been recognised for many years, even
though the causes of this momentous event continue
to be debated. We have arrived at the end of the
Earth’s “old age”, the Palaeozoic, and stand on the
threshold of its “middle age”, the Mesozoic.



THE LATE PERMIAN MASS EXTINCTION – IN PURSUIT OF THE CULPRIT

For many years, geologists have debated the causes of the Late Permian mass extinction. Lowered Late Permian sea levels have for some time
been linked to the mass extinction, but few suppose that this can provide the sole cause. Early in the 1990s, interest was focused on Siberia,
where an area of more than 200,000 square kilometres, equivalent to more than half the area of present-day Norway, was mapped and found
to be covered by innumerable Late Permian lava flows. These were part of a gigantic flood basalt eruption (see Chapter 14) that continued for
several million years, and is described as being “10,000 times greater than anything ever witnessed by man”, or equivalent to “the detonation
of a million atomic bombs, all at the same location”. A much smaller flood basalt eruption on Iceland in 1783 resulted in the following year
(1784) later being described as the year without summer. Clouds of ash blackened the sky, and crops failed across vast areas of Europe. Yet the
Icelandic eruption represented only 0.0005 per cent of the volume of lava ejected by the gigantic eruptions in Siberia. The Siberian flood basalt
eruptions may thus easily have resulted in a “global winter” lasting many years, then followed by a rapid warming as a result of the greenhouse
gases released into the atmosphere. A “worst-case scenario” calculation has suggested that a warming of approximately five degrees following
the first period of cooling would be enough to cause significant extinctions, but not on the scale that we observe for the Late Permian.

More recent studies indicate that the Late Permian mass extinction occurred over a relatively short period of time. Interest has therefore been
directed towards more “sudden” catastrophic events, such as meteorite impacts. Today, most people accept that the extinction of the dinosaurs
at the end of the Cretaceous was caused by a meteorite impact (see Chapter 13). The impact generated clouds of dust that caused short-term
global cooling phenomena. Even though some marine creatures died out, marine life was much less affected than at the end of the Permian. It
has been calculated that a meteorite 15 kilometres in diameter could have produced the “required” effect. But where is the crater to provide
the evidence that such an event occurred in the Late Permian? Many believed that it would be hopeless to try and search for such a crater,
because an impact of this size would have melted the crust, causing the original structure to be overwhelmed by erupting lava flows, unlike the
smaller crater that remained at the end of the Cretaceous. However, and in spite of this, others have pointed out that a meteorite would leave
several traces such as exotic extra-terrestrial minerals, ash layers, and severely deformed quartz grains formed by the impact itself. Some years
ago, grains of this type were discovered in the Antarctic, but it is only recently that a crater has been identified, lying off the north-western coast
of Australia. Recent studies of data from older exploration wells indicate the presence of a crater 200 kilometres in diameter.

However, research into the Permo-Triassic sequences of East Greenland has raised doubts as to whether a sudden meteorite impact could be the
sole cause of this mass extinction. These studies indicate that three mass extinctions occurred over a period of 80,000 years that may have
wiped out terrestrial and marine organisms during distinct episodes. These studies also demonstrate a large and unexplained contemporaneous
increase in the C-12 carbon isotope in rocks during this period. One possible answer to this conundrum has come from another source, notably
the oil industry. Large volumes of gas hydrate, composed of frozen methane gas, are found beneath the sea floor in many parts of the world,
including the Norwegian Sea (see Chapter 14). These present drilling hazards because the hydrates can be transformed from ice crystals to gas
when pressure is released during drilling. This transformation causes a 160-fold volume increase and can result in a gas blow-out. A natural
increase of five degrees in water temperature at the sea floor will also induce ice crystal melting and the formation of gas. To generate the
volume of gas hydrate needed in order to explain an increase in the C-12 isotope in Greenland would require a naturally occurring increase in
ocean temperature of between 4 and 5 degrees. The extinction of the cold water-dependent silica sponges in the uppermost Permian succession
in Svalbard indicates a warming of exactly this magnitude, but even this is not sufficient on its own to explain the mass extinction.

It thus seems likely that several agencies must be invoked simultaneously in order to explain the mass extinction. Flood basalts may initially have
caused a sudden deterioration of climate and a subsequent long-term warming event. Over a period of several tens of thousands of years, many
terrestrial animals and plants died out, but marine life continued much as before, albeit under increasingly warmer sea conditions. A major five-
degree temperature increase then caused the formation and release of methane gas that, when released into the atmosphere, contributed to a
further five degree temperature increase. Methane is a much more effec-
tive greenhouse gas than CO2. In total, this led to a massive 10 degree
increase in sea temperatures that caused the majority of remaining
marine organisms to die out. At the completion of, or during, this chain
of events, the aftermath of a meteorite impact offshore Australia may
also have reinforced the effects of the other phenomena.

Modelled average annual temperature at the Earth’s surface during the Late
Permian mass extinction. The calculations assume an average annual sea surface
temperature of 30–35 degrees at the equator, and 5–10 degrees near the Poles.
The model is based on a simulation conducted at the National Center for Climatic
Research, Boulder.
(Figure from J. Kiehl, www.ucar.edu/news/releases/2005/permian) -4 0 4 8 12 16 20 22 24 26 28 30 32 36 40 °C
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