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The continent of Laurussia, which was formed when Greenland collided with Scandinavia in Silurian to Early Devonian time. The collision zone is marked by the large Caledonian mountain chain.

The mountain chain rebounds and founders
The Caledonides are worn down: 405–359 million years

Nothing lasts for ever, not even mountain
chains. As long as continents collide and
rock is forced up, the mountains are maintained, but when these forces die out,
weathering gets it all its own way. Then
the words of Isaiah and St Luke will be
fulfilled, which say that “Every valley shall
be filled, and every mountain and hill shall be
brought low”. This is what happened to the

Caledonian mountain chain. When the
collision with Greenland was over early in
the Devonian, the chain was attacked from
two fronts. The weather attacked its surface, while forces built up at depth pulled
and pushed at the crust. The glorious days
of the mighty Caledonian mountain chain
were over.

Plate reconstruction for the Early Devonian.
Yellow marks the position of Norway.
(Illustration R. Blakey)

The breaking down of the mountain chain
in the Devonian
405–359 million years
The areas now known as North America, Greenland, the Baltic States and Northern
Europe were fused to form a single continent when Greenland and Norway collided
during the Silurian and Early Devonian. This new continent, variously named
Euramerica, Laurussia or the Old Red Continent, took shape just south of
the Equator. Even though it could not quite match the enormous
Gondwanaland continent, still further south, it was large,
almost the size of the present African continent.

Introduction
Nothing lasts for ever, not even mountain chains. The Caledonian mountain chain was
not only exposed to the weather on the surface, it was also torn apart by forces acting
in the crust following the collision with Greenland.
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orway was located far in on the new Old Red Continent, in an area that stood out due to its majestic mountains, because even though Norway is considered a mountainous country today, it can in
no way be compared with the impressive Devonian alpine landscapes that characterised Norway,
Greenland and Scotland around 400 million years ago. The mountains along the more or less north-south
trending seam between Norway and Greenland can best be compared with the present-day Himalayan
mountain chain. The newly uplifted Caledonian mountain chain was approximately the same length
as the Himalayan chain, and the mountains were just as high, if not higher. Now all has
vanished. The present surface displays a deep section through the chain, as described
in Chapter 16. Here, we will see how the mountain chain was torn to pieces, at
the same time as it was eroded by forces acting on the surface, leading to the
Caledonian
mountain chain
Phantalassa
formation of depositional basins in both western Norway and Svalbard.
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Photo at the foot of the page: The mountain Litjehesten in the outer part of Sognefjorden. The boundary
between the Devonian conglomerates in the Solund Basin and their substrate follows the edge of the shadow.
(Photo: T. B. Andersen)
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Reconstruction of the location of the continents
about 400 million years ago. Brown indicates continental areas, light blue is continental shelves
and dark blue is oceanic crust.
(Illustration: R. Blakey)

Lofty mountains and deep roots
The rows of Caledonian mountains that once rose so majestically above Laurussia were
eroded long ago. How do we then know that they must have been so high?

BELOW: After the basement was
forced deep down into the crust during the Caledonian collision (a), and
the collision forces died away, it was
exhumed again and drawn back
towards the east (b). By degrees, the
crust was stretched out because new
extensional shear zones formed (c).

The answer is to be found in the underlying counterpart of the mountains, their roots. High mountains have deep roots, and the Caledonian roots
seem to have been unusually deep. They may have
extended as far as 100-150 km down into the mantle at their maximum. Finds of high-pressure minerals like coesite and diamond imply this, because such
minerals normally only occur in the mantle or where
meteorites have hit the Earth. Continental rocks like
granite and gneiss should largely have melted at the
temperatures that are normal at depths of around

THRUSTING (before 400 mill. years ago)
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100 km. However, the roots of the Caledonian
mountain chain did not melt as much as could perhaps have been expected, probably because the rocks
were rapidly subducted to these depths. Rock has
poor thermal conductivity and high heat capacity.
The rocks therefore never attained the normal temperature for these depths before they were exhumed.
Hence, nor did they become as weak as they would
have been if they had melted to a greater extent.
The basement that was once so robust was nevertheless substantially weakened by the brutal collision.
Now that the collision forces had died away and the
continents ultimately began to drift apart again, the
mountain chain lost its lateral support and collapsed.
Like bread dough on a baking board, it slowly
spread out and became thinner. As the overlying
nappes were correspondingly attenuated, the rocks in
the root zone gradually approached the surface.
Some of them have now found their way right up to
the surface, as in the northern part of western
Norway where world-famous high-pressure rocks can
now be studied.

BACKWARD SLIDING (ca. 400 mill. years ago)
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Basement uplifted

FRAGMENTATION OF THE CRUST (400-350 mill. years ago)
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Such folds are common in large parts of the Caledonian nappe pile in
southern Norway. They formed when the mylonites, which were produced
during the inward thrusting of the nappes, were deformed when the
nappe pile slid back in the earliest Devonian. Bergsdalen Nappes, West
Norway. (Photo: H. Fossen)
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The mountains slide back
By the time the Caledonian orogeny ended early in
the Devonian Period, the eastward to south-eastward
transportation of the Caledonian nappes had
amassed a thick pile of nappes that had been thrust
over the phyllitic beds which formed a lubricant on
the basement. However, when the forces driving the
thrusting lost their momentum, the pile slid back
some distance until it found its point of equilibrium.
Movement zones
Studies of structures in the phyllitic zone and other
movement zones in the orogenic belt have disclosed
this history. The rocks in such mylonite zones are
particularly strongly deformed and transformed.
Numerous folds, foliations (planar structures), lineations (linear structures) and other structures
formed here because of the strong movements. Up
to the end of the 20th century, few or none were in
doubt when they saw the intense deformation structures and the mylonite zones within or beneath the
nappes; they must result from Caledonian overthrusting. However, some aspects did not quite fit
in. In the second half of the 20th century, several
geologists observed folds that had the “wrong” direction of overfolding (vergence). For instance, in 1960,
Professor Anders Kvale described the bending of foliations in the north-western outskirts of
Hardangervidda, which implied west-northwestward
movement. This realisation came following several
decades of detailed mapping in the Bergsdalen
Nappes, and elsewhere in the region, without any

geologists having described or discussed observations of dominant and penetrative westward-facing
structures. This shows how deeply ingrained the
model of eastward to south-eastward Caledonian
thrusting was among the geologists of the time.
By degrees, observations of westward-facing fold sets
began to be reported from both Hardangervidda
and the western Jotunheimen. British geologists
who mapped such folds in the Sognefjellet area,
took these structures seriously. Admittedly, they
linked the deformation to Caledonian thrusting,
and ended up with the speculative conclusion that
the Western Gneiss Region must have collided with
the Baltoscandian Shield, a model which most people reject today. Observations of southwest-overturned cleavage in the shear zones beneath the Jotun
Nappe were first reported in the 1980s, but were
explained as local counterthrusting linked with the
Caledonian movements. However, Hans Ramberg
had already been presenting both physical and
numerical models for the gravitational collapse of
the Caledonian mountain chain for more than 20
years.

LEFT: The backward sliding of the
nappes created structures that
reflect the movement direction. The
arrows show the directions in southern Norway. They swing from northwesterly in the central mountains to
more westerly around the Devonian
basins. Broken lines mark Devonian
extensional shear zones formed by
segmentation of the crust after the
backward sliding took place.

New tool
Studies of movement indicators within and beneath
the Caledonian nappe pile in southern Norway
showed that it had moved westwards to north-west-

HIGH-PRESSURE MINERALS
Minerals may become unstable when they are
exposed to changes in temperature and pressure
conditions. They usually combine to form new
minerals. If the pressure is raised, the minerals
generally become heavier and harder. Rocks
that recrystallise at great depths will therefore
become heavy, as exemplified by eclogite.
In other cases, minerals retain their chemical
composition, but their crystal structure becomes
more compact. Examples of this are the recrystallisation of carbon (C) to diamond, and of
quartz (SiO2) to the harder and denser form,
coesite (also SiO2). The type locality for coesite is
Meteor Crater in Arizona, which testifies to the
high pressures required to transform quartz into
coesite. The photograph shows an approximately
400 million-year-old microdiamond from the
Møre coast.
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THE TOOLBOX OF STRUCTURAL GEOLOGY
Mylonite is the term for a highly sheared and recrystallised rock and it identifies zones where rock bodies have
moved relative to each other. The Caledonian orogenic belt contains numerous mylonite zones. Many asymmetrical structures occur in these zones, and they can indicate the direction of movement when the mylonite formed. It
was not until such structures really began to be understood towards the end of the 20th century that geologists
realised the extent to which the orogenic belt has been affected by extension.

Folds

Shear band
~1 cm

Porphyroclasts
("augen")

Examples of structures that serve to determine shearing movements in deformed rocks – tools for determining movement directions.

wards, precisely the opposite direction to what had
been believed ever since the overthrusting theory
was put forward at the end of the 19th century. By
degrees, similar indications were found in central
and northern Norway, too, and these do not just
concern a few late folds, but intensive mylonite
structures requiring severe shear deformation have
now been found in the sole thrust zone and other
mylonite zones from the coast of west Norway eastwards to Valdres, Østerdalen, into Sweden, and
northwards all the way to Troms.
These reactivations of Caledonian thrust zones
proved to always overprint structures formed by
south-eastward nappe transport. Anders Kvale’s
comment in 1960 therefore transpired to be more
Dismembered sheets of amphibolite
in the Nordfjord-Sogn Detachment.
The dislocation resembles that which
affected the whole crust during the
period of crustal stretching in the
Devonian. Their asymmetry shows
that these structures were formed by
westward transport (to the left).
Nordfjord-Sogn Detachment.
(Photo: T. B. Andersen)
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significant than perhaps was intended. The nappe
pile had slid back the way it had come, and sometimes also moved in other directions, in large parts
of the Scandinavian Caledonides. On the large scale,
these movements led to some thinning of the thick
crust beneath the mountain range. This is especially
obvious in south Norway, where it is possible to
observe how the entire nappe pile has slid 20-30 km
north-westwards over the basement.
The extensional movements within the nappe pile
are more complicated. They go in several directions,
and some extensional zones show late movements in
the same direction as the principal direction in the
thrust zones (east or southeast). A number of examples of this are found in some easterly areas bordering onto Sweden, and in central Norway and
Nordland. Most of these structures are probably
linked with the collapse of the mountain chain, but
some seem to have formed during the prior, inward
thrusting.
When did the extension start?
Fossils discovered in sediments on the island of
Hitra in central Norway, and uranium-lead isotopic
dates performed on zircons from granitic dykes in
lower parts of the nappe pile in Nord-Trøndelag,
suggest that extension took place in the Caledonian
nappe pile as early as about 415-422 million years
ago. There are indications of extension in Greenland

Brurestakken on Atløy, west of
Askvoll, is a distinct expression of
the strong folding experienced by
the Caledonian strata after the
Caledonian collision had ceased and
Devonian extension had begun. The
light-coloured beds are quartzite,
which is compacted, lithified and
metamorphosed sand from the preCaledonian continental shelf.
(Photo: H. Fossen)

some 425 million years ago, at the same time as the
nappe pile in Scandinavia was at the height of its
construction and the deformation in the foreland
near Oslo had scarcely begun. In other words, completely different orogenic processes apparently went
on simultaneously in different parts of the orogenic
belt, just as they do in active orogenic belts nowadays. However, the forces driving the collision
ceased to act at some point in time, and when their
effect died out, the nappe pile began to slide back
on the ready-lubricated surface. This was when the
extensional forces took over.
The sliding back of the nappes above the basal
thrust zone in southern Norway is dated to around
400 million years ago. From then on, the crust
thinned and stretched throughout the orogenic belt.
If a demarcation is to be placed between the formation of the Caledonian mountain chain and its subsequent collapse, it must therefore be just before
400 million years ago. However, this was precisely
when the mountain chain reached its most impressive height, since it is then that isotopic dates show
that many of the high-pressure minerals in the root
zone crystallised.

when major normal faults or shear zones thin the
crust, the uplifted side, the footwall, will rise. The
mountains just east of the Devonian basins consequently remained high as long as crustal extension
continued.

Devonian basement mylonites in the
foreground demonstrate westward
movement in the Nordfjord-Sogn
Detachment. Lihesten, sculpted in
Devonian conglomerates, towers in
the north. A low-angle fault separates the Devonian rocks from their
Cambro-Ordovician substrate.
(Photo: H. Fossen)

As the Devonian Period progressed, the rows of
mountains were gradually worn down, except perhaps along the major movement zones which, by
degrees, took over the crustal attenuation, because
239

ment. The extensional shear zones cut deep down
into the crust, and many can be shown to post-date
the sliding back of the nappes.

Devonian extensional shear zones as
they are mapped today. More will
probably show up as mapping of
such structures continues.
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The entire crust stretches
The sliding back of the nappe pile was just a small
episode in the history of Devonian extension.
Movement zones that dissect and divide up both the
Caledonian nappe pile and the basement soon
formed in many places along the mountain chain.
They have been mapped from the Stavanger district
in the south to Troms in the north. Most of them
have a north-easterly to northerly trend with a westerly dip. Some, like the Nordfjord-Sogn
Detachment, are gigantic extensional shear zones
while others, like the Møre-Trøndelag Fault Zone
and the Nesna Shear Zone, are mainly strike-slip
shear zones with an oblique or a sinistral displace240

The world’s largest extensional shear zone?
The first major extensional shear zone that was identified in the Caledonian orogenic belt curves along
the coast of west Norway from the Bergen Arcs in
the south to the Møre coast in the north. This
Nordfjord-Sogn Detachment is a several kilometre
thick mylonite zone formed by intense extension of
both basement and Palaeozoic rocks. Since all thick
zones of mylonite were earlier linked to the thrust
emplacement of the nappes, this, too, was assumed
to be a thrust zone. However, its numerous mylonite
structures unambiguously demonstrate extensional
movement.
High pressure towards low pressure
Large-scale extension juxtaposes strongly metamorphosed rocks from great depth against non-metamorphosed or only slightly metamorphosed rocks
which have always been relatively close to the surface. This is exactly the situation along the
Nordfjord-Sogn Detachment, where there are
Devonian deposits and low-grade nappe rocks in the
hanging wall, in some cases only 1-2 km from eclogites and other high-grade basement rocks in the
footwall. Since it is known that the footwall rocks
underwent eclogite-facies metamorphism 415 to 395
million years ago, and are thus only a little older
than, or possibly coeval with, the oldest Devonian
sediments in the hanging wall, it must be large-scale
extension that has brought the sediments and the
eclogites so close to one another. Large parts of the
thickened Caledonian crust must therefore have
been removed along the Nordfjord-Sogn
Detachment. The difference in metamorphic grade
in the hanging wall and the footwall, and the length
and thickness of the mylonite zone, also indicate
very extensive movement, perhaps in the order of
50-100 km. This makes this extensional shear zone
one of the largest in the world.
A map of the shear zone shows that it is highly
curved. The dip varies from almost vertical where its
strike is east-west to very low angle where it is northsouth. Geologists have speculated as to whether this
was the original geometry of the shear zone.
However, even though the shear zone is likely to
have had some primary curvature, much of its present-day geometry is probably secondary in nature,
because the entire, several kilometre-wide zone is

folded by large, east-west trending folds, probably
influenced by north-south shortening.
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shear zone. Seismic, magnetic and gravimetric data
suggest that the shear zone extends out into the
North Sea as far as the graben-like Ling Depression,
perhaps in continuation with the Highland
Boundary Fault and the Midland Valley Graben in
Scotland. This deformation zone therefore seems to
be many hundreds of kilometres long and exerted a
great influence on where the principal Permian to
Jurassic faults in this part of the North Sea would
form, and also to a large extent controlled the configuration of Hardangerfjorden in the Tertiary and
Quaternary Eras.

Warm colours on geomagnetic maps
indicate especially magnetic
bedrock. The continuation of the
Hardangerfjorden Shear Zone southwestwards along the Ling
Depression is most distinct. The zone
thus affected the Permian to Jurassic
development of this part of the
North Sea. HSZ – Hardangerfjorden
Shear Zone.
The Hardangerfjorden has been
excavated along one of the longest
shear zones or faults in the mountain chain. Basement rocks crop out
high on the south side, whereas on
the north side nappe rocks rest in
what has been referred to as the
fold depression.
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It was difficult for Goldschmidt to see that this
structure was linked with one of the Devonian shear
zones, the Hardangerfjorden Shear Zone, which
extends into the basement. This is best documented
along Hardangerfjorden. The sudden change in
level, or the step, from where the basement is located
high up on the southeast side of the fjord to the
Caledonian cover rocks on the northwest side of the
fjord testifies to a normal movement of many kilometres. Several deep seismic profiles shot along the
coast reveal a north-westward dipping stack of reflectors in the offshore extension of Hardangerfjorden.
These can be traced down to the lower crust and are
interpreted as layered gneisses or mylonites in the
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Victor M. Goldschmidt, perhaps Norway’s most
famous geologist, noted this striking feature of the
geology of southern Norway already in the early
20th century. He saw that the cover rocks and the
basement were carried down in a monoclinal fold
that stretches along Hardangerfjorden and continues
north-eastwards past Aurland and Lærdal, and on
through the Jotunheimen mountains towards the
northern part of Gudbrandsdalen and all the way to
the Røros district. Goldschmidt called this structure
the Faltungsgraben (the fold depression).
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A gigantic step in south Norway
If the basement surface or the sub-Cambrian peneplain is traced from the foreland of the orogenic belt
westwards across Hardangervidda, it is seen to be
fairly evenly located at a height of more than 1000
m all the way to Hardangerfjorden, Aurland, Tyin or
Gjende, where it dives to a considerable depth. It
only returns to the surface again scores of kilometres
further west, in the Western Gneiss Region.
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Simplified block diagram depicting
where the extensional shear zones
occur in Trøndelag and Nordland,
and how they are connected with
basement windows.
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Devonian formation
The faults flanking the Ling Depression, and the
Highland Boundary Fault, are known to be postDevonian (Permian and later) structures, implying
that the Hardangerfjorden Shear Zone was locally
reactivated as brittle faults. Palaeomagnetic studies
on land have provided indications of such reactivation in both Permian and Late Jurassic to Early
Cretaceous times. The shear zone itself, on the other
hand, is a broad zone of ductile (plastic) deformation initiated at a depth of 10-15 km. Age determinations and the presence along the zone of a wellpreserved, down-faulted sedimentary basin, the
Røragen Basin, containing Early Devonian plant fossils show that it dates from the Early Devonian.
Why does the Norwegian coastline turn NE-SW
on the Møre coast?
The remarkably rectilinear coastline from Trøndelag
south-westwards to Kristiansund has its origin in a
parallel structure to the Hardangerfjorden Shear
Zone, called the Møre-Trøndelag Fault Complex.
This movement zone probably has a long history,
but was an important structure in the Devonian.
Whereas the Hardangerfjorden Shear Zone moved as
a normal fault, movement along the Møre coast was
mainly sideways (strike-slip). The strata were pressed
together in a steep zone which the coast now follows. This zone was reactivated on numerous occasions, and along its strike it can be traced southwestwards in the direction of the Great Glen Fault
in Scotland. However, it is probably also linked with
the Nordfjord-Sogn Shear Zone in the south.
242

In the north, too
Knowledge of the importance of extension in the
geology of southern Norway is leading to the constant discovery of new extensional structures elsewhere in the orogenic belt. It seems that the whole
of the Caledonian crust was divided into pieces
when it was stretched on the “rack” during the
Devonian. The structures in northern Norway are
not as well investigated as those in the south, but a
network of extensional structures seems to exist
there, too.
When the Møre-Trøndelag Fault Zone is traced
northwards, it is seen to be connected with extensional structures like the Høybakken and
Kollstraumen shear zones in Trøndelag and southernmost Nordland. They show more complex movements than the uniform north-westward movement
in southern Norway. There are also indications that
substantial extension occurred here before the development of the Devonian extensional shear zones in
west Norway was initiated.
In Nordland, too, the most important nappe boundaries have proved to be extensional shear zones.
Examples are the Nesna Shear Zone, which delimits
the Helgeland Nappe, and the Ofoten Shear Zone,
the first in north Norway to be recognised as an
extensional structure and which marks the western
boundary of the Rombak window. In general, it
seems that the nappe region from the Møre coast to
Tysfjord is more marked by extension parallel to the
mountain chain than is the case further south.

The extent to which extension of the orogenic belt
has affected the Caledonides in Troms and Finnmark
is still not clarified. So far, no extensional structures
like those seen further south have been recognised in
Finnmark. Strike-slip movements seem to dominate
in Svalbard.
The crust becomes brittle
The deformation that took place when the nappe
stack in the Caledonian mountain chain slid backwards occurred at a depth of many kilometres, under
the influence of high pressures and temperatures.
The shearing movements along the attenuation
zones took place when the rocks were plastic. When
the zones were raised to shallower, cooler crustal levels, the extension continued as a brittle deformation.
Rocks that had been deformed like dough, such as

in the Nordfjord-Sogn Shear Zone, were now dismembered and crushed by brittle faults. This change
probably occurred at different times in different
places in the orogenic belt, depending on how deep
the rocks were located following the collision and
how rapidly they were exhumed. Dating of the first
brittle fractures affecting the extensional mylonites
in Nordland and the Bergen district indicates brittle
deformation as early as around 395 million years
ago, in other words fairly early in the Devonian
Period. Green, epidote-mineralised fault planes are
common in the Devonian faults. The rocks on the
coast of Møre were still deep in the crust then. The
Devonian faults are consistent with the immediately
preceding, ductile, east-west to northwest-southeast
extension.

Photograph of a brittle fault in
Øygarden, west Norway. The fault is
probably Devonian, and the shiny
surface has a coating of finely
crushed, green epidote.
(Photo: H. Fossen)
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The mountain chain is eroded –
the Devonian basins are formed
At the same time as the crust was being stretched, the mighty mountains on the surface
were being eroded. The erosion products, mainly stones and sand, were not always carried
very far away; the rows of mountains saw to that. Some of them therefore ended up in
fairly local, intramontane basins.

Most of the debris eroded from the Caledonian
mountains ended up outside the orogenic belt. A
significant proportion was deposited in the foreland
area on the Baltic Shield, even as far as the Baltic Sea
area. Some was carried by rivers towards the sea in
the south, where the Variscan mountain chain
formed later in the Palaeozoic. However, the river
systems which transported sediment westwards from
the northernmost part of the Caledonides were par-

Devonian
sandstone

ticularly efficient. A branching system of rivers
developed here from the Early Devonian, and eventually extended all the way across northern Greenland into present-day Arctic Canada. Enormous
quantities of sediment from the Caledonides were
transported and deposited by this system and were
also carried further, onto the northern continental
margin, where they were involved in the Ellesmerian
orogeny at the Devonian–Carboniferous boundary
nearly 360 million years ago.
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The Devonian deposits in west Norway
(yellow), together with Caledonian
nappe rocks (violet and brown) have
been separated from the basement by
the Nordfjord-Sogn Detachment.
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Death Valley
Depositional basins formed along the entire mountain chain as a result of the crustal stretching.
Deposits in such basins had little chance of being
preserved in a mountain chain that experienced
long-lasting, strong erosion. Consequently, most of
these sediments were no doubt rapidly removed and
re-deposited, as is seen in modern mountain chains.
However, because major faults reached the Earth’s
surface, some areas rapidly subsided relative to their
surroundings. A modern example of this is Death

Valley in California, where large faults and gravelly
fans separate rows of high peaks from sediment-filled
basins. The Devonian basins were gradually filled
with stones, gravel and sand. Rows of avalanche
fans, alluvial fans and large river systems dominated
the surface. In some areas, the sediments may have
been deposited in lakes. All the Devonian sediments
on the Norwegian mainland were deposited in such
basins within a mountainous area. Such intramontane basins are also typical for the Devonian deposits
in Greenland and Svalbard.

Death Valley in California is a basin
formed between high mountains and
faults. Avalanche fans originating at
the faults line the foot of the mountains. This landscape probably
resembles the original Devonian
landscape in Norway.
(Photo: H. Fossen)
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The first map of the entire
Kvamshesten Basin, published by
C.F. Kolderup in 1921. The main
aspects are correct, but the contact
between the Devonian and its substrate was looked upon as a major
thrust fault.

Just remnants
Only remnants of the Norwegian Devonian basins
are preserved. These are found in west Norway, adjacent to the shipping lane south of
Trondheimsfjorden, on the Fosen Peninsula in
Trøndelag, and at Røragen, near Røros, in eastern
central Norway. Drill cores and seismic data have
revealed Devonian deposits in several parts of the
North Sea too, in both the Norwegian and the
British sector. For instance, Devonian freshwater
sediments are petroleum source rocks on the
Devonian conglomerate (breccia) in
the Håsteinen Basin. Angular boulders imply short transport, perhaps
as scree deposits. (Photo: V.V. Vetti)
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Shetland Platform and, in the far south, Devonian
sediments form the reservoir for the Embla oilfield
that has been in production for many years. The
most complete and varied Devonian sequence is
found in Svalbard. However, before it was removed
by erosion, a substantial foreland basin was located
along the eastern margin of the mountain chain, in
Sweden. Its deposits must have been at least a couple
of kilometres thick, and the basin received sand and
clay from the Caledonian mountain chain both during the actual formation of the chain and in the sub-

sequent extensional phase. The Late Silurian
Ringerike Sandstone in the Oslo Region may have
been associated with the early evolution of that
basin.

Hornelen suggest that the upper part of the deposits
was Middle Devonian. However, the conglomerates
along the fold depression at Stord and on Bømlo
may just possibly be Early Devonian.

Intramontane basins
All who visit the areas with Devonian deposits in
West Norway, which are so exposed to severe weather, are struck by the extremely sparse vegetation and
the characteristic, coarse conglomerates that make
this landscape so special. From south to north, these
Devonian areas are at Fensfjorden, Solund,
Kvamshesten, Håsteinen and Hornelen. They were
studied by pioneering geologists like Baltazar
Mathias Keilhau, M. Irgens, Thorstein Hallager
Hjortdahl and Karl Friedrich Naumann as early as
the 19th century. Systematic investigations were carried out during the 20th century by C.F. Kolderup,
a geologist at Bergen Museum. Many fossil plants
and fish that implied a Devonian age were found,
and these were studied and described in detail by
Alfred Gabriel Nathorst, Johan Kiær and Anatol
Heintz. Plant fossils at a relatively low stratigraphical
horizon in the Solund Basin on Værlandet indicated
that this basin formed already in the Early
Devonian. The fossils at Kvamshesten and Hornelen
occur at several stratigraphical horizons. Fish and
plant fossils from the uppermost horizon at

It was only in the early 1960s that sedimentological
studies clearly showed that the areas with Devonian
rocks comprised separate basins and were not remnants of a gigantic carpet of sandstones and conglomerates that once covered the entire mountain
chain. This interpretation was based on the distribution of sandstone and conglomerate, and analyses of
the depositional environments and directions of sediment transport. These features are best documented
in the Hornelen and Kvamshesten basins.
The Hornelen Basin – carved out by faults
The sediments in the Hornelen Basin were studied
in detail in the 1970s and 80s, and the geologists
found a characteristic pattern. Coarse conglomerates
were practically confined to the northern, eastern
and southern boundaries of the basin, whereas sandstone and siltstone predominate in the central part.
Since large boulders cannot be transported very far,
it had been clear for many years that the original
boundaries of the basin towards the north and south
approximately coincided with its present-day boundaries there. They were controlled by major faults that

FISH AND PLANT LIFE
All the major groups of fish evolved during the Devonian Period, which is also
called the Age of Fishes. A type of Middle Devonian fish (Coelacanth) that is found
as fossils in the basins of west Norway could be a metre-long, dangerous predator.
Well-preserved, Late Devonian tetrapods (“fish-tetrapods”), Ichthyostega and
Acanthostega gunnari, have been found in East Greenland. The latter was half a
metre long, had four feet and eight small toes and fingers, but was also equipped
with gills and lungs, as well as a newt-like tail. Together with Ichthyostega, which
was larger, it lived in rivers flowing through the Caledonian mountain chain, and
perhaps hauled itself on to land.
The first Norwegian plants that are known are found in the Devonian deposits.
Primitive club mosses (Lycopodium or psilophytes) and other plants painted the drab
landscape with fresh colours. These plants were quite small, but seed-bearing plants
evolved towards the end of the Devonian Period, and trees and forests grew up.

Ichthyostega

Plant fossil from Hyen, western Norway.
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DEVONIAN ROCK FALLS
A special feature linked with fault-controlled basins in steep surroundings is the presence of huge rock falls. Evidence of
such landslides is seen in the Kvamshesten, Håsteinen and Solund basins. Some of them may have been triggered by
strong earthquakes associated with the basin-bounding faults. Huge blocks of fallen rock that can sometimes be recognised as resembling rock belonging in the substrate of the basin make up rock falls which vary in size from a few hundred
square metres to tens of square kilometres. The huge landslide at Hersvik in Solund is one of the largest and includes
many different types of rock, including rhyolite that probably originated in one of the Ordovician-Silurian island-arc volcanoes in the Iapetus Ocean, described in the previous chapter. On the summit of the mountain Litjehesten, the youngest
deposit in the Kvamshesten Basin in west Norway is seen to be a blocky breccia composed of avalanche material from an
area of monzonitic gneisses and quartzites.

were active throughout the depositional history of
the basin. The sedimentary architecture and the history of basin infilling, as they are known today, show
that the basin floor was gradually tilted and the
depositional centre moved slowly eastwards relative
to the floor.
The sediments along the northern boundary of the
basin are dominated by comparatively small, bouldery alluvial fans, some of which end in delta-fan
deposits that extended into small lakes developed
where the basin was subsiding most and the sediment supply was least. Relatively little sediment
entered from the northern side of the basin,
probably because the source area there was largely
confined to a steep fault scarp where the drainage
area was small. Sediment transport near the southern
boundary took place in major fan systems draining
a larger catchment area and therefore producing
greater quantities of sediment. Large alluvial fans
stretched several kilometres in towards the axis of the
basin. Transport within the basin took place westwards in a river system that followed the basin axis.

A drawing by Hans Reusch of the
unconformity between folded nappe
rocks and Devonian conglomerates
at Bulandet (Sogn & Fjordane). This
unconformity is beautifully exposed
in many places along the coast of
western Norway.
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Kvamshesten Basin
Kvamshesten is also dominated by sandstones, with
conglomerates along its northern and southern
boundaries. As in the Hornelen Basin, the conglomerates along the southern margin were deposited in an
enormous alluvial fan system. The rivers here drained
a large area in the footwall of a spoon-shaped, basinmargin fault. Throughout most of its history, the
basin received less sediment on its northern margin
because this was delimited by a steep, strike-slip to
oblique normal fault developed in the hanging wall of
the main fault. However, the sediment supply
increased towards the top of the sequence, and large
fans built out into the basin from the north.
The basement-cover boundary in the Kvamshesten
Basin can be mapped for a long distance from west
to east. Unlike in the Hornelen Basin, where the
corresponding boundary is of about the same age
throughout the basin, faults in the hanging wall of
the main fault seem to have developed simultaneously with the basin. This faulting gradually moved
eastward and controlled local subsidence, the shift in
the locus of sedimentation and the distribution of
depositional environments within the basin.
Tons of conglomerates
The Håsteinen and Solund basins are overwhelmingly dominated by fan conglomerates and are therefore
more difficult to interpret sedimentologically. They
are broadly similar to the Hornelen and
Kvamshesten basins in that they formed during
fault-controlled crustal subsidence in the Early to
Middle Devonian. Mapping of the Devonian rocks
at Håsteinen shows that the basin floor had an
appreciable topography; Devonian hills, several hundred metres high, are preserved beneath the fans that
built outwards in mid-Devonian time.

Mountains composed of Devonian
sandstones and conglomerates
viewed from the west towards
Kvamshesten.
(Photo: P.T. Osmundsen)..

Kvamshesten

Unconformity

Early Devonian deposition in Trøndelag
The northernmost Devonian deposits exposed in
Norway itself (excluding Svalbard) are in Trøndelag,
on and near the islands of Smøla and Hitra, and at
the south-western end of the Fosen Peninsula. Fossils
suggest that the oldest deposits in these basins date
from the Late Silurian, and that deposition continued into the Devonian. Age determinations suggest
that undeformed sandstones and conglomerates on
the island of Asenøya, north of Ørlandet on the
Fosen Peninsula, may be as young as Upper
Devonian or even Early Carboniferous. Another
Devonian basin is found at Røragen, near the
Swedish border in eastern Trøndelag. In addition to
conglomerates, this basin also has fine-grained shales
carrying plant fossils which indicate Early Devonian
deposition. However, the basins in west Norway are
the best preserved and exposed, and the description
that follows will therefore be largely based on the
Solund, Håsteinen, and particularly, Kvamshesten
and Hornelen basins.
Mega-scale graded bedding
Several of the basins in west Norway display marked,
staircase-like stratification which is very distinct
from a distance. These major units are 100-200 m
thick and represent a rhythmic alternation of, mainly, sandstone lowermost, passing upward into coarse
sandstone or conglomerate (upward-coarsening or

reverse grading), but at its very top each sequence
tends to end with slightly finer material (upward-fining). In the Hornelen and Kvamshesten basins, these
units can be traced from the marginal zones into the
central part of the basin. The conglomerates thin out
inwards in the basin, being gradually replaced by
sandstone. The sandstones within each upwardcoarsening unit are more finely stratified, and there
it is possible to distinguish thinner (usually less than
a few tens of metres thick) rhythmic units that also
coarsen upwards. Similar upward-coarsening, major
units are also seen in the sandstone strata within the
basin.
The division into major units that are 100-200 m
thick gives rise to the marked, staircase-like topography that is so characteristic for several basins in west
Norway. The fine-grained beds at the top of each
major unit weather rapidly and form broad steps,
while the coarser beds are cut off when they meet
steep fissures and fractures. The actual rhythmical
sedimentation is difficult to understand in detail,
but was probably caused by the faults moving spasmodically. Between major spells of faulting, flashflood deposits from braided rivers would form, along
with local lacustrine deposits. One such flood would
produce a coarse basal deposit overlain by finer
material which came to rest as the precipitation and
flooding came to an end. This produced a relatively
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RHYTHMIC ROCK

By Vegard V. Vetti

Remarkably enough, the Devonian strata have succeeded in making the westward trip without
being particularly broken up by faults. The slide zone beneath the basin must have been particularly well lubricated and smooth. The westward movement has, moreover, had the character of a
gradual creep rather than being linked to sudden, violent earthquakes. The rhythmic pattern,
however, shows that the creeping or sliding was periodical. Perhaps the explanation is that a
certain threshold of stress had to build up in the slide zone beneath the basin before movement
took place. When the basin had slid about 250 m, the stresses had been relieved. They then
built up again, and the whole process was repeated, eventually more than two hundred times.

100 m

Coarsening –
upwards
Lacustrine and
flood basin deposits

What caused this regular rhythmic layering? It is just as though a composer was responsible; deposition-movement-bending down, deposition-movement-bending down, repeatedly, two hundred
times. Part of the answer must be concealed beneath the basin, and part in the area west of the
basin. There must have been a gently westward-dipping detachment beneath the basin, on which
the basin could glide, and this must have continued beneath the area west of the basin. The area
west of the basin therefore led the westward movement, and the Hornelen strata hung on.

Alluvial fans

The layered, staircase-like landscape of the Hornelen Basin is remarkably attractive. Gigantic sheets of rock lie rhythmically, one on top of the other, dipping 25° east. Nature has really created one of her masterpieces here. The at least 200 mthick sheets of rock were formed by the content of the basin being moved westwards some 250 m about two hundred
times. On each occasion, a depression formed in the eastern part of the basin, and each of these depressions was successively gradually filled by layers of conglomerate and sandstone 100-250 m thick, which
Fining –
stretched right across the basin in a north-south direction. The depression formed because the
upwards
strata that had already been deposited had to bend down towards the underlying fault when
200 m
the layers were moved westwards. When this tilting was complete, the strata had attained an
eastward dip of 25°.

Grain size

(Figure modified from R. Steel)

When we look at the strata in the basin, we can try to imagine how the basin periodically slid
slowly westwards. It then becomes “alive”, and we realise what an impressive example of geological and natural history
we have in front of us. Perhaps no other sedimentary basin in the entire world has slid so far on a single detachment,
had such a rhythmic sequence of beds deposited in it, and has an internal construction that is so easy to view.

A naked, barren «Devonian landscape» in the mountains near Ålfoten. (Photo: I. Bryhni)
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thin sequence which became increasingly finegrained and thinly stratified towards the top, overlying a thicker sequence that became coarser upwards,
at the same time as the individual beds became
thicker. With repeated movement on the basin-margin faults, a series of such sequences consisting of a
combination of upward-coarsening and upward-fining
sub-sequences would pile on top of one another, just
as can be seen in the basins in west Norway. The
stacking pattern shows how the basin was filled.
25 000 m thick
If the thicknesses of all the individual major units
preserved in the Hornelen Basin are added together,
the entire succession proves to be an incredible
25 km thick. Correspondingly, the Håsteinen,
Kvamshesten and Solund basins are around 10 km
or more thick. Imagine these beds stacked vertically
on top of each other to give basins that are up to
25 km deep. Local intramontane basins that extend
so deep into the crust are most unlikely. Geologists
have therefore sought alternative explanations for
these unbelievable thicknesses of rock. Various models have been considered, but the only one that has
been capable of explaining the stratigraphical thickness and the easterly dip involves a listric fault that
delimits the basins towards the east. The beds would
then gradually rotate to dip eastwards. Down-ramp
movements and irregular fault surfaces probably
caused the formation of both folds and faults within
the deposits as the basins evolved. This gave topographical effects in the basin floor which, in turn,
influenced the direction of currents in rivers, the
relationship between transport and sedimentation,
and, hence, the distribution of sand and conglomerate in the basins.
Interpretations of current directions in the
Kvamshesten Basin suggest that, as time passed, the
dip of the basin floor shifted from a south-easterly to
a more easterly direction and the extensional direction in the area changed correspondingly from
northwest to west. Together, the structural geology
and the sedimentology in and around the
Kvamshesten Basin indicate that the extensional
direction gradually rotated from southeast-northwest
to east-west as the basin evolved. Signs of a similar
change are found in the Hornelen Basin.

Sand

Boulders and
gravel

The rhythmic bedding is
distinct on the mountainsides near Haukå, east of
Florø. (Photo: I. Bryhni).

Simplified model of how
the enormous thicknesses
of Devonian deposits in
the Hornelen Basin are
envisaged to have been
formed. Owing to the
curvature of the fault
plane, the beds were
gradually rotated as they
slid down the fault, and
new beds were deposited
above them.

The Fensfjorden, Solund and Håsteinen basins were
also formed by fault-controlled sedimentation. All of
them are almost entirely dominated by conglomerates, the exception being the fossiliferous Lower
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Folded beds at Grøndalen, at the
southern boundary of the Hornelen
Basin. The beds that are most resistant to erosion stand out as stripes in
the hillside. The light-coloured patches left of centre are the tips of gravel
fans stacked on top of one another
and derived from the basin margin
to the right of the massif. (Photo: H.
Fossen)

Devonian sandstones at Værlandet, furthest north in
the Solund Basin. Both the Solund and Håsteinen
basins are locally relatively severely deformed. At
Utvær (Solund), for instance, the conglomerates
have developed a planar structure and the clasts are
rotated and stretched in a west-northwesterly direction. This deformation must have taken place at a
depth of nearly 10 km, which is probably the maximum depth the Devonian conglomerates have ever
reached.
The basins are folded
By degrees, the whole area where the Devonian
basins are situated was shortened in a north-south
direction as it underwent east-west extension. In the
Hornelen Basin, the Grøndalen syncline, which
extends along much of the southern part of the
basin, was probably formed during this phase.
Håsteinen displays a similar, but tighter fold, where
axial planar cleavage is visible in the sandy beds.
In the Kvamshesten Basin, the youngest preserved
parts were folded about east-west axes contemporaneously with the sedimentation. The north-south
shortening, moreover, led to overfolding (inversion)
of the beds in the Kvamshesten Basin, as well as the
development of a major reverse fault that can be followed axially through large parts of the basin.
252

Furthest west, greenstone and metagreywacke from
the basement are locally thrust over the Devonian
sediments. However, a similar fold in the Solund
Basin can be explained as a result of a ramp in the
basement fault. On the coast of Trøndelag, the oldest basins are more affected by folding than those in
west Norway, owing to movements along the MøreTrøndelag Fault Zone. The north-south shortening
in the Devonian probably lasted into the
Carboniferous, and was also partly responsible for
the basins being preserved today in the regional eastwest synclines between Sogn and Stadlandet in the
northern part of West Norway.
There are several possible explanations for this
north-south foreshortening. At one time, many geologists believed it was related to the same Svalbardian
phase that deformed the Devonian succession in
Svalbard. Later, others looked towards the south and
linked it to the Variscan orogeny elsewhere in
Europe. A third theory is that the folds result from
interference between sinistral movements along the
Møre-Trøndelag Fault Zone and the westward transport of the Caledonian nappes in southern Norway.
A fourth possibility is that the folding is an internal
effect of the thinning, and therefore creasing, of the
crust, just like a sheet forms creases when it is
stretched.

Devonian sandstones near
the Ålfotbreen glacier.
(Photo: I. Bryhni)

Svalbard’s Old Red Sandstone:
a coloured landscape
Devonian deposits in Svalbard have both similarities and dissimilarities with those on the
mainland. There are greater variations, a more continuous succession is preserved and they
are located along a system of parallel fault zones where some movement has been lateral
(strike-slip), thus resulting in differences in the style of deformation.

The beds forming the transition
between the Austfjorden Member
(yellow, calcareous sandstone) and
the Dicksonfjorden Member (red
sandstone) in the Wood Bay
Formation, here beside the
Orsabreen glacier, north of
Ekmanfjorden, James I Land.
(Photo: W. Dallmann)

The first strata seen on entering Dicksonfjorden,
north of Longyearbyen, are Triassic sediments dipping southwards down the mountainside. These are
followed below by steep cliffs chiselled from underlying Carboniferous and Permian carbonates. Finally,
the angular unconformity is reached where the lowermost Carboniferous limestones discordantly overlie
reddish-brown Devonian sandstones and shales. Old
Red Sandstone is the commonly used term for
Devonian sediments in Europe, which generally have
this colour, and it is also most appropriate here.

These reddish-brown rocks stretch for mile upon
mile northwards through Dickson Land and Andrée
Land, only interrupted by some greyish-green and
yellow sandstones, white glaciers and the light-green
mosses and other tundra vegetation at the foot of
bird cliffs and on valley floors. The Devonian rocks
originate from alluvial sands deposited in a dry climate, the rusty red colour deriving from iron compounds. Your eyes have to adapt to this unreal,
colourful landscape, and you are dazzled when you
leave it and see “normal” colours again.

Grey folds
You get a completely different impression of the
Devonian in Svalbard if you approach Andrée Land
from the north, entering Wijdefjorden or
Woodfjorden where the younger part of the
Devonian is exposed. Drabber, grey colours predominate here, appearing almost black against the sky
and the glaciers; on the other hand, beautiful folds
decorate the mountainsides, at any rate in
Woodfjorden. Further south, in the transitional area
to the colourful beds, numerous faults cut the succession in several directions, producing an artistic
mosaic.

bottom of lakes. Several of these depositional
processes took place simultaneously so that very different kinds of deposits were formed at the same
time within limited areas, leading to some earlier
problems and misunderstandings regarding stratigraphical divisions and nomenclature.

Yet another distinctive feature is found in
Raudfjorden and near the Monacobreen glacier in
the northwest, where the very oldest Devonian beds
are exposed. Thick, purplish-red and grey conglomerates, deposited in alluvial fans, and kilometrethick, greyish-green sandstones are seen here, resembling the lithologies in the basins of western
Norway, although the colouring is more spectacular.
Most of the Devonian strata exposed in Svalbard are
found here in northern Spitsbergen, preserved in
comparatively low fault blocks between the
Raudfjorden Fault in the west and the Billefjorden
Fault Zone in the east. The latter has a particularly
long history, but was not an active, basin-delimiting
fault in the Devonian. Movements associated with
the Svalbardian orogenic phase at the very end of the
Devonian, as well as Carboniferous movements,
explain why no Devonian sediments are found east
of the Billefjorden Fault Zone.
The Devonian landscape derives yet another distinctive feature from the up to 400 m-thick Miocene
plateau basalts that occupy the mountaintops, covering a fairly smooth peneplain incised by valleys that
are 200-300 m deep. This Miocene peneplain can be
easily recognised from above, since the peaks
throughout northern Spitsbergen form a “palaeic
surface” sloping gently northwards from 1300 m
a.s.l. in the south to 600 m a.s.l. in the north.
System in the mess
The Devonian in Svalbard was deposited in a
molasse-filled basin, that is, a depression in the fresh
Caledonian mountain chain where stones, sand and
clay eroded from surrounding mountainous areas
came to rest. The stones formed avalanche fans, the
sand was carried by rivers and deposited on broad
alluvial plains, and the finest material sank to the

WHY RED?
What is it that produces the different colours in the
Devonian deposits in Svalbard? Iron is the key. Iron
(hydr)oxides (ochre) with trivalent iron (rust compounds) are able to form in well-drained sand where
the air can enter the pore spaces. The red sand
deposits in Svalbard were probably originally more
pale yellow than red, but gradually, as such sand
becomes buried, the previously ochre-coloured iron
compounds become more crystalline and closer to
the mineral haematite (Fe2O3). The red to reddishbrown colour of haematite would simultaneously
appear. However, this presupposes an oxidising, airy
environment. The greyish sandstones, on the other
hand, were saturated with water immediately after
burial, resulting in reducing conditions in the pore
spaces and the formation of bivalent iron compounds
which gave the sand a paler, greyish-green colour.

Feeder pipe to the Quaternary
volcano in the Wood Bay Formation.
The locality is near the Breibogen
Fault. (Photo: W. Dallmann)

The Devonian deposits in west Norway lack the red
colour because they were deposited on basin floors
where large amounts of groundwater must have been
present, resulting in reducing conditions throughout
their burial history. In addition, some of the deposits
in west Norway are coloured green by chlorite and
epidote minerals or grey due to light-coloured mica
derived from the Caledonian source rocks.
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There is, nevertheless, no doubt that a tripartite
stratigraphical subdivision of the Old Red succession
is valid. The Siktefjellet Group is oldest and occurs
in a very limited area near Liefdefjorden and Raudfjorden. It consists of coarse, unsorted, polymict fan
conglomerates, whose clasts derive from the basement, and overlying greyish-green sandstones. It
seems as if a small, narrow trough was first filled
with avalanche material, and then, as it became
broader, with fluvial deposits. The group is truncated by a distinct angular unconformity testifying to
tectonic movements, and called the Haakonian
phase (after Haakon VII Land).

12°

11°

14°

13°

15°

The Siktefjellet and Red Bay groups comprise the
whole of the Devonian succession in the area west of
the Breibogen Fault, which is a third, major, northsouth trending structure in addition to the two that
demarcate the Devonian area.
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The Andrée Land Group crops out east of the
Breibogen Fault. It is about 4 km thick and of Early
(Siegenian) to Late (Famennian) Devonian age.
However, the Early Devonian Wood Bay Formation,
comprised of colourful, reddish-brown sandstones
and shales which have given the Old Red Sandstone
its name, crops out in most of the area. Higher in
the succession, in northern Andrée Land, are the
greyish, Middle Devonian, Grey Hoek and Wijde
Bay formations, whereas in the far south, beside
Billefjorden, an angular unconformity separates the
Wood Bay sediments from the overlying, Late
Devonian, Mimerdalen Formation, which has coarse
conglomerates in its upper part. These conglomerates may be associated with thrusting along the
Billefjorden Fault Zone at the onset of the
Svalbardian tectonic phase.
Finds of fossil fish have enabled a rough age division
of the Devonian succession in Svalbard. The
Devonian was the period when fish evolved considerably, both armoured and bony fish, and beautiful,
fragmentary fish are found in many places through-

BELOW: A generalised
E-W profile across the
above map.
Monacobreen glacier

The Red Bay Group, beginning with coarse conglomerates and ending with greyish-green sandstones, overlies the unconformity, sometimes above
the Siktefjellet Group and sometimes directly on the
basement. It is some 5-6 km thick, in contrast to the
few hundred metres of the Siktefjellet Group. The
Red Bay Group shows complex lateral interfingering
of various types of conglomerate and sandstone, and
was first reasonably well understood during detailed
mapping of the remote nunataks near the
Monacobreen and Isachsenfonna glaciers in the
1990s, where there are good examples showing that
a variety of depositional processes were simultaneously active in different parts of the depositional
trough.

Woodfjorden

Wijdefjorden
ANDRÉE LAND BLOCK

RED BAY BLOCK
Andrée Land Group
Red Bay Group
Precambrian
basement
Raudfjorden
Fault
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out the succession, particularly in the Wood Bay
Formation.
Transformation in the Lower Devonian
As mentioned earlier, there are several kilometres of
Early Devonian (Gedinnian) sediments in the western sub-trough (the Siktefjellet and Red Bay
Groups) and several kilometres of younger sediments
in the eastern trough (Andrée Land Group). A probable depositional boundary between these groups is
only found at the southern end of Woodfjorden, but
it is difficult to decide whether it is really primary
and, if so, whether it is conformable or an angular
unconformity. In other words, there is no way of
saying how much of the Red Bay Group underlies
the Andrée Land Group in the eastern sub-trough.
The lower boundary of the Andrée Land Group at
any rate rests on the basement in the far southwest,
near Kongsfjorden. The same applies in southern
Spitsbergen, where the Andrée Land Group crops
out again on the southern side of the central Tertiary
basin. Seismic investigations north of Andrée Land
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have shown that the entire preserved sediment pile is
only about 4 km thick, perhaps represented only by
the Andrée Land Group.
Consequently, the Red Bay Group was probably
only deposited in a relatively narrow north-south
trending trough, and not particularly far east of the
Breibogen Fault. This fault perhaps did not exist at
that time, in contrast to the Raudfjorden Fault,
which must be assumed to be the original western
boundary for the entire molasse basin, which is indicated by coarse, immature conglomerates with a
steep easterly dip right up to this fault at Raudfjorden.
Tectonic adjustment
A tectonic adjustment of the entire depositional
basin most probably took place between the
Gedinnian and the Siegenian, resulting in sedimentation occurring much further east. The change
resulted in the greyish-green alluvial sand in the
upper part of the Red Bay Group being overlain by

LEFT: Part of the head of a Devonian
armoured fish (Arctolepis sp.). Its eye
cavity is visible at the upper right.
A reconstruction of the fish is seen
above. (Illustration: H. Fossen)
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Folding of Devonian beds belonging
to the Grey Hoek Formation. These
westward-facing folds belong to the
Gråhuken Fold Zone at Bråvallafjella,
Vårfluesjøen. (Photo: W. Dallmann)

the more fine-grained, red, alluvial sands of the
Wood Bay Formation. Some conglomerates and
sandstones just west of the Breibogen Fault are not
easy to place in the stratigraphy, since they occupy
an isolated occurrence. Geologists disagree as to
whether they lie stratigraphically above the Red Bay
Group, and thus form a transitional facies to the
Andrée Land Group (the Norwegian opinion), or
can be correlated with the Siktefjellet Group, as their
heavy mineral composition implies (the Russian
opinion). If the first view is correct, these conglomerates will be a result of the assumed tectonic phase
separating the formation of the Red Bay and Andrée
Land groups.
From red to grey
The variegated, mostly reddish-brown, typical “Old
Red” sediments in the Wood Bay Formation were
deposited on extensive alluvial plains where meandering rivers snaked towards the sea, leaving behind
them fluvial sand alternating with flood deposits.
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These alluvial deposits contrast strongly with the
dark-grey to greyish-green colours of the overlying
formations. However, there are more differences
than just their colours. Whereas the fossil macrofauna in the Wood Bay Formation consists mostly of
fish, there are more bivalves in the overlying ones,
even though both faunas are to some extent found
in all three formations. Ostracods (0.5-1.5 mm in
size) are also found everywhere. Plant remains, on
the other hand, clearly increase in abundance in the
Grey Hoek Formation compared with the underlying beds, and calcareous concretions are also present.
The transition between the Wood Bay and Grey
Hoek formations is characterised by a great diversity
of, partly calcareous, sediments. Whereas the calcareous sediments in the Wood Bay Formation are typically varied freshwater sediments from large and
small lakes, the Grey Hoek Formation is more
monotonous and typical of tidal flats. By degrees,
large lagoons that had connections with the open sea

developed, and ultimately the whole area was continuously submerged.
New unrest: the Svalbardian tectonic phase
When you journey through the Devonian landscape
in Svalbard, you travel long distances through apparently undeformed, sometimes gently dipping, successions. Occasionally, a small thrust fault cuts the
beds. However, when you approach the Billefjorden
Fault Zone, or move onto the broad strip of land
between Gråhuken and Verdalen, passing through
central Andrée Land to the northern part of Dickson
Land, a completely different impression is gained.
Here, the Devonian beds are in part tightly folded,
with north-south trending fold axes and westwarddirected overthrusts. South of Liefdefjorden, the Red
Bay Group is partly thrust over the basement. All
the deformation has affected the youngest Devonian,
but not the overlying Carboniferous rocks, and must
therefore have taken place at the very end of the
Devonian. This deformation of the Devonian succession is called the Svalbardian tectonic phase, and
took place at the same time as the Ellesmerian in
northeast Greenland and on Ellesmere Island.
Common for all the Svalbardian deformation is that
it does not have a penetrative effect on all the
Devonian succession. Rather, it is associated with

older, deep faults that were reactivated laterally, at
the same time as compression and folding took place
perpendicular to the faults (transpression). Much of
the deformation is therefore localised in zones along
these deep faults, which were active both before and
after the Devonian, and were even used as magma
feeders for several Quaternary volcanoes.
Evidence for the occurrence of vertical movements
and thrusting towards the end of the Devonian
Period is seen along several of the faults. The
Billefjorden Fault Zone, for instance, was reactivated
at the very end of the Devonian. The basement in
Ny-Friesland, east of the fault zone, was uplifted at
least 5 km and thrust westwards over the Devonian
at that time. The Devonian rocks were thus folded
and compressed. At the same time, the Ny-Friesland
block was probably moved laterally northwards.
Lateral movement is a general feature associated with
the deep faults in Svalbard. However, there is little
hard proof of such lateral movement in the
Devonian. Perhaps the strongest evidence is found in
the Grønhorgdalen-Triungen Fault Zone that trends
parallel to the major Billefjorden Fault Zone. Both
thrust and fold structures are found along this zone,
as well as a pull-apart basin. Such basins are characteristic for lateral movements and show that the
movement was sinistral.

Quartz vein along one of the faults in
the Billefjorden Fault Zone west of
Austfjorden, Dickson Land. Baryte is
found locally in this vein. (Photo: W.
Dallmann)

