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Afissure eruption on Krafla in northern Iceland in 1984. The fissure in the photograph is one kilometre long, although its total length is 8.5 kilometres. The lava is between 0.5 and 1 metre
thick at the front of the flow, and about three metres thick further in. Permian fissure eruptions in the Oslo Rift may have been of this type, only many times greater. (Photo: A. Bjornsson)




suisvq 27140dpaa 1sva omy ur pagisodap aiam sayuanbas s yorgqs poriad sigs fo pua aqz spivmoy
PUY UDIULIZT 241 SULINY VIS GIION] 2G] UL PIIvasid OS[p SUOLIPUOI (ING “HIVULYD PLIY UD
puv saouvsjoa Aq pasiia1ovivgs svm iy ojsQ) 241 Aapva 1fis v Jo uonnjons agz o1 Surpvay
U01SUIIXI [VISNL) PaJjo43u0d synvf wolvu uviwidg aq inogsnoy  Avpos

$31] 0JSQ) MIYM Pa.LinIIO0 (7142190 IUPI|0OA IAISUI XD PUD (140U I

u1) uaUpPIaIsg) 01 (¢anos aqy uz) yv.La3veS g1 uLof 1fie v e .(w,

Sururiof paungdna 1snas agq [ 1fny ojsQ aq1 v am wgm c.u.upit S X
Jo uorgpuiof aqy fo 19510 aq1 payuvwm snoiafiuoq.iv’y

241 Jo pua aq1 spavmoy ‘03v suval uorfjrus g1 &

OOV SYVAX NOITIIW [C7—6SE

.\Zﬁﬂgmmg ANV SNOJALINOTIV) AHIL NI VAG HIJON ANV I4d1}] OISO AH]J




Late Permian plate reconstruction.
Norway's location in yellow.
(Illustration: R. Blakey)

THE Os1o RiFT AND NORTH SEA IN THE CARBONIFEROUS
AND PERMIAN

359-251 MILLION YEARS AGO

Towards the end of the Carboniferous, the great central European Variscan orogen (episode of mountain building)
had reached its zenith. The southern lithospheric plate, Gondwana, had drifted northwards with several smaller
plates and collided with the northern Laurussian plate. This major collision led to the formation of the great
Supercontinent” Pangaea, and was one of the main causes of the formation of the Oslo Rift. The Variscan orogen
formed part of an even greater mountain belt extending through Central Europe and further east towards what was
then the Proto-Tethys Ocean. In the southern North Sea, on the mountain belts northern flank, a great

sedimentary basin was formed which gradually divided into two — a northern and a southern Permian basin.
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geological area

almost 200 years.

Our geological description of the area will frequently
refer to the following three terms; the Oslo Region,
the Oslo Rift, and the Oslo Graben. The Oslo region
comprises the Cambro-Silurian and Late
Carboniferous to Permian rocks found in the elon-
gated geological province from Langsundsfjord in
the south to the northern end of Lake Mjgsa in the

_ north. The Oslo Rift is the fault-bounded lithos-
pheric fracture zone formed at the end of the Permo-
Carboniferous, and encompasses the Oslo Region,
together with rift structures in the Skagerrak and the
sparagmite region of south-eastern Norway
(Dstlandet). Those parts of the crust that lie both
within the rift and the Oslo Region later subsided
and became the Oslo Graben. The Oslo Graben
constitutes the classic part of the Oslo Rift, and is
that part of the rift structure we observe on main-
land Norway at the present day. Rift structures are

Graben

Conceptual diagram of horst and graben structures, and some terms associated with rifts and grabens. Crustal

extension often produces faults. Blocks are displaced up and down relative to each other along the fault planes..
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The Oslo Graben — a classic

The rocks and geological structures preserved in the Oslo Rift serve to illustrate many of the
processes that were active when the rift evolved. Several of the volcanic and other igneous
rocks in the Oslo Graben are characteristic of rift structures. They were often given local

and unusual names and early in the history of the science attracted the attention of geolo-

gists the world over. The igneous rocks and minerals of the Oslo Rift have been studied for

GEOLOGICAL MAP OF
THE OSLO GRABEN
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Map showing the generalised geology of the Oslo Region with principal
rock types and structures. In the north, thrust nappes are shaded yellow.
Cambro-Silurian sediments are shown in green, Permo-Carboniferous lavas
in brown, and Permian intrusives in red. Faults are drawn in black with the
line thickness giving an indication of magnitude.
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By Fred Steinar Nordrum

The Kongsberg Silver Mines were established in 1623 and, after the visit of King Christian IV in the spring of 1624, the min-
ing town of Kongsberg was founded. The mines remained in production until their closure in 1958. Peak production was
achieved in about 1770 when a total of 78 mines employed 4,000 workers. It is estimated that the mine employees put in
about 300,000 man-hours altogether. All in all, about 1,350 tonnes of silver were produced, with peak annual production
being achieved with the advent of modern operational methods in the 20th century, and the bests results in the operational
year 1915-1916, when about 13 tonnes were produced.

Wire silver, Kongsberg. About 7 cm across. (Photo: P. Aas)

Silver crystals, Kongsberg. About 5 cm across. (Photo: O.T. Ljestad)

The silver at Kongsberg occurs in narrow calcite veins of Permian age emplaced in fractures in metamorphic Precambrian
rocks. It occurs only where the veins intersect so-called “fahlband” zones, which are impregnated with iron sulphide and

exhibit an oxidised rust-like surface deposit.

The calcite veins, together with the silver, were precipitated from hydrothermal fluids generated during rifting and magma-
tism in the Oslo Region. The silver most probably formed at between 250 and 300 °C at between 3 and 4 kilometres' depth.
Most silver occurs in its native mineral form, and as so-called “interstitial” silver, infilling the spaces between calcite and
quartz crystals. Wire silver and silver crystals were found in larger pore spaces.

The Norwegian Mining Museum in Kongsberg is home to a celebrated collection of silver minerals. The silver normally con-
tains about 1 % by weight mercury, and about 0.1 % antimony. In some veins, pure silver deposits also contained some
gold. Calcite veins also contained smaller amounts of other silver minerals, most notably argentite, and a diversity of other

minerals, often as beautiful crystals.

The Royal Norwegian Mining Academy was founded in
Kongsberg in 1757 with the aim of educating Norwegian
mining industry leaders, and became one of Europe’s first
higher educational institutions for mining technology. In
1786, the Academy achieved a significant boost in its
resource base in the form of new buildings, a consolidated
teaching staff, its own statutes, a curriculum, and a formal
examination system. In 1811 it was decided that Norway's
newest university should be founded in Kongsberg, but as
early as in January 1812 the site was moved to Oslo (at
that time named Christiania). After the foundation of the
University of Oslo, the Royal Norwegian Mining Academy
was closed in 1814.

The Royal Norwegian Mining Academy, Kongsberg. (Photo: C. Berg)

Oslo’s 19th century monumental buildings have
exploited one or several of these Oslo Region rock
types for their foundation walls and/or monumental
stone. Today, granite, nordmarkite (the Grefsen
syenite), and larvikite from the Oslo Region remain
as important products for the building stone indus-
try. Of these, larvikite is the most important, and is
extensively quarried in Vestfold. Larvikite and
rhomb porphyry are the most distinctive and best-

known Oslo Rift rock types, both in terms of their
economic importance and their rarity.

Lavas and volcanoes

Among the lavas of the Oslo Region we find basalts,
rhomb porphyry lavas, trachytes and rhyolites. The
contrasts in their mineralogical and chemical com-
positions can teach us much about the volcanic
processes of the Oslo Rift.
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Larvikite is Norway's best known ornamental stone, and is a highly sought-after and expensive facing stone that can be
found adorning building facades all over the world. It is known as the “pub-stone” in England, where it embellishes many a
bar counter, As its name suggests, the rock is named after the town of Larvik in Vestfold, and any rock that possesses the
fine, silver-blue sheen and the colourful, shimmering, so-called “schiller” effect, comes from the Larvik area. Larvikite occurs
in both light and dark varieties, and the major quarries are located either at Klastad or Tvedalen in Larvik municipality. The
great larvikite complex in Vestfold is characterised by a concentric ring structure, with the oldest ring outermost, and the
youngest situated at the core of the complex.

"

Larvikite is comprised almost entirely of the mineral feldspar. In terms of the formal international classification system for
magmatic rocks (see Chapter 2), larvikite is defined as a monzonitic plutonic rock. However, unlike normal monzonite, which
contains both plagioclase and orthoclase, larvikite possesses only a single, so-called “ternary”, feldspar containing calcium
(Ca), sodium (Na) and potassium (K). It also contains small amounts of clinopyroxene, amphibole, biotite, magnetite and
apatite. The presence of the ternary feldspar, together with other petrological and geochemical characteristics, indicate that
larvikite was formed primarily within the Farth’s crust at depths of about 30 kilometres, very close to the boundary between
the crust and the mantle. The large feldspar crystals formed at depths of several kilometres within the crust. Consequently,
this feldspar is not stable at surface temperatures and pressures, and its crystalline structure undergoes microscopic alter-
ations resulting from a chemical exso-
lution within its crystal structure. It is
this phenomenon which, when viewed
from certain angles and under special
light conditions, produces the beautiful
shimmering play of colours from the
crystal surfaces.

Larvikite, commercially known as “Blue
Pearl” and "Emerald Pearl”, was in
February 2008 named as the
Norwegian national rock.

University of Oslo (UiO) Library at Blindern, an
impressive building faced with larvikite.
(Photo: B. T. Larsen)

Detail of a larvikite column showing the
play of colours. (Photo: B. T. Larsen)

The magmatic mineral layering in
larvikite from Ula is the result of the
segregation and settling of crystals in
the magma chamber.

(Photo: B. T. Larsen)
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A plot showing the composition of Si0, versus alkaline components (Na,0 + K,0) for intrusive rocks (major and

minor plutons) from the Oslo Rift. International rock classification names are shown in the background. The plot

shows three groupings. On the left is a major concentration of gabbros. In the centre we find larvikite and lardalite,

and on the upper right, with the highest $i0, and alkaline compositions, are the most acidic plutonic rocks: syenite,

nordmarkite, ekerite and granite.
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A diagram showing the classification of lavas as defined by the composition of alkaline components (Na,O + K,0)

plotted against Si0,. Terms in black are for internationally recognised lava types, while the coloured fields represent

lavas we find in the Oslo Region. The four violet to blue coloured fields on the left represent distinct basalt lavas

from the Oslo Region. From the left (violet), the Brunlanes (B1) nephelinites and melilitites, then (B1) basanites and

alkaline basalts from Skien and Skrim. Then the alkaline basalts (B1, B2 and younger) from Vestfold, Jelaya, B2

from Krokskogen and its calderas and, on the right, B1 (blue) quartz tholeiites from Krokskogen (the "Kolsés

basalt"). The brown field represents rhomb porphyry lavas, and the red field trachytes and rhyolites.
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Field investigations and mapping of the basalt and

rhomb porphyry lavas of the Oslo Graben reveal that
they had relatively low viscosity and could thus flow
over long distances, whereas the trachytes and rhyo-
lites were more viscous, and only flowed over short
distances. The composition of volatile components
such as H,0, CO,, CL E SO, etc.,, in acidic magmas
can vary greatly. The more volatile components dis-
solved in the magma (in particular, water), the lower
the viscosity. At the Earth’s surface, molten rock con-
taining large volumes of dissolved gas, such as the
gas-rich rhyolites and trachytes, may erupt explosively
and flow for long distances. Volcanic eruptions of this
type involving large volumes of gas result in a rock
containing compacted gas bubbles or welded pumice
fragments. Compressed shards of pumice may be
found welded together with what was originally hot
volcanic ash, and these rocks are termed pyroclastic
ash flow deposits or ignimbrites. We find trachytic
and rhyolitic ignimbrites in Vestfold, and in most of
the calderas. These must have reached the surface
through volcanoes that erupted with exceptional
explosive power, and some ignimbrite flows may have
travelled over long distances. Some of the Oslo
Graben’s massive explosive caldera volcanoes have
thus earned themselves the name “super volcanoes”.

Contact metamorphism and hydrothermal activity

The intrusion of the great volumes of magma in the
Oslo Region resulted in a massive increase in heat
flow extending upwards and into the surrounding
country rocks. Great volumes of fluids, composed of
water and gases such as carbon dioxide, sulphur diox-
ide, fluorine, chlorine, and others, were separated
from the magmas. Hot water and steam have a great
capacity to dissolve minerals. It is a characteristic of
many of the Oslo Region’s igneous intrusions that
minerals formed originally by primary crystallisation
processes were later altered by hot fluids flowing
through the rocks. Primary minerals such as quartz,
feldspar, pyroxene, and olivine, among others, are
often found chemically altered, oxidised or corroded.
At some locations the rocks are “rotten to the core” as
a result of hydrothermal alteration, and the primary
minerals metamorphosed into new forms.

Sodium is a highly mobile element and this charac-
teristic has led to the “albitisation” of Permian intru-
sions and basement rocks in and around the Oslo
Region, with the result that the sodium feldspar
albite is now the dominant mineral in these rocks.
Several other sodium and potassium-bearing sili-

cates, including zeolites and scapolite, were formed
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The northernmost extension of the
Oslofjorden Fault is called the
Nesodden Fault, and the fault
escarpment is still clearly defined.
The fault plane and breccia can be
studied along the greater part of its
length. (Photo: Fjellanger Widerge
Foto AS)

The Nesodden Fault, after a
sketch by Cloos from 1928. The
small island of Struten is seen in
both the photograph and the
block diagram.

From the Nesodden Fault. Crush brec-

cias are found along most of the
length of the fault, but can vary greatly
both in appearance and in the degree
of crushing. (Photo: B. T. Larsen)

View looking towards the south-east
of the Krokskogen lava plateau and
Krokkleiva near Sundvollen in Hole.
The great pass is developed along the
Krokkleiva-Kjaglidalen Transfer Fault,
which is one of the major transfer
faults in the Oslo Rift. The steep
basalt and rhomb porphyry lava
escarpment is seen on both sides of
the fault. (Photo: B. T. Larsen)
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present day (the
Oslo Graben), can be
divided into three major seg-
ments: the Vestfold Graben, the Akershus
Graben, and the Rendalen Graben. The Vestfold and
Rendalen Grabens have their major fault on the east-
ern flank, whereas the Akershus Graben has its on
the western flank. The transfer fault zone between
the southern Vestfold and Akershus Graben seg-
ments is called the Krokkleiva-Kjaglidalen Fault
Zone, which transects Krokskogen from Sandvika to
Sundvollen. The transfer fault zone between the
Akershus and Rendalen Graben segments to the
north is made up of two parallel faults that transect
Neshalveya in Ringsaker, where basement rocks have

been uplifted as part of the Solberg Horst.

Volcanic rocks are common in both southernmost
graben segments. Giant plutons (batholiths) are also
found in the Vestfold and Akershus Grabens with
the northernmost batholith being found at
Toten3sen, located to the west of the southern part
of Lake Mjgsa. The rift structure continues to the
north-east, although the Rendalen Graben lacks plu-
tonic intrusives and possesses only a few examples of
lavas, such as those at Brumunddal. The Rendalen
Graben is superseded at Engerdalen and Femunden
by several other graben segments, some of which
have their controlling faults on their western flanks,
others on the eastern. However, the best-known
examples of Oslo Graben bounding faults are the

Oslofjorden Fault and its northern extension, the
Nesodden Fault, together with the Bunnefjorden
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Map showing the Skagerrak Graben.

Vestfold
Graben

The structure exhibits a.more south-

westerly trend and is structurally

more complex than the Oslo Graben
to the north. The transition zone in
outer Oslofjord is the least known
segment of the Oslo Rift. The major
structural units are coloured. Graben
structures are shaded green; the
hatched area represents a possible
extension. The Sorgenfrei-Tornquist
Zone is shaded orange. The Varnes
Graben south of Lista is assumed
primarily to be of Permo-
Carboniferous age. The two profiles
below are indicated with two red
lines.

Danish-Norwegian Basin
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B Lower Cretaceous 6
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[ Middle to Upper Triassic A geological profile across the Skagerrak Graben with an interpretation of the main stratigraphic units. TWT — Two-way travel time.
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(From O. Vejbeek, 1990) Fjerritslev Trough
A geological profile across the Sorgenfrei-Tornquist Zone with an interpretation of the main stratigraphic units. TWT — Two-way travel time.
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The Variscan tectonic plate configu-
ration as it appeared towards the
end of the Variscan orogeny in
Europe, close to the transition
between the Carboniferous and
Permian. We see the Sorgenfrei-
Tornquist Zone, the two great sedi-
mentary basins situated north of the
mountain belt, the Oslo Rift and the
Skagerrak and Oslo Grabens to the
north. The ancient Baltic Shield is
shown in white, while the two plates
(Laurentia and Avalonia) that collid-
ed during the Caledonian Orogeny
are shaded blue. The various seg-
ments of the European Variscan
Orogen are shaded green. The later
collision zone formed during the
Alpine Orogeny is shaded pink.
(Figure from: JE. Lie)
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The Variscan Orogen and heat

from the depths

At the close of the Carboniferous period, two major geological structures were

formed across what is now Central Europe and Denmark; the Variscan' moun-

tain belt and the major fault lineament termed the Sorgenfrei-Tornquist Zone.

The formation of these structures was of great significance for the evolution of

the Oslo Rift located further to the north.

When the Gondwana plate and other micro-conti-
nents collided with “our” Laurussian plate during
the Carboniferous, the resulting Variscan mountain
belt became the most prominent geological structure
in Europe. Today, we know that the collision began
first in the west and progressed gradually eastwards,
thus gradually closing the Proto-Tethys Ocean from
west to east. The mountain belt extended from
southern Ireland in the west, and continued through
northern France, Belgium and Germany to Poland
in the east. A major foreland basin developed on the
northern flank of the Variscan mountain belt. At
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first, this basin was partly marine in character but
during the Permo-Carboniferous it gradually became
dominated by continental deposits, including thick
coal sequences. The evolution of this area is
described in detail later in this chapter.

In the Oslo Region we find preserved a thin, 5 to
90-metre thick, sequence of Late Carboniferous sedi-
mentary rocks, but coal sequences are absent. In
fact, these deposits indicate somewhat more barren
environments than further south. Desert conditions
most probably prevailed in south-eastern Norway at
this time, and we find conditions similar to those
typical of present day central Africa.

A major strike-slip fault

The tectonic stresses that built up in association
with plate collision in the south resulted in major
crustal dislocations in the area north of the moun-
tain belt. The northernmost of the resulting fracture
systems follows the Sorgenfrei-Tornquist Zone, which
exhibits a northwest-southeast trend. The Sorgenfrei-
Tornquist Zone extends approximately from the
Sleipner gas field in the North Sea, through the
Skagerrak and into Denmark, and thence via Skine
(Scania) in southern Sweden and into Poland. It
then continues in a south-easterly direction into the
present remnants of what was the Proto-Tethys
Ocean. This major tectonic feature constitutes the
geological boundary between Fennoscandia and the
rest of Europe. The crust on the north-eastern flank
of the Sorgenfrei-Tornquist Zone was displaced
towards the southeast relative to the province in the
southwest. Today, in northern Germany and
Denmark, these strike-slip faults are overlain by
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Geological evolution of the Oslo Rift

The evolution of the Oslo Rift can be divided into a series of six stages that developed

over a period of 70 million years, including such phenomena as deep crustal magmatic

processes, volcanism, faulting, sedimentation, and the thermal metamorphism of the
Oslo Region’s older rocks.
Distribution of Carboniferous and
. . Brumunddal
Permian lavas m:AQ sediments E.T RENDALEN % / e
rently preserved in the Oslo region. GRABEN \ :
The stratigraphic columns refer to \ .
the various provinces, and illustrate \ gy
thickness variations between the /‘\\\\/
# \
sediments (yellow), and the three
major volcanic rock types; basalt
(violet), rhomb porphyry (brown), I
and trachyte/rhyolite (red). I
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The Tanum Formation conglomerate
is characteristic of large tracts of the
Oslo Region from Oslo, Ringerike
and areas further south.
Conglomerates were deposited in
braided river systems and vary in
grain size from coarse conglomer-
ates to sandstones. This photograph
is from the Gaupeskard road in
Ringerike, and illustrates the coars-
est conglomerates found. The true
size of the photograph is about 40
centimetres across, and the largest
cobbles are about six centimetres in
diameter. Most of the clasts are well-
rounded and composed mostly of
hydrothermally-derived quartz. We
also find clasts of gneiss, quartzite,
limestone and granite. The thin red
haematite film gives the conglomer-
ate the reddish colour characteristic
of the Ringerike area. (Photo: B.T.
Larsen)

Block diagram showing the shallow
basin in which Asker Group sedi-
ments were deposited during the
Late Carboniferous. Sediments thin
towards the north and northeast, but
become thicker towards the south-
west. Most sediments were deposit-
ed in river systems and transported
from the north, northeast and north-
west. The sea encroached into the
basin gradually from the south and
east.

developed in the Oslo area. The remains of this
basin are preserved from Skien in the south to
Nittedal in the north, in the form of its sedimentary
sequence, termed the Asker Group, which is up to
90 metres thick in the south-west of the province.

The earliest sedimentary rocks of the Asker Group
comprise up to 30-metre thick red claystones with thin

interbeds of sandstones and some calcareous units.
Occasional evaporite (anhydrite and gypsum) beds are
also found. This earliest unit is called the Kolsis
Formation, which was deposited in a flood plain envi-
ronment containing lakes subject to periodic dehydra-
tion where evaporites were precipitated. Thin, carbon-
ate-rich, beds are found interbedded with the red
mudstones, and these contain small carbonate nodules,
or pisoliths, and calcified fossil plant roots (rhizolites).
This indicates that the carbonate-rich horizons repre-
sent the remains of fossil soil profiles (palacosols) and
carbonate crusts (calcretes). Calcretes develop in hot
and arid areas, indicating that such conditions must
have prevailed during the deposition of the Kolsgs
Formation. Only very few fossils have been discovered
in this formation, and these are mainly restricted to
the lithified and silicified tree trunks of species known
from the Upper Devonian to the Permian.

There is a sedimentary hiatus between the Kolss
Formation and the overlying Tanum Formation. This
is an erosional boundary cutting down into the
Kolsds Formation, and above which we find a
sequence of strata bearing sandstones and conglom-
erates. In the Oslo area the Tanum Formation is up
to 20 metres thick, whereas the equivalent unit in
the Skien area is up to 60 metres thick. The Tanum
Formation comprises alternating sandstones, con-
glomerates, green and red shales and limestones.
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FOSSILS IN THE ASKER GROUP SEDIMENTS AND THE AGE OF THE 0SLO GRABEN

The age of the sedimentary rocks of the Asker Group has always been somewhat uncertain. Bragger knew these sediments
well and believed that they were of Devonian age. In 1931 Professor Olaf Holtedahl led his students on a field trip to
Semsvann in Asker, where they discovered plant fossils and freshwater bivalves within greyish-green claystones located
immediately beneath the earliest basalt, and about halfway up the sequence above the folded Cambro-Silurian rocks. These
indicated an Early Permian or latest Late Carboniferous age. At once, the Oslo Graben became much younger than previously
thought. Later, plant fossils were discovered between the basalt lavas at Holmestrand, and subsequently at Kols&s and in the
Skien area. From this time, the majority of the Oslo Graben strata were believed to be of Permian age.

Thin section of a fusilinid viewed
through a microscope. From the Tanum
Formation on Jeloya near Moss.

Fish scales from the uppermost part of the Tanum Formation at Skaugum in Asker. The fossil is 0.5 mm across.

(Photo: NHM, Ui0) (Photo: S. Olaussen)

In 1980, marine fossils were found both at Kolsds and on Jelaya, indicating that the Asker Group sediments are'most likely of
Late Carboniferous age. Recent re-evaluations of the plant fossils and bivalves from Semsvann have confirmed a Late
Carboniferous age, indicating that they were deposited at about the same time as the thick coal sequences of Central Europe.

Fossil plants from Semsvatn in Asker. The picture on the left shows a one centimetre-long
branching plant stem with sprays of leaves. The plant is related to our modern day horse-
tails and club mosses. The picture on the right shows the impression of a fern-like plant
at approximately natural size. (From: O. Arboe Hoeg).

In the 1980s, a comprehensive radiometric dating project was initiated to date the rocks of the Oslo Region, incorporating
the vast majority of the larger rock outcrops and the most important lavas and structures, mainly using the Rb-Sr method.
These datings have confirmed that the Oslo Graben is primarily a Permian structure, but that its age ranges over a period of
as much as 70 million years, from 310 million years ago during the latest Carboniferous, to the very earliest Triassic some
241 million years ago. These datings constitute the basis for our current geological model of the Oslo Rift and the successive
stages of its evolution. However, even though we have a serviceable model for the rift, there are many key issues related to
its evolution that remain unresolved. Further and more precise age information is required.
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The key geological features of Stage the Brunlanes, Skien-Porsgrunn, Holmestrand-Jeloya
2 — the initial rift phase. The extent = and Krokskogen-Kolsas-Nittedalen provinces.

ﬂ the auﬂwdmm.m: Eo%:n.ﬂm i cesly _&_M_HMW : Variations may be due to the fact that the basalts
illustrated. Their age distributions ; . -

and thicknesses ae displayed along e _” were sourced from different regions of the upper

e st sl e Sk _. mantle. Hra.% may also represent &_mmmanbﬁ.&nmﬁom o.m
enieral Taps, Wi oliest basalts ~303-294 Ma ) mantle melting, and all may have had their composi-

occur in the south, and the youngest falts:alt
in the north. Both the total number

of basalt flows and their thicknesses

\ tion modified by mixing with parts of the crust on
\
1 their way up to the surface.

1

- -

AKERSHUS !
GRABEN ' The Brunlanes basalts are the southernmost and

y most probably the earliest basalts in the entire Oslo
3 Region. The sequence is about 800 metres thick,

> and is made up of several thin basalt flows, each of
which varies from less than one metre to five metres
in thickness. The Brunlanes basalts are the most sili-
ca-undersaturated of the Oslo Region’s basalts, and
lavas of this type have been given specific names
such as nephelinites and melilitites. Nephelinite and
melilitite lavas are characterised by the minerals

decrease towards the north. The pro-
file runs N-S through the basalts.

VESTFOLD
GRABEN

SIS A S S

Holmestrand-
Jeloya alkaline

Skien alkaline
olivine basalt
and basanite

nepheline and melilite, respectively.

In Skien today we find an approximately 1,250-
metre thick suite comprising several hundred basalt
lava flows stacked one on top of the other. The Skien
basalts form a distinct, south-westerly early basalt

Brunlanes
nephelinite
and melilitite

province, and are now tilted and dip quite steeply to
the east. Many of the basalts in the Skien area, most
n  notably the earliest, are also relatively silica-undersat-

patie urated, and are termed basanites. A small province at

OOwo:_ So& S 30-10m
L

, Skrim with early basalts also belongs to this province.

Brunlanes Skien Horten Jeloya Lier Asker Kolsas ~ Stubdal  Nittedal

Further north we find the somewhat more extensive
Holmestrand-Jelgya basalts province, which extends
all the way to Drammen. This province comprises a
large number of alkaline olivine basalt flows that
together form a suite about 150 metres in thickness
at Holmestrand, somewhat thicker at Horten, and up
to 1,200 metres thick on Jeloya near Moss. A partic-
ular feature of the Jeloya basalts is that they may con-
tain pure native (metallic) copper. Alkaline olivine
basalts are slightly silica-undersaturated and contain
olivine, clinopyroxene and plagioclase phenocrysts.

Flood plains, lakes, and one basalt lava. In the fourth
basalt province (Krokskogen-Kolsis-Nittedal), the
onset of stage 2 was marked somewhat differently
than in the other provinces. In Asker we find volcan-
oclastic sedimentary rocks within the Skaugum
Formation, which for the most part comprises sand-
stones, conglomerates/breccias and red shales with

Pahoehoe lava from the Horten area. Both aa and pahoehoe lavas are found among the “B1” basalts in Vestfold. associated calcretes. In mm:Q.mr the sand ghans and
Pahoehoe and aa are names taken from Hawaii, translated as “blocky” and “ropy” lava, respectively. (Photo: B. T. rock fragments within the conglomerates consist of
Larsen) material derived from eroded basalt lavas from the
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The eroded boundary between the
Asker Group conglomerates (Tanum
Formation), and the overlying earli-

est Kolsas basalt (B1) at Krokskogen.

The basalt is younger than those in
Vestfold to the south, and exhibits a
distinct mineralogy. From
Gaupeskardveien in Ringerike.
(Photo: B. T. Larsen)

Holmestrand-Jelpya province to the south. These vol-

canoclastic sediments have thus been deposited after,
or at the same time as, the basalts. Further west, near
Sylling in Lier, this sedimentary sequence is split into
two subunits, separated by a thin basalt lava. The
Skaugum Formation contains cobbles and alkaline
olivine basalt lava fragments. Flow-direction indicators
in these volcanoclastic sediments indicate that they
were formed by erosion of the Holmestrand-Jelaya
basalts to the south, and later transported in northerly
and north-easterly directions prior to deposition.

The Skaugum Formation also contains bivalves and
plant fossils similar to those found in the Tanum
Formation. Coarse-grained sediments were deposited
from rivers that flowed from south to north and
which built out broad flood plains into shallow lakes,
often in the form of gravel fans at the front of the lava
flows. Layers of volcanic ash (bentonites) were deposit-
ed during gas-rich eruptions. In some places, calcare-
ous tuffs were precipitated where hot carbonate-satu-
rated groundwater flowed to the surface, and these are
now preserved as the porous limestone, travertine.

At Krokskogen, Kolsds and in Nittedal, sedimentary
rocks of the Asker Group are overlain by a single
basalt lava flow. It is between 10 and 30 metres thick

and contains no phenocrysts. We know that this
basalt is younger than those found further south,
because the underlying Skaugum Formation con-
tains fragments of the southern basalts. Its distinct
mineralogy makes it the only basalt of its kind in the
entire Oslo Rift, and it must thus have come from a
separate source within the mantle. It is also likely
that crustal material has been incorporated into the
lava. The younger basalt is silica-oversaturated, and
we call this type of basalt a tholeiite. It erupted from
volcanoes located in the transition zone between the
Vestfold and Akershus Grabens. Its structural loca-
tion may have been significant in influencing the
lava composition, and this is supported by the pres-
ence of major diabase dykes of similar composition
found along the same zone.

The climax of rift formation - stage 3

Stage 3 is the climactic stage of the evolution of the
Oslo Rift, characterised by large-scale volcanism and
intense fracturing and faulting. At the same time as
some basalt volcanoes continued to be active, rhomb
porphyry lavas erupted and flowed across vast areas.
The volume of lava erupting at the surface was up to
10 times greater than during the previous stage. The
first thomb porphyry lava flow (RP1) is over 100
metres thick at Krokskogen west of Oslo, and even
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RHOMB PORPHYRY — A RARE LAVA AND A VOLCANOLOGICAL MYSTERY

Rhomb porphyry (RP), with its large feldspar crystals set in a
reddish-brown matrix, is one of the most characteristic rocks
of the Oslo Region. It erupted as lavas from great fissures in
the crust, and the rhomb porphyry in the Oslo Region today
is thus encountered either as extrusive lavas or major dykes.
The RP lavas of the Oslo Region vary in thickness from four
to 130 metres. Thin beds of red aeolian sandstone or alluvial
conglomerates are commonly found between the lava flows.
The largest RP dyke system is more than 130 kilometres in
length, and the largest dyke up to 80 metres across. Rhomb
porphyry is a rare rock type, and true examples are found in
only two places in the world outside the Oslo Rift; the East
African Rift Valley and the Antarctic. All three locations occur
in continental rift settings.

In terms of volcanology, the RP lavas remain a mystery. How
can lavas of this composition, with such high silica and phe-
nocryst contents, flow across such large areas? All field
observations indicate that the RP lavas erupted as normal,
relatively quiet, non-explosive lavas, very similar to basalts.
Their viscosity must thus have been lower than we would
normally suppose from their composition, possibly as a result
of the lava’s high temperature (between 1000 and 1100 °C),
or the presence of dispersed water and a high content of dis-
solved fluorine (F). Recent studies have revealed that the RP
lavas in the Oslo Rift currently contain between 0.2 and 0.45
% fluorine, making it likely that they had a low viscosity, only
slightly higher than that of normal basalts. This discovery has
done much to resolve the almost century-old mystery of the
volcanology of the RP lavas.

The earliest RP lava flow in the Oslo region (RP1) has a
remarkably similar appearance across the entire Oslo Region
from Nittedal and Ringerike in the north to Tensberg and
Jelaya in the south. It is uncertain whether this unit repre-
sents one and the same lava flow or flow unit, but it current-
ly extends across an area of about 10,000 km2, and is more
than 100 metres thick. This is equivalent to a volume of
about 1,000 km3. Volumes of this magnitude are not
unknown for single lava flows from other major lava
provinces. In total, there are more than 20 distinct RP lavas
at Krokskogen, and more than 50 in Vestfold. Recent studies
indicate that each lava flow has its own distinctive “finger-
print” in terms of its trace elements. In the future this char-
acteristic, together with the general appearance and strati-
graphic position of each lava flow, will help us to identify
individual units over extensive areas.

Rhomb porphyry lavas from the classic suite of the lava stratigraphy at
Krokskogen.

These six examples demonstrate the contrasting features of the lavas.
W.C. Bragger and J. Schetelig exploited these differences while map-
ping these unique lavas and their stratigraphy.

They are arranged in correct stratigraphical order from bottom to top
with the earliest at the base. The lowermost is termed RP1, the Kolsds
lava type. The first four are from the Krokskogen plateau and of these,
the two youngest are from the Dyangen caldera. Fach of these exam-
ples measures 10 x 20 centimetres, and are reproduced at one third of
their natural size. (Photo: B. T. Larsen)
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These red and orange aeolian sand-
stones are coarse to medium-grained
and well-sorted, and commonly
exhibit finely-laminated cross-bed-
ding inherited from their origin as
aeolian dunes. The Brumund
Formation sandstone exhibits up to
20 % porosity and is an important
groundwater reservoir for the small
community at Brumunddal.
(Photograph on the right). (Photo: B.
T. Larsen)

Bjergeberget in Brumunddal repre-
sents the northernmost outcrop of
Permian lavas and sediments in the
Oslo Rift. The fault follows the
Brumunda river valley. The escarp-
ment in the west (on the left) is
composed of lavas and sediments.
The photograph is taken from

Neshalvaya, looking towards the
north. (Photo: B. T. Larsen)
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period of about 10 million years, equivalent to a rate
of about one flow every 200,000 years. The 22 flows
of the Krokskogen lava plateau were erupted over a
period of about 14 million years, at an average rate
of one flow every 600,000 years. In Brumunddal,
the rhomb porphyry lava eruptions, both in terms of
volume and the total number of lava flows, probably
represent only 10 per cent of the activity at
Krokskogen. This clearly reflects the progressive
reduction in volcanic activity the further north we
move within the Oslo Region.

Even though the rhomb porphyry lava series pre-
dominate in terms of thickness, volume and total
number of flows during this stage of rift evolution,
other types of lava are also found. Among these, the
most notable are basalts, which often occur between
the rhomb porphyry flows. Examples are found both
in Vestfold and at Krokskogen. In Vestfold we also
find trachytic lavas and ignimbrites in between the
thomb porphyry lavas in the uppermost levels of the
lava suite. This indicates that explosive “acid” vol-
canism was occurring at the same time as eruption
of the later thomb porphyry lavas.

In several areas, we find beds of thin red aeolian dune

sandstones in between some of the lava flows. Other
sandstones and conglomerates were deposited as allu-

Bjergeberget

vial gravel and sand fans. These sedimentary rocks
occur between the thomb porphyry lavas at Krok-
skogen, in Brumunddal, on Jelgya, and in Vestfold.

Remains of a sandy desert in Brumunddal. More than
1 km of lavas and sedimentary rocks are preserved in
Brumunddal. It is currently proposed by the authors
that this rock unit be termed the Brumunddal Group.
The lower unit of the group is termed the Bjorgeberg
Formation and consists of four thomb-porphyry lava
flows interspersed with thin, red-stained sandstones
and conglomerates. The ovetlying unit, the Brumund

Formation is made up of approximately 800 metres of
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Coarse rhomb porphyry conglomer-
ates derived from alluvial fan
deposits along the Oslofjorden Fault.
These distinctive sediments occur
only on a few small islands in
@stfold. The blocks may be up to six
metres in diameter and are dominat-
ed by a variety of rhomb porphyry
lava types. Finer-grained sandstone
beds are also found. The conglomer-
ates are mostly quite poorly sorted,
but it is usually possible to detect
some weak lamination. The blocks
may be rounded or highly angular.
The photograph was taken at
Mellom-Sletter near Larkollen.
(Photo: B. T. Larsen)

A block diagram of the
Oslofjorden Fault. A series of
alluvial fans were deposited along
the fault in the outer Oslofjord district.

Material was eroded from the @stfold Block,
which at that time must have been covered with lavas Main Oslofjorden Fault
and older sediments. It was then transported by river sys-
tems along fault-controlled relay ramps, and deposited as thick

fans on the downthrown flank of the main fault.
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different character from those seen previously, most
probably resembling the great cone-shaped volcanoes
characteristic of active volcanic provinces at the pres-
ent day. The cone-like shape is the result of the accu-
mulation of basalt resulting from successive cyclic
eruptions and outpourings of lava from a central
crater over a period of a few million years. In contrast
to the earlier monogencetic fissure volcanoes, where the
thomb porphyry lavas erupted from elongate fissures,
the new generation of basalt volcanoes evolved around
a central crater. These volcanoes are characterised by
frequent and multiple minor eruptions from the same
crater, and are called polygenetic central volcanoes.

In the Vestfold Graben, the central volcanoes were
aligned along the north-trending central axis of the
rift depression. The southernmost and largest was
located in Ramnes, where the original central vol-
cano was probably about 35 kilometres in diameter
prior to its collapse into a caldera. Further north we
find volcanoes at Hillestad, Sande, Drammen, and
Glitrevann. The volcanoes may originally have risen
1,000 metres or more above the rift floor.

At Bzrum and Nittedal there were two large central
volcanoes located in the southern part of the
Akershus Graben. There was also a group of several
large central volcanoes to the north at Krokskogen,
including one at Oppkuven, and others at Heggelia,
Svarten, and at @yangen-Ringkollen, which was the
northernmost. Even further to the northeast, there
were most probably central volcanoes north of
Stryken in Nordmarka and in Hurdal. The locations

of several of these volcanoes are somewhat uncertain
since they were almost entirely engulfed by great
intrusive bodies that were emplaced at a later stage.

Exploding volcanoes and subsiding calderas. The
great central volcanoes were constructed above basalt
magma chambers lying at depths of between 4 and
10 kilometres. Gradually, as the magma chamber’s
supply of new basalt melts from greater depths
dwindled, heavy minerals such as olivine, pyroxene
and others began to sink downwards through the
molten rock. The remaining magma thus became
less dense and richer in silicon (Si), aluminium (Al),
and the alkalis (Na and K), especially near the top of
the magma chamber. This process is termed fraction-
al crystallisation and is described in Chapter 2. The
acidic magmas remaining at the top of the chamber
contained large volumes of dissolved gas and steam.

When these gas-rich melts ascended, gas was released
causing the pressure within the magma chamber to
increase. The chamber became unstable, and its roof
started to collapse along faults and fractures. This led
to the release of even more gas and, if the faults
extended through the roof of the magma chamber,
gas was released to the surface producing explosive
volcanic eruptions. The pressure then dropped dra-
matically within the magma chamber beneath the
volcano and caused the total collapse of its roof. A
great ring fault was formed around the volcano, and
finally, the entire structure collapsed inwards into the
magma chamber along the fault. This process result-

ed in a great cauldron- or saucepan-shaped depres-

An ignimbrite from Oppkuven in Krokskogen, containing large clasts (lithic fragments) that have
been torn from the country rock during the explosion. A well-defined layering or striping within
the rock represents compressed pumice fragments (dark grey) that were formed during the
explosive eruptions of the “Oppkuven volcano” that occurred during formation of the Oppkuven
caldera. The presence of fragments of this size within the ignimbrite indicates that we are quite
close to the site of the eruption. The pencil is about 8 cm long. (Photo: B. T. Larsen)

Other material from the final, explosive, eruptions of the super volcano were thrown through
the air and deposited as tuffs. Here, we see well-developed lamination and sorting, indicating
that we are some distance from the eruption site. This locality is at the @yangen caldera's
southern margin, north of Damtjern in Krokskogen, although the tuff itself is probably derived
from another caldera further to the south. The hammer is 43 cm long. (Photo: B. T. Larsen)
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The key geological features of Stages
5 and 6 — the final batholith phases.
During Stage 5 (the third batholith
phase) the primary intrusives are
nordmarkite, syenite, and ekerite.
During Stage 6, representing the
concluding phase in the Oslo Rift's
evolution, only a few granites are
formed. This stage also represents
the fourth and final batholith phase,
and the granites are of Early Triassic
age.
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window of uncertainty of only 3 million years. This
event marked the end of stage 4.

Gabbro necks and minor volcanoes. Minor intru-
sions or gabbro necks were also formed during stage
4. Such necks are often found in pairs (or triplets),
with individual examples varying from between 100
or 200 metres, to about two kilometres in diameter.
Such necks are found from Skrim in the southwest to
Hurdal in the north. A group of four gabbro plugs
occurs centrally in the Oslofjord district. We also
find a twinned neck at Ullerndsen and Husebyésen in
Oslo. At Hadeland a line of five gabbro necks are
found with Brandbukampen as the northernmost.

The minerals of the gabbro necks commonly exhibit a
steeply-dipping rhythmic layering that most probably
developed as a result of convection within the magma
chamber. The best known example is found in Oslo-
fjorden at Ramvikholmen, south of Tofte in Hurum.
Earlier, it was thought that these necks were magma
supply conduits for the great basaltic volcanoes formed
during stage 2, but radiometric dating has revealed
that they are in fact younger, and belong to stage 4. It
is now believed that the gabbro necks formed the
magma chambers supplying lava to relatively minor
basaltic central volcanoes situated between the great
central volcanoes that later developed into calderas.

Granites — the second batholith phase. Age determi-
nations of two large granite bodies located in the cen-
tre of the Oslo Rift have shown that granite batholiths
crystallised at depth early in stage 4, thus revealing the
second batholith phase in the Oslo Rift’s evolutionary
history. The Drammen granite, which forms the
country rock throughout the Drammen area and also
across parts of the Hurum peninsula, is a red, coarse-
ly-crystalline granite of normal composition, contain-
ing quartz, plagioclase, potassium feldspar and dark
mica (biotite). The Finnemarka granite found north
of Drammen is of similar age and composition, also
containing biotite. Smaller granites of this age are
found at Bjergeseter in Grua, and in Hurdal. The
Drammen granite is used extensively as a building
and monumental stone, and is today an important
product of the quarries at Royken, and is thus known
as the “Royken granite”.

Explosion breccias. At several locations within the
Oslo Rift, we find suites of explosion breccias in the
form of small, circular plugs. These vary from 100
metres to one kilometre in diameter and cut through
older rocks, fragments of which are commonly

found as clasts within the breccias. The age of these
breccias remains unknown, but since explosive vol-
canism was active in the calderas at this time, they
fit best into stage 4. The largest of the breccia plugs
is the Holmen-Dagali breccia in Oslo. Breccias of
this type are also found in both northern and south-
ern provinces of the Oslo Graben, the example at
Langesund being the furthest south, and that in
Hurdal the most northerly.

The age of the great batholiths — the third batholith
phase, stage 5

No surface rocks of either sedimentary or extrusive
volcanic origin are preserved in the Oslo Graben
from the two concluding stages of the Oslo Rift’s
evolution and today we only find rocks that were
formed deep in the crust. Stage 5 is of Mid to Late
Permian age and is dated to between about 263 and
250 million years ago.

During stage 5 the magma supply to the Oslo Graben
was renewed, and new batholiths crystallised both in
the southernmost Vestfold Graben, and throughout
the Akershus Graben extending to Skreifjella near
Lake Mjgsa in the north. Up until stage 5, deep-seated
magmas beneath the Oslo Rift had changed character,
becoming progressively enriched in silicon, potassium
and sodium. Due to chemical processes within the
magma, the plutonic rocks of the third batholith

5and 6

Batholith stage
and concluding
stage

Late Permian
~260 Ma

and
Early Triassic
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