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Preface 

This work is placed in the Caledonides, the mountain range stretching from north to 

south all along the west coast of Norway and reaching further inland in the southern part. It 

consists of allochthonous nappes, thrust on autochthonous basement rocks during the 

Caledonian orogeny. The goal of this thesis is the collection of age data for establishing 

detailed geochronological profiles for various nappes in the SW-Norwegian Caledonides. 

Based on these, comparison, classification, and distinction of the nappes in terms of their 

provenance, evolution and the role they played in the Caledonian orogeny are discussed.  

For geologists, the Caledonides are an intriguing working place, since they provide 

an excellent natural observatory for mountain building processes. Once being a mighty 

mountain range comparable to the present day Himalayas, erosion during the last 430 Ma 

exposed the “inner” part of the orogen and allows geologists to study processes, which 

partly occurred deep in the crust. Furthermore, the nappes provide more than just 

information about this latest orogenic event; being mainly thrust parts of the Baltic 

continent, they contain valuable information about the pre-Caledonian history of Baltica: 

the formation of the Baltic crust and the Sveconorwegian orogeny. 

Rocks in the Caledonides show a great variety of lithologies which can, despite 

thorough mapping and structural analysis, make it difficult to differentiate between the 

various nappes and even more difficult to group those with similar evolution and origin 

together. That is where geochronology becomes an important tool: by determination of the 

protolith age and the timing of metamorphic overprints, co-genetic parts can be identified 

and furthermore tentatively assigned to autochthonous rocks which might have served as 

provenance areas for the Caledonian thrusting. The Caledonian orogeny can then be 

rewound, which leads to a better understanding of the thrusting and orogenic processes, 

and it allows us to analyze the pre-Caledonian evolution of the area.  

This thesis provides new geochronological data for several different nappes, 

compares and combines them with existing data sets and finally incorporates the new 

information into an interpretation of the systematics in the SW-Norwegian Caledonides. It 

thereby contributes to a better understanding of the Caledonian as well as of the 

Sveconorwegian evolution. 
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Four papers have been written, each concentrating on different nappes and 

tackling the specific problems of the individual areas. The used method was ID-TIMS U-Pb 

geochronology, mainly on zircon. The following introduction will therefore first explain the 

principles of geochronology with emphasis and description of the used method and, 

second, provide a geological background for the Caledonides in Norway, containing an 

introduction on zircon behavior in such polyorogenic terrains. The papers are found after 

the introduction in chronological order of development. A short summary of the main 

findings and conclusions is given at the end of the introduction. Cross references in the 

introduction to the papers are given with the paper numbers, #1 to #4.  
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Introductio n 

1. Geochronology in the Caledonides 

1.1.  Why study the age of rocks? 

One might say developments in geochronology were driven by pure curiosity. It 

started with the desire to know how old our planet is. Throughout history many scientists, 

at the beginning mainly physicists, tried variable approaches to determine the age of the 

Earth with even more varying results; Lord Kelvin calculated an age of the Solar system 

based on gravitational collapse energy, John Jolly estimated an age of the Earth by the 

assumption of salts in the ocean being brought in by rivers with constant rates, just to 

name two of the main players in the science community in the late 19th century. The 

determined ages ranged from 100 Ma to 20 Ma and did not satisfy the geological 

community, but finally with the discovery of radioactivity by Henri Becquerel in 1896 a new 

tool was at hand. Not more than 11 years later Bertram Boltwood published the first 

‘radiometric age’; he measures the Pb concentration in pitchblende. But it took until the 

mid 20th century before Alfred Nier started using isotopic ratios rather than element 

abundance. Mass spectrometers evolved from Niers design from 1940 and started to 

appear in more and more geological laboratories (White, in print). Modern geochronology 

was born.  

And it still improves. Laboratory procedures evolve, so do machines, standards 

were introduced, decay constants refined, and the precision of age calculation keeps 

improving. But why is it so important to get even more accurate ages of rocks? This is best 

answered by using this thesis: With all the findings and achievements in geochronology, we 

now have the tools not just to date the age of formation of rocks, but also later processes, 

such as metamorphic overprints, retrogression, deformation, fluid activity, to name the 

most common ones. We can determine rates and pathways of geological evolution. And the 

Caledonides provide an excellent study area for that. Formed during a collisional event 430 

Ma ago, the history of the rocks involved is much older; also many different lithologies 

occur with different reactions to certain events. Data from this area gives an insight into the 

variety and timing of processes involved in repeated mountain building processes.  
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2. The principles of geochronology 

The principle of being able to date geological events is the accumulation of unstable 

parent isotopes in a specific mineral during crystallization. The parent isotopes gradually 

decay and the daughter isotopes accumulate in the same crystal. The amounts and ratios of 

the isotopes can be measured, and with the known decay constants, the age since the 

formation of the crystal can be calculated. The following chapters will give a short summary 

of the principles of isotope geology, and describe in more detail the method used in this 

thesis, U-Pb ID-TIMS geochronology.  

2.1.  Atomic structure  

The essential components of an atom can be described with a small, positively 

charged nucleus containing most of the atoms’ mass, and a surrounding cloud of electrons 

with a negative charge. The nucleus is only about 10-12 cm in diameter, but contains a 

number of elementary particles, referred to as nucleons. For the purpose of this 

introduction, only protons and neutrons, being mostly responsible for the weight and the 

charge of the nucleus, are discussed. The number of negatively charged electrons in the 

cloud equals the number of positively charged protons in the nucleus. Neutrons have no 

charge, and are equal or higher in number than protons with one exception being 1H 

(Hydrogen) which has one proton and no neutron.  

The number of protons, which in turn also predict the number of electrons, defines 

the chemical behavior of an atom and thus provides the basis for notation of elements in 

the periodic table (Fig. 1), where the main numbers are the mass number (A), the number 

of protons (Z) and the number of neutrons (N), which relate as: A=Z+N 

The classification of elements in the periodic table follows the number of protons 

(Z), the atomic number, in ascending order. A common notation outside the periodic table 

gives the chemical symbol and two numbers to the left, one in superscript, one in subscript, 

e.g. He4
2  where 4 is the total number of nucleons (A) and 2 is the number of protons (Z), 

also indicating that He is found at the 2nd place in the atomic table (Faure and Mensing 

2005).  
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Fig. 1 Periodic table of elements (modified after http://www.bpc.edu/mathscience/chemistry/ 
history_of_the_periodic_table.html). The entries are explained by the example of calcium. U, Th and 
Pb, the most important elements for this study, are framed.  

2.2.  Isotopes 

In the example of the 4He-isotope, the number of neutron (N), given by (A)-(Z), is 2 

and equivalent to the number of protons. However, most of the elements have several 

isotopes, i.e. nucleii with a different number of neutrons. The average number of nucleons, 

i.e. the atomic mass (Fig. 1), is generally larger than twice the proton number. 

How many more neutrons than protons a core can incorporate, meaning how many 

different isotopes of one specific element exist, depends on the element itself. However, 

when the (N)/(Z) ratio in an isotope is getting too high, it becomes unstable and decays to 

stable so-called “daughter” isotopes. One can therefore distinguish between stable and 

unstable isotopes. Unstable isotopes and their predictable decay to stable isotopes are the 

basis of geochronology.  

Age calculation is done on ratios between parent and daughter isotopes. In this 

study the Uranium (U) – Thorium (Th) – Lead (Pb) isotope system is used and will therefore 

be explained in more detail in the following.  

The best way to display isotopes is with the chart of nuclides, where (N) on the x-

axis is plotted against (Z) on the y-axis and therefore isotopes of one element are noted in 
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one row (Fig. 2). Vertical rows are called isotones and contain different elements, but with 

the same number of neutrons. Isotopes of different elements with the same (A) are called 

isobars (Faure and Mensing 2005).  

 

Fig. 2 Chart of nuclides (modified after White, in print). The decay series of 235U and 238U are 
displayed. The exact decay path can be seen following the arrows. α -decay is the loss of two protons 
and two neutrons, β-decay means the loss of an electron. The intermediate products of the decay 
series are colored, those where the excess or loss of the element in certain minerals might alter the 
amount of the daughter isotope, are framed. 

2.2.1. Radioactive decay 

Unstable isotopes decay to stable daughter isotopes, possibly forming unstable 

intermediate product isotopes along the way (Fig. 2). Decay rates are constant over time 

and independent of external factors such as temperature or pressure. The rate is only 

dependent on the nature of the nuclide. It is commonly given by the half-life which is the 
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time elapsed until half of the parent isotope has decayed. Different decay mechanisms are 

known: 

- α decay: the parent isotope is emitting a particle with two protons and two 

neutrons (a He nucleus).  

- β decay: the parent isotope is emitting an electron or positron. A neutron converts 

to a proton or vice versa; thereby the charge of the nucleus changes, but not the 

number of nucleons.  

- γ decay: radiation (a high energy photon) is emitted. It can accompany other decays 

to balance out the energy level. 

- electron capture: emission of a neutrino from the nucleus and capture of an 

electron, a proton converts to a neutron. 

- spontaneous fission: occurs only in the heaviest nuclei, such as 238U, and is rare. The 

nucleus splits into two still heavy daughter nuclei, which are most likely unstable 

themselves.  

The geochronological work performed in this thesis is based on the decay of the 

long lived isotopes of U (and Th) to Pb. The decay path over intermediate products is 

defined by α- and β-decay mechanism. U forms three isotopes: 234U, 235U and 238U, however 
234U is an intermediate product of the 238U decay series. The main decay series are 

therefore 235U, decaying to 207Pb (half-life = 703.8 m.y.), and 238U decaying to 206Pb (half-life 

= 4469 m.y.). The U to Pb decay provides a special case in geochronology since with the 

different isotopes of the same elements one can rely on two systems for getting one age; a 

powerful tool.  

Thorium concentration is commonly not measured, because in most minerals used 

for geochronology, e.g. zircon and titanite, Th is by far less abundant compared to U. 

However, an abundance is usually determined with the 208Pb isotope, deriving from the 

decay of 232Th (halflife = 14000 m.y.), to get an idea about the Th/U ratio in the mineral. 

Thorium isotopes (except 232Th) are however intermediate, short lived products (in 

geological timescale) in the U decay series. Chemical fractionation events can cause isotopic 

disequilibrium of a decay series. Intermediate decay products which are prone for excess or 

loss are marked with a yellow frame in Fig. 2. Thorium is one of those. Excess Th, for 

example, in monazite, a mineral with a higher tendency to incorporate Th, can lead to 

excess of 206Pb, deriving from 230Th. Another example for a potential disequilibrium is 222Rn, 
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an intermediate product of the 238U decay series, which is a gas and can therefore escape 

from the system, for example during weathering. Another element to consider is 231Pa, 

which is an intermediate product in the 235U chain (Faure and Mensing 2005; White, in 

print).  

2.2.1.1. Calculating decay 

The decay of an unstable isotope over time can be expressed by the simple 

equation: 

dN/dt = - λN 

where dN is the change of the amount of atoms of the parent isotope, dt is the 

change in time and λ is the decay constant, a value specific to the isotope in question. The 

minus indicates the decrease of material. Integrating this equation over time and resolving 

with the half-life of an isotope leads to the general equation of decay: 

D = D0 + N (eλt – 1) 

where D is the amount of the daughter isotopes (D0 plus what is deriving from the 

decaying parent isotopes). D0 is the same isotope already present before the decay started 

(which might be 0 in some minerals, discussed later), N is the parent isotope and λ is the 

decay constant. This equation can now be resolved for t (time): 

 

In this general term we could now fill in for example 206Pb and 238U for D and N and 

determine the time it took to form the Pb from the U. The equation, however, is just the 

basis. In geochronology, not the absolute abundances of isotopes, but ratios are measured 

since it is easier and can be done with higher accuracy. The principal equation using ratios 

of isotopes is however essentially the same:  

R = R0 + RP/D (eλt – 1) 

where R0 is the initial ratio and RP/D is the parent/daughter ratio. To obtain a good 

date, several ratios and derivatives of the general equation are used (White, in print).  

2.3.  The application in geochronology 

Radioactive decay is independent of external factors such as temperature and 

pressure as well as of the previous history of the isotope. The radioactive clock starts ticking 
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when the parent isotope is embedded in the crystalline structure of a mineral. After the 

mineral’s formation the radioactive parent isotopes decay, forming daughter isotopes, 

which commonly stay in the same crystal as the parent.  

Minerals have preferences for incorporation specific elements, and later processes 

in the crust affect different minerals in different ways. The key element for geochronology 

is therefore to choose the system and mineral fitting best to the geological questions of an 

area. This thesis works with the U-(Th)-Pb system. In general one can say, longer half-lives 

allow to date older events. The U and Th isotopes have long half-lives and can therefore 

date the oldest events in Earth history down to the formation of the first crust. It is the 

perfect system for the long and old history of the Caledonides. However, the abundance of 

U and Th is low. Since large ions are incompatible in early crystallizing minerals during 

crystallization of magma, they are concentrated in the liquid phase, and incorporated into 

minerals crystallizing last, hence mainly occur in silica rich rocks forming the continental 

crust. Progressive geochemical differentiation of the upper mantle has enriched the 

continental crust in U (2.7 μg/g) and Th (10.5 μg/g) (Winter 2001; Rudnick and Gao 2003). 

However, they are mostly restricted to specific minerals with suitable crystallographic sites. 

Both elements are large, have similar radii, a 4+ oxidation state and can therefore 

substitute each other and other elements with comparable properties like e.g. Zr in zircon. 

The amount of U, Th and the U and Th ratios not only provide a basis for the age, but also 

gives information about the crystallization conditions and environment of a sample. For 

instance felsic late magmatic melts tend to incorporate more U than mafic ones. The main 

factor that can affect the Th/U ratio is the solubility of the uranyl ion (UO2+
2) in water 

formed under oxidizing conditions. The U in this form is mobile and can be separated from 

the Th (Faure and Mensing 2005).  

Once the minerals incorporating U and Th crystallized, the decay is underway. 235U 

decays faster than 238U. In a diagram with both of these decay series plotted against each 

other, undisturbed decay from U to Pb forms a curve which represents a time line, and is 

called Concordia. The diagram is hence a Concordia diagram (Fig. 3). 206Pb/238U plots on the 

y-axis, 207Pb/235U on the x-axis. Every point on Concordia is an age, provided that no Pb or U 

has escaped or been added to the system. However, Pb is a more mobile element than U 

and could escape a mineral during geological events, which makes Pb loss a common 

feature of metamorphism. Since Pb isotopes do not fractionate, also Pb depleted samples 

follow a system in the way they plot on a Concordia diagram. They fall off the curve – 
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getting discordant – and plot along a line between their original age and the event causing 

the Pb loss, which are given by the intercepts of the line with Concordia. The more Pb they 

loose, the more discordant they get (Faure and Mensing 2005). Discordant data points can 

also be the result of mixing of different zircon generations, e.g. an older core and a younger 

rim, formed during a later event, in one zircon grain. An example is given in Fig. 3, which 

stems from a sample from paper #2. Single minerals or mineral fractions provide data 

points with error ellipses on the Concordia diagram. The data points are discordant, 

indicating most likely Pb loss during metamorphism. A discordia line intersects Concordia at 

1627 ± 61 and 989 ± 91 Ma. The older age is considered the age of formation of the 

minerals, the time when the U started to decay. The younger age gives the event that 

caused the disturbance in the isotope ratios. This example is of course a simple case. Often 

several events occur and overlap within the data which can cause a scatter of data points 

(see discussions in paper #1 - #4).  

 

 

Fig. 3 Example of a Concordia diagram with discordant samples, forming a discordia line. The data 
stems from a gneiss in the Kvitenut Nappe, presented in paper #2. 
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2.3.1. The choice of the right mineral 

The crystallization of a mineral (the mineral’s specific closing temperature) is 

considered the starting point of the radioactive clock. This is the age obtained by dating if 

nothing disturbs the isotopes later. Disturbance in the U–Pb isotope system heavily 

depends on the mineral and its reaction to geological events. A key element in dating rocks 

is therefore the choice of minerals. A good dating mineral should incorporate a high 

amount of U and should ideally keep out, or at least minimize, Pb from the initial crystal 

(D0=0). This way it can be assured that the Pb in the mineral only derives from decay and no 

common Pb correction has to be performed. If that is not the case the isotopic composition 

for D0 has to be measured or modeled. The ideal mineral should also occur in a great 

variety of rocks (Faure and Mensing 2005). The minerals used for this thesis are mainly 

zircon, but also titanite, rutile, monazite and apatite. These minerals are formed by and 

react differently to geological events and hence date different things. This study only uses 

magmatic or metamorphic samples and the minerals are discussed in respect to that. A 

short summary of each is given in the following: 

2.3.1.1. Zircon (ZrSiO4) 

Zircon is the most important mineral in geochronology and also the one used most 

in this thesis. It is an accessory mineral that occurs in most of the crustal rocks, but it is 

sparse in mafic rocks such as gabbros or anorthosites (paper #1). In many ways zircons are 

ideal for geochronology; they can easily incorporate U in the mineral structure, but reject 

Pb, which means that zircons are normally clean in terms of common Pb. Moreover, they 

are robust. Closing temperature is > 900°C for Pb diffusion (Cherniak and Watson 2001), 

which means zircons date the crystallization event, and are normally not easily reset by 

later events. Therefore, they can contain the oldest ages of rocks, and date the formation of 

crust. However, one cannot a priori assume that zircons always give the oldest age of a 

sample because they can also form during metamorphism, metasomatic events or in partial 

melts (e.g. paper #1). Due to their high closing temperatures zircons should in theory 

sustain most geological events, however, Pb loss, resulting in discordant data, is very 

common. Lead might escape the crystal lattice when parts of the crystal are re-crystallized 

due to deformation (paper #1), or when the crystal is damaged because of the decay. The 

latter case (radiation damage) is called metamictisation and primarily occurs in minerals 
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high in U. The lattice is destroyed by escaping α –particles and recoil energy. The damage 

manifests itself in a brown color (Faure and Mensing 2005).  

In many cases, especially in polymetamorphic terrains like the Caledonides, more 

than one generation of zircon can occur in one sample. Careful distinction of different 

zircon generations can reveal several events.  

2.3.1.2. Titanite CaTiSiO5 

Titanite can incorporate U, but typically also contains common Pb, which requires a 

correction either with modeled values (Stacey and Kramers 1975) or by measuring a co-

genetic phase, for example plagioclase, which only contains common Pb and no radiogenic 

Pb, for determining the isotope ratio of common Pb at the time of crystallization. Titanite 

can reveal original ages, but its closing temperature of Pb diffusion is ca 660 - 700°C (Scott 

and St-Onge 1995), therefore it might also date cooling. In addition it can form during a 

metamorphic event. Titanite in a sample, especially together with zircon data, can be 

helpful in revealing multiple growing events and metamorphic overprints (e.g. Tucker et al. 

2004; paper #2; paper #3).  

2.3.1.3. Rutile TiO2 

Rutile often occurs in mafic rocks where zircons and titanites are sparse. However, 

rutile can form magmatically, but also metamorphically, and it is usually not obvious to 

assign the grains to one or the other genesis. Also the dark color prevents from seeing 

through them, so inclusions can never be excluded. Common Pb is an issue, especially when 

inclusions can be present. Closing temperature of Pb diffusion in rutile is about 600°C 

(Cherniak 2000), allowing rutile to date cooling events in some cases if the peak 

metamorphic conditions were higher. Careful interpretation of equilibrium parageneses is 

therefore important. Rutile is often found as a core in titanite (e.g. paper #4).  

2.3.1.4. Monazite LREE(PO4) 

Monazite has a high closing temperature (Cherniak et al. 2004) which makes it 

suitable to preserve the magmatic history, but it also has a wide stability field, which allows 

it to grow during metamorphism, in most cases above greenschist facies (Spear and Pyle 

2002). It commonly incorporates high amounts of U, also of Th, is low in common Pb and 

not easily reset, so it commonly gives concordant data. However, its tendency to 
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incorporate a lot of Th can lead to excess 206Pb from 230Th. Monazite is a common mineral in 

metapelitic rocks and as such can be useful to date metamorphic events.  

2.3.1.5. Apatite Ca5(PO4)3(F,Cl,OH) 

Apatite can be used for ID-TIMS, which has been done in this thesis in paper #4. 

However, analyzing can be difficult because apatite is typically low in U, but incorporates 

common Pb. It commonly reveals metamorphic ages (Cherniak et al. 1991).  

2.3.2. ID-TIMS 

Isotope dilution thermal ionization mass spectrometry (ID-TIMS) is the method 

used in this thesis. It is the most accurate tool for dating, but it requires a lot of laboratory 

work. The specific laboratory procedures are described in the papers and only mentioned in 

short here: representative samples are taken from the field and crushed, minerals are 

separated by magnetic separation and heavy liquid, and then zircons (or other minerals, 

depending on the question at hand) are hand picked. Mainly single grains were used, in 

order to avoid mixing ages from the polymetamorphic area. Air or chemical abrasion is 

performed on all zircons, in addition some titanites have been subjected to air abrasion. 

After spiking, dissolving the minerals, chemical separation, and loading, the samples were 

measured in a mass spectrometer. Isotope dilution, where the sample is mixed with a spike 

with known concentration of isotopes, provides a great accuracy for measuring isotopic 

ratios. Measurements can be performed on samples with less than 1 μg, or grains with only 

3 ppm U (e.g. paper #1).  

The principle of a mass spectrometer is to separate charged atoms and molecules 

on basis of their masses when they move through a magnetic field. Modern mass 

spectrometers consist of a source of a monoenergetic beam of ions, a magnetic analyzer 

and an ion collector. For analyzing samples, a salt of the element is loaded on a filament 

and mounted in the source. The filament is then heated up to volatilize the elements, and 

the heat of the filament causes ionization of the atoms in the vapor. The ions are then 

accelerated into a beam. The beam enters the magnetic field which is perpendicular to the 

travel direction of the ions. The ions are deflected into curved paths where the radii are 

proportional to their masses. The separated ion beams continue through the analyzer to 

the collector where they generate a positive electrical charge. The ion beam is focused 
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through a collector slit and enters the detector cup, specific for one isotope. The beam that 

enters the cup is neutralized by electrons that flow through a resistor. The voltage 

difference is amplified and measured. Multiple collectors can measure several beams 

simultaneously. The signal consists of a series of peaks, each representing a mass to charge 

ratio, specific to one isotope. The height of the peak is proportional to the abundance of 

the isotope (Faure and Mensing 2005).  

2.4.  Zircon behavior in the nappes – What are we 

measuring? 

The most important question when acquiring age data is: what are we actually 

measuring? As a first confinement, only U-Pb ages are dealt with in this thesis, but also the 

minerals chosen for dating play an important role in what process will be dated. Even when 

using only one mineral, different generations of this mineral can still occur in one sample. 

Since zircon is the mineral mostly used in this thesis, some more details about zircon 

behavior and implication for age dating are given in the following. The zircon population in 

a sample – especially in polymetamorphic terranes as dealt with here – can be quite 

manifold. Zircons with different shapes and colors, possible inclusions, degree of rounding 

or of metamictisation, can occur and indicate different generations (Corfu et al. 2003). 

Assigning the various zircon grains, and/or different zircon domains in one and the same 

grain, to specific events and to analyze them separately, are the key elements to determine 

a rock’s entire history. In this study mainly single grains were used. This has the advantage 

to minimize mixing of zircons from different generations. 

2.4.1. Zircon textures and their implications 

In general, zircon is considered to be chemically robust under the range of 

conditions presented in the Earth’s crust (Faure and Mensing 2005). That means zircons 

normally preserve the original age of formation. However, that does not mean that they 

remain completely unaffected by later events like metamorphism and deformation as e.g. 

demonstrated with discordia lines (Fig. 3).  

Zircon has a tetragonal crystal shape and normally grows as doubly terminated 

prismatic crystal with elongation ratios between 1 and 5 (Corfu et al. 2003). Some general 
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features are observed: euhedral grains are commonly formed during the magmatic event, 

subrounding indicates a metamorphic overprint. Grains with “flat” tips, meaning [101] 

interfaces combined with [110] prisms, are commonly related to hydrous magmas such as 

pegmatites. These grains are also often metamict. Zircon forming events and partial 

alteration can alter or add to an existing grain.  

Often a zircon preserves the original growth pattern in the core, but re-crystallizes 

at the rim. Subrounding or new ongrowths are also common. In addition, new zircons in an 

older sample can form during metamorphism. The challenge is to differentiate the single 

events and date them separately. CL images reveal the internal structure of a zircon, but 

most of the time the important features can also be seen under a binocular. Deciding, 

which grain to use for analysis is essential for the interpretation of the resulting age. For 

example, a core can reveal the crystallization age, and a rim can give the metamorphic 

overprint.For ID-TIMS analysis the chosen zircon grains have to have formed during one 

event only – magmatic or metamorphic - or a mixed (discordant) age will be the result. A 

core can be separated from a rim by abrasion. Analyzed separately, two stages in a rocks 

history can be dated.  

The observation that zircons in high-grade metamorphic rocks retain their age of 

formation and preserve compositional growth zonation, assumes slow diffusion rates, even 

at high temperatures (Connelly 2001). The slow diffusion rate for Pb furthermore indicates 

that Pb isotope ratios will not be altered by volume diffusion under most geological 

conditions. Therefore element mobility in zircon, most importantly Pb-loss, is related to re-

crystallization, hydrothermal activity and weathering or Pb transport in zircons with severe 

radiation damage (metamictization due to high U) (Cherniak and Watson 2001). A recent 

discussion also concerns the role of crystal-plastic deformation and microstructures (e.g. 

dislocations, low-angle orientation boundaries and sub grains) in zircon and their effect on 

zircon geochemistry (Reddy et al. 2006).  

The mentioned observations on zircon shapes and their implications are general 

and might not be true for every sample. Throughout the four papers, some special cases 

have been dealt with. For example in paper #1 a case of deformed, low-U zircons suffering 

Pb loss is discussed. Paper #2 and #3 deal, among other things, with partly re-crystallized 

zircons with specific discordance pattern, and paper #4 describes some samples with 

magmatic, metamorphic, and inherited zircons.  
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3. The formation of the Caledonides 

The Caledonides were once a large mountain range, formed during the Caledonian 

orogeny, when Baltica and Laurentia collided after the closure of the intervening Iapetus 

Ocean (Stephens and Gee 1985; Torsvik et al. 1996). However, the geological history of SW-

Norway includes an older pre-history. The basement rocks of Baltica consist of crust of 

Mesoproterozoic age, which was extensively reworked already during the Sveconorwegian 

orogeny (ca 1140 to 900 Ma). The age of crust formation and the expressions of the 

Sveconorwegian event can be used to subdivide the basement into several terranes (Bingen 

et al. 2008a; Bingen et al. 2008b; Bingen et al. 2005). The Scandian phase (430-400 Ma) of 

the Caledonian orogeny (ca 480 to 400 Ma) led to southeast directed thrusting of nappes 

containing rocks derived from both continents, Baltica and Laurentia as well as from the 

Iapetus Ocean, onto Baltica. This series of nappes, emplaced on the Baltican Precambrian 

basement with its Cambro-Silurian autochthonous/parautochthonous cover, form the 

Caledonian mountain belt. The collision also led to extreme crustal thickening when the 

leading edge of Baltica was subducted, extensively deformed and exposed to HP/UHP 

metamorphic conditions (Andersen and Andresen 1994; Fossen 2000; Kylander-Clark et al. 

2009). The orogen was subsequently modified by extension and erosion (e.g. Andersen and 

Jamtveit 1990; Fossen 1998). Today the Caledonides are represented by a series of 

allochthonous nappes, partly laterally disconnected, lying on Baltic basement.  

Some of the nappes have been transported for hundreds of kilometers whereby the 

uppermost nappes experienced the longest transport. According to their origin the nappe 

pile has traditionally been divided into 4 units: The Lower Allochthon represents detached 

slices of Baltican basement and overlying sediments. The Middle Allochthon is also inferred 

to be of Baltican origin, but these mainly crystalline nappes had a longer transport and 

probably derived from the destroyed deeper margin of Baltica. The Upper Allochthon 

derives from the outermost margin of Baltica and contains remnants of the Iapetus Ocean, 

and the Uppermost Allochthon comprises rocks of Laurentian affinity (Ramberg et al. 2008; 

Roberts 2003). That subdivision of the allochthons is the basis of the tectonostratigraphic 

map of Norway (Gee et al. 1985). The distinction, however, is crude and applied to the scale 

of the whole Caledonides, it often fails to explain regional details. In the study area of SW-

Norway many inconsistencies occur. In that area, the dominant Caledonian nappes are 

assigned to the Middle Allochthon, containing mainly crystalline rocks, in most cases 
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underlain by Lower Allochthon, which mainly comprises phyllites. The largest of these 

Middle Allochthonous nappes is the Jotun Nappe Complex, surrounded by smaller nappes 

and nappe complexes, namely the Lindås-, Dalsfjord-, Espedalen-, Finse- and Hallingskarvet 

nappes and the Hardanger-Ryfylke Nappe Complex (HRNC) (Fig. 4). The affiliation with the 

Middle Allochthon implies a Baltican provenance of the nappes and therefore a shared 

evolution with the autochthonous basement terranes (Gee et al. 1985).  

 

 

Fig. 4 The SW-Norwegian Caledonides in the tectonostratigraphic map of Norway (after Gee et al. 
1985). The main nappes are assigned to the Middle Allochthon (yellow), and are framed and labeled.  
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3.1.  Correlating the nappes 

Attempts to correlate the dispersed nappes have a long history. Already 

Goldschmidt (1916) postulated lithological resemblances between the Jotun-, the Lindås- 

and the Dalsfjord Nappe.  

The crystalline nappes in SW-Norway have indeed many things in common. 

Consisting mainly of metamorphic intrusives, they generally reveal three main ages 

reflecting: (1) the protolith age (formation of continental crust), (2) the Sveconorwegian 

orogenic event (ca 1100-900 Ma) and (3) the Caledonian orogenic event (ca 480-400 Ma). 

The age of formation of the various units and the extent and timing of metamorphic 

overprint link nappes to each other and, assuming they derive from the Baltic basement, to 

a basement terrane. The projection of the present autochthonous basement to the south 

and west are assumed provenance areas. Provenance studies for the Caledonian event 

have been done before (e.g. Andresen and Færseth 1982; Bingen et al. 2004; Corfu and 

Heim 2011; Lundmark et al. 2007; Roberts 2003). The provenance of the Caledonian nappes 

first and foremost relies on the age of formation of the initial crust. Regarding original age, 

two major terranes have been identified in the basement in SW-Norway, the Gothian 

terrane (>1600 Ma, comprising the Sveconorwegian terranes Western Gneiss Region, 

Idefjorden terrane and Eastern Segment) to the north and east and the Telemarkia terrane 

(ca 1500 Ma, comprising the Sveconorwegian Telemark-, Rogaland-Agder-, and Bamble-

Kongsberg terranes) to the south (Bingen et al. 2005). The response to the Sveconorwegian 

event in different lithologies further defines and subdivides different locations. The main 

age distinction during the Caledonian event is between oldest ages (Ordovician, ca 500 to 

440 Ma), normally ascribed to nappes with an affinity to the Iapetus Ocean where 

contraction and HP events occurred before the continent-continent collision, and the 

Scandian phase (ca 430 to 400 Ma) which are commonly observed in the nappes stemming 

from the Baltic crust, dating the collision and thrusting of the nappes (Stephens and Gee 

1985). However, as mentioned earlier, this general architecture of the nappes is not always 

coherent with analytical data and observations. The Lindås Nappe, for example, has always 

been regarded as stemming from the crustal parts of Baltica and has been correlated with 

the Upper Jotun Nappe due to lithological resemblances, however, it overlies rocks with 

affinity to the Iapetus Ocean which should be higher up in the tectonostratigraphy 

(Wennberg et al. 1998). Furthermore, nappes with Gothian terrane affinity and others with 
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Telemarkian affinity occur in an irregular pattern all over SW-Norway, locally even in the 

same nappe stack (Corfu and Andersen 2002; Corfu and Heim 2011; paper #2; paper #3), 

which cannot be explained merely by top to SE thrusting during the Caledonian orogeny. 

The evident solution for solving these incoherencies is to evaluate in detail the history of all 

the involved components as a more advanced basis of chronostratigraphic correlation. 

This study introduces new U-Pb ID-TIMS age data from smaller nappes in the Finse 

and Hallingskarvet area, the Lindås Nappe and parts of the HRNC. It also gives a 

summarized overview and comparison of U-Pb ages from all crystalline nappe sheets in SW-

Norway. 
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4. Introduction to the papers - questions, 

results and highlights 

4.1.  Paper #1  

Evidence for a Caledonian amphibolite to eclogite facies pressure gradient in the Middle 

Allochthon Lindås Nappe, SW-Norway 

Published in Contributions to Mineralogy and Petrology, 2012 

4.1.1. Facts and open questions: 

- The Lindås Nappe has usually been compared to the Upper Jotun Nappe due to 

lithological similarities. Both largely consist of anorthosite and related intrusives. 

The stratigraphic position of the Lindås Nappe is, however, obscure since it overlies 

ophiolitic complexes, assigned to the Upper Allochthon.  

- In the central and southern parts of the Lindås Nappe eclogite formed during the 

Caledonian orogeny along cracks and fluid pathways, whereas eclogites have not 

been found in the northern part of the Lindås Nappe or in the Jotun Nappe.  

- The intrusive age of the anorthosite in the Lindås Nappe is unknown. 

4.1.2. Findings and conclusions: 

- The northern most part of the Lindås Nappe consists of anorthosite and jotunite, is 

free of eclogites, and intruded 969 Ma ago. 

- Sveconorwegian granulite facies metamorphism dates at 930 Ma, later 

metasomatic events date at ca 908 Ma. 

- Caledonian metamorphism in the north did not exceed amphibolite facies and was 

contemporaneous with eclogite facies metamorphism further south. The Lindås 

Nappe is tentatively interpreted to preserve a Caledonian pressure gradient. 

- In a shear zone in the anorthosite a case of large (1 mm), low U zircons is recorded, 

which reacted to deformation with internal deformation and re-crystallization of 

smaller grains in the pressure shadow, as well as with Pb loss in the old grains.  
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The U content of the grains is very low, ca 5ppm for the large grains, a bit higher, ca 

12 ppm for the small ones in the pressure shadow. Although no metamictisation is 

seen or expected in such low U zircons, they plot discordantly with an upper 

intercept of 908 Ma, interpreted as the metasomatic event forming the vein, and a 

lower, Caledonian intercept (Fig. 5). The Caledonian event is held responsible for 

the deformation in the vein, causing the growth of the small zircons in the pressure 

shadow (which date to 426 Ma) of the large ones, and the fracturing and Pb loss in 

the large grains. Enhanced fluid activity along with the shearing strain during the 

Caledonian event contributed to the resetting.  

 

 

Fig. 5 Large, discordant, low U zircons. The deformation in the large grain is seen on the CL image, 
the small grains formed in the pressure shadow during deformation. 
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4.2.  Paper #2  

A Sveconorwegian terrane boundary in the Caledonian Hardanger-Ryfylke Nappe 

Complex: the lost link between Telemarkia and the Western Gneiss Region? 

Accepted in Precambrian Research pending major revisions 

Currently in the process of being revised 

4.2.1. Facts and open questions: 

- The HRNC consists of laterally disconnected nappe systems where the largest in the 

north of the complex consists itself of different nappes. 

- Two of these nappes, the Dyrskard and the overlying Kvitenut Nappe, are separated 

by a shear zone, which was presumed pre-Caledonian in early literature, but 

analytical proof was missing. 

- The different lithologies in the two nappes suggested a different provenance, but 

no accurate age data was available.  

4.2.2. Findings and conclusions: 

- The shear zone is Sveconorwegian, giving an age of 999 Ma. A later movement was 

dated at 926 Ma. 

- Dyrskard and Kvitenut have different protolith ages: The Kvitenut Nappe can be 

assigned to the Gothian terrane with continental growth of > 1600 Ma, the 

Dyrskard Nappe shows resemblance with Telemarkia and crustal growth at 1500 

Ma. 

- The boundary between the two basement terranes, the Gothian terrane and 

Telemarkia, has not been found yet in the west of the Faltungsgraben, but the pre-

Caledonian shear zone between Dyrskard and Kvitenut might represent this 

boundary, hence the nappes might well derive from the western continuation of 

the boundary of these terranes.  
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4.3.  Paper #3 

Correlation of Caledonian crystalline nappes in SW-Norway by means of U-Pb 
geochronology: old problems and new data 

Prepared for Special Publication of the Geological Society, London: 
‘New perspectives on the Caledonides of Scandinavia and related areas’ 

4.3.1. Facts and open questions: 

- Correlation of the crystalline nappes in SW-Norway is not straight forward. Local 

inconsistencies compared to the general tectonostratigraphic subdivision occur, 

and from some nappes not enough data are available.  

- Age and evolution of two small nappe systems south of the Jotun Nappe Complex, 

the Finse- and the Hallingskarvet nappes, are largely unknown. The affiliation of the 

Kvalsida Gneiss next to the Lindås Nappe is in question. 

- The phyllite nappes underlying the crystalline nappes in Finse and Suldal (southern 

part of the HRNC) show infolded layers of metasupracrustals with metarhyolites 

which are not found elsewhere in a comparable stratigraphic position. 

4.3.2. Findings and conclusions: 

- Although geographically close, the Upper Finse- and the Hallingskarvet nappes 

show different protolith ages and evolution. The Upper Finse Nappe shows affinity 

with the Gothian terrane and hence can be correlated with the Upper Jotun and 

the Kvitenut nappes. The Hallingskarvet Nappe indicates Telemarkian evolution and 

is correlated with the Espedalen, Eikefjord and Dyrskard nappes.  

- The lower nappes in Suldal and Finse both reveal metarhyolites with an early 

Sveconorwegian age, the infolded phyllite is therefore considered Precambrian.  

- A systematic age profile of the crystalline nappes in SW-Norway with age of 

formation, Sveconorwegian evolution and Caledonian overprint has been 

established by using new data and literature data on U-Pb ages.  

- Similarities and correlations among the nappes and with the Sveconorwegian 

basement terranes are pointed out. 

- Similar zircon behavior has been detected in some nappes: Zircons from the Upper 

Finse and the Kvitenut nappes have a discordance pattern in common. The oldest 



Introduction 
 

30 

zircons in these nappes are strongly discordant towards the Sveconorwegian event. 

The fit on the Discordia line is not good, resulting in a rather high MSWD. It appears 

that the Caledonian event – although not showing a strong imprint – caused some 

additional Pb-loss and pulls the analyses slightly down from Discordia. CL images on 

the zircons show magmatic growth zonations, partly overwritten by re-

crystallization and partly surrounded by a low U rim (Fig. 6). Removing the rim with 

air abrasion could not remove the Caledonian effect on the grains, hence the 

metamorphic rim is a Sveconorwegian effect. Chemical abrasion, on the other 

hand, was sufficient to remove the Caledonian effect and results in a better fit. 

However, also chemical abrasion could not diminish the Sveconorwegian 

discordance which is therefore regarded as complete re-crystallization of zircon 

parts.  

 

Fig. 6 Same discordance pattern of zircon in two different nappes. Both samples reveal the 
crystallization age and the Sveconorwegian event. The Caledonian disturbance is only visible in the 
poor fit along Discordia when using air abrasion (green ellipses) but is diminished when using 
chemical abrasion (red ellipses). 
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4.4.  Paper #4 

Evolution and origin of the Revsegg Nappe in the SW-Norwegian Caledonides: an 

allochthon with Ordovician elements  

Prepared for Special Publication of the Geological Society, London: 
‘New perspectives on the Caledonides of Scandinavia and related areas’ 

4.4.1. Facts and open questions: 

- The Revsegg Nappe, overlying Kvitenut in the HRNC, consists mainly of metapelitic 

schists with felsic and mafic intrusives, and is strikingly different than the 

underlying orthogneiss-dominated, crystalline nappes.  

- Origin, evolution and the relation to the underlying nappes are largely unclear for 

the Revsegg Nappe. 

4.4.2. Findings and conclusions: 

- The contact towards the underlying Kvitenut Nappe is tectonic. Thrusting occurred 

in the Silurian. 

- The intrusives include boudinaged mafic sills, pegmatites and granodiorites. Lenses 

of metasandstones are found within the metapelites.  

- An Ordovician metamorphic imprint is detected in the mafic sills and in the 

metasandstones. The pegmatites and granodiorites are Silurian but did not intrude 

contemporaneously, the granodiorites are the latest intrusives.  

- The Revsegg Nappe shows affinity with the Iapetus Ocean domain. A tentative 

correlation with the Upper Allochthonous Jæren Nappe is suggested.  
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4.5.  General conclusions and outlook 

The goal of this thesis is to provide new data to fill the holes in the understanding of 

the structure and correlation of the nappes in SW-Norway. In the process of gathering data, 

striking cases in terms of geology and/or zircon behavior were found. Some of these cases 

would provide a good opportunity for follow up research. The most promising one is the 

complex structure of the lower nappe underneath Finse and Suldal. Little is known about 

the stratigraphic position of these subunits and their relation to the phyllites in which they 

are folded in. In general, detailed research on the lower nappes could solve problems like 

travel path reconstruction of the crystalline nappes during the Caledonian orogeny.  

Another interesting question is the distribution and relation of the Ordovician 

influence in the nappes. The Revsegg Nappe for example shows similarities with the Jæren 

Nappe, but intrusives in the Jæren Nappe have not yet been dated.  

The Caledonides in SW-Norway still provide numerous possibilities for geologists. 

This thesis hopefully contributes to drawing the interest of many to this manifold area.  
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Abstract 

Magmatic and metamorphic events in two of the nappes of the Hardanger-Ryfylke 

Nappe Complex in the Caledonides in SW-Norway, and in the intervening thrust zone, have 

been investigated by means of ID-TIMS U-Pb zircon and titanite data. Orthogneiss protoliths in 

the upper Kvitenut Nappe are dated at 1615 ± 6 Ma, showing analogies to the Gothian terrane, 

including the Western Gneiss Region. By contrast, the Dyrskard Nappe is composed of 

metasedimentary rocks and metarhyolites with a 1508 ± 4 Ma extrusion age and shows an 

affinity to rocks of the Telemarkia terranes. We argue that the time of thrusting and 

juxtaposition of the two nappes along the shear zone is constrained by the age of 999 ± 5 Ma of 

a syndeformational granite body and co-genetic pegmatitic leucosomes, with late 

Sveconorwegian movements and fluid activity being recorded by titanite at 924 ± 6 Ma. Both 

nappes behaved as one block during the Silurian emplacement in the Caledonian nappe stack, 

sharing a 434 ± 1 Ma metamorphic peak and later overprints, as young as 414 ± 2 Ma, related 

to retrogression. The distinct origin and Sveconorwegian age of coupling of the Dyrskard and 

the Kvitenut nappes suggest that, in their pre-Caledonian location to the west-northwest, they 

represent the now hidden boundary zone between the Western Gneiss Region and Telemarkia. 

 

Keywords: Caledonides, Sveconorwegian orogeny, U-Pb ID-TIMS geochronology, thrust 

zone, terrane provenance, zircon 
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1. Introduction 

The geology of southwest Norway was shaped primarily by two main orogenies, 

namely the Sveconorwegian (ca 1140-900 Ma) and the Caledonian (ca 480-400 Ma), which 

reworked crust of Mesoproterozoic age. The expressions of the Sveconorwegian event are 

preserved in the basement of southern Norway, which can be subdivided into several terranes, 

mainly based on ages of crustal formation and tectonic evolution (Andersen, 2005; Bingen et 

al., 2005, 2008a, 2008b). Based on protolith ages a division into terranes with an age of ca 1500 

Ma (i.e. Telemarkia) and such with ages > 1600 Ma (e.g. Western Gneiss Region, Idefjorden 

terrane) can be drawn. During the Caledonian orogeny the basement was partially subducted 

and deformed, and nappes were thrust onto Baltic basement, forming the Caledonian 

mountain belt. The majority of the Caledonian allochthons in SW-Norway stems from the Baltic 

crystalline basement, implying a shared evolution with the autochthonous terranes (Gee et al., 

1985). However, some Sveconorwegian boundaries, such as the one between the Western 

Gneiss Region and Telemarkia, are now hidden beneath Caledonian nappes. Therefore, the 

study of allochthons derived from the outer domains of the original Baltic basement can 

provide important information for the reconstruction of the Sveconorwegian provinces and 

their evolution. Following this basic idea we focused on a nappe stack in the area north of 

Haukelisæter – Røldal, the Hardanger-Ryfylke Nappe Complex (HRNC), which comprises nappes 

with distinctively different lithologies and evolutions (Fig. 1). The upper part of the succession 

comprises three nappes, from bottom to top these are the Dyrskard, Kvitenut and Revsegg 

nappes (Naterstad et al., 1973; Andresen, 1974; Gabrielsen et al., 1979). The region was 

mapped extensively in the 1970s and early 1980s (Andresen, 1974; Andresen and Færseth, 

1982; Gabrielsen, 1976; Gabrielsen, 1980; Naterstad et al., 1973) and Rb-Sr whole rock dating 

provided evidence of a complex Mesoproterozoic evolution, suggesting, in particular, that a 

major thrust zone between the Dyrskard and Kvitenut nappes may record Precambrian rather 

than Caledonian deformation (Gabrielsen et al., 1979). We now have the analytical means to 

follow up on these early discoveries and establish a time frame for the evolution of the nappe 

stack as well as investigate the provenance of the nappes. Our results and comparison with the 

evolution of other allochthonous nappes and autochtonous terranes contribute to a better 

understanding of the evolution of the Sveconorwegian and the Caledonian orogen.  
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Throughout this paper we use the term nappe for each Caledonian translated tectonic 

element, being conscious that the term may need to be adapted as more formal subdivisions 

are established. The same is valid for the Sveconorwegian orogeny where we refer to the 

different elements as terranes, following the distinction and nomenclature used by Bingen et 

al. (2005, 2008a,b). We furthermore use the comprehensive terms “Telemarkia” and “Gothian 

terrane” for Sveconorwegian terranes with different protolith ages.  

2. Geological background 

The Caledonian tectonostratigraphy of Norway consists of an autochthonous basement 

with its Early Paleozoic sedimentary cover overlain by a series of Caledonian thrust sheets. The 

basement comprises a number of distinct Sveconorwegian terranes, based on the age of crust 

formation and their specific geotectonic position and evolution during the Sveconorwegian 

orogeny. A main distinction can be drawn between the Gothian terrane, containing rocks with 

crustal formation ages of > 1600 Ma, and Telemarkia, comprising terranes with rocks with 

protolith age of ca 1500 Ma. The Gothian terrane includes the Idefjorden terrane, the Eastern 

Segment, and the Western Gneiss Region, the latter was highly tectonized by Caledonian 

events (Fig. 1). Telemarkia comprises the Bamble-Kongsberg, Rogaland-Agder and Telemark 

sectors (Bingen et al., 2005) (Fig. 7A).  

The Caledonian orogeny was caused by the collision of Baltica and Laurentia. The 

Scandian phase, taking place after closure of the Iapetus Ocean, describes the final collision and 

the thrusting of nappes onto Baltic basement rocks at ca. 430-420 Ma (Stephens and Gee, 

1985; Torsvik et al., 1996). Crustal thickening associated with subduction of the leading edge of 

Baltica resulted in extensive deformation and metamorphism up to UHP conditions (e.g. 

Andersen and Andresen, 1994; Cuthbert et al., 2000; Fossen, 2000; Griffin and Brueckner, 

1980; Kylander-Clark et al., 2009). The collision was followed by extension and erosion (e.g. 

Andersen and Jamtveit, 1990; Andersen, 1998; Fossen, 1992; Tucker et al., 2004). Today the 

Caledonides are represented by a series of allochthons, laterally disconnected by erosion, lying 

on autochthonous Baltic basement. According to their stratigraphic position and origin, the 

nappes have traditionally been divided into four units (Gee et al., 1985), consisting of the Lower 

Allochthon, which represents detached slices of Baltic basement and overlying sediments, the 

Middle Allochthon, considered to be derived from the outer margin of Baltica, the Upper 
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Allochthon, interpreted as the outermost margin of Baltica and remnants of the Iapetus Ocean, 

and the Uppermost Allochthon, inferred to be of Laurentian affinity (Roberts, 2003; Ramberg et 

al., 2008) (Fig. 1). In detail, this subdivision is somewhat oversimplified, and locally it can be 

difficult to properly place allochthonous units into this scheme; for example the Kalak nappes in 

northern Norway have been assigned to the Middle Allochthon (Gee et al., 1985), but based on 

more recent research they resemble outboard terranes that would normally be assigned to the 

Uppermost Allochthon (e.g. Corfu et al., 2007; Kirkland et al., 2007; Kirkland et al., 2008). 

Evidently, the concept of the Caledonides as a sequence of allochthons that can be correlated 

laterally over vast distances does not always apply.  

The problem of correlation is quite evident in the nappes of southern Norway. One 

classical example is the Lindås Nappe, which based on lithological features has been correlated 

with the Jotun Nappe, a classical element of the ‘Middle Allochthon’, yet it apparently overlies 

Paleozoic arc and ophiolitic elements normally assigned to the ‘Upper Allochthon’ (Wennberg 

et al., 1998). The evident approach is to evaluate in detail the history of all the involved 

components as a more advanced basis of chronostratigraphic correlation. 

In southern Norway, the dominant nappes consist of sheets of transposed Proterozoic 

continental crust overlying allochthonous and parautochthonous metasedimentary 

successions, in part Paleozoic, but also including Proterozoic elements. The largest crystalline 

allochthon is the Jotun Nappe Complex, which has similarities with the smaller Lindås and 

Dalsfjord nappes and the upper part of the Hardanger-Ryfylke Nappe Complex. Most of these 

nappes are dominated by metaplutonic complexes of various compositions, commonly yielding 

ages of 1700-1600 Ma, but also including rocks yielding U-Pb zircon ages between 1500 to 950 

Ma. In addition to the similarities in age and lithology, the degree of metamorphic resetting 

during the Sveconorwegian event (ca 1140 - 900 Ma) and the Caledonian event (ca 480 – 400 

Ma) also supports a common evolution of different units within the nappes (Bingen et al., 

2008b; Lundmark et al., 2007).  

2.1. The Hardanger-Ryfylke Nappe Complex (HRNC) 

The Hardanger-Ryfylke Nappe Complex overlies Proterozoic autochthonous basement 

and its autochthonous to parautochthonous sedimentary cover, the Vidda Group (Andresen 

and Færseth, 1982). The Vidda Group is a shallow marine deposit with fossils indicating Lower 
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Cambrian to Middle Ordovician deposition. The overlying different nappes in the HRNC are 

separated by thrust zones, commonly marked by extensive zones of mylonites and 

blastomylonites. The basal sedimentary unit, named Holmasjø Allochthon, consists mainly of 

non-fossiliferous gray phyllites and schists. In the eastern domains, the Holmasjø Allochthon is 

overlain by the Nupsfonn Nappe, a tectonic wedge composed of granitic gneisses and intrusives 

with local migmatites and an inverted unconformity (Andresen, 1972; Andresen and Færseth, 

1982). The lower units are overlain in turn by the Dyrskard, Kvitenut and Revsegg nappes. The 

Dyrskard and Kvitenut nappes are the subject of this study and are described in more detail 

below. The uppermost Revsegg Nappe consists dominantly of pelitic metasediments with 

boudins of quartz, pegmatite and mafic and felsic intrusives. The contact to the underlying 

Kvitenut Nappe was interpreted as a disturbed sedimentary contact (Jorde, 1973; Naterstad et 

al., 1973), but is regarded as a tectonized contact by the authors of this study (Roffeis and 

Corfu, in prep).  

2.1.1. The Dyrskard Nappe 

The Dyrskard Nappe crops out in western Hardangervidda mainly in the valleys and 

builds the footwalls of the surrounding mountains (Fig. 2). It can generally be divided into four 

different units, from bottom to top: (1) banded gneisses and blastomylonites of supracrustal 

origin, (2) quartzites, feldspathic sandstones and mica schists with minor basic and 

intermediate metavolcanics, (3) amphibolites with some quartzites and impure marbles and (4) 

acid metavolcanics, mainly metarhyolite. The basic metavolcanic rocks are restricted to few 

areas whereas the metarhyolites appear to have been covering the whole nappe and now 

occur at most of the Dyrskard outcrop locations. Sedimentation and the stratigraphic 

succession indicate volcanic extrusion and deposition in a calm, continental marginal 

environment, probably near-shore, and further indicate that the sequence is not inverted 

(Andresen and Gabrielsen, 1979; Gabrielsen, 1980).  

According to Gabrielsen (1980) and Andresen and Færseth (1982), the Dyrskard Nappe 

rocks were subjected to two metamorphic events. The first one, reaching upper greenschist to 

lower amphibolite facies conditions, is assigned to the Sveconorwegian event. The second 

event has been considered to be of lower grade, not exceeding greenschist facies, and 

restricted to the lower part of the succession, where it is indicated by the breakdown of 
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amphibole and biotite and new growth of muscovite and chlorite. As we will discuss below, we 

link leucosome formation, which requires higher metamorphic grades, in the upper parts of the 

nappe, to Sveconorwegian thrusting. Pegmatites have intruded the gneisses, and are folded to 

various degrees, together with the main foliation of the gneisses (Fig. 4A). The intrusions 

therefore appear syndeformational. Two phases of thrusting, with specific deformation 

features (mainly folds with different orientations), are associated with the metamorphic events 

throughout the Dyrskard Nappe. The probably most interesting set of folds, with regard to the 

age of the shear zone towards the Kvitenut Nappe, are open to tight folds with E-W to ENE-

WSW trending fold axes with a wavelength of 20-50 cm, concentrated in the mylonitic upper 

domain of the Dyrskard Nappe. This mylonitic to blastomylonitic part comprises the upper ca 

50 m of the Dyrskard Nappe with an upwards increase in strain intensity (Gabrielsen et al., 

1979; Gabrielsen, 1980). The folds in this zone may be correlated to the thrusting of the 

Kvitenut Nappe onto the Dyrskard Nappe. Since superimposed sets of folds occurring 

throughout the Dyrskard Nappe are considered to be associated with the Caledonian 

deformation, it was tentatively concluded that the folds in the mylonite zone are older and that 

the two nappes had already been conjoined prior to the Caledonian event (Gabrielsen, 1980).  

The Dyrskard Nappe was first dated by Andresen et al. (1974) who obtained a Rb-Sr 

whole rock age of 1289 ± 80 Ma. Gabrielsen et al. (1979) analyzed rocks of the thrust zone 

between the Dyrskard and Kvitenut Nappes by the same method. Samples from the thrust 

zone, identified as being sheared Dyrskard, gave an array with an apparent age of 1627 ± 114 

Ma.  

2.1.2. The Kvitenut Nappe 

The Kvitenut Nappe lies between the overlying Revsegg and the underlying Dyrskard 

nappes. The contact to the Dyrskard Nappe is strongly tectonized. The Kvitenut unit is about 

100 to 150 m thick but reaches up to 300 m further north. The main rock types are gneisses of 

dominantly magmatic, but also sedimentary, origin, ranging from quartz-dioritic to 

granodioritic in composition, which were subjected to and affected by amphibolite facies 

metamorphism. Locally preserved relics of a mineral assemblage with orthoclase, garnet and 

pyroxene indicate an earlier, granulite facies metamorphic event. Small granitic intrusions, 

veins, pegmatites and leucosomes are common in the Kvitenut gneisses, and define an irregular 
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pattern of intersections. A large granitic intrusive body without apparent deformation fabric, 

the Stavsnuten granite, occurs in the eastern part of the complex. The border of the granite 

towards the Dyrskard rocks is also tectonized, containing a sequence of mylonite and 

blastomylonite. Smaller intrusions of granitic composition mainly occur in the area around the 

peak of Stavsnuten. A root for the larger intrusive body is not observed despite excellent 

exposure (Naterstad et al., 1973). Also, no intrusives that can be affiliated with the Stavsnuten 

granite have been observed to cut the contact to the Dyrskard Nappe (Andresen and Færseth, 

1982). All samples from the Kvitenut Nappe used in this study are taken from the area around 

Stavsnuten (Fig. 3), where most of the Kvitenut succession is accessible and also where the few 

meters-thick tectonized boundary against the Dyrskard Nappe is best exposed (Gabrielsen, 

1976). Blastomylonites and mylonite gneisses are the characteristic thrust zone rocks in the 

Kvitenut Nappe. They appear to be the more highly deformed equivalents of augen gneisses 

and granodioritic gneisses at higher levels in the nappe. However, it is important to note that 

the upper part of the Dyrskard Nappe comprises mylonitic rocks that strongly resemble the 

Kvitenut thrust rocks (Gabrielsen et al., 1979). Folds with ENE-striking fold axes are common in 

the thrust zone rocks, and have the same orientation as folds of the upper part of the Dyrskard 

Nappe mentioned before (Gabrielsen et al., 1979). The thrust zone was regarded to be pre-

Caledonian, mainly because of its amphibolites facies metamorphic grade and distinct folds, 

that are older than Caledonian folds, although the chronological evidence was lacking 

(Naterstad et al., 1973). The only geochronology carried out on sheared Kvitenut rocks in the 

thrust zone rocks gave a Rb/Sr whole rock age of 1537 ± 41 Ma (Gabrielsen et al., 1979). 

Previous dating of gneisses within the Kvitenut Nappe produced a Rb/Sr whole rock age of 1643 

± 88 Ma (Andresen et al., 1974). 

3. Analytical Methods 

Zircon and titanite were separated using standard crushing, pulverizing, Wilfley table 

gravity separation, Frantz magnetic separation and heavy liquid. The minerals were hand-

picked under a binocular microscope and grouped into fractions or selected as single grains, 

based on general appearance. For isotope dilution thermal ionisation mass spectrometry (ID-

TIMS) U-Pb analysis, zircons were air abraded (Krogh, 1982) or chemically abraded (Mattinson, 

2005) and dissolved after addition of 202Pb/205Pb/235U spike. Chemical separation of Pb and U 
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was performed on all fractions except those smaller than 0.004 mg. U and Pb were loaded 

together with Si-gel and phosphoric acid on Re filaments and measured with a MAT262 mass 

spectrometer in static mode or, for low signals and all 207Pb/204Pb ratios, in peak jumping mode 

using an ion counting secondary electron multiplier. The data were corrected with fractionation 

factors of 0.1%/amu for Pb and 0.12%/amu for U. Blank correction was 0.1 pg U and 2 pg Pb, or 

less when the total common Pb was below that level. The initial lead was corrected with the 

model of Stacey and Kramers (1975). For some titanite fractions with a high amount of 

common Pb the composition of the initial common Pb was determined using low-U cogenetic 

titanites. The measured composition of the low-U titanites was corrected for the small amount 

of accumulated radiogenic Pb and then used as input for the U-bearing titanites. Results from 

all measurements were plotted and regressed using Isoplot 4.1 by Ludwig (2009). The decay 

constants are taken from Jaffey et al. (1971). Uncertainties in the isotope ratios and the ages 

are given and plotted at 2σ. 

4. Evaluation of ID-TIMS data 

4.1. The Dyrskard Nappe 

Due to the general supracrustal character of the rocks of the Dyrskard Nappe, we 

restricted the geochronological work to a metarhyolite unit (D1), which occupies the top part of 

the succession, and to pegmatitic intrusions in it (D2, D3). Attempts to find zircon in a gabbroic 

intrusion in the metasedimentary rocks were not successful.  

D1; metarhyolite: The sample was taken from an outcrop close to Valldalsvatnet, where 

fine-grained gneisses belonging to the metarhyolite sequence are intercalated with pure 

quartzite on a cm- to dm-scale. Macro- and microscopically clearly visible feldspar phenocrysts 

reveal the volcanic origin of the gneisses (Fig. 4B). The metamorphic overprint is expressed as a 

narrow foliation, defined by recrystallized feldspar and quartz alternating with biotite-rich folia. 

A few idiomorphic garnet crystals, interpreted as metamorphic, are visible in thin section. The 

major element composition of the volcanic rocks plots in the rhyolitic/rhyodacitic field 

(Andresen and Gabrielsen, 1979). The sample yielded a large number of zircons, in general 

showing euhedral, short-prismatic shapes, but commonly broken and metamict. Only grains 
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and grain pieces with idiomorphic shapes were picked and analyzed after applying air or 

chemical abrasion.  

Single grains or fractions of two grains have been analyzed (Table 1, 1-8). The data 

points are all somewhat discordant and scatter within a wedge shaped area (Fig. 5) between 

regression lines trending towards either a Sveconorwegian or a Caledonian age. It is therefore 

likely that the zircons have been affected by both orogenies. Various combinations of data 

points, anchored at either a Caledonian or a Svecornorwegian event, converge towards similar 

upper intercepts ages of ca 1493-1508 Ma. Analyses (1) and (2) have the highest 207Pb/206Pb 

ages and fit on a discordia line, anchored at 430 ± 3 Ma, providing an upper intercept age of 

1508 ± 4 Ma (MSWD=0.27) which is interpreted to date the volcanic event. From a technical 

point of view it is interesting to note that with this sample chemical abrasion yielded more 

discordant analyses than air abrasion, although the difference does not affect the general data 

pattern. It may suggest that the zircon grains have been affected by the younger events mainly 

in the outside domains, which were then removed by air abrasion.  

D2; pegmatite in metarhyolite: The pegmatite is folded and part of a suite of dikes 

cutting metarhyolites. The variable deformation of the pegmatite and the surrounding suggests 

syntectonic emplacement (Fig. 4A). The sample contains just few zircon grains, but titanite 

occurs in significant amounts (Table 1, 9-15). Many titanite grains show well developed crystal 

shapes and are colorless. The zircon population comprises idiomorphic, largely metamict grains 

or tips of grains with [101] pyramidal faces, and a second population of clear, anhedral grains. A 

single grain analysis from a metamict zircon (9) gives a discordant age which, when anchored at 

the Caledonian event at 430 ± 3 Ma, has an upper intercept at 1456 ± 5 Ma. The second 

analysis of a clear zircon grain (10) plots concordantly at 1225 Ma. Both grains are regarded to 

be xenocrystic. Four titanite analyses (11, 12, 13, 14) plot concordantly indicating Caledonian 

ages. Three of the data points overlap within error (12, 13, 14) and give a Concordia age of 414 

± 2 Ma. One titanite fraction (11), however, plots higher on Concordia, at ca 450 Ma, suggesting 

the presence of a relict earlier titanite generation. This may imply that the pegmatite is pre-

Caledonian, perhaps the same age as the pegmatitic vein discussed below, in which case the 

titanite would reflect Caledonian metamorphism. Nevertheless, a Caledonian age of 

emplacement cannot be totally excluded. 

D3; pegmatite in gneiss: The pegmatite occurs as dm-sized dikes, subconcordant to the 

main fabric and gently folded. The host rock is a fine-grained pink gneiss with local schistose 
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intercalations, which has developed thin, highly folded neosome veins. Although a volcanic 

origin is not as obvious as in the metarhyolite outcrops, Gabrielsen (1976) favored the 

possibility that also these fine grained gneisses are metavolcanic derivates. Only a few zircon 

grains were found in the sample. Small, clear grains show mainly a short prismatic shape, but 

are subrounded and some cores are visible. Larger grains and tips of grains have a better 

developed euhedral shape, are dominated by [101] pyramidal faces and are metamict. These 

are presumably the zircons that crystallized in the pegmatite whereas the clearer, subrounded 

grains are most likely xenocrystic. Four analyses of grains representing the clearer varieties plot 

in the same wedge-shaped area, between ca 1000 and 1500 Ma, as defined by the zircons from 

the metarhyolite, consistent with a xenocrystic origin from the surrounding host rocks (Table 1, 

16-19). Two of these analyses (16, 19) fit on a line between 1508 and 985 Ma. Two other grains 

(20, 21) representing the brown, metamict, euhedral zircons are also discordant, but plot on a 

very different line with Sveconorwegian and Caledonian intercept ages, defining an upper 

intercept at 985 ± 4 Ma and a lower intercept age of 412 ± 8 Ma. Because of the magmatic 

characteristics of the metamict, euhedral zircons, the age of 985 Ma is interpreted to represent 

the age of formation of the pegmatites. The lower intercept at 412 ± 8 Ma is in accordance with 

the age of titanite in pegmatite D2. Titanite in D3 (22) is colorless with a relatively low amount 

of U (26 ppm U) but with relatively high common Pb (for titanite; 16 ppm). The corrected 

analysis, using the initial Pb isotopic composition of a second low-U titanite fraction (23), is 

concordant at 403 ± 5 Ma, younger than the zircon intercept and titanite in pegmatite D2. 

These characteristics suggest that the titanite might be a late metamorphic product of 

retrogression. 

4.2. The Kvitenut Nappe 

All samples from the Kvitenut Nappe are taken from the area around Stavsnuten (Fig. 

2, 3). On this mountain, the Kvitenut Nappe provides continuous outcrops from the basal thrust 

above the Dyrskard Nappe upwards, but it does not reach the contact to the Revsegg Nappe. 

The samples derive from different lithologies at different tectonostratigraphic levels. Sample K1 

represents one of the coarse granodioritic augen gneisses, typical for large parts of the 

complex, although in detail most outcrops show considerable complexity with deformation and 

cross-cutting dikes. Sample K2 is an amphibolite gneiss interlayered with, and perhaps cut by 
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the granodioritic rocks. The thrust zone at the base of the Kvitenut Nappe consists of 5-10 m 

thick blastomylonitic gneisses with distinct feldspar augen referred to as mylonitic augen 

gneisses (cf. Fig. 4 in Gabrielsen et al., 1979; Fig. 4C). The strongly deformed rocks are 

lithologically similar to rocks at a higher level within the complex, one of which is represented 

by sample K1. The mylonitic augen gneisses were sampled in two areas, marked as K3 and K4 in 

Figs. 2 and 3. Sample K5 stems from the Stavnuten granite at the eastern border of Kvitenut 

and K6 is a pegmatitic leucosome.  

K1; augen gneiss within the Kvitenut Nappe: The augen structure of this rock is defined 

by folia of biotite wrapping around large feldspar grains, and alternating with bands of fine-

grained feldspar and quartz neoblasts. Also co-genetic with biotite are epidote, muscovite and 

large, up to 1 mm, titanites. Zircons in this sample are mainly prismatic, but most of them 

exhibit some degree of subrounding. Five analyses (Table 1, 1-5; Fig. 6) are all highly discordant 

and aligned along a discordia line with an upper intercept at 1627 ± 61 Ma and a lower 

intercept at 989 ± 91 Ma, but with poor fit (MSWD=21), indicating primary crystallization at 

about 1630 Ma, and a severe resetting during the Sveconorwegian event. The zircons have 

evidently not been affected very strongly by the Caledonian events, but the poor fit probably 

reflects a weak disturbance at that time. Two of the analyses were obtained with chemical 

abrasion and they fit on a line passing through 999 ± 5 Ma (Sveconorwegian age, see below) 

yielding an upper intercept of 1615 ± 6 Ma, whereas those treated only with air abrasion fall 

slightly below this line, possibly reflecting incomplete removal of material affected by 

Caledonian Pb loss. Interestingly, chemical abrasion in this case did not manage to reduce the 

Sveconorwegian discordance, suggesting that it was caused by extensive recrystallization of the 

zircons, compatible with the assumed high-grade (granulite-facies) metamorphism.  

K2; amphibolite gneiss: The main minerals are feldspar, biotite and amphibole and 

sporadic epidote-zoisite. Titanite is abundant and in equilibrium with biotite, forming the 

foliation. Zircon analyses in this sample scatter due to superimposed Sveconorwegian and 

Caledonian events (Fig. 6). Therefore, a meaningful regression line cannot be determined. The 

oldest analysis (6) fits on the line defined for sample K1, suggesting a comparable origin. Three 

other grains (7-9) yield approximately Sveconorwegian positions in the Concordia plot. Two are 

discordant (8-9) and have older 207Pb/206Pb ages than analysis 7, which is slightly reversely 

discordant with a 206Pb/238U age of 961 ± 10 Ma suggesting growth of zircon at this time. 

Titanite comprises two types, distinguishable in color. A brown, high-U grain (10) plots 
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discordantly with a 206Pb/238U age of 858 Ma whereas a fraction of pale and U-poor titanite 

grains (11) is much more discordant with a 206Pb/238U age of 568 Ma, implying growth of a new 

Caledonian titanite generation, but still with an inherited component. Projected from a 

Caledonian age, the titanite data define an upper intercept age of 921 ± 15 Ma, which dates 

early titanite growth.  

K3; augen gneiss, base of the Kvitenut Nappe: The general mineralogy and texture of 

the sample strongly resemble those of augen gneiss K1, except that K3 shows an even stronger 

blastomylonitic texture with large feldspar augen, wrapped around by fine-grained feldspar, 

quartz and biotite forming the metamorphic banding. This structure demonstrates higher strain 

at the base than within the nappe. Few garnets and old, larger biotite grains occur. Zircon is 

abundant and present in all bands, also together with the feldspar clasts, whereas titanite is 

restricted to biotite rich, recrystallized domains. Most zircon grains are either subrounded or 

metamict. Three analyses (12-14) plot discordantly, a metamict grain (14) being the most 

discordant one. The scatter of the data points suggests an influence by both the 

Sveconorwegian and the Caledonian events. The analysis of the least rounded grain (12) 

however, when anchored at the established 999 ± 3 Ma age of the granite (K5), gives an upper 

intercept of 1603 ± 7 Ma. The data point also falls on a regression line with those of the 

chemically abraded zircons from K1 (3, 4) giving intercepts at 974 ± 19 Ma and 1601 ± 8 Ma 

(MSWD=0.78).  

K4; augen gneiss, base of the Kvitenut Nappe: The main reason for examining this 

sample was to constrain the age of thrusting. Therefore, we focused on the analysis of titanite, 

which occurs in great number in this sample and can be divided into small (<200μm) pale, and 

larger (>200μm) orange colored grains. In thin section the large, colored titanites are in 

equilibrium with biotite and recrystallized quartz and feldspar, which now form the augen-

structure (Fig. 4D). A CL image of one of these titanites shows only slight recrystallization at the 

tips but otherwise a homogeneous grain (Fig. 4E). Therefore, we consider the large titanites to 

have formed during the blastomylonitic event. 

Analyses of both titanite types reveal that they belong to two generations. The pale 

titanite has only about 1 ppm or less U. A fraction of four clear, prismatic grains (18) contained 

mostly common Pb, which was used for common Pb correction on a second fraction of pale 

titanites (17) that had a little more U. After Pb correction, this sample plots concordantly at 421 

± 9 Ma, clearly a Caledonian age. In contrast, the orange grains (15, 16) are U-rich and plot 
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close to Concordia around the Sveconorvegian event. The best analysis (16), anchored at the 

Caledonian age given by the pale titanites, gives an upper intercept of 924 ± 6 Ma, the second 

analysis of an orange grain (15) plots slightly reversely discordant, presumably related to the 

extremely high U content of 1640 ppm of this grain. In accordance with thin section 

observations we tie the older titanite to the thrusting, which thus happened during the 

Sveconorwegian event. The Caledonian overprint, however, also formed new titanite, probably 

during retrogression. Small, marginal recrystallization on the large titanites is also regarded as a 

Caledonian effect, in the data visible as slight discordance (16).  

K5; Stavsnuten granite: The granite outcrops at the eastern end of the Kvitenut Nappe 

in the study area. At the border towards the underlying Dyrskard Nappe the granite is 

deformed by the basal thrust and forms blastomylonites. Away from the thrust zone the 

granite shows only weak deformation and some variation in grain size, but is in general rather 

homogeneous. The main components are white feldspar, which appears pink when weathered, 

and gray quartz, in addition to small amounts of both dark and light mica.  

Zircons are abundant and vary in shape and appearance. Mainly tips of grains and 

entire, prismatic grains were analyzed. The majority of the data points cluster around ca 1000 

Ma (Fig. 6), with one long prism (28) being more discordant towards younger ages and two 

grains (20, 19) plotting discordantly but with older 207Pb/206Pb ages than the rest. The latter 

grains did not have the typical euhedral crystal shapes and are most likely xenocrystic. These 

analyses define a line with an upper intercept age of 1483 ± 14 Ma, which may represent the 

age of the source of the magma, and a lower intercept age of 995 ± 6 Ma. The discordant 

younger analysis of a long prismatic, clear grain (28), when anchored at 430 Ma defines a 

discordia line with an upper intercept of 992 ± 7 Ma. Three fully concordant analyses (21, 23, 

25) yield a Concordia age of 999 ± 5 Ma. Four other data points (22, 24, 26, 27) overlap within 

error with these three analyses but not with the Concordia curve. This moderate heterogeneity 

in the distribution of the data is likely a result of both some Pb-loss and slight amounts of 

inheritance. The age of 999 ± 5 Ma is considered the best estimate for the intrusion of the 

granite. 

K6; pegmatitic leucosome: Leucocratic veins are common in gneisses of the Kvitenut 

Complex. The rims of the veins are blurred, and they build a complex network of intersections. 

It can, therefore, not always be determined with certainty whether the veins represent in situ 

leucosomes, pegmatites, or both, intersecting and following each other. The main minerals in 
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this sample are cm-sized, idiomorphic feldspars and smaller quartz. Epidote-zoisite and chlorite 

occur along cracks. Zircons in this sample mostly have [101] pyramidal faces, typical for zircons 

in pegmatites. Whole zircon grains and tips with well developed euhedral shapes were chosen 

for analysis. Two analyses (29, 30) plot at the Sveconorwegian event, the other two (31, 32) at 

the Caledonian event. The older grains are higher in U, but otherwise no systematic 

relationships between age and shape can be observed. A regression line with all four data 

points reveals intercepts at 423 ± 30 and 993 ± 17 Ma (MSWD=9.3). One clear tip of a grain (29) 

plots slightly to the left of Concordia but still partly on it and gives a Concordia age of 989 ± 4 

Ma. Metamict tips (30) are slightly discordant and, when anchored at 430 Ma, give an upper 

intercept of 995 ± 3 Ma. That is consistent with the intrusive age of the Stavsnuten granite 

body. New zircon growth at the Caledonian event is indicated by clear tips (31), plotting 

concordantly at 434 ± 1 Ma. A prismatic grain (32) is slightly discordant and younger.  

5. Discussion 

5.1. Protolith ages of the Dyrskard and Kvitenut nappes  

The metarhyolites of the upper part of the Dyrskard Nappe yield a well defined age of 

1508 ± 4 Ma, and so far there is no other zircon evidence pointing to the presence of much 

older crustal components in this nappe. It thus contrasts greatly with the overlying Kvitenut 

Nappe where the typical orthogneisses indicate crystallization at least 100 Ma earlier at about 

1615 ± 6 Ma. Similar age components are present in the other Kvitenut samples investigated, 

suggesting a common origin. That implies a different provenance of the Dyrskard and Kvitenut 

nappes.  

5.2. Correlation of the nappes with other allochthonous and autochthonous 

elements  

The Dyrskard Nappe with the 1508 ± 4 Ma metarhyolites, in combination with the 

lithological association to quartzites, local marbles and metabasaltic rocks, and similar major 

element chemistry of the metarhyolites (Andresen and Gabrielsen, 1979), shows great 

similarity to the metarhyolites in the Rjukan and overlying Vemork groups, part of the 

“Telemark supracrustals”, which are presently found in the autochthonous basement 



Paper #2 
 

15 
 

underneath and surrounding the Hardanger-Ryfylke Nappe Complex (Fig. 7). These rocks have 

been dated at ca. 1510-1495 Ma (Dahlgren et al., 1990; Laajoki and Corfu, 2007). However, 

since the general thrusting direction during the Caledonian orogeny was roughly to the 

southeast, the nappes must have originated west of their current position. The Rogaland-Agder 

sector (Fig. 7), part of Telemarkia and covering large parts of southwest Norway, comprises 

rocks ca 1500 Ma old (Bingen et al., 2005) and a former extension further west may well have 

been the source for the Dyrskard Nappe. To the west of the study area, autochtonous 

“Telemarkia” metarhyolites occur (Torske, 1982; Bingen et al., 2005)  

Among the other nappes of SW Norway, the only one with an equivalent age as 

Dyrskard is the Espedalen Complex, a subnappe of the Jotun Nappe Complex. Zircons in a 

noritic anorthosite in this complex gave an age of 1521 ± 9 Ma, and a lamprophyre dike yielded 

1514 ± 7 Ma (Corfu and Heim, 2011). In earlier literature a tentative correlation, based on 

lithology, between Dyrskard and the Bergsdalen Nappe was also discussed (Gabrielsen, 1980; 

Naterstad et al., 1973). The sedimentary sequence is comparable, apart from conglomerates, 

which occur in the Bergsdalen Nappe but are missing in the Dyrskard Nappe. However, it was 

considered that such lithologies might have been present in the sedimentary succession in 

Dyrskard as well, but sheared off following one of the thrusting events (Gabrielsen, 1980). 

Nevertheless, the age of 1508 Ma for the metarhyolites obtained in the present study does not 

match a 1219 ± 111 Ma Rb/Sr age of metarhyolites in the Bergsdalen Nappe (Gray, 1978). A 

relation of Dyrskard rocks to similar metarhyolites within the phyllites of the Lower Allochthon 

in the Suldal area to the southwest of the HRNC, has been considered in the past (Andresen 

and Gabrielsen, 1979; Kildal, 1973), but can be disregarded, since the Suldal rocks are clearly 

younger. A U-Pb zircon age of about 1040 Ma (Roffeis and Corfu, in prep) confirms and refines 

the earlier Rb/Sr whole rock age of 1145 ± 98 Ma (Sigmond and Andresen, 1976). 

The Kvitenut rocks, on the other hand, with an assumed primary age of over 1600 Ma, 

would suggest a provenance more to the northwest of SW-Norway. Baltic basement with 1700-

1600 Ma ages is the dominant component of the Sveconorwegian terranes east of Telemarkia 

and of the Western Gneiss Region (e.g. Gaal and Gorbatschev, 1987; Skar et al., 1994; Tucker et 

al., 1987). Basement with 1700-1600 Ma ages is also an important constituent of the Jotun 

Nappe Complex (Schärer, 1980; Lundmark et al., 2007) as well as documented in the Dalsfjord 

Nappe and the Hardangerjøkulen klippe (Corfu and Andresen, 2002; Roffeis and Corfu, in prep). 
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5.3. The Sveconorwegian evolution 

An important similarity between the Dyrskard and Kvitenut nappes and other 

crystalline nappes of southwestern Norway is the pronounced Sveconorwegian overprint in 

terms of magmatic activity, deformation and metamorphism. Typical consequences in rocks of 

all these nappes are the strong Sveconorwegian isotopic resetting of older zircon, in part with 

Sveconorwegian new zircon growth, and almost ubiquitous isotopic resetting and new growth 

of titanite. Thus, these nappes clearly must have been derived from parts of the 

Sveconorwegian orogen now forming the basement underneath the Caledonian Allochthons. 

The nappes can thus be assigned to the Sveconorwegian terranes in terms of provenance, a 

subdivision to which terrane is mainly based on the age of crustal formation, but also on the 

timing and nature of the Sveconorwegian overprint. 

In the Dyrskard Nappe Sveconorwegian metamorphism was described to be of medium 

grade (Gabrielsen, 1980). Our observations of metamorphic garnet growth in the 

metarhryolites and partial melting/leucosome formation in metapelitic and metavolcanic 

gneisses suggest at least amphibolite facies. The event is dated by the concordant pegmatitic 

veins at 985 ± 4 Ma. These veins occur more frequently in tectonostratigraphically upper parts 

of the nappe, where the surrounding lithologies also show gradually increasing deformation 

into mylonitic rocks where the thrust zone is approached (Gabrielsen et al., 1979). The 

increasing deformation, the leucosome formation and veins are tentatively correlated to the 

thrusting of the Kvitenut over the Dyrskard Nappe. 

In the Kvitenut Nappe the Sveconorwegian events caused: (1) very strong resetting of 

zircon in the orthogneisses (K1 and K3); (2) intrusion of the Stavsnuten granite (999 ± 5 Ma) 

(K5); (3) development of leucosomes (993 ± 17 Ma) (K6); (4) development of the distinct 5-10 

m blastomylonitic thrust zone separating the Kvitenut from the Dyrskard Nappe (age to be 

discussed below) (K3 and K4); and (5) new growth of titanite (924 ± 6 Ma) (K2 and K4). The 

marked discordance of the zircon data was the response to Sveconorwegian high grade 

metamorphism. Chemical abrasion removed the minor Pb loss effects of the Caledonian 

metamorphic overprint, but it did not diminish the Sveconorwegian U-Pb resetting. Therefore, 

we consider that the resetting was caused by extensive recrystallization of the zircons 

(Cherniak and Watson, 2001; Connelly, 2001), manifested in the slight rounding of originally 

idiomorphic zircons and seen on Cl images, observed in K1 (Fig. 6). That would require high 
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metamorphic conditions such as granulite facies during the Sveconorwegian event, which is 

documented by remnants of garnet-pyroxene-orthoclase parageneses in some of the Kvitenut 

rocks (Gabrielsen, 1976). Growth of titanite is another expression of metamorphism, but based 

on the age it appears to have been mainly a product of a later Sveconorwegian stage, as will be 

discussed below. The metamorphism was associated with local partial melting and the 

development of diffuse leucosomes. The result of 993 ± 17 Ma obtained from the pegmatitic 

leucosome K6 reflects this melting stage. The leucosomes were contemporaneous with the 

intrusion of the Stavsnuten granite at 999 ± 5 Ma (K5).  

5.3.1. Sveconorwegian thrusting of the Kvitenut onto the Dyrskard Nappe 

The thrust zone at the base of the Kvitenut Nappe is 5-10 m thick, consisting of 

blastomylonitic gneisses, equivalent, but subjected to a higher deformation intensity than 

gneisses higher up in the succession. The thrust effect in the Dyrskard Nappe is seen as a 

gradual increase of strain in the upper approximately 50 m thick zone of the Dyrskard rocks 

(Gabrielsen et al., 1979). The age of the shear zone is constrained by two events: (1) The 999 ± 

5 Ma Stavsnuten granite is sheared at the base, implying that the thrust has to be younger, and 

(2) large titanite, which is in equilibrium with minerals forming the blastomylonitic texture in 

the shear zone, give an age of 924 ± 6 Ma. Another feature, below the sheared base of Kvitenut 

but within the broader zone of thrust related highly deformed rocks at the top of the Dyrskard 

Nappe, are leucosomes and pegmatites. They are syndeformational and increase gradually in 

abundance towards the boundary with the Kvitenut Nappe. Similar leucosomes occur in the 

Kvitenut rocks. Both yield early Svecornorwegian ages, 985 ± 4 Ma (D3) for Dyrskard rocks and 

993 ± 17 Ma (K6) for a pegmatitic leucosome derived from the Kvitenut Nappe. Considering the 

accumulation of the leucosomes towards the thrust zone in each nappe, those features can be 

related to the thrusting. The titanite must then have grown during a later movement. 

Alternatively, the leucosome formation as well as the granulite facies metamorphism were not 

related to the thrusting but to an earlier event that affected both nappes to the same extent. 

That would place the nappes in the same area at this time but not yet on top of each other. In 

that case the age of thrusting and juxtaposition would be given by the titanite and date at 924 

± 6 Ma. We also note, however, that titanite in the amphibolite gneiss well above the main 

thrust at the base of the Kvitenut Nappe gives a similar age of 921 ± 15 Ma, suggesting that this 
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event can be detected not just in the shear zone but also elsewhere in the nappe and might e.g. 

reflect late resetting related to a hydrothermal overprint, or to late Sveconorwegian extension 

which is seen in the Mylonite Zone between the Idefjorden terrane and the Eastern Segment 

(e.g. Bingen et al., 2008b and references therein). Titanite formation at that time is also seen in 

other nappes, like the Finse and Hallingskarvet nappes, to the north of the study area (Roffeis 

and Corfu, in prep.). Another interesting point is the fact that inherited zircons present in the 

Stavsnuten granite do not have the 1600+ Ma age of the Kvitenut Nappe, but point instead to 

an age of 1483 ± 14 Ma, which corresponds rather to the age of the Dyrskard rocks. This 

suggests that the granite was generated by melting of Dyrskard-type rocks, but before final 

emplacement, since there are no equivalent large granite masses in the presently exposed 

parts of the Dyrskard Nappe. This would furthermore imply emplacement of the granite during 

thrusting over Dyrskard-type rocks. Putting all these information together we argue that the 

main thrusting occurred at around 1000 Ma, but it was likely a protracted multistage process, 

and the more narrow thrust plane was at least reactivated at 924 ± 4 Ma, with formation or 

final shaping of the presently observed mylonitic gneisses (Fig. 4C and D), including growth of 

titanite.  

5.4. The Caledonian event and emplacement of the nappes 

Since the thrusting happened during the Sveconorwegian event, both nappes have 

been transported together during the Caledonian event. The Caledonian event is not as 

pronounced as the Sveconorwegian event, the dominant mineral paragenesis are 

Sveconorwegian. In the zircons Caledonian metamorphism partly led to discordance (seen in all 

samples) and formation of new zircon in one sample (K6). It also led to the formation of titanite 

grains and partial recrystallization of older titanite (K2, K4, D2, D3). Caledonian peak 

metamorphism is revealed by zircon whereas titanite formation is related to later retrograde 

overprints. Concordant idiomorphic Caledonian zircons with an age of 434 ± 1 Ma are found in 

the pegmatitic leucosome K6 in the Kvitenut Nappe. The sample also comprises 

Sveconorwegian idiomorphic zircons, which we have interpreted above as having crystallized 

during the original synmetamorphic emplacement of the pegmatite. Both zircon populations 

have the appearance normally associated with primary magmatic crystals and only differ in U-

content. Since both zircon populations apparently date an intrusive event, we consider the 
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possibility that a Sveconorwegian pegmatite became the locus of renewed partial melting 

which subsequently crystallized forming new zircon during the Caledonian event. The lower U-

content in the younger zircons would be consistent with that theory. However, one could argue 

that such a melting event should affect the partly metamict, old zircons to a higher degree. A 

second possibility is that the sample was taken at an intersection of two pegmatites or a 

pegmatite and a leucosome. The gradational rims and unclear intersection patterns of 

pegmatites and leucosomes throughout the Kvitenut Nappe make this possibility plausible.  

Caledonian titanite in two samples reveal younger ages than given by zircon: 421 ± 9 

Ma for titanite in the thrust zone and 414 ± 2 Ma for titanite in the two pegmatites of the 

Dyrskard Nappe. These titanites are pale and considerably lower in U than the Sveconorwegian 

titanites, and are, therefore, tentatively interpreted to be related to a late Caledonian 

retrograde overprint. In the case of titanite from the thrust zone it could be questioned as to 

whether the Caledonian titanite may be related to reactivation of the thrust. However, the fact 

that the coexisting large, Sveconorwegian, U-rich titanites are not very strongly reset argues 

against that. 

5.5. Provenance studies 

A crude distinction into basement terranes based on the age of crustal formation has 

been introduced above. In addition there are some very significant distinctions concerning the 

exact timing of the Sveconorwegian events. As discussed above, the Kvitenut and Dyrskard 

nappes were affected by magmatism and metamorphism mainly in the period 1000 to 960 Ma, 

especially with intrusion of the 999 Ma Stavsnuten granite and coeval or slightly younger 

leucosomes and pegmatites in the two nappes, likely also reflecting the main period of 

thrusting, juxtaposition of the two nappes and metamorphism. This period corresponds to the 

final stages of the main Sveconorwegian Agder phase (1050-980 Ma) in the model of Bingen et 

al. (2008b), a period related to tectonic imbrication and crustal thickening recorded especially 

in the core of the orogen, and possibly linked to continental collision. The closest analogue 

found so far in the basement in the southern part of the Western Gneiss Region is granulite 

facies rocks metamorphosed at 987 ± 10 Ma (Røhr et al., 2004). Further north in the Western 

Gneiss Region, high-grade metamorphism and granitic magmatism occurred at a later stage 

(around 960-950 Ma; Skår and Pedersen, 2003; Glodny et al., 2007). However, the record of a 
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similar age in the basement terranes is given by two samples from the Åmot-Vardefjell shear 

zone, a border between Telemarkia and the Idefjorden terrane (Gothian terrane) (Bingen et al., 

2001; Bingen et al., 2008b), where zircon in amphibolites facies banded gneisses reveal 

metamorphism, probably related to thrusting, in the Agder phase (1008 ± 14 and 1012 ± 7 Ma).  

In other allochthons of southern Norway a corresponding ca. 1000 Ma metamorphic 

overprint has only been recorded in the Espedalen Complex, which, as mentioned above, is also 

the only known allochthon generated at about 1500 Ma and equivalent to the Dyrskard Nappe. 

The other main nappes of southern Norway, the Jotun, Dalsfjord and Lindås nappes, 

are distinctly different with respect to the Sveconorwegian evolution. As far as we presently 

know, the bulk of the Lindås Nappe was generated by magmatic events mainly between 980 

and 950 Ma and was affected by multiple stages of high-grade metamorphism between 950 

and 910 Ma (Roffeis et al., 2012, and references therein). Hence, large parts of the Lindås rocks 

did not yet exist at the time of the main transformations and thrusting of the Dyrskard and the 

Kvitenut nappes. Similarly, the Jotun and Dalsfjord nappes underwent their major magmatic, 

deformational and metamorphic phases only after 970 Ma and as late as 900 Ma (Schärer, 

1980; Corfu and Andersen, 2002; Lundmark et al., 2007; Lundmark and Corfu, 2008). Also large 

anorthosite intrusions, which are the main components of the Lindås and the Jotun Nappe 

Complex, are missing in the Kvitenut and Dyrskard nappes. This final stage of the 

Sveconorwegian orogeny is named the Dalane phase in Bingen et al. (2008b), who interpret it 

as reflecting extension and gravitational collapse of the orogen. In the autochthon, the event is 

recorded mainly in two terranes, the Eastern Segment, which underwent exhumation following 

high pressure metamorphism (Bingen et al., 2008a, 2008b), and in Rogaland-Agder with 

emplacement of the Rogaland Anorthosite Complex and associated metamorphism at 930 Ma 

(Bingen and van Breemen, 1998; Schärer et al., 1996). In addition, at about that time the 

orogen was intruded by suites of late granitic plutons (e.g. Andersen et al., 2002; Bingen et al., 

2008b). The only evidence of a late Sveconorwegian overprint in the Dyrskard and Kvitenut 

nappes is the formation of titanites in the sheared boundary and in the amphibolite in the 

Kvitenut rocks at 924 ± 6 Ma and 921 ± 15 Ma, respectively. They probably reflect reactivation 

of the shear zone and fluid activity in the upper crust during the Dalane phase. 
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5.5.1. Reconstruction of the pre-Caledonian arrangements 

The emerging specific temporal relationships between different allochthons and 

between these and the subdivisions of the autochthonous basement can be used to 

reconstruct the pre-Caledonian architecture and structures in the western domains of the 

Sveconorwegian orogen. An illustration of the main autochthonous terranes is shown in Fig. 7. 

The inferred, pre-Caledonian and pre-Sveconorwegian thrusting location of the Kvitenut and 

Dyrskard nappes is based upon age correlation. Our data would place Kvitenut rocks to the 

west of the Western Gneiss Region and the Dyrskard Nappe further south at the western 

continuation of Telemarkia (Fig. 7B). The thrusting occurred at 999 ± 5 Ma, with the thrust zone 

between the Kvitenut and Dyrskard nappes representing the boundary between the Gothian 

terrane and Telemarkia (Fig. 7B). The 999 Ma Stavsnuten granite in the Kvitenut Nappe 

contains 1500 Ma inherited zircons. That could indicate that the granitic melt was generated in, 

or traveled through, a 1500 Ma terrane. Taking into consideration the previously mentioned 

discrepancies between the Kvitenut rocks and other 1600 Ma terranes, one could speculate 

that the Kvitenut Nappe was no longer part of the Gothian terrane at 999 Ma, but already in 

transit over 1500 Ma Telemarkian rocks. During the subsequent Caledonian orogeny both 

nappes were transported as one block. The main direction of thrusting for Caledonian nappes 

on Baltica is from NW to SE (Fig. 7B).  

Other terrane boundaries, like the above mentioned Åmot- Vardefjell shear zone, or 

the Mylonite zone between the Eastern Segment and the Idefjorden terrane are usually wide 

shear zones with thicknesses in a km range, and also usually not subhorizontal but steeply 

dipping (Bingen and Solli, 2009; Bingen et al., 2001; Stephens et al., 1996). The narrow and 

subhorizontal shear zone between the Kvitenut and the Dyrskard nappes does not resemble 

those, perhaps because it is just a small part of an originally bigger system, and resembles 

normal thrust stacks rather than crustal ramps.  

6. Conclusions 

The data are inferred to indicate different provenances of the Dyrskard and Kvitenut 

nappes, which subsequently underwent a common Sveconorwegian evolution including early 

magmatic activity (999 – 985 Ma), metamorphism and thrusting, corresponding to the final 
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stages of the main Agder phase of the Sveconorwegian orogeny. Late metamorphic titanite 

growth at 924 Ma during the extensional Dalane phase, presumably reflects reactivation of 

structures and fluid activity related to magmatism and metamorphism at depth. Whereas the > 

1600 Ma protolith age and the remnants of Sveconorwegian granulite facies metamorphism 

suggests a correlation of the Kvitenut Nappe with what we define as the Gothian terrane, the 

1508 Ma volcanic sequence in the Dyrskard Nappe has a clear affinity with the Telemarkia 

terrane. Various lines of evidence lead to the suggestion that overthrusting of the Kvitenut 

Nappe on top of the Dyrskard Nappe occurred at around 1000 Ma. The distinction between 

these two nappes suggests that the thrust corresponds to the original boundary between the 

Western Gneiss Region and Telemarkia, a boundary which is otherwise hidden below the 

allochthons of the Faltungsgraben and is not exposed in western parts of the Sveconorwegian 

orogen. The 1500 Ma inherited zircons in the Stavsnuten granite of the Kvitenut Nappe 

suggests that the granite was generated in a Telemarkia terrane during convergence. The 

thrust zone between the Kvitenut and the Dyrskard nappes was not significantly reactivated 

during Caledonian emplacement of the Hardanger-Ryfylke Nappe Complex and thus the nappes 

were transported as one block. 
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Fig. 1. Tectonostratigraphy of the SW Norwegian Caledonides (after Gee et al., 1985). 

The study area lies in the Hardanger-Ryfylke Nappe Complex. 
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Paper #2, Figure 2 
 
 
 
 
 

 
 

Fig. 2. Geological map of the study area, north of Haukelisæter-Røldal-Seljestad 
(modified after http://geo.ngu.no/kart/berggrunn/). The distribution of the different nappe 
sheets is shown with color coding, tectonic relations are given within the legend. Sample 
localities in the Dyrskard Nappe are marked with D, in the Kvitenut Nappe with K. The framed 
area around Stavsnuten, containing all Kvitenut sample localities, is enlarged and shown in 
more detail in Fig. 3. 
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Paper #2, Figure 3 
 
 
 
 

 
 
 

 
Fig. 3. Geological map of the Stavsnuten area (after Gabrielsen, 1976). Kvitenut rocks 

overly the Dyrskard nappe. Sample localities (same as in Fig. 2) are marked and given with 
corresponding ages in Ma. Lakes are given with altitude. 
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Paper #2, Figure 4 
 
 
 

 
 
 
Fig. 4. Samples in the field and in thin section. (A) Metarhyolite outcrop in the Dyrskard 

Nappe, cut by folded pegmatite (sample D2). (B) Metarhyolite (D1) in thin section. Corroded 
feldspar phenocrysts occur in a fine grained, quartz rich matrix. (C) Augen gneiss - 
blastomylonite at the base of Kvitenut (sample K4). Mainly biotite with additional epidote form 
layers wrapping around feldspar porphyroclasts. (D) Detail of the same sample: large titanite 
co-genetic with epidote, zoisite and biotite, together delineating the augen-structure. (E) CL-
image of a large titanite in the foliation from (D). Only slight re-crystallization is observed at the 
tips of the grain. 
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Paper #2, Figure 5 
 
 
 
 
 
 

 
 
 
 
Fig. 5. Analytical data for Dyrskard rocks. Sample names are the same as in Fig. 2, the 

numbering of the data points is congruent with Table 1. Uncertainty ellipses represent 2σ. 
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Paper #2, Figure 6 
 

 
 
Fig. 6. Analytical data for Kvitenut rocks. The sample names are as in Figs. 2 and 3, the 

numbering of the data points is congruent with Table 1. Uncertainty ellipses represent 2σ. 
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Paper #2, Figure 7 
 

 
 
Fig. 7. (A) Basement terranes in SW-Norway. The terranes are given with a summary of 

ages, adapted from Bingen et al. (2005). (B) The assumed provenance of the Kvitenut and 
Dyrskard nappes, shown as ellipses in the western continuation of Baltica. The thrusting of the 
Kvitenut Nappe onto the Dyrskard Nappe occurred at ca 1000 Ma, and we infer that the thrust 
zone represents the border between the Gothian terrane and Telemarkia. The NW-SE transport 
of the coupled nappe stack during the Caledonian event is shown in the lower sketch. (C) A 
comparison of intrusive and metamorphic ages, from crustal formation to the Sveconorwegian 
event, for the basement terranes in SW Norway, and for the Kvitenut and Dyrskard nappes. The 
color coding follows (A). 
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