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Preface
The following PhD project entitled ‘Onshore-offshore relationships along the Norwegian margin’
was initiated in February 2008 and has been carried out at the Department of Earth Sciences (now:
Department of Geoscience), Aarhus University under the supervision of Dr Søren Bom Nielsen (AU) and
Dr Ole Rønø Clausen (AU). A progress report, evaluating the first half of the PhD study, was submitted in
June 2009 and the PhD thesis was handed in for evaluation on December 21st, 2011.
The project was funded by Aarhus Graduate School of Science (AGSoS) and Dong E&P Norge, who
has also provided the data for the project. The bulk of this project has been completed at the
Department of Earth Sciences, Aarhus University. Part of the project has been carried out during a five
months stay at the Dong E&P Norge in Stavanger, Norway.
The project has been planned within the framework of a larger assignment in which the role of
Isostacy, Climate and Erosion (ICE) was to be investigated on the North Atlantic margins. The main
purpose of this PhD work was to relate the Cenozoic sediment output from the area of Scandinavia to the
tectonic episodes and climate variations. Primarily, only an overview of Cenozoic sediment output was to
be made, but it became a more extensive part of the thesis, where mapping of the depositional seismic
units, development of seismic velocity maps and decompaction modeling has been performed. The
calculated matrix values constrained the amount of eroded rock mass onshore Scandinavia during the
Cenozoic and have been used in subsequent landscape modeling.
Another part of the project was investigating the intriguing ‘mid-Miocene unconformity’, which is
one of the most commonly-mentioned surfaces in the North Sea and on the Atlantic margin, but has
been intensely discussed in terms of causing factors and age estimates. Part of this project was focused
on investigating a buzzing question: ‘Is the mid-Miocene unconformity a genuine chronostratigraphic
surface…?’
Apart from the large-scale overview investigations, a more focused case study has been
performed on 3D seismic data from the Danish North Sea. The high-resolution seismic data has been
correlated with well log data and micropaleontological studies from Nini-1 well and revealed a close
correlation between the seismic architecture and climate cooling episodes.
The thesis consists of a summary chapter and four papers, which constitute the main scientific
contribution of this thesis.

Bartosz Gołędowski
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SUMMARY

Abstract
The general scope of this PhD study was to investigate the Cenozoic geological evolution of the
Scandinavian realm in an integrated manner, rather than focusing only on a fraction of the source‐to‐sink
system. Firstly, a broad study of offshore deposits was made, based mainly on a wide seismic data set
(Paper 1) and the interpreted horizons have been correlated with age estimates from numerous
exploration wells. From this, an overview of Cenozoic sediment production from Scandinavia emerged
forming the basis for a discussion on the factors controlling the erosion and deposition. As climate and
tectonism activity control erosion, studies of paleoclimate proxies and Cenozoic tectonic evolution were
integrated to investigate their correlation with the observed sediment output. In the study it is shown
that most of these depositional units correlate well with episodes of colder icehouse climate and
increased seasonality, which could raise the erosion rates onshore Scandinavia.
The climate‐deposition link has also been investigated in a smaller‐scale case study (Paper 3),
where interpretation of 3D seismics from the Eastern North Sea has been correlated with well log data
and micropaleontological observations. It has revealed a close relationship between a coastline‐
outbuilding event documented by steeply prograding clinoforms (seismics), coarsening‐upwards
sequences (well logs) and occurrence of the cold‐water dinocyst Svalbardella (micropaleontology). This
provides further evidence for a strong impact of climate and climate‐induced eustatic sea‐level changes
on the architecture of sedimentary units sourced from Scandinavia and deposited in the North Sea Basin.
It was furthermore postulated that no tectonic rejuvenation of Scandinavian topography is
required to explain the Cenozoic offshore evolution when accounting for climate‐related changes in
erosion. To investigate this hypothesis further, the surface known as the ‘mid‐Miocene unconformity’
(MMU) was examined (Paper 4). This term is used on the eastern Atlantic margin and in the North Sea
Basin, but also in other distant geological locations. The origin of this surface is still discussed, as the
appearance and its definition differs in the study area. In the North Sea basin it is defined as a seismic
surface corresponding to a significant gamma peak on well log data, but on the eastern Atlantic margin it
is related to compressional deformation. Furthermore, the age determination of this surface varies from
one location to another. Paper 4 investigates whether the MMU is in fact a chronostratigraphic event of
uniform origin or maybe just an overused cliché.
The onshore part of the Cenozoic Scandinavian source‐to‐sink system has been approached by
quantitative landscape modeling (Paper 2). Recent literature suggested that the landscape could evolve
from fluvial to glacial during the Cenozoic icehouse climates. The modeling presented was constrained by
the amount of rock mass eroded and deposited as clastic sediments in the offshore basins. The change in
elevation between the paleo and present landscape is relatively small, which results from flexural
isostatic effects. The reconstructed landscape is not unique, but shows typical patterns of a fluvial
landscape which existed at the end of Cretaceous times.
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Dansk sammendrag
Det generelle formål med dette ph.d.‐studie var at undersøge den Kænozoiske geologiske
udvikling af det Skandinaviske område på en integreret måde for at forstå interaktioner gældende i hele
source‐to‐sink systemet. Først blev der foretaget en bred undersøgelse af sedimenterne offshore,
baseret primært på et bredt seismisk data sæt (Artikel 1). De fortolkede horisonter blev korreleret med
aldersskøn fra mange efterforskningsboringer. En oversigtover den Kænozoiske sedimentproduktion fra
Skandinavien opstod fra denne analyse, og oversigten dannede grundlaget for diskussionen om de
faktorer, der kontrollerer erosion og aflejring. Som klima‐ og tektonik‐ aktivitetskontrolleret erosion, var
studier af palæoklima proxier og Kænozoisk tektonisk udvikling blevet integreret for at undersøge deres
sammenhæng med den observerede sedimentproduktion. I undersøgelsen er det vist, at de fleste af
disse depositionale enheder korrelerer godt med episoder af koldere icehouse klima og øget
sæsonudsving, hvilket vil kunne øge land‐erosionsrater i Skandinavien.
Linket mellem klima og depositioner også blevet undersøgt i et mindre skala case‐study (Artikel
3), hvor fortolkning af 3D‐seismik fra den østlige del af Nordsøen er blevet korreleret med log‐data fra
Nini‐1 boringen og mikropalæontologiske observationer. Studiet har afsløret en tæt sammenhæng
mellem en kyst‐prograderings episode dokumenteret ved kraftigt prograderende klinoformer (seismik),
opadgrovende sekvenser (boring og log) og forekomst af koldt‐vands dinocysten Svalbardella
(mikropalæontologi). Dette giver yderligere et bevis for en stærk effekt af klima og klima‐inducerede
eustatiske havniveauændringer på arkitekturen af sedimentære enheder der stammer fra Skandinavien
og blev deponeret i Nordsø Bassinet.
Det blev endvidere hævdet, at der ikke kræves nogen tektonisk foryngelse af Skandinavisk
topografi for at forklare den Kænozoiske udvikling offshore, når der blev taget højde for klimarelaterede
ændringer i erosion. For at undersøge denne hypotese yderligere, blev overfladen kendt som den 'midt‐
miocæne inkonformitet' (MMU) undersøgt. Dette udtryk (MMU) bruges på margen af det østlige
Atlanterhav og i Nordsø Bassinet, men også på andre fjerntliggende geologiske steder. Oprindelsen af
denne overflade bliver stadig diskuteret, da udseende og dens definition varierer i
undersøgelsesområdet. I Nordsø Bassineter MMU defineret som en seismisk overflade svarende til et
betydeligt gamma peak på log data, men på margen af det østlige Atlanterhav er MMU r relateret til
kompressionel deformation. Desuden er aldersbestemmelse af denne overflade meget varierende fra
sted til sted. Artikel 4 undersøger, om MMU i virkeligheden er en kronostratigrafisk event af ensartet
oprindelse eller måske bare en kliché, som er blevet brugt for meget.
Onshore delen af det Kænozoiske Skandinaviske source‐to‐sink system er blevet undersøgt ved
en kvantitativ landskabsmodellering (Artikel 2). Nyere litteratur foreslår, at landskab kan udvikle sig fra
at være flod‐ til glacial‐domineret i løbet af de Kænozoiske icehouse klimaer. De fremlagte modeller er
begrænset af mængden af bjergartmasse eroderet og aflejret som sedimenter i offshore‐bassinerne.
Ændringen i højden mellem palæolandskabet og det nuværende landskab er relativt lille, hvilket skyldes
bøjnings‐isostatiske effekter. Det rekonstruerede landskab er ikke unikt, men viser typiske mønstre fra et
fluvialt landskab, som eksisterede i slutningen af Kridt‐tids æraen.
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1. Introduction
The geological evolution of Scandinavia and surrounding sedimentary basins has been a subject
of interest for generations of geologists and geophysicists as the landscape shows some unique features
and the offshore area is the largest oil field of Western and Northern Europe. Still, some of the important
questions regarding this source‐to‐sink system remain unresolved, including the evolution of topography,
factors controlling erosion inland and deposition in the basins.
During the last 65 million years (Cenozoic) the Northern part of Europe has experienced a
number of geological events which has greatly influenced the present‐day architecture of the continent.
The extensive Mesozoic rifting processes led to separation of the continent and creation of the North
Atlantic Ocean at around 53‐56 Ma (Tegner et al., 1998b; Skogseid et al., 2000). Traces of igneous activity
related to this continental break‐up are well observed in the British Isles, on the Norwegian shelf and in
Eastern Greenland (Thompson, 1982; Tegner et al., 1998b; Planke et al., 2000). The main mechanism
creating the Cenozoic accommodation space in the North Sea and on the Norwegian shelf was related to
the break‐up, i.e. the thermal subsidence following the rifting (McKenzie, 1978). Furthermore, the basins
subsided due to the load created by the deposited sediments (Ziegler, 1990a) (Papers 1 and 2).
Another factor which had a significant influence on the geological evolution was the changing
climate (Papers 1 and 3). The Cenozoic climate record has been well documented both worldwide
(Zachos et al., 2001; Miller et al., 2005) and on the European continent (Mosbrugger et al., 2005). All
studies point to a significant environmental change at the Eocene – Oligocene transition, known also as
the greenhouse‐icehouse climate boundary (ca. 34 Ma). During that time the annual temperatures
dropped by few degrees and the seasonality increased in central Europe (Mosbrugger et al., 2005). The
following Miocene epoch included both warmer and colder periods, but since the Mid‐Miocene Climatic
Optimum (MMCO, at ca. 15 Ma) the climate has cooled with only minor and short warming episodes
(Papers 1 and 4). This eventually resulted in shelfwide glaciations in the Northern Hemisphere at ca. 2.8
Ma and installation of an ice sheet centered in Scandinavia (Henrich & Baumann, 1994). During the
Quaternary deep fjords have been incised along the Norwegian coast and large volumes of glacigenic
sediments were deposited in the basins. This glacial imprint on the landscape evolution and depositional
history in the basins is obvious and unprecedented in the region. It furthermore documents a very strong
coupling between climate and erosion.
The debate on a world‐scale climate‐erosion link is ongoing, but the conclusions are commonly
contradictory (Molnar, 2004; Willenbring & Von Blanckenburg, 2010)(Papers 1 and 3). However, it is well
established that glacial erosion is an effective denudation agent and most probably constitutes a primary
control on the hypsometry distribution in glaciated mountain ranges (Egholm et al., 2009; Pedersen et
al., 2010). In the case of Scandinavia there exists a controversy as to whether the variable Cenozoic
sediment input was climate‐ or tectonically‐driven (see Nielsen et al., 2009a and comments of Lidmar‐
Bergström & Bonow, 2009 and Chalmers et al., 2010 and replies of Nielsen et al., 2009b and Nielsen et
al., 2010, respecively)(Paper 1). Over the last decade the importance of climatic influence on
Scandinavian evolution has been discussed in numerous publications. Still, most of the geological
community accepts that there was a tectonic component controlling the evolution of the onshore and
offshore area around Scandinavia (Papers 1 and 2), although no large‐scale tectonic deformation in the
North Sea basin has been confirmed in post‐Paleocene times (Paper 4).
3

The evidence for Cenozoic sedimentation in the offshore basins is extensive, but commonly is
limited to sub‐areas of the North Sea or continental margin. Studies from different sectors of the North
Sea and from the Norwegian shelf resulted in numerous subdivisions of the Cenozoic sedimentary
succession, but due to the use of different datasets and background information (i.e. seismic surveys,
well data, chrono‐ and lithostratigraphic frameworks), the correlation between units is not always
obvious.
All the issues mentioned have stimulated this study and following questions were approached and
were driving the writing process of the papers included in this thesis:





What is the architecture of the Cenozoic sediment deposition in the North Sea and on the
Norwegian shelf? Are the accumulation rates in all areas similar? (Paper 1)
What has controlled the Cenozoic erosion rates in Scandinavia and strata architecture of the
offshore basins? Was it an interplay of tectonism and climate or maybe there was one
dominating factor? Can it be resolved from offshore studies? (Papers 1, 3 and 4)
How did Scandinavian landscape evolve? Could it follow a ‘classical’ Davisian landscape evolution
model or is there another plausible landscape evolution path? (Paper 2)
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2. Geological setting
2.1 The North Sea Basin
The North Sea Basin is an epicontinental rift basin. It has been a sink for sediments sourced from
the surrounding areas – mainly the British Isles (including the Shetland Islands), the area of Scandinavia
and also Central and Northern Europe. The onset of basin formation can be traced back to the Devonian
times when the proto‐Viking Graben developed as a pull‐apart basin (Coward et al., 2003), accumulating
Old Red continental sediments. During the Carboniferous and Early Permian, the sedimentation in the
North Sea was more diverse, alternating between continental and marine deposition (Bruce &
Stemmerik, 2003; Glennie et al., 2003). During the Late Permian melting of the Gondwana’s ice caps
resulted in a significant eustatic sea‐level rise and the extensive Zechstein Sea was established. In the
North Sea region this sea was divided into the Southern and Northern Permian Basins, separated by the
Ringkøbing‐Fyn High and the Mid North Sea High (Glennie et al., 2003). Thick succession of Zechstein
evaporites has accumulated in these basins (Glennie et al., 2003; Peryt et al., 2010) and had a
pronounced influence on later structural evolution of the basin due to salt diapirism and withdrawal,
which created structural highs and minibasins respectively (Stewart, 2007). Main phases of the basin
formation took place in Mesozoic times and the major North Sea depocentres were localized within
graben and half‐graben structures (Ziegler, 1990b). The major extension phase in the Central and Viking
Grabens (Fig. 1a) took place in Triassic times (Ziegler, 1990a; Coward et al., 2003) and followed in the
Mesozoic. In the Early Cretaceous, marine sedimentation dominated the North Sea Basin and culminated

Figure 1 (a) Geological setting. BFZ – Bivorst Fault Zone; HHA – Helland-Hansen Arch; JMFZ – Jan
Mayen Fault Zone; RFH – Ringkøbing Fyn High; STZ – Sorgenfrei Tornquist Zone. The red line
marks the sector boundaries. (b) total Cenozoic thickness in TWT (two-way-time) (b). Locations of
seismic sections from Figure 2 are marked.
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during the Late Cretaceous in sedimentation of the Chalk Group (Surlyk et al., 2003). North of the 60 ˚N
parallel sediments of the siliciclastic Shetland Group were deposited. Chalk deposition terminated in
Danian and thereafter clastic deposition prevailed in the North Sea Basin (Ahmadi et al., 2003). The
greatest thicknesses of clastic Cenozoic deposits are encountered in the vicinity of the Central Graben
and further north in the Viking Graben (Fig. 1b). Throughout the Cenozoic, the depositional patterns and
sediment input directions were shifting (Jordt et al., 1995; Huuse et al., 2001; Gołędowski et al., 2011),
continuously filling the accommodation space created by thermal subsidence resulting from earlier rifting
episodes (Fig. 2a, 2b, 2c).

2.2 The Norwegian shelf
The Norwegian shelf is a part of the eastern margin of the North Atlantic (Fig. 1, 2d, 2e). Like the
North Sea, it has experienced several rifting stages (Blystad et al., 1995; Brekke, 2000; Stemmerik, 2000).
The basin known as the proto‐North Atlantic started to develop in response to extension, coevally with
the gravitational collapse of the Caledonian orogeny in latest Devonian times (Stemmerik, 2000; Coward
et al., 2003; Roberts, 2003). The rifting processes continued in the Late Paleozoic, but the major basin‐
formation phases took place from mid‐Jurassic to Early Paleocene times (Brekke, 2000). The rift basins
have been filled with clastic sediments, sourced from the elevated areas at the basin flanks, that is from
the Norwegian and Greenlandic Caledonides. The Cretaceous basins carry several kilometers of
siliciclastic sediments in the Vøring and Møre Basins (Brekke, 2000). Unlike the failed‐rift‐type North Sea
Basin, the extension on the Norwegian shelf led to the separation of the continent and onset of the
oceanic spreading in the North Atlantic during Early Eocene times (Skogseid et al., 2000). The Vøring and
Møre Basins are flanked the west they by Vøring and Møre volcanic highs which developed during the
ocean opening (Henriksen et al., 2005). They are also separated from one another by the Jan Mayen
Lineament, which during the Cenozoic acted as a buffer zone between these two areas in the
compressional stress regime originating from the ridge push. The Vøring Basin has been affected by
Cenozoic compressional deformation, which resulted in development of folds and domes (Fig. 2d),
similarly to other parts of the continental margin, e.g. in the Faroe‐Rockall Plateau (Boldreel & Andersen,
1993; Doré et al., 2008). The Møre Basin, however, remained unharmed by these compressional
episodes and experienced intense ‘passive’ subsidence (Brekke, 2000)(Fig. 2e).

2.3 Scandinavia
The Scandinavian peninsula has been affected by numerous orogenies resulting in crustal thickening
since the Gothian orogeny at 1.75 – 1.55 Ga (Bogdanova et al., 2008). The last episode of accretion of
new crust took place during the Caledonian orogeny, which was comprised of several events and
eventually the collision between Baltica and Laurentia at ca. 440‐410 Ma (Roberts, 2003). The Scandies
experienced the orogenic collapse and later rifting of the orogen, which most probably created two
asymmetric flanks with steeper sides at the rifted margins. This asymmetry is observed today, but it
cannot be confirmed whether the present topography is actually a remnant of the past or if it was
shaped later. Relatively little is known about the post‐orogenic history of Scandinavia as no preserved
Mesozoic or Cenozoic sediments (apart from Quaternary age) have been found in the mainland. The
exhumation of the landmass has been so far constrained by apatite fission tracks studies (Hendriks et al.,
2007; Nielsen et al., 2009a), but the limited resolution of this method does not allow for inference any
fine details of landscape evolution.
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Figure 2 Regional seismic lines from the North Sea and the Norwegian shelf. The position is marked on Figure
1b. The vertical scale is given in seconds TWT and the offset is given in meters. The profiles have uniform
horizontal and vertical scales and are exaggerated ca. 55 times, assuming a constant velocity of 2000 m/s.. The
yellow horizon is the Base Cenozoic surface (in the North Sea it is excluding the Danian – see Paper 1), the
orange horizon is the ‘mid-Miocene unconformity’ and its correlative surfaces, blue is the seabed.
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3. Cenozoic sediment flux from Scandinavia (Paper 1)
3.1 Present study in the context of existing publications
The part of the thesis dealing with the Cenozoic sedimentary succession of the North Sea and the
Norwegian shelf (Paper 1) has included a study of previous literature comprising numerous journal
publications and several PhD theses. Generally, the previous literature focused on relatively limited study
areas and the geological correlation was based on existing studies. These references can be found in
Paper 1. The work presented in the thesis is an attempt to provide a broad overview of the Cenozoic
basin evolution of the offshore areas around Scandinavia. The work allows a quantification of sediment
volume and matrix mass of five Cenozoic units and furthermore performs a mass balance calculation
between onshore Scandinavia and the surrounding basins.

3.2 Data handling and interpretation
Seismic data
The major task of this PhD study was to perform seismic interpretation on a large dataset
covering three basin sub‐areas delimited by petroleum exploration sectors – the Dutch and the Danish
sectors, the Norwegian sector of the North Sea and the Norwegian sector of the Norwegian shelf (Fig. 1).
The boundary between the North Sea and the Norwegian shelf was set at the 62 ˚N parallel. The seismic
data used in this study comprise 2D cross‐sections available in public domain as their confidentiality had
expired. They have been provided as so‐called master projects in The Kingdom Suite® data format. The
data covering the Norwegian sectors (two projects) were provided by Dong E&P Norge. The data
covering Dutch and Danish sectors were provided by Aarhus University (one project). Such organization
of the data had following implications:




Seismic interpretation had to be carried out in separate projects as they could not be merged
Seismic lines used for correlation between the projects had to be exported manually and only
‘one‐by‐one’ (no bulk export feature)
The coordinate system was not uniform in all projects

Most of the data in the North Sea is typically saved in the UTM 31 (WGS84) coordinate system.
Therefore, data exchange between the projects in this area is relatively straight forward and does not
require any further data handling. However, datasets from the Norwegian shelf are saved in the UTM 32
(WGS84) coordinate system. Therefore, any data exchanged between two projects with different
coordinate systems (e.g. horizons, grids, seismic lines, wells) had to be converted to the other coordinate
system before being imported. With respect to exchange of 2D seismic lines, the coordinates from the
exported SEG‐Y files needed to be extracted, converted and placed back in the SEG‐Y file before
importing into the Kingdom Suite® project. This procedure has been carried out in a custom program
developed by Egon Nørmark, Aarhus University (coordinate extraction) and in Mapinfo® software
(coordinate conversion). As this procedure is time‐consuming only a few seismic lines were exchanged
between the projects in UTM 32 and UTM 31 coordinate systems. Final grid isopach maps from the UTM
32 project have been converted and re‐interpolated in the Mapinfo® software and imported to one of
the UTM 31 projects.
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Well data
The well data from the Norwegian sectors was provided by Dong E&P Norge and further
information regarding these boreholes was acquired from the Norwegian Petroleum Directorate website
(www.npd.no). The well data from the Danish sector was provided by Aarhus University, while the well
data from the Dutch sector was available at the NL Oil and Gas Portal (www.nlog.nl). The wells from the
Norwegian sectors were either a part of the seismic master projects or imported from a well master
project, also provided by Dong E&P Norge. Most of the TWT (two‐way‐time)‐depth correction charts
were manually extracted from ASCII files and imported into The Kingdom Suite® software. As the
Cenozoic succession is rarely the interval of petroleum interest in the study area, the shallow TWT‐depth
data was commonly of poor resolution. Frequently, the correction charts were lacking the sea bottom
data point. In such cases, a data point was added manually by inserting the water depth in meters
(known from the NPD data sheets) and paired with the observed TWT value at the sea bottom reflector.
For some wells TWT‐depth data was not available due to confidentiality. In case they were crucial for the
workflow e.g. distant wells in the outer Norwegian shelf, which were the only velocity data points, the
tentative TWT‐depth correction charts have been made manually by using the known TWT and depth
position of the sea bottom and some distinct surfaces (e.g. Base Cenozoic or Base Naust surface).
Interpretation and further data handling
The seismic data has been interpreted according to the well‐known concept of sequence
stratigraphy (e.g. Vail, 1987; Catuneanu et al., 2009). Angular unconformities and distinct reflectors have
been picked and followed as horizons on seismic sections. The age of the seismic surfaces was generally
obtained from wells. Where available, the age of the surfaces has been acquired from detailed
stratigraphy studies (Michelsen et al., 1998; Rundberg & Eidvin, 2005; Kuhlmann et al., 2006; Eidvin et
al., 2007; Eidvin & Rundberg, 2007). Otherwise, the stratigraphic position has been acquired from the
NPD database or from the NL Oil and Gas Portal.
The interpreted seismic lines are shown in the supplementary material of Paper 1. Mapped
horizons have been subsequently gridded in The Kingdom Suite® by the Flex Gridding method and a 1000
m cell size. Isochron maps have been created by subtracting such structure grids as calculations on
horizon data were not possible due to computational limitations.
The development of isopach maps required velocity data. For such a large study area lateral
lithological variations can cause significant changes of velocity, and therefore use of simple depth‐
velocity relationships (e.g. Storvoll et al., 2005) was not sufficient and velocity maps had to be made. This
part of the workflow is described in detail in the Data and Methods chapter of Paper 1. The resulting
velocity maps for every of the five mapped units and a velocity map for the whole Cenozoic section are
shown in Figure 3 of this summary. Having the velocity and isochron maps, three sets of the five isopach
maps (grids) have been created in three separate projects. Eventually, the maps have been imported into
one project and merged. The edge effects between the merged grids were minor and were smoothed by
the Direct Edit tool. Isopach grids were imported into Matlab® software, where the decompaction, matrix
and accumulation rates calculations have been performed. This is further described in the Data and
Methods chapter of Paper 1.
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3.3 Results and implications
Upon decompaction of the isopach maps, matrix values for the five Cenozoic units were
available. Although precise deciphering of the Cenozoic sediment routing system of Scandinavia is not
possible (as further described in the Discussion chapter of Paper 1), the results of this part of the PhD
project opened a possibility for calculation of the mass transfer from inland to the offshore basins. The
calculated values for the entire Cenozoic matrix from the offshore study area were used in Paper 2 for
constraining the landscape reconstruction model. However, as the matrix values exist for more precise
time intervals than merely the entire Cenozoic, future models can be more specific on timing of the
predicted sediment output and provide constrains on such output from glacial or fluvial landscape
evolution models of the Scandinavian landscape.

Figure 3: Velocity maps used for the
development of isopach thickness maps. a)
Paleocene unit; b) Eocene unit; c)
Oligocene to mid-Miocene unit; d) midMiocene to early Late Pliocene unit; e) Late
Pliocene-recent unit; f) whole Cenozoic
section

10

Furthermore, the accumulation rates calculated here have shown that the global trend of
increased sediment input to basins over the last ca. 4 Ma is also very pronounced offshore Scandinavia in
every part of the study area (Fig. 4). This is in agreement with the hypothesis of first‐order climate
control on erosion and deposition rates during the Neogene (Hay et al., 1988; England & Molnar, 1990;
Molnar, 2004), and provides a strong argument in favor of the ICE hypothesis (Nielsen et al., 2009a) for
such climatic control on erosion rates in Scandinavia.
Figure 4 Decompacted accumulation rates from the
study area and from Hay et al. (1988) (grey columns)
scaled (normalized) with regard to the maximum
accumulation rates observed. In all cases the
maximum accumulation rates are noted for the last 4
Myr. The remaining accumulation rate values should
not be compared directly between the study of Hay
et al. (1988) and this study as the bins are much less
precise.

4. Cenozoic evolution of Scandinavian landscape (Paper 2)
4.1 Scandinavia as a recently rejuvenated topography – true or false?
More than a century ago the evolution of the Scandinavian landscape, characterized by deeply
incised fjords and flattish tops, became a focus of study for geoscientists (Reusch, 1901). Since then, the
peculiar appearance of the topography, particularly in Norway, has been understood in terms of the
Davisian model (Davis, 1899) in which flattish denudated surfaces (i.e. peneplains) are uplifted from close
to sea level to higher elevation. Researchers started to investigate which mechanism could cause a
permanent uplift of peneplains in Scandinavia, without involving orogenic movements and crustal
shortening. Since similar landscapes are also found in Greenland many of these models involved
mechanisms acting on a large scale (Rohrman & Van Der Beek, 1996; Christiansson et al., 2000; Japsen &
Chalmers, 2000; Nielsen et al., 2002). However, it has been shown that the high topography at the North
Atlantic margin, characterized by flattish areas at high elevation, can be either a remnant of an old
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orogen (Nielsen et al., 2009a) or be a result of isostasy‐driven uplift of landmass, resulting from extensive
Quaternary erosion (Medvedev et al., 2008). Therefore, there exists a substantial controversy over the
recent evolution of high topography along the North Atlantic margin, particularly in Scandinavia.

4.2 Landscape modeling presumptions
The regional seismic sections from the Norwegian shelf (Fig. 2) show a significant amount of
Cenozoic matrix material that originated from Scandinavia, particularly since the onset of glaciations at c.
2.8 Ma. By restoring this material onto the mainland, a mass balance is performed, but the pre‐Cenozoic
landscape should show typical fluvial features without traces of glacial erosion, contrarily to how it
appears today. The Phanerozoic climate record (Royer et al., 2004; Miller et al., 2005) and the
geographical position of Scandinavia (Torsvik & Cocks, 2005) indicate that Scandinavia did not experience
long periods of low temperatures between Permian and Oligocene times. The transition from the fluvial
to the glacial landscape probably started at the onset of the icehouse climate at ca. 34 Ma, when lower
temperatures and higher seasonality had been established (Zachos et al., 2001; Mosbrugger et al., 2005).
Alpine‐type glacial erosion and periglacial processes would then be able to persist in the Scandinavian
mountains due to higher topography of the orogen (Nielsen et al., 2009a; Gołędowski et al., 2011). Such
early existence of glaciers in Scandinavia is only a hypothesis, but when considering the paleo‐climatic
record and the paleo‐topography, it seems that such assumption is plausible (Papers 1 and 2).
The restoration pattern of the eroded material should reflect the spatial variability of the erosion
rates. Though little is known about such erosion distribution at the onset of Cenozoic and later (e.g. at
the onset of the icehouse climates), it is usually the sea‐ward side of an orogen which is eroded more
intensely, due to higher precipitation. Such precipitation gradient is observed in the present day in the
Scandinavian mountains and has been inferred in Paper 2 to resemble the erosion gradient over the
Cenozoic period. Therefore, the restoration in the model resembles the present‐day precipitation (see
supplementary information for Paper 2). During the landscape reconstruction and mass transfer, the
present‐day surface is buried beneath the added material and, due to the geothermal gradient, the
temperature at this surface increases. Contrarily, isostatic uplift occurs in the basins due to unloading
and results in a decrease of the present‐day landward tilting of the pre‐Cenozoic offshore strata,
observed on seismic sections (Fig. 2).
The data used for the modeling and methods applied are described in details in the
supplementary information of the Paper 2 and was attempting to answer the following questions:





How high could the Norwegian mountains be if they existed at the end of the Cretaceous?
Can a fluvial landscape be re‐iterated using the amount of rock matrix available in the offshore
basins?
How much does the offshore inclination of the Base Cenozoic surface decrease due to unloading
of the basins and loading of the Scandinavian landscape?
Can the different landscape evolution scenarios (i.e. peneplain uplift vs. fluvial‐glacial transition)
be resolved by thermochronology?
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4.3 Results
Although large amount of material has been restored onto the present‐day landscape, the
modeling has shown that the elevation of the Scandinavian mountains did not increase significantly. This
is due to flexural isostatic response to the added load and reconstruction of the fluvial landscape, with V‐
shaped valleys above sea level and narrow crests along the water divide of the orogen. Furthermore, the
offshore inclination of the Base Cenozoic surface decreases almost twofold due to the isostatic uplift in
the basins. Finally, the increased temperatures predicted at the present‐day buried surface imply that
such landscape evolution can be detected with thermochronological methods. In case of the peneplain
uplift model, there should be very little erosion across these flat surfaces and therefore it is suggested
that the different scenarios (peneplain uplift vs. fluvial‐glacial transition) can be resolved.

5. Climate cooling signal in offshore strata architecture (Paper 3)
5.1 Oligocene sequence of the Danish North Sea – the focus of an ongoing debate
Since first descriptions of the distinct depocentre of Oligocene deposits in the Danish North Sea
Basin were published (Spjeldnæs, 1975; Nielsen et al., 1986), its origins have been discussed. It became
one of the main supporting arguments for the tectonic rejuvenation of the Southern Scandinavian
Mountains at the end of the Eocene (Jordt et al., 1995; Michelsen et al., 1998; Clausen et al., 1999;
Faleide et al., 2002; Japsen et al., 2007; Anell et al., 2010). However, a decade ago Huuse et al. (2001)
suggested a large climatic impact on this sequence. The cooling episodes indicated by δ18O variations
seem to correlate well with lithology changes in the North Sea Basin (Nielsen et al., 2009b) and with
more discrete periods of lower temperature, proven by paleontological studies, are observed at
sequence stratigraphic boundaries (Śliwińska et al., 2010). The latest findings of such climate‐deposition
relationships have been documented in Paper 3 where 3D seismic and well log data from the Danish
sector of the North Sea have been integrated with paleontological studies.

5.2 Results
The observed steeply prograding clinoforms point to a significant coast outbuilding episode. The
70 m interval of occurrence of the cold‐water cyst Svalbardella is confined to this prograding sequence,
which has been interpreted as a forced regressive unit, resulting from a relative sea‐level drop. This
lowering of sea level was most probably eustatic in origin, as climate cooling is constrained by the
occurrence of cold‐water species.
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6. Mid‐Miocene unconformity (MMU) (Paper 4)
6.1 Controversy over the surface
The Mid‐Miocene unconformity is a well‐recognized seismic surface, but its origin is less
constrained as it is assigned either to a tectonic deformation event or a eustatic sea‐level rise. It has
commonly been used as an argument for a Miocene tectonic phase in the whole Scandinavian realm,
although strata deformation is documented only on the Atlantic margin (Boldreel & Andersen, 1993;
Lundin & Dore, 2002). In the southern North Sea intense halokinetic deformation is substantial (Fig. 2a),
though Neogene tectonic phases were also inferred (Rasmussen, 2009; Knox et al., 2010). The post‐mid‐
Miocene shallowing in the northern North Sea is well‐documented and has also been taken as a
signature of tectonic activity. However, it can also be attributed to a significant sea‐level drop postdating
the Mid Miocene Climatic Optimum (MMCO), which could have had several tens of meters amplitude
(Miller et al., 2005). Further confusion in this subject is introduced by different age estimates. As in the
northern North Sea basin where the hiatus associated with this surface ranges up to 15‐20 Myr
(Rundberg & Eidvin, 2005), there is a potential for erroneous correlation between the southern North
Sea and the Norwegian margin.

6.2 Results
This paper shows that although the name of the surface is uniform in the area of the North Sea
basin and the Norwegian shelf, it is necessary to consider the variable local character and different origin
of this surface. Its generation resulted from an interplay of climate, tectonism and environmental
changes and should not be interpreted as an outcome of a single event. The datings of the surface show
inconsistencies, as the age estimates are derived from a very broad area and various datasets. This can
simply be a result of a diachronous stratigraphic event of variable origin.

7. Conclusions and implications
The PhD project resulted in a broad subdivision of the Cenozoic succession in the North Sea and
on the Norwegian shelf. The extensive mapping enabled a comparison of the volumes and the
depositional architecture of the time‐correlative units between these two basin areas and facilitated
calculation of the matrix mass deposited during the Cenozoic. It provides an overview of possible
interactions between climate and depositional rates in the Scandinavian realm and, furthermore,
contradicts the common view of episodic tectonic rejuvenation of the Scandinavian topography. The
accumulation rates vary between the sub‐areas investigated, but show a common increase during the
Quaternary glaciations. The study provides a valuable input to the discussion on the relation of climate
change and erosion rates which is a well‐established link worldwide (e.g. Molnar, 2004), but questioned
in the Scandinavian area. Though the preservation potential of sedimentary sequences decreases with
time, as discussed by Willenbring et al. (2010), the unprecedented architecture and a general increase in
the fraction of deposits of Quaternary age clearly show that the climate was playing the first fiddle in the
Cenozoic evolution of the Scandinavian realm. This climate‐erosion correlation has been further
documented within the Oligocene offshore succession in the Danish North Sea, where a coast‐
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outbuilding sequence was deposited during an episode of colder climate, proven by paleontological
studies. The climate cooling also influenced the grain size of sediments as coarsening‐upwards
parasequences are observed on log data. This proves that a link between erosion, deposition and climate
extends far earlier than only to the last few million years.
The matrix values calculated in the first part of this PhD project were a crucial input parameter
to constrain the model of evolution of the Scandinavian landscape over the Cenozoic era and to calculate
the mass balance between offshore basins and Scandinavian land area. Furthermore, it has been
demonstrated that, if the Scandinavian mountains did exist at the onset of Cenozoic, they were not
substantially higher than today, although the matrix column restored accumulates to ca. 3000 m in
places. This is due to flexural isostatic effects and restoration of the fluvial landscape, where fjords
became valleys above sea level and the flattish plateaus became narrow ridges. The next step in the
quantitative erosion analysis will involve modeling of sediment output from the reconstructed fluvial
landscape, after Alpine‐type glaciers were established, and comparing it with the observed accumulation
rates, acquired during this PhD project. The tentative temperature map of the present‐day buried surface
suggests how to best sample the Scandinavian landscape with thermochronological tools, like the
3
He\4He method. Previously, it has been considered that such sampling needs to be performed in the
vicinity of the fjords. However, the conclusions of Paper 2 show that the these studies should be done
across the flattish landscapes, higher in the mountains, as this is where largest column of material has
been removed.
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ABSTRACT
The significance of variations in the sediment flux from western Scandinavia during the Cenozoic
has been a matter of debate for decades. Here we compile the sediment flux using seismic data, boreholes and results from other publications and discuss the relative importance of causal agents such as
tectonism, climate and climate change. Western Scandinavia, the northern British Isles and the
Faeroe-Shetland Platform were significant sediment sources during the Paleocene, which is well
founded in tectonic causes related to the opening of the North Atlantic. From the Eocene and
onward, variations in the sediment flux from western Scandinavia correlate better with climate and
climate change. During the Eocene, sediment production was low. From the late Eocene onward,
increased seasonality may have contributed to stimulating the sediment flux. Significant climatic
cooling episodes correlate with Oligocene deposits in the North Sea, the post-mid-Miocene Molo
and Kai Formations of the Norwegian Shelf, the southern North Sea delta system and large volumes
of the Late Pliocene-Holocene Naust Formation. The sediment flux from Scandinavia during the
Cenozoic is in general agreement with the detrital flux to the world’s oceans. Furthermore, the large
variations in the size of sediment catchment areas as well as the possibility of submarine and glacial
erosion must be incorporated to understand regional variations in climate driven sediment flux.

INTRODUCTION
The Cenozoic sediment fluxes originating from different
areas of Fennoscandia have varied significantly in time
and space (Nielsen et al., 1986; Jordt et al., 1995; Liu &
Galloway, 1997; Michelsen et al., 1998), reflecting variations in the rate of sediment production and transport.
Here we address the relative importance of tectonism and
climate in controlling these variations. First, we produce
an overview of the sediment fluxes supported by calculated accumulation rates. Secondly, we discuss the possible relationship between flux variations, tectonism and
climate, both of which are known to influence sediment
production (Summerfield, 1991). Finally, we argue that
the Cenozoic sediment production of Scandinavia conforms with the global terrigenous sediment output and
therefore appears to be climatically controlled. The study
area includes the Cenozoic North Sea basin and the
southern Norwegian Atlantic Margin, an epicontinental
basin and the eastern margin of the evolving North Atlantic Ocean respectively (Fig. 1). Part of this area extends
beyond the area covered by our dataset (Appendices S1
and S2, Supporting Information), but the integration of
extensive existing knowledge of sediment distribution in

Correspondence: Bartosz Gołe˛dowski, Department of Earth Science, Aarhus University, Høegh-Guldbergs Gade 2, DK-8000
Aarhus C, Denmark. E-mail: bartosz.goledowski@geo.au.dk

the North Sea and the Norwegian shelf allows us to complete the compilation.
It is well established that the presence of tectonism in
the form of frequent earthquakes, land sliding and fault
activity stimulates fluvial erosion and is capable of delivering large volumes of sediments to the surrounding basins
(Dadson et al., 2003, 2004). However, the scarcity of
onshore Mesozoic and Cenozoic sedimentary rocks (e.g.
Andøya Jurassic – Lower Cretaceous shales in Lofoten
Archipelago, Norway (Fig. 1a) – Birkelund et al., 1978 –
and in southern Scania, Sweden (Fig. 1a) – Pott &
McLoughlin, 2009) has made it difficult if not impossible
to identify or constrain onshore tectonic activity of Cenozoic age (Gabrielsen et al., 2002). The question therefore
remains if there has been any onshore Cenozoic tectonic
activity of significance.
In the absence of significant tectonism, variations in
sediment flux must be caused by other mechanism than
surface uplift or tectonic phases as discussed e.g. by Nielsen et al. (2009), Chalmers et al. (2010) and Nielsen et al.
(2010) and pointed out in earlier studies (Molnar & England, 1990; Michelsen et al., 1998; Clausen et al., 1999,
2000; Huuse & Clausen, 2001; Overeem et al., 2001). Climate conditions and climate change offer a possible causal
link between erosion rates and sediment flux and appear
to have been underestimated in the case of Scandinavia.
For example, it is commonly accepted that fluvial erosion
rates in warm climates are smaller than erosion rates of
glaciated regions (Elverhøi et al., 1998; Dowdeswell et al.,
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Fig. 1. (a) Present day topography and bathymetry with structure overlay. Compilation after Blystad et al. (1995), Zanella & Coward
(2003) and Ziegler (1990b). BFZ, Bivorst Fault Zone; FH, Frøya High; HG, Hel Graben; HHA, Helland-Hansen Arch; JMFZ, Jan
Mayen Fault Zone; LF, Lofoten Ridge; MTFZ, Møre Trøndelag Fault Zone; ND, Naglfar Dome; NS, Någrind Syncline; HT,
Halten Terrace; OLD, Ormen Lange Dome; RFH, Ringkøbing-Fyn High; STZ, Sorgenfrei Tornquist Zone; UH, Utsira High; VB,
Vestfjorden Basin; VD, Vema Dome; VS, Vigrid Syncline. (b) Thickness map of Cenozoic sediments in milli-seconds two-way-time.
Locations of seismic section from Figs. 4, 5, 7, 8 and 9 are indicated.

2010). Also, it has been shown that given uniform lithology
and precipitation, Alpine-type glacial erosion is much more
efficient than fluvial erosion (Naylor & Gabet, 2007).

TECTONIC EVOLUTION
Well-documented tectonic events and processes of the
study area comprise (1) inland fault activity and basin
subsidence related to Paleozoic and Mesozoic extension
episodes (Ziegler, 1990a; Brekke, 2000), (2) the long-lasting opening of the North Atlantic and structures related
to this (Brekke, 2000; Mosar, 2003), (3) ocean spreading
reorganization in the North Atlantic (Lundin & Dore,
2002), (4) inversion movements on the Norwegian Shelf
(Doré et al., 2008), as well as (5) in the North Sea (Vejbæk
& Andersen, 2002; Nielsen et al., 2005) and in Scania,
southern Sweden (Bergerat et al., 2007). These five tectonic events are summarized below.
(1) Cenozoic subsidence in the North Sea and on the
Norwegian shelf is well explained by Paleozoic and

2

Mesozoic extension and rifting episodes (McKenzie,
1978; Ziegler, 1990a,b; Brekke, 2000). For example,
the slope of the Vøring Basin (Fig. 1a) experienced
mainly fault-related subsidence with abundant large
Middle Jurassic to Late Cretaceous rotated fault
blocks, and the Møre Basin (Fig. 1a) was shaped by
‘passive’ subsidence with very little faulting succeeding the Middle Jurassic – Early Cretaceous rifting
(Blystad et al., 1995). Major Cenozoic depocentres in
the North Sea are localized in the vicinity of relatively
narrow grabens and half-grabens (e.g. Viking Graben
and Central Graben, Fig. 1a), which were episodically active from the Paleozoic to the Early Cretaceous, finally entering the stage of post-rift thermal
subsidence during the Late Cretaceous – Cenozoic
(Ziegler, 1990a; Zanella & Coward, 2003).
(2) Paleocene tectonic activity in the North Atlantic
region prior to North Atlantic opening is documented
by the occurrence of magmatism, e.g. in northwest
Scotland (Ritchie et al., 1999), East and West Greenland (Tegner et al., 1998a) and in the Norwegian shelf
(Skogseid et al., 2000; Planke et al., 2005) and by the
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occurrence of left-lateral movements through the
proto North Atlantic (Nielsen et al., 2007). At the
time of the final break-up around 56–55 Ma, large
volumes of flood basalts were extruded during a period of ca. 3 Myr or shorter (Skogseid et al., 1992;
Tegner et al., 1998b). With the establishment of
spreading ridge topography, the stress regime on the
North Atlantic margin changed from transtensional to
transpressional (Fig. 2).
(3) The pattern of sea-floor spreading isochrons (Scotese
et al., 1988) documents several episodes of plate reorganization in the North Atlantic, which have been
linked to the development of offshore structures on
the Norwegian shelf and an apparent Neogene subsidence (Cloetingh et al., 1990). The causal relationship, however, is unclear as the main phase of
structure development in the Norwegian shelf (e.g.
along the Jan Mayen Lineament) postdates the onset
of plate reorganization by 15–20 Myr. Secondly,
changes in plate motion do not change the main direction of the main source of compression, which is the
ridge push (Doré et al., 2008).
(4) Although the origin of the compressional structures
in the Norwegian shelf is enigmatic, ridge push from
the North Atlantic opening (Zoback et al., 1989) is
believed to be one of the main mechanisms responsible for their development (Blystad et al., 1995; Brekke, 2000; Lundin & Dore, 2002; Grunnaleite et al.,
2009), though the potential energy originating from
the neighbouring topography should not be neglected
(Pascal & Cloetingh, 2009). Doré et al. (2008) suggested that the development of the Icelandic Plateau
controlled the timing of structural development in the
Norwegian shelf. However, the modelled gravitational
potential energy for the area seems to contradict this
view as the stress generated by this process is not larger than the ridge–push forces of the North Atlantic
oceanic ridges (Pascal et al., 2010). Ridge push could

also be responsible for tectonic activity observed on
the Shetland Platform (Rundberg & Eidvin, 2005),
which matches in time with the deformation and
development of compressional structures in the Norwegian shelf (Lundin & Dore, 2002). However, the
relatively slow change of ridge push, which depends
on sea floor and ridge topography, is at variance with
the episodic nature of the offshore deformations. It
requires further explanatory agents such as perhaps
the internal dynamics of the structures, i.e. recurring
stress release after achieving the threshold for deformation of these structures.
(5) Voigt (1963), Ziegler (1990c) and Vejbæk & Andersen (2002) have described inversion movements in
the North Sea area and Central Europe mainly
during the Late Cretaceous and Paleocene. The
controls on the dynamic evolution of these structures and their relationship to in-plane stress and
stress change are relatively well understood, being
supported both by a wealth of large and small scale
observations and physical models (Nielsen & Hansen, 2000; Hansen & Nielsen, 2002; Nielsen et al.,
2005, 2007). The Late Cretaceous phases were
caused by compressional shortening consistent with
the convergence between Europe and Africa (Rosenbaum et al., 2002) and the relatively constant
ridge push force, and produce in places kilometredeep erosion of inversion ridges and simultaneous
formation of asymmetrical marginal troughs. The
mid-Paleocene phase differed in structural style
(Nielsen et al., 2007) and seems to be best
explained by the flexure of a preloaded elastic plate
in response to a sudden relaxation of the in-plane
stress (Nielsen et al., 2005, 2007). Given the stresses available and the flexural mechanism, the
amplitudes would have been low (up to ca. 20 m),
with a wavelength of ca. 50–100 km (Nielsen et al.,
2002).

Fig. 2. Lithostratigraphic scheme (modified from Rasmussen et al., 2008) with Cenozoic variations in oxygene isotopes (red curve
redrawn from Zachos et al. (2001), black curve Miller et al. (2005). The grey band symbolizes data. The tectonic episodes on the
North Atlantic margin are from Doré et al., 2008 and Nielsen et al., 2007. Blue and red mean extensive and compressive regimes
respectively.
© 2011 The Authors
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CLIMATIC EVOLUTION
The recognition of climatic changes has been based on the
variations in fauna and flora (Collinson et al., 1981), but
since the 1970s mainly oxygen and carbon isotope variations have been used as proxies for climatic changes (e.g.
Buchardt, 1978). According to Zachos et al. (2001, 2008)
and Miller et al. (2005) (Fig. 2) the Late Cretaceous,
Paleocene and Eocene climates were warm, culminating
in the Paleocene-Eocene Thermal Maximum contemporaneous with North Atlantic flood basalt production.
Large Eocene-age benthic foraminifera abundant in tropical waters are reported in the North Sea basin (King,
2006) as well as floral assemblages evidencing rainforest
vegetation (Collinson, 2000). During the Eocene, a gradual cooling of the northern hemisphere started (Moran
et al., 2006) eventually resulting in glaciers reaching sea
level in mid-East Greenland in Late Eocene, as stratigraphically extensive ice-rafted debris is recorded from
the ODP drilling in the Norwegian-Greenland sea (Eldrett et al., 2007). The seasonality increased through
colder winters (Eldrett et al., 2009). A first pronounced
cooling episode of relatively short duration starting at ca.
35 Ma (very latest Eocene) has been identified both in the
Southern Ocean (Vonhof et al., 2000) and in the
North Sea (Heilmann-Clausen & Van Simaeys, 2005;
Nielsen et al., 2009). Shortly thereafter, the second and
most pronounced Palaeogene cooling episode – the
greenhouse-icehouse transition – occurred close to the
Eocene-Oligocene boundary at 33.5 Ma (Pekar et al.,
2002 and references therein; Schouten et al., 2008; Liu
et al., 2009) (Fig. 2). Both of these cooling events have
been recognized in the eastern part of the North Sea basin
(Śliwińska et al., 2010a). The Oligocene climate remained
cold and was interrupted by a short warm period at ca.
25 Ma called the Late Oligocene Warming Event (Zachos
et al., 2001; De Man & Van Simaeys, 2004). The Miocene
was slightly warmer than the Oligocene, featuring a number of short glacial maxima (Mi1-Mi-7, Miller et al.,
1991a) as well as the Mid-Miocene Climatic Optimum,
which ended at ca.15 Ma (Zachos et al., 2001). Since then
the climate has cooled towards the Pliocene time when
the frequency and intensity of climate variations increased
significantly with the onset of the northern hemisphere
glaciation at ca. 2.75 Ma (Ravelo et al., 2004), which
eventually covered Greenland, Scandinavia and part of
continental Europe at the Last Glacial Maximum (e.g.
Ehlers & Gibbard, 2008).

STRATIGRAPHY
Figure 2 shows the lithostratigraphic scheme of the study
area compiled from Dalland et al., 1988; Ahmadi et al.,
2003; Fyfe et al., 2003; Jones et al., 2003 and Rasmussen
et al., 2008. The correlation of particular units, hiatuses
and areal extent of units across the vast area is only qualitative, but the scheme gives the reader a general overview
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of Cenozoic formations and members. We have followed
the commonly applied stratigraphic subdivision in the
North Sea and on the Norwegian shelf without introducing new names of formations or members as this study is
focused on seismic mapping, rather than on lithological
details and depositional environments.
Any given sequence architecture is the consequence of
sediment input, tectonism and eustatic sea level changes
(Galloway, 1989). The relative importance of the different
parameters is often very difficult to identify since they are
controlled by both tectonism (e.g. sediment input) and
climate (e.g. eustatic sea level, sediment input) (Bertram
& Milton, 1988; Catuneanu et al., 2009 and references
therein). Furthermore, the preserved sediment thicknesses of stratigraphic units depend on sediment input, basin
evolution and compaction. Liu & Galloway (1997) noticed
significant differences between estimates of accumulation
rates in a semi-enclosed basin, like the North Sea, and a
continental margin, like the Norwegian Atlantic margin.
In the latter case an unknown amount of sediment might
have been bypassed (or removed) into deeper waters
beyond the confines of the basin. They also emphasized
the paramount importance of accurate stratigraphic age
control, which is non-uniform in the North Sea and Norwegian shelf. Finally, the number and duration of hiatuses
also differ widely (e.g. there is a widespread hiatus covering the Oligocene and Early Miocene in the Norwegian
Sea, which is not present in the North Sea Basin – Eidvin
et al., 2007; Huuse et al., 2001).

DATA AND METHODS
The data available comprise 2D seismic reflection profiles
and well data restricted to Norwegian, Danish and Dutch
sectors of the North Sea and the Norwegian shelf (Appendix S1, Supporting Information). The seismic surveys
were acquired over the past few decades of petroleum
exploration in the area and show variable quality, which is
a result of various equipment used, processing techniques, etc. Where available, long (regional) seismic lines
were chosen for interpretation in favour of short ones to
avoid pitfalls in interpretation due to misties between surveys, differences in resolution and polarity. The picked
horizons were the bounding surfaces for the defined units.
Six horizons have been interpreted – the Base Cenozoic
(in the area of Danian chalk deposition this horizon corresponds to the post-Danian; see discussion in chapter
Paleocene), Top Paleocene (which corresponds to the top
of the Rogaland Group), Top Eocene, Top mid-Miocene
(which in large portion of the study area corresponds to
the so-called mid-Miocene unconformity), Top Early
Pliocene (for detailed description see chapter Mid Miocene
– Early Pliocene) and Sea Bottom. These horizons have
been subsequently gridded. The thickness maps have
been calculated from such TWT-structure maps and
velocity maps derived from velocity values at wells. This
workflow is shown in Appendix S2 (Supporting Informa-
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tion). In the Norwegian sector, one representative well
per block with consistent time-depth correction charts
has been chosen as the data point for the velocity grids. In
the Danish and Dutch sectors, some representative wells
were also chosen. All wells and seismic lines used during
this study (velocity and stratigraphy control) are shown in
Appendix S1. The wells used specifically in the velocity
analysis are listed and shown in Table S1 and Appendix
S2. The velocity maps have been manually corrected for
areas where there were no wells present (e.g. close to the
Norwegian coast), accounting for depth of burial and
neighbouring values of velocity. The isopach maps (in
metres of thickness) have been then exported from the
Kingdom Suite ® seismic interpretation software to Matlab ® in which decompaction and rock mass calculations
have been performed. We have used a uniform lithology
with parameters corresponding to silty clay according to
Sclater & Christie (1980) and Hansen (1996), with surface
porosity of 60% and decay length of 1800 m. The exponential compaction relationships are adopted from Hansen (1996). This generalized approach is surely a
simplification, but is necessary when working with a large
area with varying lithology data coverage.
The accumulation rates of the mapped Cenozoic units
vary significantly across the study area for a number of
reasons, which we discuss later and compare for three
smaller areas making up the entire area. The first area is
delimited to the Dutch and Danish sectors of the North
Sea. Only a small part of the German sector is included in
the study due to lack of available data. A large proportion
of the Cenozoic sediments in this region is of mid-Miocene to Early Pliocene age and it is a major depocentre in
the southern North Sea. The second area covers the Norwegian sector of the North Sea up to 62°N. The third area
covers the Norwegian sector north of 62°N and is delimited to the west and north by the available seismic data.
We have not corrected our interpreted volumes of
stratigraphic units for glacial erosion in this study, e.g.
along the west coast of Norway where the base Quaternary angular unconformity truncates Cenozoic deposits,
causing erosional thinning of the succession along the
margins of the basin. Such estimates introduce further
uncertainty and depend highly on arbitrary assumptions,
e.g. the positioning of the coastline or the original (i.e.
pre-erosion) thickness of units.

tion of thickness variations and sediment input directions
for particular units and our suggestions regarding the factors controlling the sediment distribution in particular
intervals of the Cenozoic series.

Paleocene
Stratigraphy
The seismic characteristics of the Base Paleocene surface
vary considerably over the study area as it tops different
pre-Paleocene lithologies. Deposition of calcareous nanofossil ooze, which constitutes a predominant lithological
component of the Chalk Group, took place from Late
Cretaceous until Danian times (Surlyk et al., 2003).
Between 58°30′N and 60°N the Chalk Group is intercalated with the siliciclastic mudstone-dominated Shetland
Group, which has been described by Deegan & Scull
(1977) as Upper Cretaceous siliciclastic mudstones with
minor interbedded argillaceous limestones.
We have approximated the Paleocene unit by the Rogaland Group (Fig. 2, 3a), because the top of the Balder and
Tare Formations are well-established markers in offshore
boreholes in the North Sea and the Norwegian shelf,
respectively, as they comprise sediments rich in volcanic
material. These markers are slightly time transgressive
and consequently, the Paleocene unit is not isochronous
across the area, but comprises siliciclastic deposits of
Early Paleocene – early Early Eocene to the north and
Middle Paleocene – early Early Eocene to the south,
within the zone of intercalation of the Shetland and Chalk
Groups (Fig. 2). In the southern and central North Sea
the base Paleocene rests on chalk and marl deposits of the
Chalk Group and therefore is post-Danian in age. The
Danian-age deposits are not considered here as they are
almost entirely biogenic. In the northern North Sea and
in the Norwegian shelf, sedimentation of the Late Cretaceous Shetland Group terminated in Mastrichtian times
and the succeeding Rogaland Group covers the Danian
interval. The top of the Rogaland Group constitutes the
top of the Paleocene unit. The Balder Formation in the
North Sea and the Tare Formation in mid-Norway are
composed of tuffaceous-rich sediments and are similar in
age (latest Paleocene to earliest Eocene – Dalland et al.
(1988); Isaksen & Tonstad (1989)).The top of the Rogaland Group is thus a widespread chronostratigraphic surface (e.g. Jordt et al., 2000; Huuse et al., 2001).

RESULTS FROM SEISMIC AND WELL
DATA INTERPRETATION

Thickness distributions

The cumulative thickness of Cenozoic sediments in the
area covered by the available seismic data (Fig. 1b)
amounts to nearly 3500 ms TWT in the Central Graben.
Depositional minima within the basin correlate with
inversion structures (e.g. Ormen Lange Dome, HellandHansen Arch, Fig. 1a) that became active after the opening of the North Atlantic in the compressional ridge-push
regime (Zoback et al., 1989). Below follows the descrip-

Major Paleocene siliciclastic depocentres (Fig. 3a) in the
northern and central North Sea were sourced from the
East Shetland platform and Scottish Highlands (Jordt
et al., 2000; Ahmadi et al., 2003). In the southern and
eastern North Sea, post-Danian Paleocene clastic deposits
are either absent or fairly thin, reaching up to around
100 m in the Danish Central Graben and locally near salt
structures. High sediment input is noted from the west
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Fig. 3. Isopach maps of the (a) Paleocene unit (Rogaland group), (b) Eocene unit, (c) Oligocene to Mid-Miocene unit. Arrows indicate main directions of sediment input and are based on clinoform progradation and results from other studies (Ahmadi et al., 2003;
Fyfe et al., 2003; Jones et al., 2003; Henriksen et al., 2005; Knox et al., 2010). Grey shading indicates emerged areas. Red lines
indicate the subdivision of the study area – the southern line is the border between the Danish and Norwegian sectors of the North
Sea; the northern line is the 62°N parallel. LR, Lofoten Ridge.

coast of Norway, where clastic wedges locally more than
800 m thick were deposited in the mouth of Sognefjorden
(Fig. 4) and Hardangerfjorden. A similar pattern is
observed further to the north in the easternmost part of
the Møre Basin, where a ca. 1000-m-thick sediment
sequence is preserved. Their lithology is mostly claystone
deposits of the Våle, Lista, Tang and Tare Formations.
However, sand-rich units are commonly encountered, like
the sandstone-rich Egga Member of Danian age in the
eastern margin of the Møre Basin, which is interpreted to
consist of basin-floor-fan turbidites originating from the
Scandinavian mainland (Martinsen et al., 1999; Gjelberg
et al., 2005). Up to 700 m of sediments is also preserved
on the Trøndelag Platform (Fig 1a, 3a). The original
thickness of wedges deposited in proximity of the Norwegian coast was most probably even higher before they
have been eroded by Quaternary glacial erosion (Fig. 4).
In the basinal setting of the Norwegian shelf, Paleocene
deposits vary significantly in thickness but are mostly
around 100–300 m thick. Local depocentres of larger
thickness are present within Vigrid and Någrind synclines
and in the western Møre Basin. Very high thicknesses (ca.
1500 m) of late Danian and early Selandian deposits have
been drilled on the Naglfar Dome, which is one of the
Cenozoic compressional structures in the outer Vøring

6

margin (Fig. 3a). The total thicknesses of Paleocene
deposits is not confirmed as the bottom of the Paleocene
unit has not been reached by boreholes (NPD, 2011), but
according to seismic interpretation and velocity data in
wells it might amount to up to 2000 m in the Hel Graben
(Fig. 1a, 3a). The sediment supply in the western part of
Norwegian shelf came from the western sources, as eastern progradation is observed, as well as from elevated
fault blocks with Cretaceous sediments. Another depocentre is located south-west of the Lofoten Ridge
(Fig. 3a).

Eocene
Stratigraphy
The Eocene depositional unit belongs to the Hordaland
Group (Dalland et al., 1988; Isaksen & Tonstad, 1989).
Commonly the Hordaland Group is divided into the
Stronsay and the Westray Group, following Knox & Holloway (1992) and Schiøler et al. (2007) in the Danish
North Sea. Here, however, we operate with the Hordaland Group as it is distinguished both in the North Sea
and in the Norwegian shelf (Fig. 2). In the North Sea area
the Horda Formation is the most abundant Eocene forma-
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Fig. 4. Rogaland Group deposits (Paleocene) offshore Norway (Sognefjorden). Vertical scale in seconds two-way-time, horizontal
scale (offset) in metres. Vertical exaggeration 10 times for a constant velocity of 2000 m s 1. See Fig. 1b for location.

tion. The Frigg and Grid Formations are also identified
in the Norwegian sector by Isaksen & Tonstad (1989) and
were later downgraded to members by Knox & Holloway
(1992). On the Norwegian margin only the Brygge Formation is identified in the Eocene epoch (Dalland et al.,
1988). Sandstone units detected in various wells are not
given formal names (Martinsen et al., 1999). The base of
the Eocene unit constitutes the top of the Paleocene unit
described above.
Thickness distributions
The Eocene unit is characterized by large thicknesses
accumulated in the Central Graben and the Viking Graben (Fig. 3b) (Michelsen et al., 1998; Jordt et al., 2000).
In the North Sea Basin and in the Norwegian Sea the unit
is commonly characterized by small-scale (commonly
polygonal in 3D view – e.g. Henriksen et al. (2005)) faulting. The upper boundary of the Eocene unit is commonly
marked where the small-scale faulting terminates, though
in many localities (e.g. in the Danish Central Graben) this
type of deformation is also observed in Oligocene and
Early Miocene strata. In the southern North Sea and
southern part of the Central Graben there is a large accumulation of fine-grained sediments. It probably had partly
a southern source (Knox et al., 2010), though this is not
indicated by any prograding wedges on our seismic data.
The unit shows lower seismic reflectivity than younger
strata. In the eastern North Sea and onshore Denmark the
thickness of the Eocene sequence is in the order of tens of
metres (Toft & Clausen, 2003). In the Dutch sector of the
North Sea thicknesses reach around 600 m or more near
salt structures. The Shetland platform was still the major
sediment source for the North Sea Basin, feeding the submarine fans of the Frigg Formation (Jones et al., 2003).
Jordt et al. (2000) point to a high content of smectite in
the fine-grained sediments, indicating a volcanic influenced source, most probably the Shetland Platform

including the British Tertiary Igneous Province. A western sediment source is further confirmed by seismic
geometries, as the Eocene unit thickens towards the west
in the central and northern North Sea, pointing to a lower
sediment input from Scandinavia than from western
sources (Martinsen et al., 1999; Jordt et al., 2000). In the
Møre Basin, as well as in the southern part of the Trøndelag Platform and in the western Vøring Basin, the Eocene
unit locally thickens to nearly 1000 m of claystone deposits. Near the Lofoten Archipelago a local increase in
thickness is also present.

Oligocene to mid-Miocene
Stratigraphy
The Lark Formation has been deposited during the
Oligocene to mid-Miocene period and is present in most
of the North Sea area (Fig. 2) (Isaksen & Tonstad, 1989;
Schiøler et al., 2007). Sandstones of the Skade Formation
lately have been re-dated from Oligocene to Early Miocene (Isaksen & Tonstad, 1989; Eidvin & Rundberg,
2007). The sand-prone Vade Formation was deposited in
the central North Sea and is estimated to be late Oligocene in age (Isaksen & Tonstad, 1989). Generally, in the
northern North Sea the lower boundary of the Oligocene
unit is marked by coarser material than in the underlying,
extremely fine-grained, Eocene sequence (Eidvin &
Rundberg, 2007). Offshore mid-Norway the Oligocene
and Early Miocene is represented by the Brygge Formation, which is the only formation distinguished in the
Hordaland Group in that area (Dalland et al., 1988). The
Lower Miocene interval is commonly absent and documented only in wells on the Trøndelag Platform (Eidvin
et al., 2007). The top of the Oligocene – mid-Miocene
unit commonly constitutes the ‘mid-Miocene unconformity’ and is correlated with the top of the Hordaland
Group, which is distinguished throughout the study area.
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The base of the unit constitutes the top of the Eocene unit
described above.
Thickness distributions
A significant depocentre with more than 1000 m of Oligocene sediments lies in the Danish North Sea sector (Danielsen et al., 1997; Michelsen et al., 1998; Śliwińska
et al., 2010b) (Figs 3c, 5). During Early to mid-Miocene
times the depocentre moved towards the south-east and
reaching thicknesses up to 800 m (Fig. 5) (Michelsen
et al., 1998; Schiøler et al., 2007). The depocentre comprises south to southwest prograding deltaic deposits,
with sandy near-shore sediments containing lignite fragments. Basinwards of the clinoform breakpoint, the lithology changes to silty micaceous clays (Michelsen et al.,
1998; Huuse et al., 2001). Along the west coast of Norway, Lower Oligocene deposits are composed of organicrich mudstones offshore of Sognefjorden, and of sandstones in western part of the northern North Sea. This
latter unit has a wedge-shaped geometry and is around
200 m thick (Rundberg & Eidvin, 2005). In the Central
North Sea, the Oligocene deposits locally reach 1000 m
in the Viking Graben (Fyfe et al., 2003). The unit comprises mainly claystones and mudstones with occasional
sandstone interbeds. The seismic architecture of the unit
indicates sourcing from Scandinavia and the Shetland
Platform (Fyfe et al., 2003). In the North Sea area
detailed dating and mapping of the Oligocene and Miocene successions has been presented by many workers
(Jordt et al., 1995; Danielsen et al., 1997; Gregersen,
1997; Liu & Galloway, 1997; Michelsen et al., 1998;
Martinsen et al., 1999; Rasmussen et al., 2002; Rasmussen, 2004a). Still, the thickness distribution and stratigraphy of these deposits are subject to discussion and
changes because (1) seismic resolution of this unit is poor

due to chaotic seismic reflections caused by small-scale
faulting; (2) micro-paleontological dating of the Top Oligocene boundary is difficult and its position varies from
well to well; (3) stratigraphic positioning of the Skade and
Utsira Formations differs in many studies, causing variations in thickness of particular stratigraphic units (for further discussion and references see Rundberg & Eidvin,
2005). In the Møre Basin, a wedge-shaped unit with pronounced downlaps onto the Top Eocene surface and
coarsening upward trends was interpreted to be of Oligocene age (Martinsen et al., 1999). In the Møre Basin the
Oligocene – Early Miocene unit reaches up to ca. 800 m
thickness close to the western coast of Norway and ca.
500 m further to the west. North of the Møre Basin, a significant hiatus is present in most wells spanning the
Lower/Middle Eocene to Middle Miocene, with the Oligocene sequence commonly missing. Preserved Oligocene
and Early Miocene sediments are reported from the
Trøndelag Platform, though the Early Miocene deposits
do not reach more than few tens of metres in wells investigated by Eidvin et al. (2007).
Mid-Miocene unconformity
The mid-Miocene unconformity is a widespread hiatus
distinguished in most of the offshore study area (Brekke,
2000; Huuse & Clausen, 2001; Overeem et al., 2001; Fyfe
et al., 2003; Løseth & Henriksen, 2005; Rundberg & Eidvin, 2005; Eidvin et al., 2007; Kuhlmann & Wong, 2008).
The unconformity and its correlative conformities form a
pronounced surface both in the deep-water basins and on
basin margins of the North Sea (Jordt et al., 1995) and
Norwegian shelf (Brekke, 2000; Løseth & Henriksen,
2005). In the eastern North Sea Basin, the mid-Miocene
unconformity tops an Oligocene to Early Miocene delta
system (Michelsen et al., 1998; Huuse & Clausen, 2001;

Fig. 5. Oligocene prograding deposits in the Danish North Sea. Vertical scale in seconds two-way-time, horizontal scale (offset) in
metres. Vertical exaggeration 33 times for a constant velocity of 2000 m s 1. See Fig. 1(b) for location.
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Schiøler et al., 2007) and correlates with the top of the
Hordaland Group (Fig. 5). It constitutes a toe-set deposition surface in the southern North Sea and is diachronous
with age decreasing to the west due to progressive downlapping of clinoforms prograding from the south-east and
east (Huuse et al., 2001). In the proximal setting of the
eastern North Sea, the mid-Miocene unconformity is
characterized by low-angle truncations and toplaps of the
underlying strata and by onlaps at the delta front where
erosional scarps are present. Onshore Denmark, the overlying sediments are transgressive (Friis, 1995; Huuse &
Clausen, 2001; Rasmussen, 2004b). In the southern North
Sea the best age estimate of this hiatus is given by Köthe
et al. (2008) and Kuhlmann & Wong (2008) and comes to
ca. 12–15 Ma. In the central and northern North Sea, the
age-span of the mid-Miocene hiatus increases northwards
from almost no time gap in the southern Viking Graben
to 10–20 Ma in the northernmost North Sea (Rundberg
& Eidvin, 2005). In the inner Norwegian shelf, a tectonic
influence on formation of this unconformity is apparent as
it commonly marks the cease of deformation of the compressional structures. The mid-Miocene to Early Pliocene
Molo and Kai Formations were deposited on top of this
surface (Eidvin et al., 2007). The Kai Formation onlaps
onto compressional structures which at that time defined
the seabed topography and controlled the depositional
architecture (Fig. 6).

Mid-Miocene – Early Pliocene

Northern and Western Europe. The deposition of this
unit started in the Late Miocene and persisted until the
Middle Pleistocene (Sørensen et al., 1997; Overeem
et al., 2001) (Fig. 8). In the central and northern North
Sea the sand-prone Late Miocene – Early Pliocene Utsira
Formation was deposited (Rundberg & Eidvin, 2005; Eidvin & Rundberg, 2007; Gregersen & Johannessen, 2007).
The depositional architecture of this formation is thoroughly described by Galloway (2002). It was most likely
deposited within a narrow and shallow seaway between
the deeper waters of the Møre Basin and the North Sea
(Rundberg & Eidvin, 2005). The termination of deposition of this unit has been dated to ca. 4.5 Ma by Sr
isotopes (Eidvin & Rundberg, 2007). The Molo Formation, which was deposited along the proximal part of the
mid-Norwegian shelf, contains clinoforms and has been
interpreted as deltaic coastal deposits (Bullimore et al.,
2005; Eidvin et al., 2007) (Fig. 9). The proximal part of
this formation consists of quartzose and glauconitic sand
whereas the distal part consists mainly of sand, silt and
clay. The coeval Kai Formation has been deposited in the
deeper marine environment of the Norwegian shelf
(Fig. 6) and is mainly composed of claystones with small
portions of sand and silt (Eidvin et al., 1998). The top of
the mid-Miocene to Early Pliocene unit constitutes a
significant downlap surface in a large portion of the
Norwegian shelf and part of the central North Sea.
Further to the south, the top of the unit is correlated with
the base of unit S3 of Kuhlmann & Wong (2008), which is
dated close to 3.6 Ma.

Stratigraphy
In the study area post-mid-Miocene deposits are represented by the Nordland Group (Fig. 2).
The mid-Miocene of the study area represents the
onset of deposition of many distinct depositional units
(Figs. 2, 7a). A large deltaic complex in the southern and
eastern North Sea was sourced from a significant area of

Thickness distributions
The depositional architecture changed after the mid-Miocene hiatus. In the eastern North Sea, deposition of a deltaic complex of Late Miocene age shifted towards the
Central Graben compared to the Early Miocene unit (Huuse, 2002; Schiøler et al., 2007). The unit reaches up to

Fig. 6. Composite seismic section from the Norwegian shelf showing characteristics of the Molo, Kai and Naust Formations. Vertical
scale in seconds two-way-time, horizontal scale (offset) in metres. Vertical exaggeration 45 times for a constant velocity of 2000 m s 1.
See Fig. 1(b) for location.
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Fig. 7. Isopach maps of the (a) mid-Miocene to Early Pliocene unit, (b) Late Pliocene to Pleistocene unit, (c) matrix thickness of
Cenozoic sediments (at 0% porosity). Arrows indicate main directions of sediment input and are based of clinoform progradation and
results from other studies (Ahmadi et al., 2003; Fyfe et al., 2003; Jones et al., 2003; Henriksen et al., 2005; Knox et al., 2010). Red
lines indicate the subdivision of the study area – the southern line is the border between the Danish and Norwegian sectors of the
North Sea; the northern line is the 62°N parallel. Dark grey arrowed line ((a) and (b)) indicates the approximate position of the Baltic
river system. Light grey arrowed line (b) indicates the Norwegian Channel Ice Stream. NSF, North Sea Fan; SS, Storegga Slide.

Fig. 8. Post-mid-Miocene deposits -the southern North Sea deltaic system (Bijlsma, 1981; Cameron et al., 1993; Sørensen et al.,
1997). Vertical scale in seconds two-way-time, horizontal scale (offset) in metres. Vertical exaggeration 30 times for a constant velocity
of 2000 m s 1. See Fig. 1(b) for location.

ca. 1000 m thickness in the southern Central Graben and
is part of a larger depositional body – the Southern North
Sea delta (Bijlsma, 1981; Cameron et al., 1993; Sørensen
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et al., 1997; Overeem et al., 2001) (Fig. 8). The Utsira
Formation is identified in the central and northern North
Sea as an elongated sand body onlapping the basin flanks.
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Fig. 9. Depostis of the Molo Formation on the Trøndelag Platform. Vertical scale in seconds two-way-time, horizontal scale (offset)
in metres. Vertical exaggeration 15 times for a constant velocity of 2000 m s 1. See Fig. 1(b) for location.

The main Utsira depocentre is 300 m thick and is located
in the southern Viking Graben area (Eidvin & Rundberg,
2007). A wedge of prograding sediments of the Molo Formation is present along the Trøndelag Platform (Fig. 6,
7a, 9) from the Lofoten Ridge to the Frøya High
(Fig. 1a), reaching a maximum thickness of around
500 m in the southernmost part of the Vestfjorden Basin,
although the overall volume of the unit is small when
compared to the age-equivalent deposits in the southern
and eastern North Sea. The Late Miocene – Early Pliocene Kai Formation is widespread on the Norwegian
shelf. Prograding patterns within the Kai Formation are
identified as contourite drifts and/or deltaic deposits
(Løseth & Henriksen, 2005), and signs of incision have
been interpreted as erosional channels from subaerial
fluvial erosion. A similar interpretation of the incision
features is presented by Martinsen et al. (1999) and
Gregersen (1998) in the northern North Sea. The Kai
Formation shows large thickness variations, from
non-deposition above compressional structures to over
1000 m in a local depocentre located in the eastern part of
the Møre basin and in the western Vøring basin (Fig. 6,
7a). Commonly the Kai Formation reaches more than
500 m thickness.

Late Pliocene – Pleistocene
Stratigraphy
The Late Pliocene – Pleistocene part of the Nordland
Group is not formally subdivided into lithostratigraphic
units. In the North Sea, no formation name is defined for
Late Pliocene deposits prograding from the Scandinavian
mainland (Fyfe et al., 2003; Schiøler et al., 2007; Rasmussen et al., 2008). However, prograding clinoforms of
the post-mid-Miocene deltaic complex of the southern
and eastern North Sea are identified by Sørensen et al.
(1997) and Overeem et al. (2001) and subdivided to seismic stratigraphic sequences. On the mid-Norwegian
shelf, the Naust Formation is recognized by Dalland et al.

(1988). Its onset of deposition is dated to ca. 2.8 Ma and
post-dates a ca. 1 Myr hiatus in wells investigated by Eidvin et al. (2007). The unit has been described by many
authors as stacked glacigenic debris-flow deposits (Hjelstuen et al., 1999; Dahlgren et al., 2005). Subsequent erosion has removed parts of the sequence on the inner part
of the shelf. Slumping and sliding was a common phenomenon on the Norwegian Shelf since the Late Pliocene
and particularly since the onset of shelfwide glaciations
(Evans et al., 2005). The biggest slide in the area, the
Storegga Slide (Fig. 7b) developed on the outer shelf and
upper slope shaped by the prograding wedge of the Naust
Formation. The oldest slide event is identified within the
lower part of the Naust Formation, which indicates a Late
Pliocene to Pleistocene age (Evans et al., 2005). Another
distinct depositional body in the Norwegian Sea is The
North Sea Fan (Fig. 7b). The fan was deposited at the
mouth of the Norwegian Channel, which was created
during repeated phases of ice stream activity starting at
1.1 Ma until the end of the most recent glacial period and
has acted as a conveyor belt for sediments eroded from
Scandinavia during peaks of numerous glaciations (Sejrup
et al., 2003). It also was a confluence area for glacial ice
from southern Scandinavia and parts of the Baltic. The
North Sea Fan consists of over 20 000 km3 of sediments,
composed mainly of glacial debris flow deposits (Sejrup
et al., 2003).
As the seismic character and lithology of the Naust
Formation are similar to the deposits in the North Sea, it
is tempting to apply the same formation name in the
North Sea area as well. However, Eidvin & Rundberg
(2007) point out that in these two areas all formations
have different names. Furthermore, the Base Pleistocene
is a very distinct seismic surface in the North Sea (e.g. all
along the Norwegian Channel) and divides the Late Pliocene – Pleistocene unit into two smaller subunits, whereas
in the Norwegian shelf this division is not obvious.
According to the most recent datings of this unit, deposition in the North Sea started ca. 4 Ma (Eidvin & Rund-
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berg, 2007). In the southern North Sea we follow the
datings and seismic interpretation of surface base S3 of
Kuhlmann & Wong (2008), as this surface is dated by correlation with magnetostratigraphic events.
Thickness distributions
In the southern North Sea, Late Pliocene – Pleistocene
deposits of the Southern North Sea deltaic complex constitute the main volume of the unit, with thicknesses well
above 1000 m (Fig. 7b). A provenance study by Kuhlmann et al. (2004) shows that during warm intervals with
higher precipitation and therefore higher river runoff,
sediments were delivered mainly from the southern continent, whereas the Scandinavian source was more active
during cold periods when glacial erosion was abundant in
elevated areas.
A major sediment outburst from Scandinavia occurred
during the Late Pliocene – Pleistocene when more than
1500 m of sediments were deposited on the Norwegian
shelf (Fig. 6, 7b). In the North Sea north of the Horda

Platform a sediment wedge ca. 1000 m thick is preserved.
This pronounced increase in sediment deposition is also
observed in other locations along the continental margin
of Western and Northern Europe, in the Barents Sea, off
the Shetland and Faroe Islands, in the Rockall-Porcupine
area and south of Ireland in the Celtic Sea (Dahlgren
et al., 2005). However, the very large thickness of the
deposits offshore western Norway stands out when compared to thicknesses in other localities (Stoker et al.,
2005).

Accumulation rates and mass balance
Calculated accumulation rates (Fig. 10, Table S2) are
given in (1) metres of accumulated matrix, (2) metres of
sediment at the present-day porosity and (3) metres of
sediment at surface porosity, all per million years of deposition. This compensates for the compaction of deeply
buried strata. The average matrix accumulations (Fig. 7c)
are 930 m in the Dutch and Danish sectors, 900 m in the
Norwegian sector of the North Sea, and 1100 m in the

Fig. 10. Accumulation rates of Cenozoic sediments from (a) the whole study area, (b) Danish and Dutch sectors of the North Sea, (c)
Norwegian sector of the NorthSea (south of the 62°N parallel), (d) Norwegian shelf (north of the 62°N parallel).
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Norwegian shelf (Fig 7c, Table S2). The drainage area of
Scandinavia for Cenozoic sediments present in the North
Sea and on the Norwegian shelf was changing throughout
time and is difficult to constrain for the mapped time
intervals. The area west of the current drainage divide
(Fig. 11) has most probably been a continuous source of
material, whereas the eastern part has been a significant
source from the Oligocene onwards, when large deltaic
systems were deposited in the eastern and southern North
Sea. The Baltic River System was also draining Northern
Europe and the Baltic basin itself. Furthermore, some of
the Paleocene deposits encompassed by our mapping
came from western sources and some of the deposits of
the Southern North Sea delta are omitted due to unavailable data. There is therefore considerable uncertainty to
the size of the source area for the sediments in question.
We use here the area of the Scandinavian peninsula south
of Lofoten Archipelago (Fig 1a, 11) as a minimum area
for the mass balance calculations, i.e. the source area most
probably was larger, but difficult to constrain. Consequently, the mass balance is a rough estimate. The
approximate source area, marked on Fig. 11, covers
630 9 109 m2. The presented grids and maps from off-

Fig. 11. Present-day catchments in Scandinavia. Red line –
drainage divide. The blue line delimits the approximate source
area (ca. 630 9 109 m2). The offshore study area covers ca.
380 9 109 m2.

shore data cover ca. 380 9 109 m2. The average matrix
thickness of the mapped area is ca. 1000 m (Table S2).

DISCUSSION
Study area in Cenozoic – synthesis
Deformation and differential vertical movements offshore
occurred during most of the Cenozoic (Lundin & Dore,
2002; Løseth & Henriksen, 2005; Nielsen et al., 2007).
This has frequently been taken as evidence for tectonic
surface uplift of the land areas, in order to satisfy sedimentary flux signals and to explain the existence of abundant low-relief surfaces at high elevation in a large part of
the Norwegian highlands (Jordt et al., 1995; Riis, 1996;
Japsen, 1998; Japsen & Chalmers, 2000; Lidmar-Bergström & Näslund, 2002; Nielsen et al., 2002; Rasmussen,
2004a,b, 2009; Dahlgren et al., 2005; Løseth & Henriksen, 2005; Eidvin et al., 2007; Anell et al., 2009, 2010).
However, this more than a century-old tectonic uplift
hypothesis (e.g. Reusch, 1901) is in fact based only on an
interpretation of these high-altitude low-relief landscapes
in terms of the Davisian cyclic landscape model (Davis,
1899). Over many years of research this approach became
the point of departure for quantification of vertical movements of the Scandinavian landmass. Nielsen et al. (2009)
instead suggested formation of the low-relief high-elevation landscape by other processes. The first one is the
glacial buzzsaw mechanism (e.g. Mitchell & Montgomery,
2006), which focuses the glacial erosion close to the position of the snowline and which has been argued to control
the topography distribution worldwide (Egholm et al.,
2009; Pedersen et al., 2010). The erosional second mechanism implemented is the activity of a range of periglacial
processes acting over geological time which can develop
flat surfaces at high elevation (Anderson, 2002). This
proposal involves post-Caledonian topography evolution
governed by abating late Palaeozoic-early Mesozoic continental rifting and fluvial and Alpine-type glacial erosion
in the presence of isostasy and climate change. The longevity of topography in this model is promoted by the fact
that it requires 5–6 km of denudation to lower average
topography by 1 km in the presence of local isostasy
(Molnar & England, 1990; Summerfield & Hulton, 1994).
The local isostatic assumption is pertinent to this average
estimate, which does not consider short-wavelength
details of the topography. Given the opening of the North
Atlantic, we consider it to be highly likely that tectonism
stimulated Paleocene sediment production, resulting in
locally high accumulation rates. Paleocene/earliest
Eocene faulting and doming (e.g. Halten Terrace, Vema
and Naglfar Domes, Vøring and Møre marginal highs)
caused fault controlled (at Lofoten Ridge, Bergh et al.,
2007) or thermally uplifted (Shetland Platform) areas to
be exposed to erosion, explaining hiatuses of this age
(Martinsen et al., 1999; Vergara et al., 2001). Thickness
variations in the central North Sea (Fig. 3a) show that
only during the Paleocene and earliest Eocene were the
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position of deep marine sediments affected by the mapped
structures (e.g. Ahmadi et al., 2003 and references
therein). Also the Siri channel (located along the DanishNorwegian North Sea boundary) is a possible case for tectonic triggering of slumping and turbidite activity of
Paleocene age. The sand-rich flows of this fan could be
triggered by seismicity in the region which would cause
collapse of unlithified shelf sands (Hamberg et al., 2005).
Finally, the large thicknesses of Paleocene sediments
(submarine fans) deposits in the vicinity of the MøreTrøndelag Fault Zone and sedimentary wedges off the
Norwegian fjords) (Fig. 3a, 4) could be explained by tectonism associated with the North Atlantic opening such
as earthquakes, landslides and fault activity.
Generally, the tectonic influence on the Paleocene
deposits along the west coast of Norway has been interpreted to indicate large-magnitude rapid tectonic uplift of
Scandinavia at that time (e.g. Jordt et al., 2000) related to
spreading emplacement of a mantle plume beneath the
lithosphere (Skogseid et al., 2000), and perhaps plume
pulsing (White & Lovell, 1997). Given the hypothesis that
the land surface has experienced tectonic uplift, it is perhaps obvious to understand the tectonic signatures and
sediment fluxes as offshore evidences for this uplift. However, we suggest that much less dramatic tectonic disturbances could explain the observed sedimentary response
from western Scandinavia. In seismically active regions,
earthquake-induced land sliding increases erosion rates
and sediment supply to rivers (Keefer, 1994). In the vicinity of active fault zones, sediment accumulation is
expected to be higher. Even small fault displacement
inland should cause generation of knickpoints in stream
profiles and subsequent erosion of such fault-related relief
(Summerfield, 1991). Furthermore, in case of fault activity, the rock structure would have been weakened. We
suggest this is the case for the Møre-Trøndelag Fault
Complex (Fig. 3a). This ancient fault zone has been
active at least since Permian or even pre-Caledonian times
(Grønlie & Roberts, 1989; Gabrielsen et al., 1999) and
therefore is a good candidate for reactivation during
North Atlantic opening. Closer to the North Atlantic rupture, in the Northern British Isles and on the FaeroeShetland Platform, the tectonic disturbance is likely to
have been more intense due to vicinity of the rifting axis,
as indicated by voluminous coarse-grained successions of
submarine fans (Ahmadi et al., 2003). Much smaller systems originated from the eastern (i.e. Scandinavian)
source – sand fairways on the Horda Platform (Fig. 1a)
and the Siri fan system in the Norwegian Danish Basin
(Fig. 1a). In the western parts of the Vøring and Møre
basins, the Paleocene sediments were sourced from the
Møre and Vøring marginal highs (Vergara et al., 2001;
Henriksen et al., 2005). The accumulation rates of Paleocene sediments at surface porosity in the three areas mentioned vary from 10 m/Myr in the Danish and Dutch
sectors to 54 m/Myr in the Norwegian shelf (Fig. 10b
and 10d). In the southern North Sea, the unit is very thin
or absent, in agreement with the greater distance to
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tectonic disturbances. Small local depocentres are related
to salt tectonics. The relatively high average accumulation
rates in the central part of the study area (30 m/Myr,
Fig. 10c) are due to (1) large thicknesses in the Viking
Graben (sediments from the western sources) and (2)
clastic wedges offshore the coast of Norway. In the northern part of study area, sourcing from elevated fault blocks
and marginal highs constitutes a significant contribution
to the calculated accumulation rates. The volume of the
Paleocene deposits originating from the Norwegian mainland is much smaller than in areas close to the marginal
highs which were affected by tectonic deformations
related to the North Atlantic opening (Fig. 3a). They are
also much smaller than those originating from the Shetland Platform and Scottish Highlands (Fyfe et al., 2003).
The Eocene deposits on the Norwegian shelf and in the
North Sea clearly corroborate how the western sediment
sources (northern British Isles and Faeroe-Shetland platform) remained important while at the same time the
Scandinavian mainland became much less productive, as
proximal wedges are of smaller thickness (Fig. 3b). The
sediments are generally very fine grained, both in the
North Sea (e.g. Jordt et al., 1995) and in the Norwegian
Sea (Dalland et al., 1988). Furthermore, the accumulation rates are low in the central North Sea and in the
Norwegian shelf (Fig. 10c and 10d). Relatively higher
accumulation rates in the Dutch and Danish sectors
(Fig. 10b) are most probably the result of tectonic activity
related to Africa-Europe convergence (Ziegler, 1990c;
Knox et al., 2010). We suggest that the observed decline
in Scandinavian sediment-production rate was caused by
the decline in tectonic activity, combined with the warm
climate, rather than submergence of large portions of
Scandinavian mountains, as suggested by Knox et al.
(2010). During the sub-tropical to tropical climates of the
Late Cretaceous, Paleocene and Early Eocene in Central
Europe (Collinson, 2000; Mosbrugger et al., 2005; Utescher et al., 2009) it is likely that the vegetation cover was
very extensive also in Scandinavia, little bedrock was
exposed and there were well-developed soils. Palynological studies indicate moderate precipitation in northern
Germany (ca. 1000–1500 mm per year), which remained
relatively constant until Pliocene times (Utescher et al.,
2009). The inferred climate conditions thus tend to maintain uniform erosion rates in areas of a similar relief, independent of variations in precipitation in non-glaciated
landscapes (von Blanckenburg, 2005). Given this, we suggest that western Scandinavia during the Eocene became
an example of a fluvial system in a tectonically stable area
with a crystalline basement (von Blanckenburg, 2005).
The warm climates came to a termination at the
Eocene-Oligocene greenhouse-icehouse transition, which
is well documented in the oxygen-isotope record (Buchardt, 1978; Zachos et al., 2001; Miller et al., 2005)
(Fig. 2) and in the abrupt change in palynological assemblages recovered from the ODP surveys located in the
Greenland-Norwegian Sea (Eldrett et al., 2009). At this
time the sediment yield of the Scandinavian shield
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increased, resulting in a thick (>1000 m) prograding
wedge in the Eastern North Sea (Fig. 3c, 5). The local
nature of this depocentre produces only a slight increase
of accumulation rates in the North Sea (Fig. 10b and
10c). Furthermore, recent results (Heilmann-Clausen &
Van Simaeys, 2005; Nielsen et al., 2009; Śliwińska et al.,
2010b) show a clear correlation between climate fluctuations (documented by variations in d18O and the occurrence of cold-water dinoflagellate Svalbardella) and the
stratigraphic architecture in the North Sea (lithology
changes, sequence stratigraphic boundaries), providing a
clear demonstration of climate as the principal driver of
depositional variations. The link between climate and
deposition in the Southern North Sea has long been
noticed (Zagwijn, 1989; Clausen et al., 1999; Huuse &
Clausen, 2001; Huuse et al., 2001; Huuse, 2002). Observations from the northern North Sea show deposition of
progressively coarser mudstones, as well as changes in
clay mineralogy and biostratigraphy (Rundberg, 1989).
Based on this evidence, we suggest that the onset of global
cooling at the beginning of the Oligocene (e.g. Zachos
et al., 2001) and higher seasonality (which in Oligocene
and Early Miocene was higher than today – Mosbrugger
et al., 2005) increased the relative importance of glacial
and periglacial erosion processes in the inner highlands of
western Scandinavia. The Cold Month Temperatures
(CMM) reported for the Central Europe dropped from
around 20°C in mid-Eocene to 5°C for the Oligocene period and around 6–8°C for the Early Miocene (Mosbrugger et al., 2005). Such dramatic temperature change in
Central Europe most likely must have been regional and
would have lowered the snowline and the glacier equilibrium line altitude (ELA) in Scandinavia significantly.
The question is whether the lowering was enough to
encompass some of the existing topography back in Oligocene times. A rough mass balance restoring the sediment
mass of the study area and assuming local Airy isostasy
demonstrates that the average elevation would increase
only by ca. 100 m for the area of Scandinavia marked with
a blue line in Figure 11. However, locally the elevation
would increase by several hundred meteres or more, as
the pre-Oligocene landscape would show more uniform
slope gradients than the present, characteristic for a fluvial
landscape. To satisfy this, much of the restored material
would need to be put on the high-elevation flattish areas
and in the over-deepened fjords.
Detailed studies of the recent ELA distribution in the
Scandinavian mountains (Lie et al., 2003a,b) show a firstorder control of precipitation on the distribution of alpine
glaciers. The climate data from central Europe point to
higher precipitation in Oligocene times than today
(Mosbrugger et al., 2005). Therefore, although the Oligocene temperatures were a few degrees Celsius higher than
today, the higher maximum elevation and the higher precipitation would mean that the ridges of a fluvial landscape most probably would be above the ELA, and,
although the total area above the snowline would be relatively small, Alpine glaciers could start to nucleate. The

intensity of periglacial processes would also have
increased due to lower temperatures, especially in the cold
season (Mosbrugger et al., 2005). Moreover, the new
climate conditions increased the seasonality of runoff, with
higher spring water discharge due to snow and ice melting, which could also contribute to increased erosion and
higher efficiency of sediment transport. Finally, a climatic
cooling would lower the tree limit, thereby exposing more
bedrock and soils. An alternative model of the evolution
of the study area involves tectonic vertical movements of
the Scandinavian mountains (e.g. Jordt et al., 1995; Anell
et al., 2010; Knox et al., 2010). Anell et al. (2010) argued
for Oligocene uplift of Southern Scandies by presenting
mass balance calculations of the Cenozoic deposits in the
North Sea and interpreting low-relief landscapes at high
elevation as tectonically uplifted peneplains. Conforming
with the views of the tectonic uplift hypothesis, Anell
et al. (2010) without discussion elect to use the dated
d18O curve of Abreu & Anderson (1998), which does not
show the greenhouse – icehouse transition. However, the
Eocene-Oligocene cooling is globally recognized (Zachos
et al., 2001; Miller et al., 2005) and is also present in the
North Sea (Huuse & Clausen, 2001; Huuse et al., 2001;
Huuse, 2002; Heilmann-Clausen & Van Simaeys, 2005;
Nielsen et al., 2009). Furthermore, the increase in accumulation rates in the North Sea is perhaps too modest to
comply with a rejuvenation of topography. On the Norwegian shelf, the Oligocene – mid-Miocene unit shows
low accumulation rates (18 m/Myr) with extensive hiati,
which we speculate is the result of low sediment input
due to small catchments and due to submarine erosion,
traces of which are well documented in the Norwegian
shelf in the post-mid-Miocene Kai Formation (Laberg
et al., 2001, 2005) and in the North Sea (Huuse & Clausen, 2001; Hansen et al., 2005; Andresen et al., 2008).
From late Oligocene to mid-Miocene times, the global
climate became slightly warmer (Zachos et al., 2001;
Miller et al., 2005). Still, warm periods were interrupted
by glacial events (Miller et al., 1991b; Miller, 1996).
Temperatures as high as those of the Eocene epoch are
recorded during the mid-Miocene Climatic Optimum,
which in Central Europe occurred between 19 and 14 Ma
(Böhme, 2003) (Fig. 2). The d18O curve of Zachos et al.
(2001) suggests rapid warming in the Late Oligocene and
a long-lasting installation of ocean temperatures comparable with those during the Late Eocene. However, this
large rapid temperature increase is most likely an artifact
due to different datasets used in the study of Zachos et al.
(2001) (from high- to low-latitude sites – Pekar & Christie-Blick, 2008). Other publications, which show d18O
variations for this period (Buchardt, 1978; Barrera et al.,
1993; Miller et al., 2005; Pälike et al., 2006), show a much
more gradual transition towards the mid-Miocene
Climatic Optimum (Fig 2). In Northern Europe the climate
was oscillating between warm, nearly tropical, and temperate climates (e.g. Larsson et al., 2006, 2010). The
Lower to mid-Miocene succession in the Southern North
Sea is a continuation of the Oligocene sedimentation, with
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a shift of depocentres to the south-east (Michelsen et al.,
1998; Huuse et al., 2001).
During mid-Miocene, the climate became warmer and
sea level rose (Kominz et al., 2008). This should result in
lower depositional rates in the basin due to lower erosion
rates in warmer climates and sediment starvation due to
transgression, and indeed the so-called ‘mid-Miocene
unconformity’ represents an interval of condensed sedimentation and transgression in the southern North Sea
and onshore Denmark (Huuse & Clausen, 2001; Rasmussen, 2004b). After the mid-Miocene Climatic Optimum
the climate again cooled. The distinct deltaic deposits of
the Molo Formation (Fig. 9) are commonly explained as
the result of increased erosion rates due to rejuvenation of
relief in Scandinavia, coupled with the development of
compressional structures in the Norwegian shelf (Løseth
& Henriksen, 2005; Eidvin et al., 2007). However, the
main phase of activity on most of these structures ceased
already in the Early Miocene (Doré et al., 2008) (Fig. 2).
Furthermore, the stress conditions resulting in development of these structures would not suffice to cause any
significant deflection of the continental lithosphere (Nielsen et al., 2002). The estimated large difference in integrated strength between the Norwegian shelf and onshore
Scandinavia (around 20 9 1012 N/m and 80 9 1012 N/
m, respectively –Cloetingh et al., 2008) indicates that
strain should focus in the rheologically weak shelf and
possibly in fault and shear zones offshore and onshore
(though Neogene fault activity cannot be supported by
observations), but the uplift of a whole landmass should
not occur. This is clearly demonstrated by the thermorheological model of Nielsen et al. (2002), in which a
rifted margin is subjected to a change in compressional
stress. We therefore suggest that a modest increase of erosion rates caused by the established climate deterioration
would be a better explanation for the observed sedimentation pattern. The accumulation rates in the mid-Norwegian shelf are high due to large thicknesses of Kai
Formation, which is partly due to higher content of a
biogenous component, but also due to a higher terrigenous component originating from the Norwegian mainland (Forsberg & Locat, 2005).
Sediment production from the Fennoscandian shield
peaked during the cold and highly fluctuating climate
of the Late Pliocene – Pleistocene. This is well documented by the observed accumulation rates and follows
the global trend of Hay et al. (1988). Although a
tectonic uplift component is proposed by many authors
(Japsen & Chalmers, 2000; Overeem et al., 2001; Dahlgren et al., 2005; Stoker et al., 2005), we suggest that
the Plio-Pleistocene erosion history of Scandinavia (and
therefore offshore sedimentation) is solely a result of
the colder climate with more abundant Alpine-type
erosion, increased seasonality, abundant activity of erosion related to glacial ice streams and overstepping of
the water divide by large ice sheets. This explanation
agrees well with the onset of deposition of the Naust
Formation at ca. 2.75 Ma, i.e. at the beginning of
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widespread northern hemisphere glaciation (Ravelo
et al., 2004).

Sea-level changes and global perspective
An additional climate-related factor, which contributed
to the increase in sediment delivery to the basin, was the
sea-level changes during the Cenozoic. Whether more
sediment is delivered to the basin during a low or a high
sea level is mostly a matter of geological scenario and the
sequence stratigraphic model chosen (e.g. Catuneanu
et al., 2009), but climate-related eustatic fluctuations and
a general drop of global sea-level since the Eocene (Miller
et al., 2005) should increase the sediment production, as
the streams and rivers more commonly would experience
changes of base level. The discussion about the direct
link between relative sea-level changes and sequence
stratigraphic sequences in the North Sea has a long
history and is ongoing (Jordt et al., 1995; Michelsen
et al., 1998; Clausen et al., 1999; Huuse & Clausen,
2001; Overeem et al., 2001; Rasmussen, 2004a, 2009).
Commonly authors look for ‘an (eustatic) event for every
occasion’ (Miall, 1992) and in case such an event is not
available, a tectonic event is invoked. This tectonic event
then commonly becomes a phase of regional deformation
related to the regional stress regime (e.g. Clausen et al.,
1999; Rasmussen, 2009), which then is taken as evidence
for vertical movements beyond the area of study – i.e. in
the sediment source area. Recent work of Petersen et al.
(2010) shows that a deep-seated random component
unrelated to climate or in-plane tectonism can contribute
to driving the sequence stratigraphic architecture. The
relative sea level changes induced in this small-scale mantle convection model amount to a few tens of metres, are
enough to solely control the development of sequence
stratigraphic architecture. Furthermore, angular unconformities observed on seismic data can have a strictly
depositional character as (1) prograding sediments have a
specific angle of deposition, (2) the depositional surface is
not necessarily a flat surface and (3) angles observed on
seismic data are almost always exaggerated. One example
previously presented in the text is the ‘mid-Miocene
unconformity’ in the southern and eastern North Sea.
This condensed surface is followed by a change of depositional patterns, which commonly is suggested to be a
result of tectonic phases (e.g. Knox et al., 2010). However, in our opinion the observed seismic architecture is a
result of other factors, which are well documented: abundant salt tectonics, progressive infill of the basin, onset of
a new sediment-routing system – the Baltic River System, deteriorating climate, loading-induced subsidence of
the basin and erosional unloading of the source area,
which is uplifted in flexural isostasy. This scenario would
agree with the hypothesis proposed by Nielsen et al.
(2009). In their work the observed tilt of major seismic
surfaces is fully explained by compaction and loadinginduced subsidence and erosion-induced flexural isostatic
uplift.
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For several reasons, the link between climate and erosion in Scandinavia during the Cenozoic era is not
reflected in the depositional record as a one-to-one correlation. Hiatuses are abundant in the offshore record and
may be developed by several processes (submarine erosion, subaerial exhumation, non-deposition). It is also difficult to evaluate the amount of removed or redeposited
material. Another factor to consider is the evolution of the
size and shape of the catchments in Scandinavia. Figure 11 shows the contemporary catchment distribution.
It is clear that most of the erosional products are directed
towards the Baltic Sea, as the divide is situated close to
the west coast of Norway. Fjords, which incised deeply
into the mainland, captured rivers and streams (Sømme
et al., 2009) moving the divide inland. Since fjords were
finally shaped and deepened over the last glaciation, it is
expected that the divide would have been closer to the
coast prior to the Quaternary. Furthermore, more erosive
climate conditions prevail in the seaward side of the
mountain chain. Recent modelling by Anders et al. (2008)
emphasizes the dependence between the relief of a mountain range, climate and precipitation. The joint action of
erosional unloading and flexural isostasy therefore drives
the divide in a mountain range away from the coast,
though slowly, even without introducing tectonic movements. Therefore, the total area of catchments drained by
rivers entering the North Sea and the Norwegian Sea
might have been smaller in the past, causing overall lower
sediment supply to the basins.
We should like to accentuate that our suggestions
regarding the sediment flux from Scandinavia is in accordance with the link between Late Cenozoic climatic cooling and increased sediment accumulation, which has been
established in many study locations on both the southern
and the northern hemispheres. The global compilation by
Molnar (2004) presents a summary of Cenozoic sedimentation rates. In most locations sedimentation rates
increased during the Neogene, peaking within the last
5 Myr. This pattern is particularly striking in a global
study of DSDP/ODP data where, rates of accumulation
of terrigenous sediment have been calculated (Hay et al.,
1988). However, Willenbring & Von Blanckenburg (2010)
claim that this increase might be an artifact due to
decreasing preservation potential of sediments and that
global erosion remained constant over the last 10 Myr.
Our study clearly is in conflict with this hypothesis. The
outbuilding from the Norwegian coast after the onset of
glaciations is truly spectacular and, more importantly,
unprecedented. We suggest that even when corrections
for possible removal or reworking of older sediments were
performed (which resulted in under-evaluation of their
depositional rates) the observed trend of increased sediment accumulation over the last few million years would
prevail. A similar increase of accumulation rates is
observed in basins around and within the Asian continent
(Métivier et al., 1999). Although the paramount influence
of climate on increased global sedimentation rates in the
last few million years seems to be well established (Zhang

et al., 2001) other examples suggest that such a link could
have existed long before. Thus, Lavier et al. (2001)
ascribed a shift in sedimentation type in the Angolan margin in Oligocene times to the Oligocene cooling of
climate. The Late Miocene sediment pulse in the New
Jersey passive margin is also regarded to be influenced by
climate change (Katz & Miller, 1996; Steckler et al.,
1999). In areas of Cenozoic tectonic activity the interplay
between climate and tectonics is more difficult to resolve.
Still, in ‘fresh’ (Alpine-age) orogens the main phase of
sediment production clearly post-dates the main tectonic
phase, like in the Alps (Kuhlemann et al., 2002) or Himalayas (Métivier et al., 1999). We therefore share the general view of Molnar (2004) and Hay et al. (2002) that the
role of climate in the Neogene depositional record is
undisputable and that these climate variations might have
created an illusion of tectonic uplift. Western Scandinavia
and the surrounding basins provide a clear case for the
influence of climate and climate change on sediment production. In particular after the Eocene-Oligocene greenhouse-icehouse transition there are clear correlations
between cooling episodes, seismic stratigraphic geometries and lithology variations (Nielsen et al., 2009;
Śliwińska et al., 2010b). We suggest that the failure to
corroborate the existence of inland Cenozoic tectonic
activity is rooted in the simple fact that there is none of
any significance.

CONCLUSIONS
This work demonstrates how tectonism, mainly during
the Paleocene, in conjunction with Cenozoic climate
and climate change, can explain erosion rates in Scandinavia and sedimentation patterns in the surrounding
basins. Although tectonic activity during the Paleocene
and Early Eocene stimulated sediment input to the
North Sea and Norwegian shelf, uplift of the whole
landmass of Scandinavia is not necessary. Strain
focuses where the lithosphere is the weakest, which is
in the basins offshore Scandinavia where protracted
extension and rifting since Paleozoic times has weakened its structure. Therefore, the Scandinavian mainland is a poor candidate for any deformation in a mild
compressional regime developed mainly by the ridge
push of the North Atlantic. We further suggest that
the role of climate has been underestimated in the evolution of the area as fluctuations in the altitude of the
ELA and the intensity of the glacial buzzsaw mechanism may well cause fluctuations of intensity of
mechanical weathering and related depositional rates in
surrounding basins.
In summary we conclude that:
(1) The relatively high depositional rates of the climatically warm Paleocene and Early Eocene are consistent
with tectonically stimulated erosion related to the
opening of the North Atlantic.
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(2) The relatively low depositional rates of the Eocene are
consistent with tectonic quiescence and warm climate of
the Scandinavian mainland, resulting in a quasi-static
mainly fluvial erosional system with low erosion rates.
(3) The change in the depositional systems following the
Eocene-Oligocene global climate cooling is conspicuous in the North Sea, as concluded in previous studies,
but less so in the Norwegian shelf. This variation can
be consequence of different sizes of catchment areas.
(4) The coupling between climate and climate change
and sediment production rate is a result of variations
of the glacier equilibrium line altitude and increased
seasonality after the Eocene-Oligocene transition.
(5) The occurrence of the prograding coastal deposits of
the Molo Formation, the deep-basinal Kai Formation
with higher depositional rates than underlying deposits and the change of depositional geometry of the
Southern North Sea delta and preceding successions
are consistent with the cooling following the MidMiocene Climatic Optimum and our hypothesis for
climate control on erosion rates.
(6) The development of ridge push resulted in long lasting development of compressional structures on the
Norwegian shelf, producing local erosion and deposition. It does not follow trivially that the Scandinavian
mainland was tectonically affected because it is rheologically stronger than the offshore basins.
(7) The increase in sediment yield during the Late Pliocene-Pleistocene time is fully explained by the
increased importance of glaciers and their ability to
overstep fluvial drainage divides.
(8) The western Scandinavian highlands and surrounding basins show similar features to other glaciated orogens with regards to an increased sediment output
during cold climates.
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online version of this article:
Appendix S1. The maps show three sub-areas with the
seismic data used for horizon mapping and well data used
for stratigraphy control and velocity analysis.
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Appendix S2. ‘Work flow’ diagram illustrating development of isopach maps on the example of the Paleocene
unit; a) wells with TWT-depth data used for development of velocity maps. These wells are also listed in the
Table S1; b) velocity map for the Paleocene unit. It is
hand-corrected for areas where no data is available and
the gridding procedure produces unrealistic values, e.g.
too high values close to the coast of Norway, were velocities are relatively lower due to shallow burial; c) seismic
lines used for horizon mapping. Two mapped horizons
(in this case Base Cenozoic and Top Rogaland) are gridded. These grids are then subtracted to obtain a TWT
thickness map, presented in figure d); e) isopach map in
metres developed from TWT thickness map and a velocity map
Table S1. Wells used for the velocity analysis in the
study area.
Table S2. Depositional rates from selected areas.
Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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Appendix S1. Seismic and well data set used in the study
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Table S2. Depositional rates from selected areas. The decompaction has been performed assuming decay
length of 1800m and compaction relations of Hansen (1996).uniform lithology of 60% surface porosity

Average matrix thickness (m)

Matrix (m/Myr)

At surface porosity (m/Myr)

At ambient porosity (m/Myr)

Dutch and
Danish sectors
6
16
21
23
129
10
28
34
33
165
4
11
14
13
66
932

20
13
17
19
152
38
23
28
29
200
15
9
11
12
80
1016

Total

6201/11-1, 6204/10-2, 6204/11-1, 6204/11-2,
6205/3-1, 6302/6-1, 6305/1-1, 6305/12-2,
6306/10-1, 6306/5-1, 6406/11-1, 6406/12-1,
6406/2-2, 6406/3-2, 6406/6-1, 6406/8-1,
6407/10-3, 6407/1-3, 6407/2-1, 6407/5-1,
6407/6-1, 6407/7-1S, 6407/7-3, 6407/8-1,
6407/9-2, 6506/11-1, 6506/12-7, 6507/10-1,
6507/11-1, 6507/12-2, 6507/2-1, 6507/2-3,
6507/5-2, 6507/6-2, 6507/8-1, 6508/5-1,
6607/5-1, 6608/11-1, 6609/10-1, 6609/11-1,
6609/7-1, 6610/2-1, 6610/3-1, 6610/7-1,
6704/12-1, 6706/11-1, 6707/10-1

Norwegian shelf

Norwegian sector
of the North Sea
17
13
23
12
108
30
23
39
18
132
12
9
15
7
53
908

1/5-2, 1/9-3R, 2/11-5, 2/1-8, 2/2-1, 2/3-3, 2/5-2,
2/6-3, 2/7-19, 2/8-3, 2/9-2, 3/5-1, 6/3-1, 7/11-9,
7/12-6, 7/8-2, 8/10-2, 8/12-1, 8/3-2, 8/4-1, 8/9-1,
9/12-1, 9/4-3, 9/8-1, 10/8-1, 15/12-3, 15/3-5,
15/6-6, 15/9-1, 16/10-1, 16/11-2, 16/3-3, 16/4-1,
16/5-1, 16/6-1, 16/7-2, 16/8-2, 17/11-1, 17/4-1,
17/9-1, 18/10-1, 18/11-1, 25/10-4, 25/1-9,
25/2-10S, 25/4-1, 25/5-1, 25/6-1, 25/8-3, 26/4-1,
29/3-1, 30/10-5, 30/11-4, 30/2-1, 30/3-3, 30/5-1,
30/6-22, 30/7-7, 30/9-14, 31/2-5, 31/2-8, 31/3-3,
31/4-4, 33/12-7, 33/5-2, 33/9-13S, 34/10-30,
34/2-4, 34/4-3, 34/8-6, 35/10-1, 35/11-1, 35/3-4,
35/8-1, 34/2-3, 35/3-1, 35/3-4

Norwegian sector

Table S1. Wells used for the velocity analysis in the study area.

A18-01, D1201, E02-01,
E13-01, E1401, EG-1,
F07-01, F1501, K07-03,
K08-02, K1406, L02-02,
L02-04, L0704, L13-01,
M09-01, P0201, P09-01

Dutch sector

Cenozoic erosion and ﬂexural
isostasy of Scandinavia
Submitted to Geology

PAPER 2

1

Cenozoic erosion and flexural isostasy of Scandinavia

2

Bartosz Gołędowski

3

David L. Egholm

4

Søren B. Nielsen

5

Ole R. Clausen

6

Eoin D. McGregor

7

Abstract

8

The presence of Cenozoic deposits along the Norwegian Atlantic margin required extensive

9

erosion of the Scandinavian mountains in a generally cooling climate from the Oligocene to

10

the present. The volume of the deposits implies that the transfer of mass from the inland area

11

to the offshore shelf induced isostatic displacements on a kilometer scale. However, except

12

for glacial excavation of the deep fjords, little is known about the distribution of Cenozoic

13

inland erosion. The present day glacial landscape of Scandinavia is different from the fluvial

14

predecessor that must have existed prior to Cenozoic cooling. In this study we reconstruct a

15

possible pre-Cenozoic fluvial landscape using the offshore sediment matrix and find that it

16

was less than 1000 m higher than today. The offshore sediments are generally needed for

17

filling the fjords created during the Late Neogene glaciations and for restoring concave river

18

profiles from sea level to the peaks. Our reconstruction is based on a fluvial landscape

19

algorithm and considers the isostatic response to the transfer of rock mass - from the basins

20

onto the onshore area. A comparison between the reconstructed and the present day

21

topography demonstrates that offshore tilting of pre-Cenozoic strata can be partly explained

22

by flexural isostatic compensation in response to the Cenezoic erosion and deposition.

23

Locations of future thermochronometry studies for testing Scandinavian landscape evolution

24

models are suggested based on temperature estimates of the present day surface buried

25

beneath the erosion products restored from the offshore basins.

26
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28

INTRODUCTION

29

The high topography of western Scandinavia partly coincides with the outline of the

30

Caledonian orogen, which experienced its main phase of deformation during the collision of

31

the Baltica and Laurentia plates at ca. 420-400 Ma (Roberts, 2003). The present Scandinavian

32

landscape shows significant traces of Late Neogene glacial erosion since ca. 2.7 - 2.8 Ma

33

(Jansen et al., 2000). The Norwegian fjords and the voluminous glacigenic deposits on the

34

Norwegian shelf are the most obvious imprints of a link between intense erosion and rapid

35

deposition in the surrounding basins. Comprehensive interpretation of an offshore dataset

36

(Gołędowski et al., 2011) enabled a quantitative analysis of the sediment mass transfer and

37

related isostatic effects in the form of subsidence in the basins and a rebound inland. This has

38

been argued to be the main mechanism for rock column uplift in tectonically quiet orogens

39

(Champagnac et al., 2007; Medvedev et al., 2008; Small and Anderson, 1998) and the primary

40

driver for long-term exhumation of Scandinavia (Nielsen et al., 2009). The Scandinavian

41

Mountains experienced a partial gravitational collapse in Devonian times (ca. 405 - 390 Ma)

42

(Roberts, 2003). The subsequent long-lasting continental rifting processes led to creation of

43

large sedimentary basins and eventually to orogen separation, continental break-up and

44

creation of the North Atlantic Ocean at ca. 56 Ma (Skogseid et al., 2000). However, owing to

45

orogenic crustal thickening, the Caledonides had a significant amount of buoyant crustal root

46

comparable to that found in the present-day Himalayas (Streule et al., 2010), which must have

47

been a long-time rock feeder to the existing topography.

48

The present high topography in western Scandinavia displays a series of low relief surfaces in

49

the form of summit flats between the fjords or as long flattish hillslopes leading from the fjord

50

areas to existing cirque glaciers higher in the landscape (e.g. Nesje and Whillans, 1994). It has

51

been argued that the low relief surfaces are remnants of uplifted peneplains, which were

52

created at sea level and lifted to their present elevation by Cenozoic tectonism of unknown

53

origin (Reusch, 1901). This hypothesis assumes that the present day Scandinavian topography

54

did not persist since the creation of the Caledonides and was rejuvenated in Cenozoic times

55

(Lidmar-Bergström and Näslund, 2002). Furthermore, the varying sediment flux to the basins

56

is assumed to be mostly tectonic in origin (e.g Jordt et al., 1995; Riis, 1996).

57

In contrast to this hypothesis, it has recently been suggested that the present-day landscape

58

in Scandinavia is a persistent remnant of pre-Cenozoic tectonic events and long-term fluvial,
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59

glacial and periglacial erosion (Nielsen et al., 2009). The frequently fluctuating and

60

deteriorating Cenozoic climate is argued to be the main driver for varying sediment flux

61

(Gołędowski et al., 2011; Nielsen et al., 2009). This latter hypothesis does not require

62

Cenozoic tectonic uplift of the Scandinavian landmass. The difference between the two

63

hypotheses can be summarized by the key question: Did the present topography develop

64

from Cenozoic tectonic uplift of Mesozoic paleosurfaces at sea level or was it formed by

65

glacial and periglacial erosion of a pre-Cenozoic fluvial remnant of the Caledonian mountains?

66

It is impossible to answer this question solely on the basis of the sediment record owing to the

67

lack of inland Mesozoic and Cenozoic sediments, and because tectonism and climate

68

variations can lead to identical variations in sediment production rate (Molnar, 2004; Molnar

69

and England, 1990; Montgomery and Brandon, 2002).

70

In order to quantify the implications of the climate-driven erosion hypothesis of Nielsen et al.

71

(2009), we perform a reconstruction of a possible pre-Cenozoic fluvial landscape using the

72

sediment matrix volumes found offshore and a computational landscape evolution model. The

73

reconstructed fluvial landscape allows us to 1) evaluate the height and morphology of the pre-

74

Cenozoic Scandinavia, 2) quantify the isostatic implications of the Cenozoic mass transfer, and

75

3) identify areas for thermochronological studies suitable for testing the erosion hypothesis of

76

Nielsen et al. (2009).

77
78

The fluvial landscape reconstruction

79

The morphology of the present-day Scandinavian landscape is characterized by overdeepened

80

glacial troughs, hanging valleys, and cirques shaped by erosive wet-based glaciers, as well as

81

high elevation summit flats which experienced very little erosion during the Quaternary

82

glaciations when cold-based ice was armoring the bedrock (Fabel et al., 2002; Kleman, 1994).

83

The present landscape is therefore very different from a fluvial one, which is typically

84

characterized by V-shaped valleys and confluent valley systems without vertical relief at the

85

tributary junctions.

86

Here we assume that the landscape before the Cenozoic was fluvial due to the warmer

87

climate. In order to reconstruct the pre-Cenozoic fluvial landscape we return the Cenozoic

88

sediments deposited offshore Scandinavia onto present topography and apply a fluvial
3

89

landscape evolution model (see GSA Data Repository) which distributes the sediment matrix

90

in accordance with observations from existing fluvial landscapes (e.g. Whipple, 2004).

91

Returning the matrix deposited offshore to the landscape leads to an increase in the average

92

elevation. However, the moved rock mass also causes load-induced flexural isostatic

93

subsidence inland and rebound of the sedimentary basins offshore. The model accounts for

94

this by incorporating an underlying elastic thin-sheet with an elastic thickness of 10 km. A

95

portion of the sediment matrix is placed on the landscape in each model iteration.

96

Subsequently, fluvial erosion and deposition moves some of the restored rock material to

97

other parts of the landscape or back to the basin. The iterations continue until the entire

98

sediment matrix that originated from Scandinavia in the Cenozoic has been restored onto the

99

landscape. This procedure drives the current glacial landscape backwards into a fluvial state.

100
101

We have calculated the matrix volume of offshore Cenozoic sediments sourced from

102

Scandinavia for the North Sea and the Norwegian shelf (Gołędowski et al., 2011) (Fig. 1A). To

103

estimate the isostatic adjustments in the North Sea (Fig. 1C) we use total Cenozoic sediment

104

thicknesses from Ziegler (1990), as sediments sourced from elsewhere contributed to the

105

loading of the basins. The overall morphology of the reconstructed landscape, e.g. the east-

106

west asymmetry of topography (Fig. 2A), is determined by the inferred pattern of rock

107

restoration (Fig S1). As a result, the reconstructed landscape is not a unique replication of the

108

pre-Cenozoic Norwegian topography. Rather, the reconstruction represents a possible

109

example of a pre-Cenozoic Scandinavian fluvial landscape containing the entire Cenozoic

110

offshore sediment matrix. Erosion into the present bedrock surface was not allowed during

111

iteration steps and the present landscape is therefore fully preserved under the reconstructed

112

topography. Thus, the local differences in elevation between the present-day and the

113

reconstructed pre-Cenozoic landscape (Fig. 2, S2) result from the rock restoration applied and

114

the isostatic subsidence caused by the load of restored rock mass (Fig. 1 B, C). Higher

115

topography in the pre-Cenozoic landscape is encountered in the fjords, which after

116

reconstruction are fluvial valleys above sea level, and above present-day summit flats, which

117

become buried under fluvial catchment ridges (Fig. 2, S2). A higher topography of the pre-

118

Cenozoic reconstructed landscape also occurs further north along the main divide of mid-

119

Norway (Fig. 2C), and in the central parts of the Hardangervidda area in the south where
4

120

extensive low-relief high topography exists today (Fig. 2B). There are, however, areas in the

121

reconstructed landscape with topography several hundred meters lower than at present (Fig.

122

2, S2), implying that isostatic rebound exceeded erosion during the Cenozoic in these regions.

123

This is the case for areas surrounding the deeply incised fjords, for the outer areas of

124

Hardangervidda, and the area south-east of the Møre Trøndelag Fault.

125

By performing the reconstruction of the pre-Cenozoic landscape the present inclination of the

126

base-Cenozoic surface offshore decreases significantly (Fig. 2, S3). The landscape

127

reconstruction therefore implies that the present tilt of the offshore strata was partly caused

128

by isostatic adjustments unrelated to tectonism. We assign the remaining tilt in the

129

reconstructed offshore bathymetry to the effects of continued thermal subsidence and

130

compaction of the pre-Cenozoic sediments, which are not included in the current model. This

131

is emphasized by the relatively high inclination of base Cenozoic in the Møre Basin (Fig. S3),

132

where the rifting took place in Cretaceous times (Brekke et al., 2000). These rifted basins

133

contain large volumes of Cretaceous sediments, which were prone to further compaction in

134

the Cenozoic.

135

DISCUSSION

136

During the last two decades, many studies have focused on the effects of glacial erosion on

137

mountain range morphology (Brozović et al., 1997; Egholm et al., 2009; Mitchell and

138

Montgomery, 2006; Pedersen et al., 2010). In a concept known as ‘the glacial buzzsaw’, glacial

139

erosion rates peak at an elevation close to the snowline altitude. As a consequence of such

140

focused erosion, glaciated mountain ranges accumulate surface area at elevations roughly

141

corresponding to the snowline altitude. Computational landscape evolution models have

142

demonstrated how this mechanism leads to low-relief hillslopes above deeply eroded glacial

143

troughs and below steep arêtes and horns (Egholm et al., 2009). The intensity of periglacial

144

processes (e.g. freeze-thaw) on top of the flattish areas has been shown to be very slow (in

145

the order of 10 m/Myr - Small et al., 1997; Stroeven et al., 2002). However, these low rates

146

probably reflect transport-limited steady-state regolith production owing to the current

147

flatness of the surfaces (Anderson, 2002; Small and Anderson, 1998). Frost shattering has

148

been documented to be very erosive in areas with steeper topography (e.g Hales and Roering,

149

2009; Heimsath and McGlynn, 2008) and past periglacial erosion rates could therefore have
5

150

been higher if steeper remnants of fluvial ridges existed where the summit flats are presently

151

situated (Fig. S4).

152

Currently, Alpine-type glaciers occur in the Scandinavian mountains. Given the inferred

153

Cenozoic climatic conditions (Mosbrugger et al., 2005; Zachos et al., 2001) and assuming the

154

existence of higher paleo-topography, Alpine-type glaciers could have existed periodically in

155

the Norwegian mountains since the Oligocene (Nielsen et al, 2009; Gołędowski et al., 2011).

156

Furthermore, periglacial erosion processes must have affected the Norwegian topography to

157

varying degrees throughout the ‘icehouse’ period (Zachos et al., 2001). It is therefore plausible

158

to suggest that glacial and periglacial denudation mechanisms have altered the high parts of

159

the Scandinavian mountains not only during the period of Northern Hemisphere Glaciations,

160

but for the last ca. 34 Myr. The extremely cold periods during the Late Neogene led to

161

development of large ice sheets that formed the deep fjords, but likely protected the high

162

topography with cold-based non-erosive ice (Fabel et al., 2002; Kleman, 1994; Thomson et al.,

163

2010).

164

Thus, the two opposing landscape-evolution scenarios (i.e. Cenozoic peneplain uplift vs.

165

protracted erosion of the orogen) display very different patterns of erosion and rock column

166

uplift. The hypothesis of tectonic peneplain uplift implies that very little erosion occurred on

167

the present summit flats since the uplift occurred. Contrary to this, the scenario considered

168

here suggests that Cenozoic erosion in these areas was significant and varied across the

169

present summit flats. Thermochronometry studies should therefore be capable of

170

discriminating between these two hypotheses. The sensitivity of the standard apatite fission

171

track method is too low to detect the differences in exhumation, but the sensitivity of 4He/3He

172

method (Shuster et al., 2006) could be sufficient where large amount of material has been

173

removed. Such areas are located in and around the fjords, across Hardangervidda, and along

174

the main divide of mid-Norway. In case of 3 km of erosion and standard thermal parameters

175

for the area (see GSA Data Repository), the temperature at the present-day surface could

176

reach 60 °C prior to erosion (Fig. 3). The temperature values in Figure 3 are rough estimates

177

since they do not account for horizontal heat flow, which increases the temperature gradient

178

in valleys and decreases the temperature gradient along ridges. We note that our model also

179

neglects lithological contrasts between structural provinces (Gabrielsen et al., 2002), and that
6

180

associated differences related to bedrock fracture density and orientation likely influenced

181

the degree of subglacial erosion in e.g. Hardangervidda and Jotunheimen (Dühnforth et al.,

182

2010).

183

The Caledonide orogen has been a significant sediment source area for the surrounding rift

184

basins during their existence (Brekke, 2000; Ziegler, 1990). Throughout the Late Cretaceous,

185

very little terrestrial material was delivered to the central and southern North Sea Basin

186

where thick biogenic chalk deposits are encountered (Surlyk et al., 2003). However, north of

187

60˚N large thicknesses of late Cretaceous clastic sediments have been deposited in deep rift

188

basins (Brekke, 2000), which indicates the existence of inland topography at that time. The

189

model presented here shows that, although a significant amount of rock matrix has been

190

restored, a pre-Cenozoic landscape was in all likelihood not much higher than the one today

191

due to load-induced subsidence and restoration of the fluvial character. The isostatic uplift in

192

offshore basins resulting from a mass transfer significantly reduces the present-day tilt of the

193

Base Cenozoic surface. We suggest the approach presented is viable and in accordance with

194

commonly accepted models of landscape evolution. It shows a transition from a fluvial to

195

glacial landscape without incorporating kilometer-scale tectonic uplift in the Cenozoic.

196
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Figure captions

199

Figure. 1 A: Present-day topography of Scandinavia illustrated by the ETOPO1 DEM dataset

200

and matrix thickness of Cenozoic deposits offshore (Gołędowski et al., 2011; Ziegler, 1990). B:

201

Amount of restored matrix onto the present-day landscape. Zoom-ins on the area of

202

Hardangervidda (lower) and Sognefjord (upper) C: Isostatic response to the mass transfer of

203

the offshore sediment matrix onto to landscape. Vertical scale in km.

204

Figure 2 A: The reconstructed pre-Cenozoic fluvial landscape. Cross sections from Northern

205

Scandinavian Mountains (B) and Hardangervidda areas (C). The blue lines mark the sections

206

through the present-day topography. The red lines mark the section through the

207

reconstructed topography. The grey line marks the elevation of the present-day surface

208

buried beneath the reconstructed landscape. D: Zoom-in of the reconstructed Sognefjord
7

209

catchment. E: Longitudinal profiles of the Sognefjord tributaries. Thick lines mark the profiles

210

from the reconstructed landscape; thin lines mark the corresponding profiles from the

211

present-day landscape. Vertical scale in km on all figures.

212

Figure 3. Temperature distribution [˚C] of the present-day surface when buried beneath the

213

reconstructed landscape.
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1 The ﬂuvial landscape evolu on model
The numerical landscape evolu on model operates with three components of ver cal surface
displacement, ∆h, at every grid point with horizontal coordinates (x, y): 1) The rock mass
added to the landscape, Dr (x, y), ﬂexural isosta c compensa on, If (x, y), and ﬂuvial erosion,
Ef (x, y):
∆h(x, y) = Dr (x, y) + If (x, y) − Ef (x, y)

(1)

In every itera on step of the model evolu on, a small amount of rock, ∆Dr (x, y) = ∆tḊr (x, y),
is added to the landscape. ∆t is the itera on me step and Ḋr (x, y) is the imposed rate of rock
restora on (Fig. S1). We note that although ∆t is referred to as a ' me step', it is not directly
connected to real me, since we do not model the temporal varia ons of erosion back in me
but only the pre-Cenozoic conﬁgura on.
A er deposi on of the new rock mass, isosta c adjustments are performed according to the
two-dimensional elas c thin plate equa on:
∂ 4 If
∂ 4 If
L(x, y)
∂ 4 If
+
2
+
=
4
2
2
4
∂x
∂x ∂y
∂y
D

(2)

Here D = ETe3 /[12(1 − ν 2 )] is the ﬂexural rigidity; E = 1011 Pa is Young's modulus; ν = 0.25
is the Poisson ra o, and Te = 10 km is the elas c thickness of the lithosphere. L(x, y) =
(ρr −ρw )gS(x, y)−ρr gDr (x, y)−ρa gIf (x, y) is the ver cal load on the plate (posi ve upward);
S(x, y) is the amount of rock (sediment matrix) removed from the basins; ρr = 2800 kg/m3 is
the rock density; ρa = 3250 kg/m3 is the density of asthenosphere rocks; ρw = 1000 kg/m3 is
the density of water.
A er isosta c adjustments, ﬂuvial erosion removes some of the added rock, Dr (x, y), but some
of the new rock mass remains and slowly the landscape transforms into a ﬂuvial conﬁgura on
with V-shaped valleys and concave longitudinal proﬁles. We assume that the ﬂuvial erosion
rate is governed by the stream power model (Whipple, 2004):
Ėf (x, y) = Ke q m sn

(3)

where Ėf is the ﬂuvial erosion rate; Ke = 10−8 m−1/2 y−1/2 ; m = 0.5 and n = 1. q is water
discharge and s is the local bed slope. Only the rock mass added during the simula on can be
eroded, and erosion into the present day bedrock is therefore not allowed.
The present Scandinavian precipita on varies signiﬁcantly from the coast and inland (Fig. S5).
We assume that this topographically induced precipita on gradient existed though the Cenozoic. We therefore compute the water ﬂux from the present precipita on rate integrated over
the catchment area, A, of every point of the landscape:
∫
(4)
q(x, y) =
pr (x, y)dA
A

The catchment area is computed by the Cascade algorithm presented by (Braun and Sambridge,
1997).

1

The itera on steps con nue un l a steady state balance between erosion, deposi on, and
isostasy occurs:
∂h
= Ḋr (x, y) + I˙f (x, y) − Ėf (x, y) = 0
∂t

(5)

and the total rock mass deposited matches the amount of sediment matrix that must be returned to the area of the present landscape, Ω:
∫
Dr (x, y)dΩ = 3.7 × 1014 m3
(6)
Ω

We note that the topographic reconstruc on is based on the assump on that Cenozoic erosion
did not change the overall drainage pa erns of Scandinavia in a drama c way. The rate of rock
restora on, Ḋr (x, y) (Fig. S1), is therefore designed to maintain the overall present day topographic pa erns with, e.g., water sheds close to the west-coast of Norway. The rate of rock
restora on is not, however, constrained by any direct observa on and other pa erns of rock
restora on would lead to diﬀerent landscapes.
The model grid is 1500 km wide (east-west) and 2000 km high (north-south). The spa al resolu on of the grid is 700 m.

2 Calcula on of rock matrix in oﬀshore sediments
In the calcula on of the matrix volumes we assume uniform lithology porosity throughout the
area, with a surface porosity of 60% and a porosity decay length during compac on of 2000 m.
The porosity decay rela onships are taken from (Hansen, 1996).

3 The digital eleva on model (DEM)
The DEM used is the ETOPO1 dataset. It is a 1 arc-minute global relief model of the Earth's
surface that integrates land topography and ocean bathymetry. For further informa on, see
h p://ngdc.noaa.gov/mgg/global/global.html.

4 The temperature of the buried present-day surface
The temperature distribu on follows Fourier's law of heat conduc on:
qh = −k

∂T
∂z

(7)

where qh = −60 mW m−2 is the heat ﬂux; k = 3.0 W m−1 K−1 is the thermal conduc vity; T
is temperature, and z is the ver cal coordinate. The thermal parameters used (qh and k) are
standard values for crustal rocks in Scandinavia (Balling, 1995). The surface air temperature at
sea level at the onset of Cenozoic is assumed to be 10 ◦ C (Hunter et al., 2008). The surface
air temperature decreases with eleva on, following a present-day average lapse rate of 6.5 K
km−1 .
2
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In this paper we investigate the Early Oligocene (Rupelian) high-angle clinoform complex from the
western part of the NorwegianeDanish Basin. The study consists of an integrated analysis of 3D seismics,
petrophysical well logs and micropaleontological data.
A series of erosional features and geometry of prograding units, e.g. the high-angle clinoform complex,
interpreted as a forced regressive unit, is identiﬁed. The proposed depositional model accounts for
lithological variations, climate-induced sea-level ﬂuctuation and depositional environment. The characteristic high-angle clinoform complex has been estimated to be of Late Rupelian age. Paleoenvironmental reconstruction of the unit (based on dinocyst analysis) suggests that the deposition of the
succession took place in submarine conditions. Presence of a cold-water dinoﬂagellate Svalbardella
within the unit containing high-angle clinoforms suggests that the unit was deposited during one of the
Oligocene glacial maxima (the most probably the Oi2 cooling event).
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Factors controlling the Cenozoic inﬁll of the North Sea Basin
were in focus of numerous sequence stratigraphic studies since the
early nineteen eighties. There is an ongoing discussion on the
relative importance of climate and tectonism on sediment
production of Oligocene succession in the North Sea Basin (Nielsen
et al., 1986; Jordt et al., 1995; Clausen, 1998; Clausen et al., 1999;

 ska et al., 2010;
Huuse, 2002; Rasmussen, 2009; Sliwi
n
Go1e˛ dowski et al., in press). It has been suggested that the climate
might have played a major role in the Oligocene sedimentation

 ska,
patterns in the North Sea Basin (Nielsen et al., 2009; Sliwi
n
2011). The greenhouseeicehouse transition at the Eocene/Oligocene boundary the depositional system in the eastern North Sea
Basin changed signiﬁcantly and the climate-induced changes in
relative sea-level inﬂuenced the architecture of the Oligocene

 ska et al., 2010).
succession (e.g. Huuse, 2002; Sliwi
n
The PaleoceneeEocene succession in Eastern North Sea has
been investigated in detail since it is a reservoir for the only Danish
commercial hydrocarbon play outside the hydrocarbon-prone
Central Graben (Fig. 1). The hydrocarbons have been sourced
from the Central Graben and migrated laterally up to 70 km before
they were trapped in a reservoir of Late PaleoceneeEocene glauconitic silty-sandy turbidites of the Siri Fairway (Hamberg et al.,
2005; Ohm et al., 2006). A Late Oligocene mound consisting of
* Corresponding author. Tel.: þ45 8942 9444.
E-mail address: ole.r.clausen@geo.au.dk (O.R. Clausen).
0264-8172/$ e see front matter Ó 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.marpetgeo.2011.10.002

turbidites and reworked turbidites located basinward of the major
Oligocene clinoforms (the Freja Mb.) was penetrated in the
Fransisca-1 well (Schiøler et al., 2007) but so far no commercial HC
plays have been discovered in the post-Eocene succession.
In the western NorwegianeDanish Basin a complex of highangle clinoforms dipping up to 5 toward the southwest has been
identiﬁed on seismic data. This depositional body and associated
erosional features give a unique possibility to study mechanisms
generating high-angle clinoforms in an area normally dominated
by shallow-dipping clinoforms. It also allows enquiring how are the
individual clinoforms related and how the sediments were
transported.
The objectives of this study are thus
 to analyze the internal geometry of a complex of high-angle
clinoforms and the local erosion associated with the generation of the clinoforms
 to discuss the factors controlling the generation of the highangle clinoform complex during inﬁlling of an intra-cratonic
basin
 to elucidate the paleoenvironment during deposition of the
Oligocene in the North Sea

1.1. Geological setting
The high-angle clinoform complex is located in the western part
of the NorwegianeDanish Basin at the northern ﬂank of the
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Figure 1. Map of the Danish sector covering part of the eastern North Sea Basin. The
location of major structural elements is indicated as well as the extent of the potential
mobile Zechstein salt. The NorwegianeDanish Basin and the Ringkøbing-Fyn High are
structural elements in the intra-cratonic North Sea Basin. The faults indicated cut the
Top Chalk Group (affecting the Cenozoic succession) and are generated due to
a combination of minor basement-related faulting (e.g. in the Central Graben area) and
salt-related faults, following the pinch-out line of the Zechstein salt (Clausen and
Huuse, 1999). The study area is located in the eastern part of the NorwegianeDanish
Basin.

Ringkøbing-Fyn High (Fig. 1). Over the last 65 Myr the regional
subsidence of the North Sea Basin was centered in the Central
Graben area, west of the high-angle clinoforms complex. The
subsidence was a post-rift thermal subsidence located above the
Late Jurassic Central Graben. There are no indications of Cenozoic
basement faulting (Coward et al., 2003). However, the NorwegianeDanish Basin is characterized by the presence of Zechstein
evaporites generating a large number of salt structures (pillows,
walls and diapirs), which has deformed the Cenozoic succession.
Furthermore, a major Cenozoic salt-related fault complex, striking
EeW, is located just south of the high-angle clinoforms complex
(Petersen et al., 1992; Sørensen, 1998).
The Cenozoic siliciclastic sediments in the Central Graben area
are up to 3000 m thick and are characterized by a generally
upward-coarsening trend (Huuse et al., 2001; Kristoffersen and
Bang, 1982; Schiøler et al., 2007). The western part of the NorwegianeDanish Basin is characterized by an Oligocene depocenter
(Fig. 2), dominated by SW-ward prograding siliciclastic units, which
are unconformably overlying the Eocene hemipelagic deposits
(Michelsen et al., 1995, 1998; Schiøler et al., 2007) and reach over
1000 m of thickness. Michelsen and Danielsen (1996) and
Danielsen et al. (1997) showed that the Oligocene sediments originated from the north east, and that the depocenters of the individual sequences migrated westwards, parallel to the pinch-out
line of the Zechstein salt and onto the northern ﬂank of the
Paleozoic Ringkøbing-Fyn High.
The Oligocene succession in the eastern North Sea belongs to the
Lark Fm., which is subdivided into 4 subunits (L1eL4) (Schiøler
et al., 2007). The Lark Fm. is dominated by mudstones comprising
sandstone stringers and discrete sandstone units in the eastern
parts of the Danish area (Schiøler et al., 2007). The older sandstone
unit is deﬁned as the Dufa Mb., which is characterized as a deltaic
shallow-marine sediment. The younger unit, the Freja Mb., is
interpreted as stacked turbidites, partly reworked by submarine
currents. The lateral extent of the two sand units (Schiøler et al.,
2007), with respect to the clinoforms analyzed here, is shown in
Fig. 3.

Figure 2. The regional distribution of Oligocene and Lower Miocene sediments. Note
that the study area is located within a signiﬁcant depositional maximum characterized
by WSW-ward prograding major clinoforms (Michelsen et al., 1995, 1998).

1.2. Data used
During the exploration for hydrocarbons in Paleocene and
Eocene sediments east of the Danish Central Graben, a number of
3D seismic data has been acquired. These data are now available for
analysis in the public domain. The study area is covered by the
NODAB 3D survey (bin distance: 12.5 m, area covered 323 km2). The
vertical seismic resolution in the investigated interval in the area is
approximately 10 m (Andresen et al., 2008). The petrophysical well
logs from the Nini-1 well are used for detailed lithology interpretation. The seismic and well log interpretations are carried out
using the Kingdom SuiteÒ software (courtesy of Seismic MicroTechnology, Inc.). Palynological studies from the Nini-1 well are
used for the dating and paleoenvironmental reconstructions. The

 ska et al.
sample preparation technique is described in Sliwi
n
(2010). For dating, at least 200 dinocysts specimens were counted
in each sample. In another slide from the same sample, at least 300
dinocysts were counted for environmental analysis. Counted
dinocysts were referred to one of the groups shown in Table 1, as
well as the dinocyst distribution within the investigated interval.
We have used the taxonomic nomenclature of Williams et al.
(2004). In the text we refer to the timescale of Luterbacher et al.
(2004) and the cooling events of Miller et al. (1998).
2. Geometry and lithology of the observed high-angle
clinoforms
The high-angle clinoforms are conﬁned by two horizons (H3 and
H4), which are characterized by basinward downlap, landward
onlap and incisions. In order to understand the evolution of these
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Figure 3. a: The stratigraphic subdivision of the upper Paleogene and lower Neogene as given by Schiøler et al. (2007) and used in this paper. b: The position of the sandy Dufa and
Freja Members compared to the clinoforms studied here is indicated. The outline of the 3D seismic dataset NODAB is also shown.

clinoforms in relation to the earlier and later deposition, six horizons (H1eH6) were mapped throughout the NODAB 3D survey and
tied to the Nini-1 well. The horizons bound units U1eU5. The
following description and analysis integrates depth-structure maps
(Fig. 4), thickness maps (Fig. 5), amplitude maps, dip maps and
selected sections from the 3D seismic dataset (Figs. 6 and 7).

All surfaces (H1eH6) dip toward the southwest. The dip analysis
on depth-converted sections shows that the present dip varies from
less than 1 to 2 (Fig. 4aef). The two lowermost horizons H1 and
H2 (Fig. 4a and b) have a steep part (dipping 2 ) in the center of the
studied area, in contrast to H3eH6 (Fig. 4cef) which have constant
gradients (approximately 1 ). The units (U1eU5) show different

Table 1
Paleoecological and water mass interpretation of the selected dinocyst species and complexes observed in the study.
Dinoﬂagellate cysts complex

Included taxa

Water mass interpretation

Paleoecological interpretation

Spiniferites complex

Spiniferites spp.
Achonosphaera spp.

Most abundant in transgressive intervals (Stover et al., 1996)

Areoligera complex

Areoligera spp.
Chiropteridium spp.
Glaphyrocysta spp.
Membranosphaeridium
spp.

Deep/offshore (Köthe, 1990); open marine,
neritic to oceanic (Powell et al., 1996); high
relative abundances of Spiniferites spp.
indicate open marine neritic water masses
(Brinkhuis, 1994); inner to outer neritic
(Harland, 1983)
Glaphyrocysta - inner neritic (Powell et al.,
1996). Areoligera - marginal marine, inner
neritic (Köthe, 1990); Areoligera and
Glaphyrocysta open marine
environments (Stover et al., 1996)
Open marine, neritic (Powell et al., 1996);
more near-shore position than Spiniferites
and Areoligera complex (Köthe, 1990)
Open marine, neritic (Crouch and
Brinkhuis, 2005)
Inner to outer neritic, inner shelf
(Brinkhuis, 1994)

Cordosphaeridium spp.

Operculodinium spp.
Cleistosphaeridium spp.
Thalassiphora pelagica
Lingulodinium
machaerophorum
Hystrichokolpoma spp.
Deﬂandrea spp.

Wetzeliella spp.

Homotryblium tenuispinosum

Svalbardella spp.

Marine to inner neritic (Powell et al.,
1996); shallow water (Stover et al., 1996)

D. phosphoritica,
D. heterophycta

Estuarine or brackish conditions, lagoonal,
(Williams and Bujak, 1977; Köthe, 1990)

Marine to estuarine environment, shallow
water, (Stover et al., 1996); Estuarine or
brackish conditions, lagoonal (Köthe, 1990)
Restricted marine to inner neritic, lagoonal
(Brinkhuis, 1994; Powell et al., 1996)

Areoligera and Glaphyrocysta occur most abundantly in rocks
of high energy, open marine environments, typiﬁed by
coarser-grained clastics (Stover et al., 1996); Chiropteridium
spp. morphologically can be compared with Areoligera and
hence reﬂect similar paleoenvironmental pattern (Evitt, 1985)
Normal salinity (Köthe, 1990); most abundant in transgressive
intervals (Stover et al., 1996)
More abundant in euryhaline environments (Stover et al., 1996)

Tolerant to euxinic conditions (Köthe, 1990); oxygen depletion
in the water column (Pross, 2001)
High nutrient environments, more abundant in euryhaline
environments (Stover et al., 1996)
May occur in every marine environment, cosmopolitan species
(Brinkhuis, 1994)
Tolerant to reduced salinity (Köthe, 1990); high frequencies
may indicate areas of high primary production related to
increased nutrient availability in upwelling areas and river
mouth (Brinkhuis et al., 1992; Powell et al., 1996)
Tolerant to reduced salinity (Köthe, 1990)

Increased salinity (Brinkhuis, 1994; Pross and Schmiedl, 2002);
Low salinity, but tolerates somewhat higher salinities than
H. plectilum and H.? additense (Dybkjær, 2004)
Cold (surface) waters (Head and Norris, 1989; Van Simaeys
et al., 2005)
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Figure 4. Depth maps in TWT of the mapped horizons H1eH6. The gray areas indicate the position of salt structures located beneath the Cenozoic succession. See Chapter 2 for
further details.

thickness distributions. U1 has a fairly constant thickness (see the
cross-section in Fig. 8 and maps of H1 (Fig. 4a) and H2 (Fig. 4b),
which have similar contours), whereas U2eU5 have pronounced
depocenters (Fig. 5).
The thickness distribution of U2 is unique since the main
depocenter is located to the north east (landwards) and a minor

depocenter, striking parallel to the depth contours, is located
basinwards of the main depocenter (Fig. 5a). The seismic data
indicate that the smaller thickness between the two depocenters is
due to subsequent erosion of the unit (Fig. 8b). However, it cannot
be excluded that this architecture is a result of coeval proximal and
distal sedimentation in these depocentres, which were divided by
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Figure 5. Thickness maps in TWT of the units U2eU5. The gray areas indicate the position of salt structures located beneath the Cenozoic succession. See Chapter 2 for further details.

a sediment bypass zone. Furthermore, the poor resolution of
reﬂectors around the thinned part of U2 is probably caused by
seismic tuning effects.
The most prominent feature of the H3 surface (base of the unit 4
comprising the high-angle clinoforms) is an erosional valley in the
NE part of the study area. The outline of the valley is very
pronounced in the amplitude map of H3 (Fig. 6aec). The valley is
sinusoidal in the north eastern part, landwards of a salt structure.
At the slope, westwards of the salt structure, the valley continues
into a straight amplitude anomaly. There are no clear indications of
erosion and the amplitude variations indicate an anastomosing
geometry (Fig. 6d and e). The H4 horizon (top of U3) is smoothly
dipping toward the southwest. The amplitude map shows that the
surface morphology is characterized by numerous linear erosional
valleys parallel to the dip. The valleys terminate in the basinward
direction at different high-angle clinoforms within U3 and therefore indicate that their formation was not coeval (Fig. 7). The
different age of the valleys and their geometry suggests that the
erosion was local and took place during the continuous deposition
of the sediments creating the slopes in the high-angle clinoform
complex.
The natural gamma log and the neutron porosityebulk density
logs show that the interval between H1 and H6 consist mainly of

mudstones, interlayered with more sandy intervals (lower natural
gamma and less positive or negative separation on the neutronedensity plot, Fig. 9). A series of upward-coarsening units
which are part of an overall upward-coarsening trend can be
identiﬁed (Fig. 9). Detailed analysis of U3 shows that it consists of
upward-coarsening parasequences in an overall coarseningupward trend. Thus the parasequence set indicates prograding
conditions during deposition of U3, which is in accordance with the
seismic geometries (Fig. 7c). Each single high-angle clinoform
probably reﬂects a parasequence, as seen on the seismic section
(Figs. 7c and 8). The change in strike of the high-angle clinoforms,
as observed at both the top and the base of U3 (Figs. 6a and 7a),
indicates that the local sediment input varied laterally.
In U4 no clinoforms are observed (Fig. 8a) and therefore this unit
will not be discussed in this chapter. Within the landward part of
the depositional center of U5, minor high-angle clinoforms are
present. The reﬂectors within the central and basinward part of the
U5 depocentre onlap onto these high-angle clinoforms. The analysis of the morphology at the base and the top of U5, including the
amplitude map of the horizons, does not give any indications of
incisions similar to the phenomena observed at the top and base of
U3. The lowermost part of U5 in Nini-1 is characterized by a 10 m
thick interval which is generally upward ﬁning (Fig. 9).
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Figure 6. Amplitude map showing the variations in amplitude along the H3, i.e. the base of U3. The position of Fig. 6bee is indicated on Fig. 6a. Fig. 6c shows an interpretation of
Fig. 6b. Fig. 6e shows an interpretation of Fig. 6d. See Chapter 2 for further details.

3. Dating of the U3 unit
Analysis of calcareous nannofossils of the mid-Oligocene
succession from the Nini-1 well, performed recently by Erik


 ska et al. (submitted for publication, see their
Thomsen in Sliwi
n
Fig. 6b), refers the interval below 1400 mbKB to upper NP23 and/or
lower NP24 (Fig. 10). Within or just above U3 three important late
Rupelian biostratigraphic events are observed: the last occurrence

O.R. Clausen et al. / Marine and Petroleum Geology 29 (2012) 1e14

7

Figure 7. (a) An amplitude map showing the variations in amplitude along the H4 horizon, i.e. the top of U3. (b) seismic line highlighting the high-angle clinoforms. (c) NNEeSSW
striking incisions at the top of H4 are outlined in the detail. The terminations of the incisions are indicated by white circles. Please note the incisions terminating at different
clinoforms. See Chapter 2 for further details.

(LO) of the benthic foraminifer Rotaliatina bulimoides, the ﬁrst
occurrence (FO) of the dinocyst Distatodinium bifﬁi and the last
occurrence of the dinocyst Enneadocysta pectiniformis (Fig. 10, see

 ska et al. (2010)). These closely occurring events
also Fig. 3 in Sliwi
n
can be also recognized in other parts of the North Sea Basin. In
Northwest Germany the overlap of the two dinocyst ranges is reported from NP23 (Grimm et al., 2002; Köthe, 2009). In the
southern North Sea Basin (GSSP Rupelian type area) the ﬁrst
occurrence of D. bifﬁi and the last occurrence of R. bulimoides are
recorded in a close proximity of the S190 Septarian layer and the
NP23/NP24* boundary (Van Simaeys et al., 2004) (the recognition
of the NP24 in the southern North Sea Basin is based on an alternative marker. For details see Van Simaeys et al. (2004)). Recently

provided strontium isotope stratigraphy across the RupelianeChattian transition in the southern North Sea Basin suggests
that the S190 horizon, the FO of D. bifﬁi and the alternative NP23/
NP24* boundary are just slightly older than 29.3  0.5 Ma (De Man
et al., 2010; cf. their Figs. 3 and 4). The standard nannoplankton
NP23/NP24 boundary is dated to 29.9 Ma (Berggren et al., 1995).
Therefore the age (29.3  0.5 Ma) estimated by De Man et al. (2010)
for a sample collected just above the alternative NP23/NP24*
boundary in the southern North Sea Basin is in an agreement with
the age of the NP23/NP24 boundary given by Berggren et al. (1995).
The calcareous nannofossil data from the Nini-1 well combined
with the inter-basinal correlation of the three biostratigraphic
events indicate that the U3 interval is of late Rupelian age.
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Figure 8. Seismic section striking SWeNE and tied to the Nini-1 well. (a) The horizons H1eH6 are indicated. (b) The high-angle clinoforms of U3 and the position of the clinoform
breakpoint (indicated with green dots) enhance the forced regressive geometry described in the text. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

4. Paleoenvironmental and paleoclimatic signals elucidated
with dinocysts
The dinocysts assemblages studied here are diverse and rich in
well-preserved taxa. The general dominance of Spiniferites and
Areoligera complexes indicate an inner to outer neritic, rather high
energy environments (Köthe, 1990; Sluijs et al., 2005) (Table 1). The
above interpretation is supported by the absence of any typical
oceanic deep marine taxa, such as Impagidinium and Nematosphaeropsis (Köthe, 1990; Stover et al., 1996), and the absence of
brackish nor fresh water algae in the analyzed material.
The interval below the H2 horizon contains an abundant
Homotryblium tenuispinosum (Fig. 10). The high abundance of
H. tenuispinosum in the eastern North Sea Basin was previously
described by Dybkjær (2004) to indicate distal settings. The
acme of H. tenuispinosum in the study area may reﬂect variations in salinity within distal marine settings (Table 1). An
increase in the relative abundance of Areoligera complex within
U3 suggests a relatively high energy environment (Fig. 10).
Pulses of high nutrient supply into the site are reﬂected by the
Wetzeliella and Deﬂandres complex maxima. Above H5
a decrease in the relative abundance of the Areoligera complex

and the restricted marine species may suggest an introduction
of more calm, perhaps normal salinity, deep marine waters
(Fig. 10).
Our study shows that U3 yields an interval of Svalbardella. In
most samples the taxon is recorded only in small numbers (Fig. 10).
The presence of an only insigniﬁcant amount of caved taxa and
a persistent presence of Svalbardella between 1410 mbKB and
1360 mbKB suggests that the data in the interval is not affected by
caving or reworking. It is therefore justiﬁed to consider the presence of Svalbardella within U3 as being in situ.
The EoceneeOligocene high-latitude dinocyst Svalbardella is
known to be a reliable indicator of cold waters (Head and Norris,
1989; Van Simaeys et al., 2005). Two short intervals of the Svalbardella have previously been recognized within the Oligocene succession in the NorwegianeDanish Basin (in the Nini-1 well) and linked
with two cooling maxima. The early Rupelian Svalbardella interval
recorded close to the NP21/NP22 boundary (early Chron 12r) is

 ska and Heilmann-Clausen,
associated with the Oi1a cooling (Sliwi
n
2011). The mid-Oligocene Svalbardella interval recorded close to
the NP24/NP25 boundary (the latest Chron C9n) is associated with

 ska et al.,
the Oi2b cooling event (Van Simaeys et al., 2005; Sliwi
n
2010, submitted for publication). Presence of Svalbardella within U3
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Figure 9. The gamma log and the neutronebulk density log in Nini-1 shows a general upward-coarsening trend. The detailed section shows that the studied interval may be
subdivided into a number of parasequences. U3 is characterized as an interval with the most coarse-grained sediments. The presence of the Svalbardella in the cuttings from the
Nini-1 well is also indicated. For symbols assignment see caption of Fig. 10.

suggests therefore that the formation of the high-angle clinoforms
was associated with one of the late Rupelian cooling maxima.
5. Discussion
In the following chapter we will discuss the geological signiﬁcance of the incisions as well the relative importance of factors
controlling the deposition of the upper Rupelian succession.
5.1. The geological signiﬁcance of the high-angle clinoforms and
associated erosion
There are no evidences of a sub-aerial exposure at the widespread erosion at the top of U2. Contrarily, the paleoenvironmental

analysis based on dinocysts indicates marine conditions at the site.
The erosional surface was inclined at the time of erosion episodes.
This dip is still present, even when accounting for the postdepositional regional subsidence, which was centered west of the
study area. All these observations suggest that the erosion took
place in a submarine environment at a dipping surface. It is,
however, difﬁcult to determine whether the submarine erosion
took place during a transgression (the erosional surface being
a ravinement surface) or due to widespread erosion by contour
currents. In favor of the transgressive erosion speaks the lack of any
structures parallel to the slope (e.g. elongated erosion scours), the
mutual position of the meandering erosion (in the north eastern
part of the 3D dataset) and the linear feature west hereof. This
architecture may be interpreted as one following the transgression
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Figure 10. (a) Biostratigraphy and position of the Svalbardella interval within U3; (B) 0.5e2% of total dinocyst/foraminifera counted. () present outside counting. Position of the

 ska et al., submitted for publication), F - foraminifera (Fenton, 2001). (b) Record
samples shown to the left. D - dinocysts (this study), C - calcareous nannofossils (Thomsen in Sliwi
n
of relative distribution of the paleoenvironmentally signiﬁcant dinocyst species and complexes in the Nini-1 well. Environmental characteristic for each species/complex recognized
in the study area is explained in Table 1.

- valley erosion at the shallowest parts and deposition/bypass of
sediments at the slope. However, the erosion might also been
caused by contour-parallel currents. The paleo-current in the semienclosed Oligocene North Sea Basin could run from east to the west.
Such current-related erosion was previously recognized within the
Late Oligocene succession just east of the studied area suggesting
that that the overall Oligocene basin geometry enabled submarine
erosion and deposition of contourites (Hansen et al., 2004). Oligocene contour currents, which modiﬁed originally circular-shaped
pockmarks into elongated pockmarks, have been identiﬁed west
of the study area (Andresen et al., 2008). Oligocene contourite
deposits have been identiﬁed south (Andresen and Clausen,
submitted for publication) and southwest of the study area
(Schiøler et al., 2007). These observations do not prove that contour
currents were active in our study area, though they show that the
basin geometry favored the generation of contour currents during
the Oligocene.
The incisions observed at the top of the high-angle clinoform
complex (top of U3, Fig. 7b) are linear. They are probably reﬂecting
changes in the relative sea-level (Posamentier, 2001) and can
develop in a sub-aerial or submarine environment (Kneller, 2003;
Posamentier et al., 2007). Straight incisions are considered to be
submarine, being generated by downslope movements of semiliquid sediments (Bulat and Long, 2002). The generation of such
incisions is controlled by the shape of the slope and the shape of the
equilibrium proﬁle for any given ﬂow conditions (Kneller, 2003;
Samuel et al., 2003).
According to Kneller (2003), straight incisions are more
common at the crest and at the steepest parts of the clinoform,
while more meandering incisions occur mainly at the low-dipping
proximal parts. The development of incisions observed in the study
area seems to follow the pattern outlined by Kneller (2003). Thus
downslope movement of denser ﬂuids or semi-liquid sediments
was probably the cause for creating the incisions observed. The
density of the ﬂuids is controlled by temperature and/or the sediment load (Kneller, 2003). The frequent avulsion of the incisions

and the high number of parasequences, which constitutes the highangle clinoforms, indicate that the system was dominated by highfrequency low-amplitude variations in relative sea-level.
The presence of the cold water Svalbardella within U3 suggests
that deposition of the unit took place during relatively colder
period. Therefore, it seems plausible that the erosional incisions
developed due to the introduction of cold, perhaps sediment
loaded, water from the shallow proximal areas into the deeper
parts of the basin. The periodicity may thus reﬂect high order
climate variations which changed the sediment ﬂux as well as the
hydraulic system.
5.2. Tectonic or climatic forcing of the relative sea-level changes?
The interplay between eustasy and tectonics in generating
relative sea-level changes and in deﬁning the geometry of the
depositional setting, is described in detail by e.g. Posamentier et al.
(1988) and Galloway (1989a,b). A number of factors may contribute
to the eustatic changes but climate-induced glacial eustatic changes
are most important for sequence development, since they are up to
ca. 100 m in magnitude and are relatively frequent and abrupt
(Miller et al., 2005). Miller et al. (2008) suggested that the Oligocene sequence boundaries at the New Jersey transect were generated due to “.ice volume changes and attendant rapid sea-level
falls.”. The conclusion was based on a positive correlation
between the timing of d18O maxima and hiati observed between
a number of Oligocene sequences, which is a common method for
inferring climatic causes for the generation of sequence boundaries
(e.g. Miller et al., 1998; Pekar et al., 2002; Pekar and Christie-Blick,
2008). Such detailed correlations are possible when the d18O variations and the sequence boundaries are observed on the same set of
data, e.g. outcrops or wells. However, the resolution of absolute
dating of a given sequence, based on seismics and well logs, is often
poor. This does not allow for a precise correlation of the sequence
boundaries and the high-resolution sea-level curves of e.g. Miller
et al. (2005). The poor dating of sequences and frequent sea-level
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changes give “an event for every occasion” (Miall, 1992). Thus it is
almost always possible to correlate a given sequence boundary
with a fall in the eustatic sea-level.
It is even more challenging to identify tectonism as the cause for
changes in the relative sea-level. It is difﬁcult, if not impossible, to
observe basinwide and source-area tectonism based on sequence
stratigraphy within the basin since datasets used for the sequence
stratigraphic analysis commonly cover only a part of a basin.
Paradoxically, tectonism is commonly given the credit for generation of the sequence boundaries, changes in sediment input etc.,
when no climate-related control can be identiﬁed. The lack of
precise dating of sequences combined with the well-known argument “absence of evidence is not evidence of absence” (which
should be understood here as “the absence of climatic control does
not indicate tectonic control”, and vice versa) suggests, that this
method of exclusion is not scientiﬁcally valid and consequently will
not be used here.
It is well documented that relative sea-level changes were
a main factor controlling the depositional geometry of the Oligocene succession in the eastern North Sea, supplemented by periodical submarine erosion and re-deposition due to contourite
currents (e.g. Danielsen et al., 1997; Hansen et al., 2004; Michelsen
et al., 1995, 1998; Rasmussen, 2004). However, river avulsion and
changes in sediment supply systems could also contribute to the
control on the geometry of the succession (Huuse et al., 2001),
though they also depend on climate and tectonism. A major question is which factor was controlling the relative sea-level changes:
tectonism or climate?
Tectonism as a driver for the Cenozoic deposition in the North
Sea Basin was introduced already in 1920s (Stille, 1924). Since then,
tectonism was considered to be the major factor controlling the
Cenozoic inﬁlling of the Eastern North Sea (e.g. Cloetingh, 1988;
Jordt et al., 1995; Spjeldnæs, 1975). The variations in sedimentation rates in the Danish onshore area were originally used as the
key argument for tectonic uplift of the sediment source area and
the depositional sequences were given a tectonic origin
(Rasmussen, 2004; Spjeldnæs, 1975). However, Nielsen et al. (2009)
argued that the variations in sediment input might be a result of
variable erosion of an old topography in the Fennoscandian area
(the so-called ‘ICE model’). Furthermore, Go1e˛ dowski et al. (in
press) have shown that the sediment production rates in Western
Scandinavia did not vary signiﬁcantly before the onset of the
Northern Hemisphere glaciations. The sediments originating from
Fennoscandia are deposited in different locations (Jordt et al., 1995;
Huuse et al., 2001; Anell et al., 2010; Go1e˛ dowski et al., in press).
Changes in local sediment input due to avulsion of sediment supply
systems may also inﬂuence the sequence geometry, as originally
outlined by Galloway (1989a,b). Thereby, such autocyclic processes
can also create sequence boundaries, but they do not necessarily
reﬂect relative sea-level changes.
A positive correlation between the sequences deﬁned on
seismic and well data by Michelsen et al. (1995, 1998) and the highresolution eustatic sea-level curves (Miller et al., 1991) led to the
conclusion, that the Oligocene sequence architecture was climatically controlled (Clausen, 1998; Clausen et al., 1999). Since then,
higher resolution of the d18O curves and more precise reconstructions of the global sea-level have been provided (e.g. Miller
et al., 2005; Miller et al., 2008). In this context, the conclusions of
Clausen (1998) and Clausen et al. (1999) must be at least questioned. In the present paper we show a positive correlation
between the cooling events, determined by the dinocyst analysis,
and the forced regression. It strongly indicates that the interpreted
sea-level fall during the deposition of U3 took place due to a global
cooling. This points to a climatic control on the sequence
development.
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 ska et al. (2010) showed that a mid-Oligocene sequence
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boundary was associated with a younger cooling event (Oi2b). It
can be thus concluded that the generation of these two boundaries
was controlled by climate. It is not possible to decide on the origin
of other sequence boundaries yet, but climate control may now be
suggested with more conﬁdence.
The Oi2 cooling event took place close to the NP23/NP24
boundary (Pekar and Miller, 1996; Miller et al., 1998; Pekar et al.,
2002). Our study suggests that U3 was deposited during the
latest parts of NP23 or at the transition NP23/24. We thus conclude
that the event observed in the North Sea Basin was related to the
Oi2 global cooling event, which took place close to NP34/NP24.
5.3. Paleogeographic implications
The identiﬁcation of a forced regressive unit characterized by
relatively proximal marine sediments is in accordance with the
paleogeographic pattern presented by Clausen et al. (1999),
Danielsen et al. (1997), Huuse (2002), Schiøler et al. (2007) and
Ziegler (1990). It shows a change in strike of paleofacies zones and
clinoform breakpoint (ofﬂap break) from dominantly NeS in the
north of the studied area to EeW in the east of the studied area. The
high-angle clinoforms observed within U3 represent either a delta
or a coastline migration into the central North Sea. The pronounced
continuity and parallelity of the individual clinoforms, as reﬂected
in the strike of downlap (Fig. 6), exclude that the clinoforms are
local delta lobes related to the incisions at the top of the unit. Since
no fan deposits are observed at the terminations of the incisions,
the eroded and transported sediments must have been conveyed
away from the terminations, probably parallel to the clinoform
breakpoint line (shore-parallel transport). It is thus most probable
that the clinoforms represent the marine parts of a wave- and
current-dominated coastline. Due to the change in orientation of
the clinoform breakpoint through time, it seems that the point of
main sediment inﬂux shifted toward the north. It is not possible to
exclude the presence of a major delta system located north of the
study area. The presence of a nearby delta is also suggested by the
local maxima of restricted marine taxa, Wetzeliella and Deﬂandrea,
observed within U3 (Fig. 10). However, due to a lack of fresh/
brackish water indicators it is assumed that the Nini-1 well was
located relatively distant from the river mouth.
Previously described high-angle clinoform systems have been
reported from onshore Denmark (Early Miocene: Hansen and
Rasmussen, 2008) and from the Danish Central Graben (Late
Miocene: Møller et al., 2009). These clinoform complexes were
interpreted to represent wave-dominated deltas and were utilized
as such in the paleogeographic reconstructions proposed by
Rasmussen et al. (2008). The geometry of Oligocene clinoforms
resembles the internal geometry of the Late Miocene clinoforms.
However, the Late Miocene clinoforms are observed in groups,
which have limited lateral distribution, indicating that local
distribution systems controlled their evolution. This is in contrast
with observations from our study area, but the clinoforms studied
here extend outside the study area and therefore we cannot
exclude a depositional scenario similar to the one from the Late
Miocene. The interpretation of the Early Miocene clinoforms is
based on few 2D seismic lines, but is constrained by numerous
wells and outcrops, making the interpretation undisputable
(Hansen and Rasmussen, 2008).
5.4. Preferred depositional model
The above discussion is summarized in the section below in
a suggested depositional model for the evolution of the high-angle
clinoform complex.
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Figure 11. The preferred depositional model. The relative geometry and timing of the different events during deposition of the studied interval. The colors of the surfaces
corresponds to the color of the horizons in Fig. 6.

The deposition of U1 as low-angle clinoforms (partly aggrading,
partly prograding), compared to the underlying clinoforms, is followed by a similar deposition of U2 (Fig. 11a). At the transition
between deposition of U2 and U3 a sheet-like submarine erosion is
observed at the clinoform breakpoint of the initial top U2 as indicated by the erosional truncations (Fig. 11b). This erosional episode
was followed by the incision of a meandering submarine valley in
the landward shallow-dipping part, whereas on the steeper planar
surface a linear feature was generated (Fig. 11b). The underlying salt
structure may have inﬂuenced the dip of the surface, thereby
enhancing the meandering character in the landward part.
During deposition of U3 (Fig. 11c), which took place during
forced regression, the gullies incise into the earlier deposited parts
of U3, supplying sediments in fans located at the mouth of the
incision. They reﬂect small changes in depositional systems forced
by minor sea-level perturbations, which were driving the development of parasequences. However, due to the linearity of the
clinoform breakpoint of the high-angle clinoforms and absence of
fans located at the incision mouth we suggest that coast-parallel
(contour-parallel) currents have removed the sediments supplied

to the basin through the incisions and redistributed the sediments
along the clinoform slope, thereby creating the sub-parallel trend of
the clinoform breakpoints (Fig. 11c and d).
Deposition of U3 is followed by a relative rise in sea-level and
deposition of U4 landwards of the U3 depositional center (Fig. 11e).
The sediments were probably originating from the NE. The position
of the basinward-directed pinch-out could be inﬂuenced by the
underlying salt structure.
The U5 (Fig. 11f) was deposited due to a minor sea-level drop as
it is located basinwards of the depocenter and below the clinoform
breakpoint of U4.

6. Conclusions
The upper Rupelian sedimentary unit 3 (U3) located in the
western NorwegianeDanish Basin is characterized by high-angle
clinoform complex. The integrated 3D seismic, well log and
biostratigraphic analysis of the unit has led to the three main
conclusions:
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 Climate variations (i.e. cooling) controlled the generation of
a wave-dominated coastline in the late Rupelian succession
within the semi-enclosed intra-cratonic North Sea Basin. The
development of the studied succession can be considered as an
analog to the coast offshore New Jersey.
 The high-angle clinoforms are an example of a climate-induced
forced regression prograding wedge. The top of the forced
regression prograding wedge exhibits a systematic pattern of
linear incisions, probably generated by cold and sedimentloaded water. It transported the sediments to the slope
where they were redistributed parallel to the shoreline by
contour currents. The frequent shift in the location of the
incisions can be related to the development of parasequences,
constituting the high-angle clinoforms, i.e. to high-frequency
relative sea-level changes.
 The late Rupelian cooling is probably reﬂecting the Oi2 glaciation maximum. The present study and the discussion herein
emphasizes that for a more conﬁdent correlation a core
reﬂecting sedimentology, the d18O and paleomagnetic variations is necessary.
The study furthermore emphasizes the usefulness of 3D seismic
data for the understanding the subtle depositional features.
Furthermore, the integration of well logs, 3D seismics and palynological analysis enabled us to understand the details of the
Cenozoic evolution in the western NorwegianeDanish Basin. The
importance of the latter increases as the petroleum industry
currently is gaining more interest in the area. Since the clinoform
complex studied here is located in a hydrocarbon-producing area, it
might also be of a possible interest as a reservoir itself, especially
because forced regressive wedges often good reservoirs.
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1 INTRODUCTION

12

The term ‘mid-Miocene unconformity’ (MMU) is extensively used in literature and describes

13

an unconformable surface observed on seismic data, commonly corresponding to a specific

14

log pattern. The surface is recognized in the North Sea Basin and on the Atlantic margin, but

15

the same name is used also in other parts of the world, e.g. in the South-East Asia (Gulf of

16

Thailand - (Fujiwara, 2009), on Borneo (Balaguru & Hall, 2008; Sapin et al., 2011) or in the

17

Arctic on the Ross shelf (Savage & Ciesielski, 1983). Therefore, it might imply that the mid-

18

Miocene unconformity, or the Middle Miocene Unconformity, is a coherent and coeval event,

19

which was triggered by a globally uniform mechanism.

20

In the North Sea the exact term ‘mid-Miocene unconformity’ was introduced as an informal

21

name in mid-80’s though the surface was mentioned earlier. (Deegan & Scull, 1977) described

22

the boundary between the Hordaland and Nordland Groups as ’a break on the wireline logs

23

which represents an unconformity of Middle Miocene age’. In Vinken (1988, p. 133), Deegan
1

24

used the phrase ‘Mid-Miocene event’ on gamma logs and seismic data and notices a change in

25

sediment distribution pattern, relating it to the emergence of Scandinavian source areas for

26

the first time during the Tertiary. The MMU commonly marks the transition between the

27

Hordaland and Nordland Groups in the North Sea and on the Norwegian shelf.

28

During the Cenozoic the North Sea Basin and the North Atlantic margin experienced thermal

29

subsidence in the aftermath of numerous rifting episodes since Paleozoic times (Ziegler,

30

1990b; Blystad et al., 1995). The latest rifting led to the continent break-up and an onset of

31

oceanic spreading at around 55 Ma initiating the generation of the North Atlantic (Skogseid et

32

al., 1992). The present-day architecture of Cenozoic strata and seismic surfaces has been

33

intensely discussed. Amongst the suggested causative agents are eustatic sea-level changes

34

(Clausen et al., 1999; Rasmussen, 2004a), sub-marine current activity (Bryn et al., 2005;

35

Andresen et al., 2008; Clausen et al., 2011b), halokinetic activity (Sørensen, 1998; Stewart,

36

2007; Clausen et al., 2011a), differential compaction (Hansen, 1996; Clausen et al., 2011a) and

37

compressional deformation (Ziegler, 1990a; Lundin & Dore, 2002; Nielsen et al., 2005).

38

Finally, the varying depositional rates have been given either tectonic or climatic causes.

39

(Nielsen et al., 1986; Jordt et al., 1995; Liu & Galloway, 1997; Martinsen et al., 1999; Huuse &

40

Clausen, 2001; Huuse et al., 2001; Rasmussen, 2004a; Stoker & Shannon, 2005; Nielsen et al.,

41

2009; Anell et al., 2010; Gołędowski et al., 2011).

42
43

In this paper we describe the different expression of the MMU and test whether the

44

unconformity reflects a regional chronostratigraphic event, traceable across the

45

epicontinental North Sea Basin and the eastern part of the North Atlantic margin - the

46

Norwegian shelf. We finally discuss whether a common origin for the widespread recognizable

47

surface is justified in data.
2

48

2 METHODS USED

49

Fig. 1b shows the meter-depth structure map of the surface named the ‘mid-Miocene

50

unconformity’ and its age-correlative conformities, produced by an integration of a broad 2D

51

seismic and well data sets. The mid-Miocene surface has been mapped on seismic section and

52

depth-converted by using the calculated velocities of the superjacent deposits from wells and

53

adding the water depth. 3D seismic data sets were used to analyze the depositional and

54

morphological characteristics of marine sediments in the vicinity of specific structures e.g. the

55

Nordland Ridge (Fig. 1, 7). The lithostratigraphic scheme in Figure 2 is after Gołędowski et al.,

56

2011 and provides background information on formation names used in the text and their

57

approximate age. Petrophysical well logs from released exploration wells have been used for

58

correlation and lithological interpretation. The wells used in this paper are shown on Figure

59

13. To correlate the offshore observations with the onshore localities and observations, we

60

use the data and observations from existing literature, which we discuss with regards to our

61

findings.

62
63

3 OBSERVATIONS

64

3.1 The present topography of the ‘mid-Miocene unconformity’

65

Figure 1 shows present depth to the surface known as the ‘mid-Miocene unconformity’ in

66

meters below sea level, and the present topographic gradients are emphasized by the dip map

67

shown in Figure 3. The dip map is calculated based on the structure map of the MMU and

68

smoothed to avoid artifacts due to interpolation and gridding.

69
70
71
3

72

The North Sea area

73

In the North Sea area the MMU depth map reflects the outline of the Mesozoic Central

74

Graben and Viking Graben with the deepest parts located above the Viking Graben. The

75

surface is generally smoothly dipping in the area, and the major gradients reflect the northern

76

part of the Coffee Soil Fault where differential subsidence took place (Clausen & Korstgard,

77

1993; Clausen et al., 2011a) (Fig. 3) whereas the local elevations and depressions are most

78

often related to the salt diapirism and salt withdrawal. On the eastern margin of the North

79

Sea area the mid-Miocene surface was truncated by the erosional activity of the Norwegian

80

Ice Stream during Quaternary glaciations, i.e. the surface is overprinted by the Quaternary

81

erosion (Sejrup et al., 2003).

82
83

The Norwegian shelf

84

The Norwegian shelf is very different from the North Sea since numerous topographic

85

elements create ridges and troughs (e.g. the Helland-Hansen Arch, Ormen Lange and

86

surrounding basins, Fig. 1a, 3, 4). The steepest gradients are observed along the margins of

87

these structures and between the Møre Basin and the Norwegian mainland, where the

88

surface is at the deepest present position. On large parts of the Trøndelag Platform the

89

surface is truncated by glacial erosion of Quaternary age, similarly to the Norwegian Channel.

90
91

3.2 Seismic characteristics

92

The North Sea area

93

In the Southern North Sea the ‘mid-Miocene unconformity’ constitutes a significant sequence

94

stratigraphic surface. In most of the area it is downlapped by the deltaic complex - the

95

Southern North Sea (SNS) delta, named also as the Eridanos delta (Bijlsma, 1981; Sørensen et
4

96

al., 1997; Overeem et al., 2001; Köthe et al., 2008; Kuhlmann & Wong, 2008) (Fig 4a). In the

97

distal parts of the basin this deltaic system is onlapping onto the MMU. Furthermore, it

98

commonly marks the termination of small-scale polygonal faulting (Fig. 5, 6). Such type of

99

deformation is commonly constrained by changes in lithology and most commonly is confined

100

to fine-grained sediments (Cartwright et al., 2003). However, it should be noted that in the

101

eastern part of the Dutch sector polygonal faults commonly cut through the MMU surface

102

(Fig. 5b). The morphology of the MMU in the Dutch sector is furthermore intensely deformed

103

by salt tectonics. Numerous salt diapirs are visible as patches on the structure map and are

104

shown on a seismic section on Fig 4a and Fig. 6. The halokinetic deformation commonly

105

propagates through the Southern North Sea deltaic system, deforming also the Quaternary

106

part of the succession (SNSTI NL 87 11, Fig 6).

107

In the Danish sector of the North Sea, the mid-Miocene unconformity is as in the Dutch sector

108

a surface against which the polygonal faults terminate. However, in some localities the

109

polygonal faults cut through the MMU. In the eastern part of the North Sea, (Huuse &

110

Clausen, 2001) characterize the mid-Miocene surface by low-angle truncation or toplap of

111

underlying strata and by onlap at the delta front. Incisions into the MMU parallel to the

112

contours of the early Miocene delta front are also characteristic.

113

In the Norwegian sector of the central North Sea (sectors 15, 25), the MMU marked (Eidvin &

114

Rundberg, 2007) on well logs as an ‘approximate seismic position’ does not correspond to any

115

continuous reflector. The depositional environment is interpreted as marine throughout the

116

Miocene and Pliocene, though a rather gradual shallowing is proposed based on

117

paleontological studies (from upper bathyal in Early Miocene to inner neritic in Early

118

Pliocene). The maximum burial in this area is located notably to the east from the Viking

119

Graben (Fig. 4b). The MMU is cut by polygonal faults, which terminate against a younger,
5

120

most probably Late Miocene-Early Pliocene, surface. The section is tied to wells interpreted by

121

Eidvin and Rundberg (2007), located ca. 30 km south of the section shown.

122
123

In the northern North Sea, the MMU is a composite unconformity, covering a hiatus of up to

124

ca. 15-20 Myr (Rundberg & Eidvin, 2005; Eidvin & Rundberg, 2007). The architecture of the

125

Miocene deposits in the Northern Viking Graben point to a significant environmental change

126

and deposition in a narrow basin in post-mid-Miocene times. The surface is characterized by

127

0.5-1 km wide linear ridges pointing towards the east - north-east towards the deepest parts

128

of the basin. The ridges are focused in the deepest parts of the basin where sediments above

129

are onlapping onto the ridges (Oluwaniyi, 2010). The surface is commonly deformed by

130

jackups due to sediment remobilization in the pre mid Miocene Cenozoic sediments. These

131

are also characterized by baselaps.

132

Signs of incision are observed and within the overlying Utsira Formation. In 3D view these

133

show patterns resembling tidal distributary channels (Oluwaniyi, 2010).

134
135

The Norwegian Shelf

136

Here the MMU commonly marks the cessation of the deformation of compressional

137

structures (Lundin & Dore, 2002). It also frequently marks a termination of the polygonal

138

faults (Fig. 5). These small-scale faults have an average throw of 10 – 40 m or less than the

139

vertical resolution of the seismic data. An angular discordance between the Brygge Fm and

140

the Kai Fm is evident on the Halten Terrace, facilitating the identification of the MMU. It

141

commonly constitutes a distinct downlap surface and is unconformably superposed by the Kai

142

Fm. Over compressional structures the MMU is an onlap surface. It can also be traced by the
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143

differing internal seismic characteristics between the Brygge and Kai Formations, where the

144

amplitude of the MMU reflector is low.

145

At the Nordland Ridge local forced folding of the MMU has been observed as a result of

146

subjacent normal faulting (Fig. 7). The forced folding of the MMU also occurs in relation to

147

differential subsidence of the subjacent units - the Brygge Fm, the Rogaland Group and older

148

sediments present in the basin. The thickness of the Brygge Fm varies locally due to

149

differential subsidence of the subjacent formations (Fig. 7). This is indicated by pronounced

150

variations in thickness of the Shetland Group and a maximum elevation of the Top Shetland

151

above fault blocks. The Rogaland Group is slightly folded due to this differential subsidence,

152

mirroring the morphology of the Top Shetland Group surface. This again causes the varying

153

thickness of the superjacent Brygge Fm.

154

The mid-Miocene – Early Pliocene Kai Formation is characterized by common occurrence of

155

contourite deposits (Laberg et al., 1999; Bryn et al., 2005)(Fig. 8). The onset of their extensive

156

deposition is linked to the beginning of Arctic-North Atlantic thermohaline circulation system

157

at ca. 12 Ma. However, the bottom-current activity has persisted since late Eocene (Davies et

158

al., 2001).

159
160

3.2 Log characteristics

161

According to the concept of sequence stratigraphy, gamma-ray log peaks correspond to

162

flooding surfaces. These can be of different order and correspond e.g to a flooding surface

163

within a parasequence (Van Wagoner et al., 1990) or mark a maximum flooding surface within

164

a sequence, when the gamma peak terminates the trangressive system tracts (Vail, 1987;

165

Galloway, 1989). According to the scheme of Galloway (1989), it corresponds to the genetic

166

stratigraphic sequence boundary. Therefore, distinct gamma peaks have commonly been
7

167

correlation markers in sedimentary basins, as they mark an event of maximum extent of

168

deposition. In wells of the North Sea Basin the MMU is commonly ascribed to a sharp increase

169

in gamma log readings. However, the log charateristics of this surface differs between the

170

subareas of the North Sea and the Norwegian margin (Figs. 9-12). In the following paragraph

171

the log characteristics of the two areas will be described in details.

172
173

The North Sea area

174

On well logs in the Southern North Sea the MMU corresponds to the high gamma peak of the

175

fining-upwards trend (e.g. Kothe et al., 2008), which is also recorded in wells onshore

176

northernmost Germany within the dinoflagellate zones DN5 (

177

(Lund & Heilmann-Clausen, 2001). The base of the mid-Miocene Reinbek Fm is also marked by

178

a gamma peak, indicating high organic content and probably related to environmental

179

restricitons ((Vinken, 1988), p.113). This log pattern is also termed the “Reinbek GR-marker”.

180

The gamma peak corresponds to the seismic position of the MMU and occurs in some of the

181

wells in the Dutch sector (e.g. F15-01 and L13-01, Fig.). The gamma response of the SNS

182

deltaic deposits is relatively higher than the underlying Early Miocene sediments (Kuhlmann et

183

al., 2006). It also corresponds to a decrease in density reading which is due to pore

184

overpressure in underlying sediments (Fig. 9)

the

iesker, 00 ) and Uaq

185
186

In the Danish sector the mid-Miocene unconformity has been defined as a seismic surface

187

corresponding to the gamma peak marker (Michelsen et al., 1998) (Fig. 9) and the

188

characteristics are similar to the southern North Sea.

189
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190

In the central North Sea the MMU also corresponds to a high gamma ray marker (Rundberg

191

and Eidvin, 2005) (Fig. 10), commonly at the transition from the Hordaland to Nordland

192

Group. The absolute strontium isotope dating of this interval in well 15/12-3 gives the age of

193

17 Ma directly above this marker, but the planktonic microfossil markers suggest an age of 14-

194

12 Ma (Rundberg and Eidvin, 2005). In the northern North Sea log patterns are not repeatable

195

at the MMU due to extensive erosion (Rundberg and Eidvin, 2005) (Fig. 11)

196
197

The Norwegian Shelf

198

Changes in log patterns across the MMU on the Norwegian shelf are not as obvious as in the

199

southern North Sea (Fig. 12). The gamma ray log does not show a repeatable pattern, and the

200

density log most commonly shows a gradual increase in density and interval velocity above

201

the MMU. However, this trend is sometimes reversed – i.e. there is an interval velocity

202

increase below the MMU (6406/1-2, not shown here). These changes should be ascribed to a

203

change in lithological composition as the overlying Kai Formation show differences in clay

204

fraction and biogenic content when comparing to the underlying Brygge Formation (Forsberg

205

& Locat, 2005). Most wells are drilled in the vicinity of the compressional structures, where

206

the MMU is a composite unconformity incorporating long-lasting hiatuses – this is why log

207

patterns should not be expected to be repeatable.

208
209

3.3 Age estimates of the ‘mid-Miocene unconformity’

210

The age of the ‘mid-Miocene unconformity’ has been estimated in many publications from

211

various regions of the North Sea and the Atlantic margin. New datings have not been

212

undertaken in the present study, but the datings of the unconformity in different areas is

213

summarized in the following. The major difficulty with comparing the stratigraphic datings is
9

214

the use of different biostratigraphic data, such as foraminifera, dinoflagellate cysts, calcareous

215

nannoplankton and pollen. The age estimates have been referred and correlated to time

216

scales of the chronostratigraphic charts, which is subject to frequent changes. Furthermore,

217

biostratigraphic datings are rarely correlated with magnetostratigraphic events (which is the

218

most certain global correlation tool, (Berggren et al., 1985)) or other absolute dating methods

219

(e.g. strontium isotope method, (Howarth & McArthur, 1997)), which lowers the accuracy of

220

the absolute age estimate. The age estimates were most commonly referred to the time

221

scales of (Berggren et al., 1995) and (Gradstein et al., 2004).

222
223

The North Sea area

224

In the German sector of the North Sea (Köthe, 2007) has analyzed ditch cuttings from the G-11

225

with respect to dinoflagellate cysts and calcareous nannoplankton. The results have been

226

correlated with the dinoflagellate zonation from onshore Germany (

227

well the age of the ‘mid-Miocene unconformity’ has thus been determined by Köthe et al.,

228

(2008) to 13.2-14.8 Ma corresponding to the dinoflagellate zone DN5.

229

In the Dutch sector Overeem et al., (2001) considered two possible ages for the onset of

230

deposition of the so-called Eridanos deltaic system – 10.7 Ma, following datings from the

231

German sector of (Streif, 1996), and 12.4 Ma, following the datings of (Michelsen et al., 1998)

232

and Sørensen et al., (1997). However, according to the schemes presented by Sørensen et al.,

233

(1997) and Michelsen et al., (1998), based on a compilation from other articles (King, 1983;

234

King, 1989), the MMU was given an age of around 15 Ma. The correlation of the MMU with

235

the record from onshore Denmark has been improved by a studies of (Rasmussen, 2004b; a)

236

and (Rasmussen et al., 2010). According to these publications a transgressive lag at the

237

bottom of the Hodde Formation correlates roughly in time with the MMU offshore Denmark
10

the, 00 ). In the G-11

238

as well as with the onset of the Mid-Miocene Climatic Optimum (MMCO). The latter is

239

recognized in Europe and worldwide 14-16 Ma (Zachos et al., 2001; Mosbrugger et al.,

240

2005)(Larsson et al., 2011)) and corresponds to a high eustatic sea level (Miller et al., 2005).

241

In the Norwegian sector of the central North Sea the most complete and up-to-date age-

242

estimate of the MMU has been made by Eidvin and Rundberg (2007). According to absolute

243

strontium datings, the age of the ‘mid-Miocene unconformity’ is very close to 15 Ma, with

244

almost continuous sedimentation in the southern part of the Viking Graben which was a major

245

depocentre for the Late Miocene – Early Pliocene Utsira Formation.

246

In the northern part of the Norwegian North Sea sector the unconformity corresponds to a

247

long lasting hiatus of up to ca. 15-20 Myr (Rundberg & Eidvin, 2005). This does not allow for a

248

precise age estimate of this composite unconformity.

249
250

The Norwegian shelf

251

In the inner part of the Norwegian shelf the surface is dated by Eidvin et al., (2007) by

252

foraminiferal assembladges and strontium isotopes. The most complete record is acquired

253

from the 6507/12-1 well in the Trøndlelag Platform. The span of the hiatus varies from ca. 3-4

254

Ma to ca. 15-18 Ma. In the outer parts of the Norwegian shelf in the DSDP-341 and ODP 642

255

and 643 sites (Goll, 1989) the mid-Miocene hiatus is noted and has been assigned an age of

256

around 11-13 Ma. The STRATAGEM project e.g. (Stoker et al., 2005) reported the age of MMU

257

at ca. 15-16 Ma and also an Intra Miocene Unconformity, at ca. 14 Ma. The MMU has also

258

been recognized by (Davies & Cartwright, 2002) in the Faroe-Shetland Channel and dated by

259

means foraminifera studies from well 214/4-1 to ca. 12-13 Ma.

260
261
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262

4 DISCUSSION

263

In the following the observations will be discussed in relation to previously published models

264

for the generation of the ‘mid-Miocene unconformity’ in order to justify whether a common

265

controlling factor can be assigned to the entire area or if the local observations show

266

differences large enough to consider more than one cause.

267
268

Relation to climate and sea-level changes

269

In the southern North Sea, the genesis of the mid-Miocene unconformity has been associated

270

with environmental changes related to climate variations (Vinken, 1988; Huuse & Clausen,

271

2001). The Cenozoic climate has experienced a significant deterioration over the last ca. 40

272

Myr (Zachos et al., 2001), and during the Miocene there was several cooling episodes (Miller

273

& Mountain, 1996) (Fig. 2). However, the Miocene was generally dominated by warm and

274

humid climates (Mosbrugger et al., 2005; Larsson et al., 2011). The warmest Miocene interval

275

was the Mid-Miocene Climatic Optimum (MMCO - ca. 14-17 Ma) (Fig. 2) when temperatures

276

reached pre-icehouse levels and precipitation increased slightly in SW and Central Europe

277

(Böhme et al., 2011). A structural contour map of the Base Middle Miocene deposits by Kockel

278

in Vinken (1988) ‘dispalys the depths of a single, well-defined and synchronous horizon, which

279

is well recognizable in logs and reflexion seismic and which marks the base Middle Miocene

280

(Reinbek-Utsira) event, i.e. the beginning of the Middle Miocene positive sea-level change.’

281

The datings point to the close correlation with the MMCO and correlate with the transgressive

282

character of sediments found onshore Denmark (Huuse & Clausen, 2001; Rasmussen et al.,

283

2010). A gradual cooling following the MMCO resulted in a significant (few tens of meters)

284

eustatic sea-level fall (Miller et al., 2005), butexhumation in the southern parts of the North

285

Sea can be excluded due to relatively large water depths as indicated by paleontological
12

286

studies (Eidvin and Rundberg, 2007). However, the eustatic sea level fall could explain the

287

transition from the upper bathyal to the outer neritic depositional environments in the central

288

North Sea, which were interpreted by Eidvin and Rundberg (2007). Rundberg and Eidvin

289

(2005) also point to possible submarine erosion due to a falling sea level, post-dating the

290

MMCO. This situation would result in restriction of the North Sea Basin, as the south-western

291

connection through the English Channel was limited, if it even existed (Knox et al., 2010),

292

producing a more anoxic environment with high gamma readings. The post-mid-Miocene

293

exhumation in the northern North Sea resulted in a spectacular tidal channel network within

294

the Late Miocene – Early Pliocene Utsira Formation (Oluwaniyi, 2010). However, the ‘mid-

295

Miocene unconformity’ does not exhibit this channelized pattern. Therefore, we suggest that

296

the subaerial exposure of the northern North Sea did not happen before the Late Miocene

297

period.

298

Contouritic deposition on the Norwegian shelf and in other locations on the North Atlantic

299

margin point to a primary control of the bottom current activity on the strata architecture

300

which is constrained by the observed erosion of the Brygge Formation which

301

submarine origin and that the angular unconformity between Brygge and Kai Formations was

302

further amplified by the contouritic character of Late Miocene deposits.

was of

303
304

Relation to tectonism and deformation

305

Another point of view is that the North Sea Basin was affected by Neogene phases of

306

deformation. The deformation during the whole Cenozoic has varying timing, amplitude and

307

character (Ziegler, 1989; Vejbæk & Andersen, 2002; Løseth & Henriksen, 2005; Nielsen et al.,

308

2005; Rasmussen, 2009; Knox et al., 2010)). The origin of the mid-Miocene unconformity has

309

been related to tectonic deformation and tectonic phases in the Alpine realm i.e. the Savian
13

310

orogeny originally defined by Stille (1924) (Løseth & Henriksen, 2005; Rasmussen, 2009; Knox

311

et al., 2010). In the rift basins of the Dutch sector of the North Sea and onshore, deformations

312

(i.e. fault displacements) during Late Cretaceous and Early Paleogene are well established (de

313

Jager, 2003) and the contemporaneous deformations observed in the Eastern North Sea are

314

attributed both to compressional and stress-relaxation regimes (Vejbæk & Andersen, 2002;

315

Nielsen et al., 2005). The tectonic activity related to later phases of Alpine compression (the

316

Pyrenean phase – ca. 40-30 Ma, the Savian phase – ca. 20-10 Ma) was minor and is not

317

observed at all in most localities in North Sea. In the Broad Fourteens Basin (Wong et al.,

318

2001) ascribed the missing Upper Oligocene sedimentary section due to the Late Oligocene

319

Savian tectonism. However, in a later publication discussing the Tertiary inversion of Dutch

320

basins (de Jager, 2003) the article of Wong is not mentioned and no deformation was ascribed

321

to the Oligocene or Neogene tectonism. In the rift basins of NW Germany the late Paleogene –

322

Neogene deformations are feeble and interpreted to be the results of transtension and stress

323

relaxation (Kockel, 2003). The Cenozoic inversion of the Sole Pit Basin has been related to the

324

Early Oligocene Savian phase though neither the magnitude nor the exact age of this

325

deformation was constrained (Van Hoorn, 1987).

326

The argument for a tectonically controlled deformation in Miocene has been posed by

327

Rasmussen (2009) who sees inversion of the Sorgenfrei Torquist Zone, Ringkøbing-Fyn High

328

and the Central Graben. However, a regional tectonic origin of these phases have been

329

discarded by (Clausen et al., 2011a) after a detailed analysis of offshore seismic data and

330

onshore salt-related mini basins, which takes sediment compaction into consideration.

331

The interpretation of Rasmussen (2009) follows a suggestion of King (2006) and Cameron et

332

al., (1992) regarding a possible inversion of the Sole Pit Basin and other English basins

333

(Chadwick, 1993). King (2006) suggested an early Miocene age for the Sole Pit Basin inversion
14

334

by referring to Cameron et al., (1992), but stated that dating of this event is difficult due to

335

lack of preserved mid-Cenozoic sediments. However, in Cameron et al., (1992) there is no

336

specific information given on the timing or magnitude of the inversion. Instead, there is a

337

reference to (Van Wijhe, 1987) who has relatively poor control on the stratigraphy in the

338

Broad Fourteens Basin, as he states that the last inversion movements in the basin occurred in

339

the Late Eocene – Early Oligocene times (and the inversion was minor) and notices the Late

340

Oligocene phase of salt diapir movement. In fact, this last halokinetic episode is the ‘mid-

341

Miocene unconformity’, as it appears from the seismic sections presented in this paper.

342

Rundberg and Eidvin (2005) ascribe the observed architecture and an extensive hiatus to

343

uplift, which occurred during Oligocene-Miocene times. However, the deformation of

344

Miocene – Pliocene strata is related to sediment intrusions and small-scale (polygonal)

345

faulting.

346

The Neogene deformation related to the tectonic regime on the Atlantic margin is much more

347

distinct. The origin of compressional structures along the Atlantic margin has been a subject of

348

discussion since observation of these structures (Boldreel & Andersen, 1993; Doré & Lundin,

349

1996; Davies et al., 2004) Most of the structures developed episodically during the Cenozoic

350

and were not coeval in all sub-areas of the margin (Lundin & Dore, 2002). They have

351

commonly been used to infer uplift of Scandinavia due to the observed pronounced sediment

352

input onto the Norwegian shelf and into the North Sea (e.g. (Løseth & Henriksen, 2005;

353

Rundberg & Eidvin, 2005; Eidvin et al., 2007; Rasmussen, 2009; Anell et al., 2010) but rarely

354

related to actual structural observations, as described above.

355

Furthermore, the actual scale of these basin deformations was rarely corrected for the

356

differential subsidence and compaction resulting mostly from the basin’s physiography. Even

357

small depressions in the sea bed will favor the accumulation of current-driven sedimentation,
15

358

like within the Kai Formation. This further leads to the deformation due to differential

359

compaction (differential load) of the primary depositional surface, which in this case was the

360

mid-Miocene unconformity. This type of deformation is substantial and can be observed on

361

cross sections within the recently deposited Naust Formation (Fig. 4e). Therefore, we propose

362

that the compressional deformation could have been of relatively smaller magnitude and

363

surely did not affect the Norwegian mainland due to the differences in integrated strength of

364

the lithosphere (Gołędowski et al., 2011).

365

The compressional deformation of Neogene age is not confirmed in the North Sea basin. The

366

inversion of the Sole Pit Basin has not precisely been dated and therefore should not be

367

directly linked to the mid-Miocene times. In the southern North Sea, strata deformations are

368

purely related to halokinetic activity and syn-sedimentation processes, which should not be

369

related to the stress field alterations. As shown on Fig. 6, salt tectonics was active also in post

370

mid-Miocene times, deforming strata of Pliocene age.

371

The exhumation of the northern North Sea has commonly been linked to the compressional

372

deformation in the Atlantic margin. However, no direct observation point to such tectonic

373

disturbance – again, the deformation of strata is not of tectonic origin. The uplift of the basin

374

has been inferred on the basis of depositional architecture pointing to narrowing of the sea

375

way and possible exhumation. We suggest these are mostly, if not only, the results of eustatic

376

variations, which in a shallow basin have a profound influence on the sedimentation patterns

377

and depositional environment and extent, and limited sediment accumulation rates of the

378

Middle Miocene – Early Pliocene deposits (Gołędowski et al., 2011). However, the subsequent

379

intense deposition throughout the Scandinavian realm was related to the onset of glaciations

380

and surely influenced the basin subsidence due to sediment loading.

381
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382

5. IMPLICATIONS AND CONCLUSIONS

383

This rather extensive review of the mid-Miocene unconformity shows that although the name

384

is uniform in the North Sea and Norwegian shelf basins (and also in other areas of the world),

385

it is necessary to consider the variable local character and different origin of this surface. The

386

observations show that its generation was an interplay of climate, tectonism and

387

environmental changes and surely should not be interpreted as the result of a single event. In

388

particular, repeated inference of basin deformation by transmitted stress from distant

389

tectonism (e.g. North Sea Basin and Alpine deformation) could obscure the real origin of

390

hiatuses and angular unconformities, which can be caused by other processes, as described in

391

this paper.

392

Tectonic deformation never occurs contemporaneously on a global scale. In fact, the strain is

393

commonly constrained to relatively narrow zones of repeated deformation (Hansen & Nielsen,

394

2003), unless a large-scale event (e.g. orogeny, continental break-up) is encountered. The

395

episodic deformation on the North Atlantic shelf, which favored the development of the

396

MMU, should not be related to the occurrence of the MMU in the North Sea as no strata

397

deformation (apart from mounds and polygonal faults) is observed. The deformation of the

398

sea floor controlled the sea-water current pattern, erosion and later deposition of contourites

399

on the Norwegian shelf.

400

The origin of the MMU in the North Sea could be different – halokinetic activity was most

401

probably related to increased sediment input from the Southern North Sea (SNS) deltaic

402

system over the Late Pliocene to Holocene times. The establishment of SNS should not be

403

linked to any tectonism, rather (maybe) to autocyclic processes and climate change related to

404

the MMCO and associated changes in eustatic sea level. Such variations are global and leave

405

identifiable traces of climate change that can be correlated across the globe.
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406

The analysis of datings of the surface shows discrepancies, which is to be expected, as the age

407

estimates are derived from various localities, various datasets and are referred to different

408

time scales. Maybe it is not surprising that the datings are different – they simply represent a

409

diachcronous stratigraphic event of variable origin. Long-lasting hiatuses can furthermore

410

complicate the correlation of a surface over a large area as they leave a great potential to

411

bundle two relatively unrelated chronostratigraphic events into one.
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(b) depth in meters to the ‘mid-Miocene unconformity’. Location of seismic sections from Figure 2 are marked.
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Figure 3. Inclination of the ‘mid-Miocene unconformity’ and its correlative surfaces
in the study area.

Figure 4. Regional seismic lines from the North Sea and the Norwegian shelf. The position is marked on Figure
1b. Te vertical scale is given in seconds TWT and the oﬀset is given in meters. The proﬁles have uniform
horizontal and vertical scales and are exaggerated ca. 55 times, assuming a constant velocity of 2000 m/s. The
yellow horizon is the Base Cenozoic surface (in the North Sea it is excluding the Danian – see Paper 1), the
orange horizon is the ‘mid-Miocene unconformity’ and its correlative surfaces, blue is the seabed.
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Figure 6. Halokinesis in the Dutch sector deforming the Quaternary succession of the Southern
North Sea delta. Horizontal scale (offset) in meters, vertical scale in seconds twt. Line SNSTI-NL-87-11
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