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Abstract 
 
The latest late Oligocene – Miocene time was a period with distinct change in the depositional 
environment in the eastern North Sea Basin. During the late Oligocene a marine, sediment-starved 
basin prevailed; this was characterised by deposition of hemipelagic, fine-grained sediments and 
formation of glaucony. In the Miocene a distinct change took place and delta systems prograded 
into the basin from the N-NE. Three periods of delta progradation took place. The lower two delta 
systems were characterised by having relatively steep delta fronts, while the third was characterised 
by a progradational to aggradational coastal plain system. The fluvial system was in the initial phase 
dominated by braided river systems, but changed over time to be dominated by meandering rivers. 
During the middle Miocene a marked withdrawal of the shoreline towards the NE resulted in 
resumed fully marine conditions in the eastern North Sea Basin. In the latest middle Miocene, the 
establishment of a sediment-starved environment permitted resumed formation of glaucony-rich 
clay. At the end of the Miocene, distinct progradation resulted in displacement of the shoreline into 
the central part of the North Sea Basin.  

This overall pattern of changing depositional setting from distal marine sediment 
starved to nearshore depositional settings was controlled by tectonism and thus periodically 
minimized the role of eustatic sea-level changes. However, once a major displacement of the 
coastline had commenced, glacio-eustatic sea-level changes had a significant control on the 
progradational–retrogradational pattern of the coastline. The succession therefore tends to be 
arranged in a predictable manner during tectonic quiescence.  
 In the studied succession the tectonically controlled sequences are characterised by a 
distinct change in lithology, which can be traced for 100th of km. The partitioning of lithology was 
strongly controlled by topography formed in the basin during active tectonism. Deposition of fluvial 
sediments tends to be dominated by braided rivers. Tectonism also resulted in the formation of 
accommodation space favourable for deposition of thick prograding deltaic successions. A marked 
change towards clay-rich deposits, especially with intensive formation of glaucony, was formed due 
to an increased subsidence of the basin and thus ruled out the eustatic signal. 
 During tectonic quiescence, eustatic sea level controlled sequences are characterised 
by a thin transgressive systems tract and relatively thick highstand, falling stage and lowstand 
systems tracts. The most clean and coherent sand successions are found in the falling stage systems 
tract. The highstand and lowstand systems tracts are dominated by alternating sand and mud-rich 
successions. Extensive and coarser-grained sand bodies are, however, best developed associated 
within the lowstand systems tract due to the predominance of coarse-grained sediments conveyed 
through incised valleys (point source).  

Sedimentary processes, e.g. auto cyclicity and marine processes, also influence the 
partitioning of lithology. Clean and coarser-grained sand is for example deposited on the slope of 
the delta platform in the downdrift portion of deltas. Thick sheet sand and gravel is also deposited in 
incised valleys due to auto cyclic processes. 

.  
Keywords: Delta, shelf, sequence stratigraphy, prediction of lithology, tectonism, North Sea Basin 
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My contribution to the science of geology is as follows: 
General. The studied succession in the eastern part of the North Sea Basin provides a unique natural 
laboratory for the studies of siliciclastic depositional sequences (source-to-sink systems). This work 
and parallel studies where I have been involved (Dybkjær & Rasmussen 2000; 2007; Larsson et al. 
2006; 2011; Rasmussen et al. 2006; 2013; Japsen et al. 2007; 2010; Olivarius et al. 2011; 2014; 
Eidvin et al. 2014) present a very detailed framework for the study of basin fill (sedimentology, 
seismic facies analysis, structural analysis, biostratigraphy and climatic studies).  
Sequence stratigraphy. This work provides a detailed sequence stratigraphic subdivision of the 
uppermost upper Oligocene – Miocene succession of the eastern part of the North Sea Basin. The 
study shows how both tectonic movements and eustatic sea-level changes influence the 
development of sequences. Of particular interest for the predictive potential of sequence 
stratigraphy is the lower and lower middle Miocene succession which was formed during a period 
of tectonic quiescence. This is a corner stone in my research and it particuarly documents how sea-
level changes work in concert with marine processes in controlling the distribution of different 
lithologies. 
My study of the incised-valley fill of the Billund Formation was one of the first to document 
deposition and preservation of falling stage systems tracts within an incised valley. This finding is 
of special importance for numerical modelling of sequences, as this part cannot be considered a 
period with sediment bypass in subaerial areas (e.g. Posamentier & Vail 1988; Van Wagoner et al. 
1990). 
My investigation of the uppermost upper Oligocene–Miocene succession of the eastern North Sea 
Basin provides an important case-study in sequence stratigraphy as it shows the interrelationship 
between tectonic pulses and the development of depositional sequences in an intracratonic basin. 
The results are novel in basin analysis, as tectonism is often considered outpaced by eustatic sea-
level changes on a scale of third order sequences. 
Tectonics. My papers document early Miocene inversion structures in the central North Sea Basin 
and in the Norwegian-Danish Basin and provide fundamental insight into tectonic processes outside 
orogenic belts. These inversion features are documented for the first time, and given the detailed 
mapping of the structures the precise ages of the tectonic pulses have been estimated.  
Climate. My contribution to the detailed study of the climate variations during the Miocene Epoch 
(Larsson et al. 2006; 2011; Rasmussen et al. 2013) was to provide a sequence stratigraphic 
framework. The results from the climate studies were invaluable in the later evaluations of sequence 
formation and provided a unique opportunity to study the relationship between climate variations 
and sequence development. 
Hydro-geological modelling. The detailed sequence stratigraphic subdivision has been applied in 
hydrogeological modelling (Scharling et al. 2009; Sonnenborg et al. in press), and it provides a 
framework for future modelling of Miocene aquifers in Denmark.  
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1 Introduction 
 

1.1 Background 
 
During the 1970s-1990s, the development of the discipline of sedimentology has increased 
significantly (e.g. Reading 2001). The advent of sequence stratigraphy and the integration of this in 
the study of sedimentary systems have increased the understanding of the controlling factors on 
depositional systems significantly due to a systematic integration of outcrop studies, borehole data, 
high resolution seismic data and biostratigraphy in the study of sedimentary rocks (Catuneanu 2002; 
Catuneanu et al. 2011). 

The causes for the development of sequences are, however, highly debated and there 
is generally speaking two schools of thoughts; one school prefers eustatic sea-level changes as the 
main controlling factor for the formation of third order sequences (Haq 1988; Vail et al. 1991; 
Posamentier & James 1993; Miller et al. 2005), and another school suggests, that tectonism can 
equally cause the development of third order sequences (Cloetingh 1986; Embry 1990).  

No matter the cause of sequence formation, another aspect is the use of sequence 
stratigraphy as a predictive tool (e.g. Posamentier & James 1993). This method enables researchers 
to predict the distribution of various lithologies within a basin and to forecast the occurrence of for 
example sand in a reservoir interval. The predictive tool has enormous application in developing 
hydrocarbon reservoirs and in the mapping of aquifers and reservoirs for geothermal energy.    

The uppermost upper Oligocene – Miocene succession of the eastern North Sea Basin 
(Fig. 1) provides a natural laboratory for the development of a siliciclastic fluvio–deltaic system. 
The period falls within an ice-house climate, i.e. influenced by well-documented eustatic sea-level 
changes (Miller et al. 2005 and references therein). During this time period, the depositional 
environment changed dramatically twice. These changes were associated with two important phases 
in the evolution of the Alpine Orogeny and the opening of the Atlantic and therefore provide 
examples of the interaction between eustatic sea-level changes and tectonism.  

The study area is covered by multiple types of data including seismic, outcrop, 
borehole, core, log, biostratigraphical and geochemical data (e.g. Papers 11; 15; Rasmussen 1995; 
Dybkjær & Piasecki 2010; Olivarius et al. 2011; 2013). Based on these data, a new 
lithostratigraphic subdivision of the succession is provided (Paper 11). The succession is not deeply 
buried and therefore not influenced by diagenesis. The flora during the Neogene was more or less 
similar to present-day vegetation and thus allowed detailed reconstructions of climate and humidity 
of the hinterland (Friis 1975; Mosbrugger & Utescher 1997; Utescher et al. 2000; Larsson et al. 
2006; 2010; 2011; Rasmussen et al. 2013). The study of the uppermost upper Oligocene–Miocene 
succession of the eastern North Sea area also benefits from an excellent understanding of eustatic 
sea level proxies based on deep-ocean oxygen isotope records (e.g. Zachos et al. 2001; Miller et al. 
2005) and on detailed sequence stratigraphic studies off New Jersey (e.g. Miller et al. 2005; 2013a, 
b). 
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Fig. 1: Palaeogeographic 
reconstruction of Northwest 
Europe during the early 
Miocene. Locations mentioned 
in the text are indicated. From 
Rasmussen et al. (2008). 
Abbreviations: Gr, Green-
land; N, Norway; S, Sweden; 
DK, Denmark; UK, United 
Kingdom; G, Germany.   

 

 

 

 

 

 

 

 

 

 

 

 

1.2 Aims 
 
The aims of the present dissertation are: i) to make a solid litho – and sequence stratigraphic 
framework for the uppermost upper Oligocene – Miocene succession in the eastern North Sea area. 
A parallel biostratigraphic study that has run over the last 15 years (Dybkjær & Rasmussen 2000; 
2007; Dybkjær & Piasecki 2010) has resulted in one of the most detailed biostratigraphic zonations 
known for latest late Oligocene – Miocene time interval. This allows a confident chronostratigraphy 
and thus correlation to global events; ii) to use the new detailed seismic mapping and 
sedimentological study of the eastern North Sea area to identify unknown tectonic events in this 
part of NW Europe; iii) to test and develop principles in sequence stratigraphy in order to 
understand processes involved in the formation of sequence stratigraphic units and to develop the 
predictive potential of sequence stratigraphy. The studied succession was deposited during a well-
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known ice-house climate (eustatic sea-level changes), the local climate and regional climate is well-
documented (Utescher 2009; Larsson et al. 2006; 2010; 2011; Rasmussen et al. 2013) as is the 
source to sink analysis (Olivarius et al. 2014). All this provides a natural laboratory for sequence 
stratigraphy, i.e. the influence of sea-level changes, tectonism, climate and sediment supply. 

1.3 Data and Methodology 
 
The study is based on all available seismic data including both high-resolution vibro-seismic and 
multi-channel seismic data in the Danish area (Fig. 2 and 3). In addition, selected multi-channel 
seismic data covering the entire North Sea area has been accessible for the study. More than 50 new 
onshore stratigraphic boreholes and one cored borehole are included in the study (Fig. 3). All of 
these boreholes have been measured with respect to gamma-ray response and calibre log. In 
addition, gamma-ray logs from 13 offshore wells have been analysed. Detailed measurements of 25 
outcrops and the cored borehole form the basis for the detailed sedimentological part of the study. 

 
 

Fig. 2: Maps of the study area which show the main structural elements and key wells mentioned in 
the text. Seismic sections used in the study are indicated. From Rasmussen (2013; Paper 12) and 
Rasmussen and Dybkjær (2014; Paper 13). 
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Data covering the onshore area has been interpreted based on the principles of 
depositional sequences (Posamentier et al. 1988; Hunt & Tucker 1992, 1995; Helland-Hansen & 
Gjelberg 1994) if not otherwise stated. The seismic stratigraphy is based on the principles of Brown 
& Fisher (1977) and Mitchum et al. (1977). In the offshore area, which, except for the study of 
Møller et al. 2009 (Paper 7), is covered by 2D multi-channel seismic data and poor borehole data, 
only T-R sequences (Embry & Johannessen 1992) have been mapped. 

Biostratigraphy (palynology) and Sr-datings of mollusc shells from selected outcrops, 
the cored borehole and cutting samples from boreholes carried out by Dybkjær & Piasecki (2010), 
Eidvin et al. (2014a) and Eidvin et al. (2014b) and references therein form the basis for the 
stratigraphic framework of the present study. 
 

 
1.4 Chapter overview 
 
Chapter 2 gives an introduction to the current knowledge of the geological setting in the North Sea 
Basin. In chapter 3 the depositional environment and the lithology of the uppermost upper 
Oligocene – Miocene succession is presented. This chapter is mainly based on papers 2, 3 and 11. 
In this chapter a new lithostratigraphy for the Miocene succession in Denmark is presented (paper 
11). In the following chapter, chapter 4, a sequence stratigraphic framework is established (papers 
1, 4, 7, 9 and 14). Based on detailed and regional studies of the succession in question, a number of 
structural features and changes in depositional patterns are interpreted as periods with 
synsedimentary tectonism. A thorough presentation of these elements is given in chapter 5 which is 
based on papers 4, 5, 6, 8, 12, 13, 14. In order to evaluate the processes involved in the development 
of sequences, a detailed overview of the latest late Oligocene – Miocene climate is presented in 
chapter 6. Climate is a key process in the development of sequences, and for the studied succession 
the climate is well understood. The chapter is not based on any of the included papers, but the 
climate is well-documented in a number of publications in which I have been directly involved. 
Chapter 7 presents a discussion of the results obtained in the present thesis. The development of the 
studied succession is discussed in a regional context, and an evaluation of alternative interpretations 
is presented. This discussion is based on most of the papers included in the thesis and also includes 
papers 2 and 15. In chapter 8 the predictive potential of sequence stratigraphy is presented. The 
distribution of lithology is one of the unique outcomes of sequence stratigraphy, and the chapter 
treats the interrelationship between the cyclicity of depositional sequences and autocyclic processes 
involved in the distribution of lithology in sedimentary successions. This chapter is based on papers 
4, 6, 9, 10, 11 and 14. The last chapter, chapter 9, evaluates the different methodologies used in the 
present work and presents the main conclusions of the study. 
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Fig. 3: Map showing the boreholes, outcrops and onshore seismic data used in the study. 
Correlation panels shown in the study are indicated. From Rasmussen et al. (2010; Paper 11).  
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2 Geological setting 
 
The study area is concentrated to the central and eastern North Sea Basin (Fig. 1). The North Sea 
Basin is separated from the Fennoscandian Shield by the Sorgenfrei–Tornquist Zone, the northern 
extension of the Teisseyer–Tornquist Zone (Ziegler 1982; 1990; Pegrum 1984; Bertelsen 1978; 
Berthelsen 1992; Fig. 2). The main structural elements within the basin are the NW–SE trending 
Norwegian–Danish Basin located south-west of the Fennoscandian Shield, the WNW–ESE striking 
Ringkøbing–Fyn High, the North German Basin and, in the western part of the study area, the 
Central Graben. The Ringkøbing–Fyn High is further subdivided into a number of graben 
structures, namely the Brande Trough, Rødding Graben and the Horn Graben (Fig. 2). These 
structures were formed during the late Carboniferous–early Permian and early Triassic tectonic 
movements (Ziegler 1982; Thybo 1997, 2001; Gowers & Sæbøe 1985). Reactivation of the 
structural elements has occurred several times since the formation, i.e. Late Cretaceous, Paleocene, 
Late Eocene and late Oligocene–early Miocene (Papers 8; 12; Ziegler 1982; 1990; Liboriussen et al. 
1987; Thybo 1990; Berthelsen 1992; Mogensen & Jensen 1994; Clausen & Korstgård 1996; 
Vejbæk & Andersen 2002; Møller & Rasmussen 2003; Japsen et al. 2007).  

The latest late Oligocene – Miocene was a very important period in the development 
of the Alpine Orogen and in the opening of the North Atlantic (Oszczypko 2006; Doré et al. 2008; 
Løseth & Henriksen 2005; Rundberg & Eidvin 2005). In the Carpathian–Alpine Orogen, two main 
phases in the Miocene with major thrusting and displacement of nappes occurred (Oszczypko 
2006). One phase in the early Miocene, commonly referred to as the Savian Phase and another 
phase in the middle Miocene, referred to as the Betic phase, took place. In the North Atlantic the 
jump of spreading zone from the Kolbeinsey Ridge to the Aegir Ridge commenced in the early 
Miocene, and a major compressional regime prevailed through the middle Miocene. The latter 
resulted in the formation of domes, e.g. the Helland–Hansen and the Ormen Lange domes, both 
located off present-day Norway (e.g. Løseth & Henriksen 2005; Doré et al. 2008). 

The first tectonic phase, the Savian Phase, resulted in inversion tectonism in the study 
area and is recognised as uplift of the southern Central Graben of c. 300 m (Papers 8; 12). 
Reactivation of the Ringkøbing–Fyn High commenced with fault activity along the Brande Trough 
(Japsen et al. 2007). Inversion of the Norwegian–Danish Basin was in the order of 200 m as 
indicated by a marked change in depositional environment from marine mud to fluvial 
sedimentation (Paper 12). Due to these movements a rough topography characterised the basin in 
the early Miocene. The compressional stress forced by the collision of Africa and Europe and from 
the North Atlantic also seems to have affected the Fennoscandian Shield as fisson track data 
indicate a coincident uplift of present-day southern Norway (Japsen et al. 2007).  

Resumed tectonism commenced in the late early Miocene culminating in accelerated 
subsidence in the North Sea Basin during the middle–late Miocene (Papers 1; 8; 13; Ziegler 1982; 
1990; Koch 1989; Thöle et al. 2014). This is recognised by minor faulting and increased subsidence 
around salt structures and in the deposition of a condensed, fully marine, glaucony-rich clay 
indicating a major flooding of the Norwegian–Danish Basin. 

The remaining part of the Miocene seems to be a tectonically quiet period 
characterised by outbuilding of a coastal plain from the NE. In the late Miocene–early Pliocene, a 
major reorganisation of the depositional pattern commenced in the North Sea area, and marked 
infilling of the southern central North Sea took place elucidated in onlap from the south of the 
former Miocene slope (Paper 5; Thöle et al. 2014).  
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 The climate during the latest late Oligocene – Miocene time is within the so-called 
icehouse climate, which was initiated at the transition from the Eocene to the Oligocene and 
persisting today. During this time well-documented ice caps existed at the poles, especially 
documented on Antarctica (Miller & Mountain 1996; Miller et al. 2005; Zachos et al. 2001). 
Despite the overall icehouse climate, the late Oligocene and early to mid middle Miocene North Sea 
Basin was relatively warm with a warm temperate to subtropical climate (Friis 1975; Utescher et al. 
2000; 2009; Larsson et al. 2006; 2010; 2011; Rasmussen et al. 2013). At the end of the middle 
Miocene a marked cooling commenced on a global scale (Zachos et al. 2001), and this cooling is 
also recorded in the North Sea area (Utescher et al. 2000; 2009; Larsson et al. 2006; 2010; 2011). 
The mid-Miocene cooling resulted in the growth of ice caps on Antarctica (Lewis et al. 2007) and 
must therefore have resulted in a global sea-level fall. A study from NE Australia indicates a 
eustatic sea-level fall up to 69 m during the late middle Miocene (John et al. 2011). During the 
Miocene period, the climate was humid with an annual precipitation in the order of 1200–1400 mm.  
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3 Depositional environment and lithostratigraphy 
 

3.1 Introduction 
 
During the latest late Oligocene – Miocene time, the North Sea formed an intracratonic basin only 
connected to the North Atlantic Ocean via a strait between the Shetland Platform and Fennoscandia 
(e.g. Ziegler 1982; Rasmussen et al. 2008; Fig. 1). The eastern North Sea Basin area was 
characterised by a fully marine depositional environment with periods of delta progradation from 
the N–NE towards the S–SW. The source area was the western part of the Fennoscandian Shield 
(present-day southern Norway and central Sweden) (Paper 15; Larsen & Dinesen 1959; Olivarius 
2013; Fig. 1). The study area was located in the northern westerly wind belt. Consequently, the 
distance to the British Isles was characterised by a long fetch permitting prolonged activity of 
waves at the shoreline (Galloway 2002; Rasmussen et al. 2008; Fig.1). The tidal range in the study 
area was in the order of 2 m or even less corresponding to a micro- to meso-tidal regime (Paper 4; 
Friis et al. 1998).  

The fluvio-deltaic and open marine deposits of the studied succession have been 
subdivided into a new lithostratigraphy (Paper 11; Fig. 4). The uppermost upper Oligocene 
succession consists of one formation (revised) and two members (one new). The Miocene is 
subdivided into two new groups: the Ribe and Måde Groups. The former (lower–middle Miocene) 
comprises six formations (two new, four revised) and eight members, six of which are erected by 
Rasmussen et al. (2010; Paper 11). The Måde Group (middle–upper Miocene) consists of four 
formations, of which two are new lithostratigraphic units.    
 
 

3.2 Latest late Oligocene 
 
During the latest late Oligocene, the entire study area was covered by the sea except for the extreme 
north-eastern part of the study area (Papers 2; 11; Dybkjær & Rasmussen 2007; Japsen et al. 2010; 
Knox et al. 2010; Fig. 5A). Delta and coastal plain deposits have been deposited around the Inez-1 
well (Fig. 2), and the shoreline is inferred to cross the northern part of present-day Jylland (Japsen 
et al. 2007; 2010; Fig. 5A). In the central part of the Norwegian – Danish Basin the water depth was 
more than 200 m (Paper 11; Schnetler & Beyer 1990). On the Ringkøbing–Fyn High shallower 
water prevailed. In the central part of the North Sea Basin the water depth exceeded several 
hundreds meters as inferred from well log correlation of wells from onshore and offshore Denmark 
(Dybkjær and Rasmussen 2007). The sedimentation was characterised by glaucony-rich clay of the 
Brejning Formation and the Lark Formation (Papers 4; 11; Larsen & Dinesen 1959; Rasmussen 
1995; Schiøler et al. 2007; Fig. 4). In the extreme northern part, a diatomite was developed, which 
is referred to the Sydklint Member of the Brejning Formation (Paper 11; Heilmann-Clausen 1997). 
At the boundary towards the Miocene, increased influx of more coarse-grained sediment 
commenced, and the higher contents of freshwater algae indicate an approaching shoreline. Locally, 
nearshore sands of the Øksenrade Member were laid down (Paper 11; Fig. 4). Locally this member 
consists of iron ooides. Associated with deposition of shallow marine sediments in the eastern part, 
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Fig. 4: Lithostratigraphic scheme of the latest late Oligocene – Miocene succession in Denmark. 
From Rasmussen et al. (2010; Paper 11). The sequence stratigraphic subdivision is shown to the 
right. 
 
sedimentation of mass flow deposits of the Freja Member occurred at the toe of the slope in the 
North Sea as seen in the Frida-1 well (Dybkjær & Rasmussen 2007; Schiøler et al. 2007; Fig. 2). 
The boundary towards the Miocene is in the extreme eastern part on top of the Ringkøbing–Fyn 
High marked by a gravel layer that was deposited by rivers during subaerial exposure (Papers 2; 11; 
Dybkjær & Rasmussen 2005). The subaerial conditions at the Oligocene–Miocene boundary were 
in part due to inversion tectonism (Paper 8) and in part due to a global lowstand of sea level (Miller 
et al. 2005).   
 
Fig. 5 (facing page): Selected palaeogeographic reconstructions of the Miocene in the eastern 
North Sea basin. From Rasmussen et al. (2010; Paper 11). Note the northern most displacement of 
the shoreline during the latest late Oligocene (A) and middle Miocene (H); these are absolute 
minimum displacements. Note as well the change in fluvial systems from braided to meandering 
river systems in the early Miocene, from C to D.  
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3.3 Lower Miocene – lower middle Miocene (Ribe Group) 
 
The relatively rapid sea-level rise in the earliest early Miocene (Miller et al. 2005) resulted in 
resumed sedimentation of mud. In the most proximal part heterolithic sediments are common. 
These are characterised by alternation of mud, hummocky cross-stratified sands and tidal rythmites 
(Paper 4; Friis et al. 1998). On structural highs, the water depth was less that 50 m. In the 
Norwegian–Danish Basin the water depths exceeded 100 m (Paper 9). In the central part of the 
North Sea Basin the water depth was more than 500 m except for the southern part of the Danish 
North Sea where distinctly lower water depth occurred near the Igor Ridge (Fig. 2). The mud and 
heterolitic section deposited associated with this transgression forms the lower part of the Vejle 
Fjord Formation onshore Denmark (Fig. 4) and upper part of lower Lark Formation in the North 
Sea area (Paper 11; Schiøler et al. 2007). This was succeeded by delta progradation from the N and 
NE in the Aquitanian (Fig. 5B). The source area was the Fennoscandian Shield and especially the 
area covered by present-day central Sweden and southern Norway (Olivarius 2013). Delta 
complexes characterised by relatively steep delta fronts (dipping up to 10ᵒ) and with delta slopes up 
to 100 m in height were concentrated to structural lows (Paper 6). East of the main delta, spit and 
barrier complexes predominated the landscape (Papers 4; 11). The most common sedimentary 
structures found in the shoreface of these complexes are hummocky, swaley cross-stratified sands 
and other types of tempestites (Fig. 6A, B and C) revealing a high-energy coastal depositional 
setting. Tidal bundles (Fig. 6D) deposited in inlets of the barrier complexes indicate a tidal 
influence on the deposition, a micro–meso-tidal regime probably prevailed (Paper 4; Friis et al. 
1998). The fluvial systems were characterised by a wide range of sands and gravel stacked in fining 
upward units separated by erosional surfaces. The units are commonly composed of a basal 
through-cross stratified sand or gravel layer with clasts up to 4 cm in diameter. The basal 
conglomerates are commonly succeeded by large scale cross-bedded sand superimposed by small 
scale cross-stratified sand (Fig 7). These deposits are interpreted as having been accumulated in 
braided river systems (Paper 14; Hansen 1985; Hansen 1995; Jesse 1995). The braided fluvial 
system may be capped by inclined beds that are composed of fine-grained sand up to 7 m thick and 
consisting of 20 – 25 cm thick cross-stratified sand layers. This part was deposited in point bars of a 
meandering fluvial system. Mud-rich lake and floodplain deposits with some intercalation of coal 
dominated periodically. Systematically development of bottom sets associated with cross-bedding 
and mud drapes on cross beds indicates some tidal influence in the fluvially dominated part of the 
succession as well (Paper 14). In the central part of the basin, muddy contourite sedimentation 
prevailed (Hansen et al. 2004). The sand of the delta complexes is referred to as the Billund 
Formation (Figs. 4B, C and 5). The associated spit and barrier complexes constitute the Hvidbjerg 
Member, and the fluvial deposits are referred to as the Addit Member (Paper 11). The contourite 
deposits are referred to as the Lark Formation (Schiøler et al. 2007). 
 The delta complexes of the Billund Formation are overlain by mud, sand and gravel 
that was deposited as a result of resumed transgression during the late Aquitanian (Papers 4; 11). 
The transgression resulted in distinct reworking of delta sands and concentration of gravel at the 
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Fig. 6: Typical sedimentary structures of the 
Billund Formation. A) Hummocky cross-
stratified sand. Hand for scale. B) Storm 
beds characterised by sharpbased, 
laminated sand capped by wave-rippled 
sand. Spade for scale. C) Distal flood tidal 
delta deposits overlain by washover fans. 
Spade for scale. D) Tidal bundles. The 
section is 1 m high. All photos, except (B), 
are from Rasmussen et al. (2010; Paper 11). 
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boundary (transgressive lag). Clasts within this conglomerate may be up to 4 cm in diameter. The 
fine-grained sand was swept eastwards of the main delta complexes and predominantly accumulated 
in the shoreface area. The high concentration of sand made up an ideal situation for the formation of 
barrier complexes in these areas (Paper 4; Friis et al. 1998). The shoreface deposits are dominated 
by hummocky cross-stratified sand and massive sand beds capped by wave-ripples. Total 
bioturbation of the succession commonly occurred associated with the formation of new barrier 
complexes as revealed in the common occurrence of bioturbated sands overlain by lagoonal mud. 
The lagoonal deposits are often dominated by storm deposits, i.e. washover fans, in the final phase, 
indicating the breakdown of the barrier complex before the flooding. During the main flooding (Fig. 
5D), marine mud referred to the Klintinghoved Formation (Fig. 4) was deposited in most parts of 
present-day Jylland.  

Renewed delta progradation occurred from the N and NE in the mid Burdigalian (Fig. 
5E). The outbuilding of the shoreline was more regular and dominated by coalescing delta lobes 
(Paper 9). The mud-dominated part, the delta slope deposits, of this progradation has been cored 
(Fig. 8A). It is composed of bioturbated mud with few intercalations of sand beds. The river 
systems that convoyed sediments to the shoreline were predominantly meandering systems, 
although periods dominated by braided rivers, e.g. during forced regression, cannot be ruled out 
(Papers 9; 11). The mud deposited during the initial transgression and in front of the prograding 
delta complex is referred to as the Klintinghoved Formation (Fig. 4). Sand dominated deposits laid 
down in barrier complexes are referred to the Kolding Fjord Member. The sand dominated delta 
complexes constitute the Bastrup Formation (Fig. 4), which includes the fluvial Resen Member 
(Paper 11). In the North Sea Basin area mud of the Lark Formation was deposited (Schiøler et al. 
2007).  

 
 

 
 
 
Fig. 7: Cross-bedded sand and gravel laid down in a braided fluvial system, the Billund Formation. 
From Rasmussen et al. (2010; Paper 11). 
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 Resumed transgression of the area occurred in the late Burdigalian (Fig. 5F). This 
resulted in deposition of the mud-dominated marine sediments. The depositional depth of these 
sediments is uncertain, because the succeeding prograding unit is not characterised by any depth 
indicator (e.g. clinoforms) as was the case for the Billund and Bastrup formations. It is inferred that 
shallower water conditions prevailed, as marked concentration of heavy minerals is interpreted to be 
to some extent the result of the constant reworking and sorting of sediments in a shallow water 
environment (Olivarius et al. 2011).  

The following prograding succession (Fig. 5G) is characterised by hummocky cross-
stratified sands and tidal rythmites deposited below the shoreface (Figs. 8B and C). Gently dipping 
laminated sands enriched in heavy minerals indicate deposition in a foreshore and beach 
environment (Paper 11). Within the Norwegian–Danish Basin, widespread coal formation took 
place (Paper 11; Koch et al. 1989). On the Ringkøbing–Fyn High coastal and fluvial sand were 
deposited. The marine mud deposited during the transgression and in front of the coastal plain is 
referred to as the Arnum Formation (Fig. 4). The sand-dominated coastal plain forms the Odderup 
Formation (Paper 11; Rasmussen 1961). The Odderup Formation includes the Stauning Member 
(Paper 11), which is characterised by heavy minerals and the coal-enriched Fasterholt Member 
(Koch 1989). The North Sea area was dominated by mud deposition of the Lark Formation 
(Schiøler et al. 2007). 
 
 

3.4 Early middle Miocene – late Miocene (Måde Group) 
 
A marked transgression occurred in the early middle Miocene and a water depth of more than 100 
m was established (Fig. 5H). During the early part of the transgression, organic-rich mud was 
deposited. The mud is totally bioturbated (Fig. 9A). Upwards, this mud gets more clayey, and 
increasing intercalation of glaucony characterises the sediments. This is succeeded by up to 3 m of 
glaucony-rich clay (Fig. 9A). The upper part of the glaucony-rich clay section is characterised by a 
common occurrence of goethite and some reworking of glaucony into depositional bars. The 
presence of goethite is interpreted as a result of a sea-level fall (Dinesen 1976; Eder et al. 2007). 
The reworking of glaucony is in line with this interpretation (Paper 11).  

The glaucony-rich unit is succeeded by mud deposited in an outer shelf setting in 
water depths of more than 100 m (Laursen & Kristoffersen 1999). The mud has a very high content 
of pyritified pellets and trace fossils as well as fossils indicating optimal conditions for a rich 
marine fauna (Rasmussen & Larsen 1989). Discrete horizons with freshwater algae indicate a high 
supply of freshwater and nutrients to the sea (Piasecki 1980). An increasing content of silt and fine 
sand upward in this unit indicates a progradational trend of the succession. This is also evident in a 
few up to 5 cm thick laminated, wave-rippled, fine-grained sand layers intercalated in the 
uppermost part of the mud succession (Fig. 9B).  

Relatively sharply the mud is succeeded by a succession of fine-grained sand. The 
succession is dominated by hummocky cross-stratified sand (Fig. 9C) and wave-rippled sand with 
some indication of tidal bundles (Papers 3; 11). The regressive trend continued in the remaining part 
of the Tortonian (Fig. 5I), and at the end of the Tortonian the shoreline was located in the central 
part of the North Sea Basin (Overeem et al. 2001; Papers 3; 5; 7). A marked sea-level fall at the 
Tortonian–Messinian transition resulted in a deep incision, c. 90 m, into deltaic/coastal deposits 
(Paper 7). Resumed transgression resulted in deposition of muddy marine sediments during the late 
Messinian. The mud-dominated middle and upper Miocene succession is subdivided into a number 
of formations (Fig. 4). The lower, organic-rich mud is referred to as the Hodde Formation. This is 
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succeeded by the glaucony and clay-rich Ørnhøj Formation. The muddy and fossil-rich Gram 
Formation and the sand dominated Marbæk Formation constitute the upper Miocene of Denmark 
(Fig. 4). 
 

 
 
 
Fig. 8: Typical sedimentary structures from the Klintinghoved and Arnum formations. A) Thin 
storm sand layer of the Klintinghoved Formation showing tidal influence in the upperpart (arrow). 
B) Hummocky cross-stratified sand of the Arnum Formation. C) Tidal-influenced deposits of the 
Arnum Formation. Note the paired clay layers (arrows). From Rasmussen et al. (2010; Paper 11). 
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 Fig. 9: Typical sedimentary 
structures from the Middle 
and Upper Miocene. A) Dark 
brown silty clay of the Hodde 
Formation overlain by green 
glaucony-rich clay of the 
Ørnhøj Formation. Knife for 
scale. B) Fine-grained, wave-
rippled sand intercalated in 
dark grey clay of the Gram 
Formation. Note the paired 
clay layers (arrows). C) 
Hummocky cross-stratified 
sand of the Marbæk 
Formation. Spade for scale. 
A and B from Rasmussen et 
al. (2010; Paper 11). 
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4 Sequence stratigrahpy 
 

4.1 Introduction 
 
The uppermost upper Oligocene – Miocene succession onshore Denmark is subdivided into six 
sequences each with a time span of two to four My, which corresponds to 3´ order sequences (Vail 
et al. 1991). The sequences are named sequence A to F1 (Papers 2, 4; 7; 9; Scharling et al. 2009). 
The correlation of sequences and lithostratigraphic units is show in figure (10). The subdivision is 
based on various data sources, i.e. outcrops, borehole samples and logs, seismic data and 
geochemical data. Outcrops, seismic and geochemical data only cover parts of the succession 
(sequences A, B, lower part of C, E and F1). Borehole logs and gamma-ray readings are difficult to 
use in the subdivision of sequence D due to high contents of heavy minerals which influence the 
gamma-ray readings. As there has been no attempt to systematically subdivide the sequences into 
parasequences, these will only be designated as units in the text below.  

In the offshore area, a subdivision has also been performed (e.g. Paper 5; Dybkjær & 
Rasmussen 2007), but here mainly based on seismic data which does not allow a similar detailed 
subdivision. Therefore only T-R sequences (Catuneanu 2002; Fig. 4) are provided. Only in the 
study of Møller et al. (2009; Paper 7), which is based on 3D seismic data, a more detailed 
subdivision in systems tracts has been carried out for the upper part. In addition, new detailed 
biostratigraphy carried out on boreholes from the North Sea reveals, however, that sequence E is 
condensed in the North Sea area (Paper 13; Dybkjær & Piasecki 2010), and thus most part of the 
relatively thick sequence E in the North Sea area as defined in Rasmussen et al. (2005; Paper 5) 
should be referred to sequence F (Fig. 11). Consequently, in this study most part of sequence E in 
the North Sea area is renamed sequence F1, and the former sequence F is renamed sequence F2. 

 
 

4.2 Sequence A 
 
Sequence A consists of clay grading into silt and fine-grained sand upward. The sequence is 
commonly capped by a sharp-based sand unit. The sequence spans the latest late Oligocene (late 
Chattian) to the top of the Oligocene and comprises c. 1.5 M.y. (Fig. 4). The lower boundary is 
characterised by a change from greenish grey clay to glaucony-rich, light to dark brown, clayey silt. 
The boundary is either sharp or gradational, the latter due to bioturbation. However, the character of 
the bioturbation often allows easy distinction of borrows. The authigenous mineral glaucony is 
common in the lower part (Rasmussen 1995). Due to the totally bioturbated character of the 
sediment, a subdivision into systems tracts cannot be based on physical characteristics. However, 
roughly 1 m above the lower boundary the highest content of glaucony has been found. This also 
correlates with geochemical data, which indicates a high content of potassium here (Paper 4; 
Rasmussen 1995). High gamma-ray readings in boreholes penetrating Sequence A also indicate 
glaucony 1–2 m above the lower boundary (Fig. 10BA). Glaucony, especially with a high content of 
potassium, is diagnostic in picking the maximum flooding surface (Jevyey 1988). Therefore, the 
maximum flooding surface is located at the highest gamma-ray readings, and the succession 
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between the sequence boundary and the maximum flooding surface is interpreted to represent the 
transgressive systems tract (Paper 4). Above the maximum flooding surface, a subtle increase in 
grain size characterises Sequence A, and in the uppermost part a sharp-based, fine-grained sand 
occurs locally (Paper 11). Except from a weak indication of cross-bedding in this sand, no 
sedimentary structure can be recognised. Consequently, it is impossible to make a clear separation 
of this part, but the formation of the ooids is often associated with a sea-level fall (Van Houton 
1984), and thus the boundary between the highstand systems tract and falling stage systems tract is 
placed at the base of the sharp-based sand. In the basinal area, mass flow deposition (Freja Member) 
is associated with the falling stage systems tract (Dybkjær & Rasmussen 2007; Schiøler et al. 2007).  
 
 

4.3 Sequence B 
 
Sequence B consists of dark brown mud, white to grey sand and gravel. The time range of the 
sequence is from the early Aquitanian to late Aquitanian, c. 2 M.y. (Fig. 4). The lower boundary is 
characterised by a shift from glaucony-rich, often consolidated, dark brown mud to dark brown mud 
with some interbedded, ripple-laminated, fine-grained sand. A gravel layer is commonly seen at the 
base. Locally, the transition is expressed by a change from reddish to greenish fine-grained 
sand/sandstone to dark brown mud. Based on outcrops the sequence has been subdivided into a 
transgressive and a highstand systems tract (Paper 4). The falling stage systems tract has only been 
recognised in the basinal setting, based on borehole logs and seismic data (Papers 6; 9; Scharling et 
al. 2009; Figs. 10B and 11). The transgressive systems tract is composed of two coarsening upward 
units (parasequences). The recognition of a stacking pattern based on outcrops is subtle due to the 
limitation of outcrops, but the succession is capped by a major flooding as indicated by a 
palynofacies study (Paper 4). The obvious complexity of this transgressive systems tract is probably 
caused by the depositional setting that was characterised by a roughed topography formed in 
association with inversion tectonism in the early Miocene (Papers 4; 8). The highstand systems tract 
is also composed of two coarsening upward units that show a successive increase in grain size and a 
shallowing upward trend (Paper 4). Locally, spit and barrier systems were developed with lagoonal 
mud deposited on the north-eastern side of these systems (Paper 4). The falling stage systems tract 
is not present in outcrops, but a gravel lag of the succeeding sequence C clearly indicates that the 
shoreline was displaced further basinwards before the succeeding transgression. On seismic data 
(Fig. 12A; B), the falling stage systems tract is expressed by marine erosional surfaces that are 
successively eroding deeper into the substratum (Papers 6; 9; Scharling et al. 2009). The seismic 
pattern is characterised by clinoforms dipping up to 10ᵒ. Boreholes penetrating these deposits show 
medium to coarse-grained sand with some intercalation of gravel (Papers 9; 11). Clast sizes of up to 
3 cm in diameter may occur locally within the clinothem.      
 
 
 
 
Fig. 10 (Facing page): North–south striking (dip section) correlation panel of the uppermost upper 
Oligoccene – Miocene succession. A) Correlation panel showing the lithology in boreholes with 
gamma logs, main lithostratigraphic boundaries and depositional environments. B) Sequence 
stratigraphic subdivision of the succession; sequences A to F1 and systems tracts. Partly based on 
Rasmussen (2004; 2009; Papers 1; 9) and Rasmussen et al. (2010; Paper 11). For location see 
figure 3. 
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Fig. 11: ENE–WSW trending seismic section from the North Sea showing T-R sequences mapped in 
this area. Note that in most of the North Sea area, sequence E is below seismic resolution. Inserted 
section shows a detailed subdivision of the upper Miocene sequence F2 in the westernmost part of 
the Danish area. Based on Rasmussen et al. (2005; Paper 5) and Møller et al. (2009; Paper 7). 

 

4.4 Sequence C 
 
Sequence C is composed of dark brown mud, white to grey sand and gravel. The time range is from 
late Aquitanian to mid Burdigalian representing c. 3 M.y. (Fig. 4). The base is sharp and erosional 
as elucidated in a change from white medium-grained sand to gravel. Within scours, the gravel bed 
often contains clasts with a diameter of 4 cm or more. In a basinal setting the boundary is subtle, as 
mud is superposed on mud, but a slight change from a coarsening upward trend to fining upward 
trend characterises the boundary here (see Hellevad and Rødding boreholes, Fig. 10). The sequence 
is subdivided into a lowstand systems tract, transgressive systems tract, highstand systems tract and 
a falling stage systems tract (Papers 4; 14; Fig. 10B). The lowstand systems tract is exposed in 
outcrops and penetrated in several boreholes (Rasmussen et al. 2013; Paper 14). The lowstand 
systems tract consists of two overall fining upward successions laid down in an incised valley 
(Paper 14). The two units are separated by a subaerial unconformity. A detailed study of the incised 
valley fill led Rasmussen (2014; Paper 14) to subdivide the succession into lower rank sequences. 
The sequences are named SB1 and SB2 in Rasmussen (2014; Paper 14) to avoid confusing them 
with the higher rank sequences (e.g. sequence A, B, C, etc.) that have been applied for the entire 
studied succession. SB1 shows a development from medium to coarse-grained sand that fines 
upwards and is characterised by the evolution from a braided fluvial to a meandering fluvial system. 
The sand and gravel of the braided fluvial system is referred to the lowstand systems tract (4’ 
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order). The transition from the braided to the meandering fluvial system forms the maximum 
regressive surface or transgressive surface (Paper 14; Cateneanu 2006). The sand-rich fluvial 
systems are capped by mud and coal beds. Locally, the mud beds show marine influence 
(Rasmussen et al. 2006), which correlates with marine shoreface sand, e.g. in the Addit Gravel pit 
(Paper 14). The base of this marine succession is interpreted as the maximum flooding surface (4’ 
order). The base of the upper unit is strongly erosive and has been interpreted as a subaerial 
unconformity (Paper 14). The unconformity shows a systematic pattern of deeper erosion 
eastwards. The subaerial unconformity is succeeded by sand-rich deposits laid down in a braided 
fluvial system similar to SB 1. However, the down-stepping pattern of the lower boundary led 
Rasmussen (2014; Paper 14) to interpret the western part of the incised valley fill to belong to the 
falling stage systems tract. The sequence boundary was thus placed in the easternmost part of the 
valley system where the deepest incision occurs (Paper 14; Holebrook & Bhattacharya 2012; Li & 
Bhattacharya 2013). The upper part of the sequence is strongly eroded by Quaternary erosion and 
therefore not studied here. However, a coal layer capping the upper part has been reported by 
Hansen (1995) and may indicate a new transgression. Based on borehole correlation and seismic 
data (Figs. 10 and 11), marine mud succeeds the sand-rich succession of the incised valley fill and 
thus indicates a regional transgression. The succeeding transgressive systems tract is based by a 
gravel layer, a so-called transgressive lag. The basal surface is erosive. Clasts of up to 4 cm in 
diameter are common (Papers 4; 11). The transgressive lag is commonly formed by a single, 
normally-graded bed, but two stacked beds have been found, e.g. at Børup (Paper 4). The 
transgressive systems tract is composed of two back-stepping parasequences that in the eastern 
portion of the study area is dominated by spit-barrier systems (Paper 4). The succeeding highstand 
systems tract is not exposed. It is in boreholes composed of fine- to medium-grained sand with 
some intercalation of coarse-grained sand and gravel (Fig. 10). The falling stage systems tract is 
dominated by a parallel-oblique reflection pattern locally characterised by erosional features at the 
base (Paper 9; Fig. 12C; D). The grain size is slightly coarser and dominated by medium- to coarse-
grained sand (Papers 9; 11). 
 
 

4.5 Sequence D 
 
Sequence D consists of mud, white sand and coal. The sequence has a time range from mid 
Burdigalian to mid Langhian, c. 3 M.y. (Fig. 4). The lower boundary is sharp and recognised by a 
change from white sand to dark brown mud. In the south-western part of Jylland, shell-rich deposits 
are common above the boundary. In the northern part of Jylland, coal layers may occur (Paper 11). 
The sequence is subdivided into a lowstand systems tract, a transgressive systems tract and a 
highstand systems tract (Fig. 10B). The lowstand systems tract is well developed in both the basinal 
setting and within an incised valley. In basinal settings (Rødekro and Hellevad; Fig. 10A) it is 
formed by two sets of clinoformal packages characterised by aggradation, and in boreholes this is 
expressed by the stacking of sand-rich delta lobe deposits. The grain size is fine- to medium sands 
with some intercalation of coarse-grained sand and gravel. The incised valley is characterised by a 
fining upward succession; commonly two units are found (e.g. Rødding borehole, Fig. 10A) similar 
to the incised valley fill of sequence C (Paper 14). The grain-size of the valley fill varies from 
borehole to borehole (Fig. 10A), but is generally more coarse-grained than the delta lobe deposits. 
The seismic data indicates deposition in dominantly meandering fluvial systems (Paper 9). The 
transgressive systems tract is thin as indicated by a preliminary palynofacies study (personal 
communication Karen Dybkjær, 2009). However, in the northern part a thicker mud- and coal-rich  
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succession is evidence of a thicker transgressive systems tract (10B). The highstand systems tract is 
characterised by successive progradation of a coastal plain giving an overall aggradational stacking 
pattern of the succession (Figs. 10A and 11). Coal deposits are commonly found in the north-
eastern part. 
 
 

4.6 Sequence E 
 
Sequence E is composed of dark brown and greenish mud. It ranges from the mid Langhian to base 
Tortonian, c. 3 M.y. (Fig. 4). The lower boundary is sharp and separates white fine-grained sand 
from grey gravel and dark brown mud. The sequence is subdivided into a transgressive systems 
tract and a highstand systems tract (Fig. 10B). A falling stage systems tract may occur, but is below 
data resolution, see below. At the base of the transgressive systems tract a thin (c. 10 cm thick) 
gravel layer occurs. This is superimposed by dark brown mud, which gets very fine-grained 
upwards and evolves from a mud with some intercalation of glaucony to clean glaucony-rich clay. 
The placement of the maximum flooding surface is where high gamma-ray readings are seen, as this 
must represent the most K-rich glaucony (Fig. 10BB).  The highstand systems tract is represented 
by the thin interval between the maximum flooding surface and the base of the first occurrence of 
goethite. The occurrence of goethite indicates a period of a sea-level fall (Dinesen et al. 1976; Eder 
et al. 2007), and thus the upper 0.5 m goethite-rich section represents the falling stage systems tract.  
 
 

4.7 Sequence F1 
 
Sequence F1 consists of brown clay and mud and reddish and white sand. It was deposited within 
the time interval from the base Tortonian to late Tortonian, c. 4 M.y. (Fig. 4). The lower boundary 
is placed where reddish-green clay is overlain by brown clay, rich in pyritified pellets (Paper 11; 
Rasmussen & Larsen 1989). The sequence is subdivided into a transgressive systems tract and a 
highstand systems tract (Paper 2). The transgressive systems tract is composed of clay dominated 
by kaolinite and illite. The upper boundary is placed at the highest content of smectite, which is c. 
30 % at ÷ 9 m in the old clay pit at Gram (Rasmussen & Larsen 1989). In the highstand systems 
tract a gradational decrease in smectite and an increase in silt and fine-grained sand occurs 
(Rasmussen & Larsen 1989). This is succeeded by a sand bed that shows a general coarsening and 
thickening upward trend (Papers 3; 11).  
 
 
Fig. 12 (facing page): High-resolution seismic data and boreholes around Billund showing details 
of the falling stage systems tract. A) N–S striking seismic section between the Store Vorslunde and 
Billund boreholes. Note the down-stepping erosional surfaces at the base of the clinoforms. B) 
Correlation panel along the seismic section. Note the thick and more coarse-grained sand 
succession south of the erosional surfaces. C) N–S striking seismic section between the Billund and 
Almstok boreholes. Note the erosional surface at the base of the clinoforms. D) Correlation panel 
along the same seismic section. Note again the more coarse-grained and sand-rich succession 
above the regressive surface of marine erosion. Vandel Mark borehole is offset the seismic section 
and therefore not included here. Based on Rasmussen (2009; Paper 9). 
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4.8 Sequence F2 
 
Sequence F2 is not found in the onshore area and is therefore not described lithologically. 
Consequently, the subdivision is here based on 2D and 3D seismic data (Paper 7). On seismic data 
from the North Sea area, an overall aggraddational stacking pattern characterises the sequence (Fig. 
11). In the central part of the North Sea this pattern is succeeded by a succession dominated by 
clinoforms (Papers 3; 5; 7). The clinoformal package shows an initial aggrading pattern and 
ascending clinoform trajectory (inserted section, Fig. 11) and therefore forms the final phase of the 
highstand systems tract. The succeeding descending clinoform trajectory (Fig. 11) represents the 
falling stage systems tract. This systems tract is very narrow and evident by three down-stepping 
delta lobes (Lobe 3 to 5; Paper 7; Fig. 11). The upper boundary is characterised by a low amplitude, 
discontinuous reflector. This boundary forms the base of a new sequence, Sequence G (Fig. 11), 
which mainly consists of Pliocene deposits (Paper 5). 
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5 Tectonism 
 

5.1 Introduction 
 
Studies of outcrops and seismic data show that tectonic pulses took place in the study area during 
the latest late Oligocene – Miocene time (Papers 1; 8; 12; Koch 1989). Regional inversion 
tectonism at the Oligocene–Miocene boundary occurred (in some literature called the Savian Phase, 
Fig. 13). The inversion is interpreted as being associated with the collision of Africa and Europe 
and the opening of the North Atlantic (Paper 8; Ziegler, 1982; Knox et al. 2010; Stoker et al. 2010; 
Ellis & Stoker 2014; Fig. 13). During the early Miocene (mid Burdigalian), distinct reworking of 
older strata, especially Palaeogene deposits, and changes in the concentration of heavy minerals 
(Paper 1) indicate tectonic movements at the basin margin and in present-day Norway. The timing 
of this coincides with tectonism in the foreland of the Carpatian Orogen Belt which has resulted in 
an asymmetric development of the lower Miocene succession in the north-eastern and south-eastern 
parts of the North Sea area (Knox et al. 2010). Within the middle Miocene (late Langhian), 
increased subsidence of the North Sea area has been documented by numerous studies (Papers 8; 
12; Koch 1989; Rundberg & Eidvin 2005; Knox et al. 2010; Eidvin et al. 2014a). A similar timing 
of tectonic phases has been recognised in the North Atlantic (Stoker et al. 2010; Ellis & Stoker 
2014; Fig. 13).  
 

 
 
Fig. 13: Important tectonic events in the North Atlantic area and central Europe (Alpine Orogeny). 
To the right, global sea level curves and the local sea level of the Miocene. Note that the marked 
change in sea level in the eastern North Sea at the Oligocene–Miocene boundary correlates with 
changes both in the North Atlantic and central Europe, i.e. onset of the Kolbeinsey Ridge, onset of 
Late Alpine tectonism, the Savian inversion phase and initiation of compression in Rockall-Shetland 
area. Note as well that the increase in water depth in the middle Miocene in the eastern North Sea 
correlates with a major global sea-level fall and that this is time equivalent with cessation of 
compression in both the North Atlantic and Late Alpine orogeny. Based on Miller et al. (2005; red 
sea-level curve), Stoker et al. (2010), and John et al. (2011; blue sea-level curve). 
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These tectonic events (Fig. 13), base Miocene, mid Burdigalian and late Langhian (the latter is often 
referred to as the Mid Miocene Unconformity) played a major role in the distribution of 
sedimentary wedges in the North Sea area and the North Atlantic. The sedimentary responses to 
these events are changes in sediment supply and changes in accommodation space, both of which 
are fundamental parameters in sequence formation (e.g. Catuneanu 2009).    
 
 

5.2 Early Miocene phase (Aquitanian) 
 
The study of seismic data in the North Sea (Fig. 2) reveals an inversion structure, the Igor Ridge, in 
the eastern Central Graben area (Papers 8; 12; Fig. 2). On seismic data, an anticline is seen in the 
Miocene succession (Fig. 14). The Oligocene strata are truncated below sequence B, and onlap 
characterises the overlying lower Miocene succession (Fig. 14). In the nearby Alma-1 well, a hiatus 
has been found in the detailed biostratigraphic study of Schiøler (2005) confirming the seismic 
interpretation. An alternative interpretation of this anticline has been provided by Clausen et al. 
(2012). They suggest that the structure was formed solely due to compaction on top of a former 
inversion structure. However, simple compaction cannot explain the truncation of the Oligocene 
succession below the unconformity and the succeeding onlapping lower Miocene succession on the 
anticline (Fig. 14).  

A distinct basin-ward shift of depositional facies occurred associated with this 
inversion tectonism at the Oligocene–Miocene transition in the Norwegian–Danish Basin. This shift 
was in part due to an uplift (inversion) of the Norwegian–Danish Basin (Papers 8; 12) and in part 
due to an increased sediment supply (increased relief of the hinterland). A comparable sediment 
response is known from the Late Cretaceous inversion along the Sorgenfrei–Tornquist Zone where 
deltaic progradation of the Lunda Sandstone took place (Erlstrøm 1994). The Lunda Sandstone is 
quartzous and contains rock fragments indicating some fresh erosion of nearby uplifted hinterland. 
In the Miocene, similar deltaic progradation occurred from the Sorgenfrei–Tornquist Zone. The 
source area for the sediments was southern Norway and central Sweden (Olivarius et al. 2013). The 
northern boundary of the source area was Jotunheim in present-day Norway and central Sweden 
(Fig. 1). A substantial part of the sediment is composed of quartz and quartzites, and clasts with a 
grain diameter of up to 4 cm are common (Papers 4; 14). Mineralogical studies also indicate that 
Gibbsite is a common mineral in the Miocene deposits (Friis 1995; Rasmussen 1995). The 
formation of gibbsite is associated with strong chemical weathering (e.g. tropical climate). In 
central Sweden and Norway remnants of a heavily weathered basement and hilly relief landscape 
have been reported (Lidmar-Bergstrøm et al. 2000; Olsen et al.  2006). This weathering is 
interpreted to have taken place mainly during the Mesozoic (Lidmar-Bergstrøm et al. 2000). It is 
therefore likely that the inversion tectonism at the Oligocene–Miocene boundary has re-exposed 
strongly weathered basement given the origin of the quartzous and coarse-grained sediment of the 
Miocene fluvial systems. Alternatively, the source area could have been restricted to the marginal 
areas of the Norwegian–Danish Basin, i.e., exposure and erosion of the Triassic fluvio-deltaic 
Skagerrak Formation (Bertelsen 1978; Nielsen 2003). However, the grain size of the Miocene 
succession is substantially larger than reported from the Skagerrak Formation, and the mineralogy is 
also different as it is much more matured. Furthermore, despite the chemically matured sediments, 
the individual quartz grains are angular to sub-rounded indicating low physical weathering (limited 
transport; Olivarius et al. 2013).  This rules out that the Miocene deposits are entirely composed of 
sediments that have been through several sedimentation cycles. Consequently, an uplift of mainland  
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Fig. 14: Cross section of the Igor Ridge in the Central Graben. A) Cretaceous inversion of the 
ridge. Note the pinch-out of intra Cretaceous units (onlap). B) Post Cretaceous inversion of 
unknown age. C) Detailed subdivision of the Cenozoic succession showing a distinct early Miocene 
inversion phase indicated by pinch-out (onlap) of lower Miocene sequences. Note the erosion of the 
Oligocene succession and onlap of the Miocene succession (inserted 3D seismic data). From 
Rasmussen (2013; Paper 12) and partly based on Vejbæk & Andersen (2002). 
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Norway (Southern Scandes; Fig 1) associated with this tectonic phase is likely. This works in 
concert with fission tract studies of Rohrman et al. (1995) and Japsen et al. (2007), which suggest a 
Neogene uplift of the Southern Scandes. A Neogene uplift of the Southern Scandes has also been 
suggested in the studies of Rundberg & Eidvin (2005), Løseth & Henriksen (2005) and Gabrielsen 
et al. (2010).   
 The presence of reworked Palaeogene palynomorphs and of incision at the base of the 
Miocene indicates that some reworking of older Cenozoic sediments took place (Papers 5; 8; 
Dybkjær personal communication 2014). A substantial part of this may originate from former 
deltaic and coastal systems deposited in the marginal parts of the Norwegian–Danish Basin during 
the Oligocene (Japsen et al. 2007; 2010). 
 Finally, an early Miocene tectonic phase that resulted in an inversion of the 
Norwegian–Danish Basin explains the fact that marine, relatively deep-water Eocene and Oligocene 
mud is overlain by shallow marine and fluvial deposits of the lower Miocene (Paper 11), that the 
incised valleys of the Billund Formation are deeper in the upstream portion of the valley, and that 
the fluvial systems are predominated by braided rivers (Paper 14). 
 
 

5.3 Mid early Miocene phase (Burdigalian) 
 
In the mid early Miocene, mid Burdigalian, a marked increase in the content of reworked older 
strata, e.g. Carboniferous leaves (Friis et al. 1980), Jurassic, Paleocene, and Eocene palymorphs, is 
reported (Paper 1). There is furthermore a marked increase in reworked Miocene palynomorphs in 
the Arnum Formation (personal communication, Karen Dybkjær 2010). Changes in thickness of the 
Arnum Formation in southern Jylland and erosion of the Bastrup Formation on top of salt structures 
(Paper 1; Rasmussen 1996) indicate a period with reactivation of salt structures. Furthermore, the 
content of heavy minerals is much higher in the Odderup Formation compared to the Billund and 
Bastrup formations (Paper 11). These distinct changes were interpreted to indicate a tectonic phase 
by Rasmussen (Paper 1) and inferred to cause the marked progradation of the Odderup Formation, 
which commenced during the so-called Mid Miocene climatic optimum (Zachos et al. 2001) and 
consequently during a global high sea level. The timing of this tectonic phase is coincident with 
tectonic activity in the North Atlantic, offshore Mid Norway (Stoker et al. 2010; Fig. 13) and with 
development of an accretionary prism associated with the advancing orogenic wedge in the Alpine 
area (Oszczypko 2006).    
 
 

5.4 Middle Miocene phase (late Langhian) 
 
According to many studies of NW European basins (Paper 5; 8; Ziegler 1982; 1990; Vejbæk 1992; 
Michelsen 1996; Michelsen et al. 1998; Knox et al. 2010), a major tectonic reorganisation in the 
North Atlantic occurred during the middle Miocene (Fig. 13). The termination of the Alpine 
orogeny also commenced in the middle Miccene (Fig. 13). This regional tectonic event resulted in 
an increased subsidence of the North Sea Basin. The phase was not associated with a marked 
inversion of former basins or by distinct fault activity, but is evident from a number of geological 
observations: i) minor fault activity is reported at the transition from the Odderup Formation to the 
Hodde Formation (Koch 1989), ii) a marked transgression occurred during the late middle Miocene 
peaking in the latest part of the middle Miocene. The latter took place during distinct climatic 
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cooling and a eustatic sea-level fall in the order of 53 – 69 m (John et al. 2011; Fig. 13) in the late 
middle Miocene, which should have resulted in resumed terrestrial conditions in the eastern North 
Sea (Papers 1; 8). That the subsidence is restricted to the central and northern parts of the basin is 
documented by Schäfer (2005) and Stanke (2006), who find that the marginal areas in the southern 
part of the North Sea Basin were continuously dominated by shallow marine depositional settings 
abruptly overtaken by fluvial deposition in the late Miocene, where a relatively deep shelf 
environment prevailed in the eastern North Sea; iii) Offshore West Norway and especially along the 
Jan Mayen Fractor Zone distinct compressional features, e.g. the Helland–Hansen and Ormen 
Lange structures (Løseth & Henriksen 2005; Rundberg & Eidvin 2005; Lundin & Doré 2002; Doré 
et al. 2008) were formed during the middle Miocene. Especially the coincidence of these 
compressional structures, which must have had a tectonic origin, and the timing of the subsidence 
of the central parts of the North Sea Basin indicates a tectonic origin of this phase. The increased 
subsidence of parts of the North Sea Basin, the central part, North German Basin and the 
Norwegian–Danish Basin resulted in an overall transgression of former marginal fluvio-deltaic 
systems.  

In the late Miocene resumed progradation from the Fennoscandian Shield occurred. In 
the Danish area coastal plain deposits of the Marbæk Formation were laid down and upper Miocene 
– Pliocene deltaic systems have been mapped in the central North Sea (Papers 5; 7; Overeem 2001). 
The deposition of the Utsira and upper Molo formations commenced off West Norway (Henriksen 
et al. 2005, Gregersen & Johannessen 2007; Eidvin et al. 2014a). The mineral composition is still 
dominated by quartz indicating that this marked influx of siliciclastic sediments into the basins 
around the Fennoscandian Shield cannot have been controlled by marked glacial erosion of the 
hinterland, even though the first evidence of glacial processes is reported at the start of the late 
Miocene (Jansen & Sjøholm 1991). Rather, the progradation was the result of an increased relief of 
the source area (Fennoscandia) similar to what happened in the southern part of the North Sea (e.g. 
Schäfer 2005), where glacial erosion of the Rhenish Massive is very unlikely to be caused by the 
climate (Utescher et al. 2009). Increased relief of the Norwegian Mountains in the late Miocene 
would also work as an effective agent for a high sediment supply to the basin (Summerfield & 
Hulton 1994; Koppes & Montgomery 2009).        
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6 Climate 
 
 

6.1 Introduction 
 
The knowledge of global climatic changes during the latest late Oligocene – Miocene time is among 
the most well-established in the geological record (Miller 2005; Zachos et al. 2001). The climatic 
conditions on land in NW Europe, including the Fennoscandian Shield, are documented at a very 
detailed level (Mai 1967, Lotsch 1968; Friis 1975; Koch 1989; Utescher et al. 2000; 2009). 
Associated with the present sedimentological and sequence stratigraphic study of the uppermost 
upper Oligocene – Miocene succession, a parallel study of the climate has been carried out (Larsson 
et al. 2006; 2010; 2011; Rasmussen et al.  2013).  
 Even though the latest late Oligocene – Miocene time interval is within the so-called 
icehouse period (Oligocene to recent), the climate in the North Sea Basin area was generally warm 
and quite comparable to a greenhouse climate, but well-documented icecap growth has, however, 
been documented at the Antarctic (Miller & Mountain 1996; Miller et al. 1991; 1998; Zachos et al. 
2001 and references therein), and consequently eustatic sea-level changes are important. 
 
 

6.2 Climate in NW Europe  
 
The late Oligocene of the study area was characterised by a warm subtropical climate (Larsson 
2010). The warm month mean temperature (WMMT) for the southern North Sea was above 25ᵒC 
and the cold month mean temperature (CMMT) was above 5ᵒC (Utescher et al. 2009). The 
precipitation range was in the order of 1200 – 1400 mm/y. In the northern North Sea, slightly lower 
temperatures were found, only represented by the mean annual temperature (MAT), which was 16–
17ᵒC (Larsson et al. 2010). The precipitation was similar to the Southern North Sea (Utescher et al. 
2009).       

At the Oligocene–Miocene boundary, a cooling is recorded in many studies (e.g. 
Miller 2005; Zachos et al. 2001), and the temperature record for the southern North Sea indicates a 
lot of scattering at this transition (Utescher et al. 2009). The WMMT was above 20ᵒC and the 
CMMT in general above 5ᵒC with a single peak of 2ᵒC in the earliest Miocene. The annual 
precipitation was in the range of 800 to 1200 mm/y. For the northern North Sea, a temperature fall 
in the order of 5ᵒ has been found (Śliwińska et al. 2014).  

During most of the early Miocene the climate was warm temperate (Fig.15). The 
WMMT for the southern part of the North Sea was slightly above 25ᵒC with a CMMT above 5 ᵒC 
(Utescher et al. 2009). For the northern North Sea the annual mean temperature was c. 19ᵒC. The 
WMMT was c. 25ᵒC, and the CMMT was c. 10ᵒC, respectively. However, a transient drop in 
temperature (CMMT) to 3ᵒC is seen at the end of the Aquitanian (Fig. 15).  Precipitation has been 
found to vary between 1200–1400 mm, but is at its highest during the Burdigalian (Fig. 15). 

At the end of the early Miocene and into the earliest middle Miocene (17–15 Ma), a 
subtropical climate characterised the North Sea Basin area (Mai 1967; Friis 1975; Utescher 2009; 
Larsson et al. 2011). This corresponds with the so-called Mid Miocene climatic optimum (e.g. 
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Zachos et al. 2001). The WMMT for the southern part of the North Sea was in the range of 26ᵒ to 
28ᵒC and the CMMT around 9ᵒC.  In the northern North Sea very similar temperatures have been 
recorded. The precipitation increased to 1500 to 1800 mm/y during the warm period (personal 
communication Torsten Utescher 2009).  

At the end of the middle Miocene, a distinct climatic deterioration occurred (Zachos et 
al. 2001). A temperature drop is also recorded in the late Miocene in both the southern and northern 
North Sea with a WMMT slightly below 25ᵒC and CMMT down to 2ᵒC  and WMMT 25ᵒC and 
CMMT 8ᵒC, respectively (Utescher et al. 2009; Larsson et al. 2011). However, it seems that the 
seasonality increased markedly, and the number of frost days also increased in the late Miocene 
(Utescher et al. 2009; Fig. 15). 
 

 
 
 
Fig. 15: Precipitation and temperature during the Miocene. The climate was humid and warm 
temperate to subtropical. Modified from Larsson et al. (2011) and Rasmussen et al. (2013). 
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7 Discussion 
 
 

7.1 Introduction 
 
The present study is based on a combination of sedimentology, sequence stratigraphy and seismic 
facies analysis. Associated studies including biostratigraphy (Dybkjær & Rasmussen 2000; 2007; 
Rasmussen et al. 2006; Dybkjær & Piasecki 2010) and climatic studies (Larsson et al. 2006, 2010, 
2011; Utescher et al. 2009; Rasmussen et al. 2013) form the stratigraphic framework and unravels 
the climatic conditions during the latest late Oligocene – Miocene times. The discussion below 
intends to unravel possible mechanisms for the formation of the studied succession and to evaluate 
alternative models.  
 
 

7.2 Tectonism 
 
In this study two important tectonic pulses have been recognised; one in the early Miocene and one 
in the middle Miocene. In addition, a minor pulse in the foreland of the Carpathian Mountains took 
place in the mid early Miocene (Oszczypko 2006) and may correlate with the mid Burdigalian 
phase of Rasmussen (Paper 1). Consequently, three tectonic phases influenced the development of 
the north-eastern North Sea area during the Miocene. The timing of these tectonic pulses is clearly 
associated with the collision of Africa and Europe and the opening of the north Atlantic (Paper 8; 
Ziegler 1982; 1990; Lundin & Doré 2002; Oszczypko 2006; Doré et al. 2008; Ellis & Stoker 2014; 
Fig 13). The tectonic features shown in this study, inversion structures that are concentrated to 
former structural elements, thrusting of the Carpathian Front and associated subsidence of the 
foreland basin, and compressional features off West Norway are easily explained by traditional 
theories and mainly accepted by the geological community. However, the tectonic influence on the 
Fennosandian Shield, and especially the part covered by present-day Norway, is debatable (Paper 8; 
Løseth & Henriksen 2005; Faleide et al. 2002; Martinsen et al. 1999; Rundberg & Eidvin 2005; 
Japsen et al. 2007; Nielsen et al. 2009; Lidmar-Bergstrøm et al. 2000; Chalmers et al. 2010;  
Sømme et al. 2014). Most agree that plate tectonism is responsible for a substantial part of the 
evolution within the basins around the Fennoscandian Shield, i.e. compressional structures formed 
as the result of an inversion of the Norwegian–Danish Basin, Central Graben and structures 
developed along the Jan Mayen Fractor Zone off West Norway. It seems unlikely that the 
Fennoscandian Shield should be totally stable during the Cenozoic and particularly in the latest late 
Oligocene – Miocene times, where that part of the Fennoscandian Shield was located within a 
European plate that was situated in a vice between the Alpine Deformation Front and the pressure 
that was formed due to the opening of the North Atlantic. The amount of tectonic forced uplift of 
the Fennoscandian Shield and the isostatic effect of vertical movements due to erosion in the source 
area and deposition within the basin is not clear, but the process that controlled the evolution of the 
North Sea area in the Cenozoic is interpreted to be mainly tectonism. 
 A tectonic origin of Neogene sediment pulses has been questioned by Nielsen and 
colleagues (Nielsen et al. 2009; Clausen et al. 2012; Gołędowski et al. 2012). Nielsen et al. (2009) 
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speculate that increased glacial activity, a change in the altitude of glacier equilibrium line, causes 
the increased sediment supply and rules out a tectonic origin. A sedimentological study of the lower 
Miocene succession shows that fluvial deposits consist of almost pure quartz and quartzites (Paper 
14; Hansen 1985; Hansen 1995; Jesse 1995; Friis 1976). In the Cenozoic succession off present-day 
Norway, Oligocene quartzous sands and gravel are common (Schiøler et al. 2007; Eidvin et al. 
2014a). Pure quartz deposits do not point towards marked glacial erosion in the hinterland. The 
depositional style of the first of the three Miocene fluvio-deltaic complexes, the Billund Formation, 
was characterised by a perennial braided fluvial system that was capable of transporting clasts with 
a diameter of up to 4 cm several hundred kilometres into the basin (Paper 14). This points towards a 
newly formed gradient of the landscape, e.g. minor tilting of the basin margin. The incised valleys 
of the Billund Formation get deeper upstream (Paper 14), which indicates an active uplift during 
deposition (Posamentier & Allen 1993). This strongly supports a tectonic origin of change in 
sediment pattern at this time. If glacial processes were important, one would expect immature 
sediments, i.e. feldspar and biotite-enriched sediments. The climate, warm temperate, does not 
favour significant glaciations on the Fenoscandian Shield. In addition, a braided river system as the 
Billund Formation is common in tectonically active areas, e.g. present-day Brahmaputra River in 
eastern India. It is also a fact that the two succeeding lower to lower middle Miocene fluvio-deltaic 
complexes (Bastrup and Odderup formations) are dominated by meandering fluvial systems (Papers 
9; 11) indicating a cessation of tectonism, and that the braided system was particularly associated 
with the inversion that commenced at the Oligocene–Miocene transition. The extremely high 
sediment supply associated with progradation of the Odderup Formation (Paper 1) that occurred 
during the so-called mid Miocene climatic optimum (Zachos et al. 2001) does not work in concert 
with a lowering of the glacier equilibrium line on elevated areas of the Fennoscandian Shield. This 
increase in sediment flux to the basin is better explained by tectonic uplift (Papers 1; 15). Actually, 
the increase in chlorite content from the Billund Formation to the Arnum Formation strongly 
suggest uplift of the Southern Scandes during the early Miocene (Paper 15). Similarly, the marked 
increase in supply of sediment, the upper Skade Formation (Eidvin et al. 2014a and references 
therein), into the northern North Sea from the Shetland Platform in the late early Miocene certainly 
indicates a tectonic uplift of the Shetland Platform too at this time. A climatic origin of the so-called 
Mid Miocene unconformity as suggested by Huuse et al. (2001), Nielsen et al. (2009) and 
Gołędowski et al. (2012) mainly has its roots in the study of the Miocene succession presented by 
Michelsen and co-workers (Michelsen 1994; Michelsen et al. 1996; 1998). Huuse et al. (2001) 
correlated a hiatus found in the study of Michelsen et al. (1998; Fig. 16) with the global climatic 
cooling that commenced in the middle Miocene (Zachos 2001; Miller et al. 1996; see also Paper 
13). However, the study of the Miocene succession that has occurred over the last 15 years does not 
find this hiatus (Paper 13; Dybkjær & Piasecki 2010), and it was not found in the study of Piasecki 
(1980) either. The study by Dybkjær and Piasecki (2010) is based on dinoflagellate cysts and shows 
a fairly continuous sedimentary succession and a high diversity of dinoflagellate cysts, which 
indicates deposition in a fully marine depositional setting. The sedimentological development of the 
middle Miocene succession indicates a deeper marine environment characterised by a sediment-
starved depositional environment with good conditions for the formation of glaucony (Papers 11; 
13; Fig. 16). Consequently, as indicated above, no hiatuses have been found in the detailed study of 
borehole cores and outcrops (Papers 11; 13). The hiatus found by Michelsen and co-workers 
(Michelsen et al. 1996; 1998) and interpreted by Huuse (2001) to have been formed by a climate 
cooling was most likely a consequence of post-depositional acidic pore water activity in the 
sediments, which dissolves calcareous shells, i.e. foraminifera and mollusc on which the study of 
Michelsen (1994) and Michelsen et al. (1998) is based, see also discussion in Rasmussen and 
Dybkjær (Paper 13). Jarsve et al. (2014) also conclude that if the sediment pattern in the North Sea  
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Fig. 16: Miocene succession in the North Sea area compared to climatic changes. A) N–S striking 
seismic section and equivalent lithostratigraphic units. Note that most of the middle Miocene Hodde 
and Ørnhøj formations is below seismic resolution despite a duration of more than 3 million years. 
B) δ18O curves of the Miocene. Note the dramatic increase after 15 Ma (middle Miocene). C) 
Duration of deposition of the studied Miocene units. D) Overall architecture of the depositional 
units. Note that the equivalent deposited to the middle Miocene Hodde and Ørnhøj formations is 
condensed. E) Calculated sediment volumes of the depositional units deposited in the Danish North 
Sea area. From Rasmussen and Dybkjær (2014; Paper 13). 
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should have been solely controlled by climate, a more even sedimentation pattern should have 
characterised the North Sea. 

A study of the flora of the lower lower Miocene deltaic sediments does not indicate a 
particularly high relief in the hinterland (Larsson-Lindgren et al. 2009). A relief of up to 500 m may 
have existed. This is very similar to what has been estimated for the Shetland platform during the 
Paleocene (White & Lovell 1997), where a comparable sediment supply to the basin occurred. The 
high sediment influx during the early Miocene occurred under a warm-temperate to subtropical 
climate, probably characterised by no frost during the coldest month (Friis 1975; Larsson et al. 
2006; Larsson et al. 2010; Rasmussen et al. 2013). Glacial processes are unlikely in altitudes of less 
than 500 m. Furthermore, changes in the glacial equilibrium line as the main agent for the sediment 
supply does not correlate with the sediment pulse during the Mid Miocene climatic optimum, where 
the Odderup and Skade formations were deposited in the North Sea Basin (Paper 1; Eidvin et al. 
2014a).   

The sediment supply to the North Sea Basin seems to mainly follow the ideas of 
Summerfield & Hulton (1994), who stated that there is a close relationship between creation of 
relief and sediment flux. Koppes and Montgomery (2009) have also shown that tectonism is the 
controlling factor, and that both glaciers and rivers can equally erode uplifted areas. 

Finally, Nielsen and colleagues (e.g. in Gołędowski et al: 2012) and Huuse et al. 
(2001) stated that the increased subsidence of the North Sea Basin acknowledged by many studies 
(e.g. Paper 5; Ziegler 1982; 1990; Koch 1989; Cloetingh & van Vees 2005; Knox et al. 2010) was 
the result of an increased sediment supply to the southern North Sea Basin during the middle 
Miocene (Bijlsma 1981), and thus load induced subsidence (Gołędowski et al. 2012). The Bijlsma 
paper was based partly on thick fluvial deposits outcropping in Central Jylland (Silkeborg and 
Voervadsbro) and was at that time inferred to be of middle Miocene in age. However, these fluvial 
deposits have now been dated to be of earliest early Miocene in age (Paper 11; Dybkjær & Piasecki 
2010).  

The thick prograding unit in the German part of the North Sea has recently been dated 
to be of latest late Miocene (Thöle et al. 2014), and consequently there is no geological data to 
support the model that the increased subsidence of the North Sea during the middle Miocene was 
due to sediment loading. In fact, the North Sea area was sediment starved during the middle 
Miocene (Paper 13; Fig 16).   
 
 

7.3 Eustacy 
 
The uppermost upper Oligocene – Miocene succession was deposited during a so-called icehouse 
climate (Zachos et al. 2001; Miller et al. 2005). This imposes an asymmetric shape of the sea level 
curve resulting in rapid sea-level rises and slow sea-level falls, since it is easier to melt an icecap 
than to build one up (e.g. Catuneanu 2009). The study of sea-level variations during the latest late 
Oligocene – Miocene is among the most reliable in the geological past (Miller et al. 2005; John et 
al. 2011). These studies include seismic stratigraphy, core studies and detailed chronostratigraphy 
mainly based on biostratigraphy and Sr-isotope stratigraphy, which has also been carried out on the 
succession in question (Dybkjær & Piasecki 2010; Eidvin et al. 2014b). Miller et al. (2005) 
proposed a sea level curve for the Cenozoic period, and the amplitude for the late Oligocene–
Miocene is in the order of 25–30 m from + 10 m to -20 m compared to today. An extremely low sea 
level, however, existed at the end of the Oligocene, c. -35 m (Fig. . In the late middle Miocene a 



Rasmussen, E.S.  
Sedimentology and sequence stratigraphy of the uppermost upper Oligocene – Miocene succession, 
Denmark. 

 

39 
 

clear cooling commenced. Here a eustatic sea-level fall of up to 69 m has been suggested (John et 
al. 2011; Fig. 13).  

The sequence stratigraphic study of the Danish Miocene succession (Paper 2) reveals 
that during the latest late Oligocene and early Miocene there is an excellent correlation between 
periods of major ice-cap building at the Antarctic, the so-called Mi events (Miller & Mountain 
1996), and timing of sequence boundaries. The major lowering of relative sea level in the earliest 
early Miocene (Fig. 13), reflecting an inversion of the Norwegian–Danish Basin has, however, a 
tectonic origin (Paper 8). The shape of the sequences with long periods of progradation (thick 
progradation unit) and rapid transgressions (thin transgressive unit; Paper 9) also mimics a glacio-
eustatic origin, since a rapid sea-level rise will result in a fast withdrawal of the shoreline and 
consequently sediment starvation on the prograding units. 
 During the middle Miocene a mismatch between climatic proxies, e.g. Mi-event 
(Miller & Mountain 1996), and timing of mappable sequence boundaries in the North Sea Basin 
occurs (Paper 1). This discrepancy coincides with the accelerated subsidence of the North Sea Basin 
(Papers 1; 13; Koch 1989) and therefore has a tectonic origin. The Mi-5 at the middle to late 
Miocene boundary can, however, be recorded (Paper 1), and the incised valleys at the end of the 
Tortonian (Paper 7) correlate fairly well with the Mi-7 (Miller & Mountain 1996).  
   
 

7.4 Climate 
  
The climate during the latest late Oligocene – Miocene can be characterised as stable and warm 
with two climatic optimums, one in the late Oligocene and one at the transition of the early–middle 
Miocene. Furthermore, an overall climatic deterioration took place in the late Miocene. The study 
of the flora of the hinterland does not detect any dramatic changes in the vegetation cover that could 
change the erodibility of the subsurface (Larsson et al. 2006; 2010; 2011; Utescher et al. 2009). 
Periods with extreme climate has not been described although the number of days with frost 
increased slightly in the late Miocene (Utescher et al. 2009). Changes in sediment supply to the 
basin do not correlate with the climate changes as proposed by Huuse et al. (2001) and Gołędowski 
et al. (2012). Even though it is well documented that minor climatic changes, e.g. the so-called little 
ice age (late 17th – early 18th century), increased the sediment supply to the Rhone delta in the 
mediterraneus area (Boyer et al. 2005), the long-termed sediment supply is rather a function of the 
relief of hinterland (Summerfield and Hulton 1994; Sømme et al. 2014). Changes in sediment 
supply may, however, be associated with dramatic climatic changes, e.g. the change at the 
Quaternary where an increase in sediment flux for the Fennoscandian Shield was more than doubled 
(Alonso et al. 1990; Nelson & Maldonado 1990; Orton & Reading 1993; Dowdeswell et al. 2010), 
but such climatic changes have not been recorded for the latest late Oligocene–Miocene interval.  
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8 Predictive potential of sequence stratigraphy 
 

8.1 Introduction 
 
The development of sequences is dependent on sedimentation and accommodation (Catuneanu 
2009). One of the strengths of sequence stratigraphy is the predictive potential of lithologies in a 
sedimentary succession (e.g. Pasamentier & James 1993). This is why the understanding of the 
development of accommodation and variation in sediment yield and grain size is fundamental. The 
accommodation in open marine settings may change due to changes in eustatic sea level, 
subsidence/uplift and compaction. In lakes and inland seas precipitation and evaporation are also 
agents that may change the accommodation. Sediment supply is dependent on relief (Summerfield 
& Hulton 1994), tectonism, climate including glaciation, precipitation, vegetation changes, eustatic 
sea-level changes (changing the equilibrium profile) and composition/erodibility of the source area, 
i.e. character of bed rock and mineralogy of basement. 
 The study of the uppermost upper Oligocene – Miocene succession in the North Sea 
provides excellent cases of how these parameters act and how the interplay between these can be 
applied to predict the lithology (Fig. 17).  
 
 

8.2 Distribution of sand 
 
The distribution of sand-rich sediments is predominantly associated with three depositional settings: 
i) forced regression, ii) lowstand as incised valley fill and associated point sourced deltas and iii) 
downdrift of delta lobes.  
During the early Miocene a highly weathered landscape was exposed as elucidated in remnants of 
hilly relief in Scandinavia (Lidmar-Bergstrøm et al. 2000) and the presence of kaolinite and gibbsite 
in Oligocene and Miocene deposits (Papers 11; 15; Friis 1995; Rasmussen 1995). A main 
component of the hinterland (Fennoscandian Shield) must have been quartz and remnants of quartz 
ores providing a source for the large quartz grains found in the studied succession. A large part of 
the hinterland was also composed of Pre-Cambrian quartzites, as clasts of these have been found in 
Miocene fluvial deposits (Paper 11). The sediment conveyed into the basin was therefore composed 
of a wide range of clast sizes. Especially the Billund and basal layers of the Klintinghoved 
formations are enriched in clasts up to 4 cm in diameter. This extreme clast size at the sequence 
boundary or within the succeeding transgressive lag is always associated with coarse-grained 
deposits, e.g. deltaic lobes in a more basinal setting or in laterally located depressions (Papers 4; 6; 
11). Accumulation of the coarse-grained deltaic sand lobes is especially associated with deposition 
during forced regression (Paper 9; Fig. 17). The optimal conditions for this in the studied succession 
were in structural lows, which provided high accommodation even during falling sea levels. Sea-
level fall hinders coal formation and effectively sorts the sediments, i.e. a constant reworking of 
fine-grained sediments resulted in a concentration of sand-rich sediments promoting bed load 
transport in the river and delta environments (Paper 9). These well-sorted, sand-rich sediments are 
promptly dumped at the river mouth (Orton & Reading 1993; Paper 9). In the studied succession, 
this is common in for instance the Billund Formation. It is recognised in data by 
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Fig. 17: Conceptual model for the distribution of lithology within a depositional sequence of the 
studied succession. Based on Van Wagoner et al. (1990), Rasmussen (2004; 2009; 2014; Papers 1; 
9; 14), Hansen & Rasmussen (2008; Paper 6), Rasmussen & Bruun-Petersen (2010; Paper 10) and 
Rasmussen et al. (2010; Paper 11). 
 

 
increased erosion features at the base of delta systems, by descending shoreline trajectory and by 
clinoformal dips of c. 7ᵒ  – 10ͦ  (Papers 6; 9). Thick sand-rich successions are often present in valleys 
formed due to fluvial incision during a sea-level fall. Li and Bhattacharya (2013) and Rasmussen 
(2014; Paper 14) documented that a substantial part of sediments are stored within incised valleys 
during the falling stage systems tract (Fig. 17), which contradicts traditional sequence stratigraphy 
that assumed this part to be characterised by the formation of a widespread subaerial unconformity 
and sediment bypass (Posamentier & Allen 1993). The accommodation space created during the 
succeeding sea-level rise allows further deposition of estuarine and fluvial sediments here during 
the lowstand systems tract. These sediments are especially coarse-grained if deposition was 
associated with or occurred immediately after a tectonic phase, e.g. the Addit Member of the 
Billund Formation. On seismic data these are recognised by profound erosional features, and the 
seismic character is either imaged by a transparent or a parallel seismic reflection pattern (Paper 9; 
14; Rasmussen et al. 2007). The morphology of incised valleys formed in association with inversion 
tectonism is different from incision connected with a sea-level fall by having a reverse V-shaped 
morphology (Paper 14; Fig. 18) and by deeper incision away from the highstand shoreline (see also 
Posamentier & Allen 1993). This, combined with an ideal balance between changes in 
accommodation space and sediment supply, allows widespread accumulation of sand and/or gravel-
rich deposits in the upstream direction from the former highstand shoreline (Fig. 18). 

The partitioning of sand on the delta platform and slope was controlled by both fluvial 
and marine processes (Paper 10). At the delta mouth and in the downdrift portion of the 
asymmetric wave-dominated delta, sand was supplied to the delta front by direct input from the  
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Fig. 18: Typical morphological elements and depositional systems in tectonically dominated and 
tectonic quiescence areas. Tectonically active areas are commonly dominated by braided river 
systems. Relatively coarse-grained sediments are found in the catchment area. The incised valleys 
are deepening upstream, and the morphology may be strongly controlled by structural elements 
such as old fault-controlled basins and salt structures. Topographic highs may form a locus for the 
deposition of spit and barrier-island systems. Tectonic quiescence areas are often dominated by 
meandering river systems and the incised valleys are deepening downstream. 

 
 
 

river, from accretion of river bars on mouth bar causing over-steepening of the delta front (Maillet 
et al. 2006; Fig. 19A) and from erosion of the adjacent (downdrift) shoreline during storms, which 
provided relatively coarse-grained sand to the delta platform and slope (Fig. 19B). The sand input to 
this part of the delta was high and the result was amalgamated and relatively coarse-grained sand 
beds (Fig. 19B). In the up-drift area of the delta, sand was supplied to the delta front by input of 
well-sorted, fine-grained sand from alongshore currents and erosion of the shoreline during storms; 
however, this was mainly fine-grained sand. Mud sedimentation in this part of the delta platform 
dominated during calm periods (between storms). This resulted in alternating fine-grained sand and 
mud beds in the updrift portion of the delta (Fig. 19B).  

 As described above, a rough topography with several types of structural elements 
characterised the basin during the deposition of the Billund Formation. Some of these were NW–SE 
trending elongated structural highs. These were in particular places for the formation of barrier and 
spit systems (Paper 4; Noe-Nygaard & Surlyk 1988; Fig. 18). Fine-grained sand forced into 
suspension during major storms settled on these crests during the waning of the storms. The 
concentration of sand here was due to the relatively higher energy conditions, which prohibited mud 
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deposition. Therefore deposition of elongated well-sorted, fine-grained sand units is typical along 
topographic highs (Fig. 18). The criteria for recognising these units are more critical and probably 
need 3D seismic data, where attribute analysis combined with structural mapping is the only 
methodology.  

The development of the succeeding prograding delta and coastal plains of the Bastrup 
and Odderup formations is different from that of the Billund Formation (Papers 9; 11). For the 
Bastrup Formation the delta sand has a more even distribution of delta lobes since progradation was 
not controlled by topographic highs and lows as was the case with the Billund Formation. Under 
these circumstances, a more even distribution of sand-rich successions occurred, but the most well-
sorted and most coarse-grained sand was still deposited within the falling stage systems tract (Paper 
9). The fluvial systems were dominated by meandering rivers (Papers 9; 11). These rivers deposited 
distinctly more fine-grained sediments than the fluvial systems of the Billund Formation. The 
fluvial successions of the Bastrup Formation are typically developed as marked fining upward 
successions. Sedimentation of sand was particularly well-developed associated with the lowstand 
systems tract for the Bastrup Formation (Papers 11; 14).  

The development of the Odderup Formation is for several reasons not well-
documented in the present study; the Odderup Formation is not exposed for the time being, the top 
of the Odderup Formation is commonly eroded and thus only partly penetrated by boreholes, the 
scattered distribution/preservation and commonly low burial of the formation hinders proper 
seismic data coverage. However, the Odderup Formation was deposited as an aggrading-prograding 
coastal plain (Paper 11) and is thus different from the depositional settings of the Billund and 
Bastrup formations. The distribution of sand in the Odderup Formation is concentrated to the 
shoreface and offshore setting. The formation is dominated by fine- to medium-grained sand except 
for the more coarse-grained sand laid down in fluvial channels. The latter is concentrated to the 
Ringkøbing–Fyn High (Paper 11). The aggradational stacking pattern of the Odderup Formation, a 
consequence of regression during sea-level rise, permitted accumulation and preservation of 
widespread coal deposits which resulted in inhomogeneous deposits. However, the aggrading 
stacking pattern seen in the Odderup Formation resulted in the preservation of upper shoreface and 
foreshore deposits (Paper 11) which were commonly eroded during transgressions (Bhattacharya 
2011). 
 
 

8.3 Distribution of clay and mud-rich deposits 
 
The distribution of clay and mud-rich sediments is associated with three depositional settings: i) 
regionally distributed clay (clay carpets) deposited during tectonic-dominated sequences. ii) semi- 
regionally distributed mud deposits laid down during eustatic-dominated sequences (transgressive 
and early highstand systems tracts, Fig. 17) and iii) locally distributed mud sediments deposited as 
interlobe successions during delta progradation (lowstand and late highstand systems tracts; Fig 17).   

The most extensive clay carpet (Hodde, Ørnhøj and Gram formations) was laid down 
in the tectonically controlled increase in accommodation in the middle Miocene to early late 
Miocene, where the retreat of the shoreline was in the order of several 100 km. The initial part of 
the accommodation formation was in part due to a sea-level rise, but as a substantial part of the 
deposition occurred in the late middle Miocene, which was a period of globally low eustatic sea 
level (see above), the deposition of the marine mud deposited at a water depth of more than 100 m 
(Laursen & Nyhus-Kristoffersen 1999) must indicate subsidence in the same range of meters. On 
seismic data these clay carpets are recognised by a continued high amplitude reflector. The 
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sedimentary expression is clay-rich deposits, and glaucony may be present in high amounts. The 
extension of the sea under such a tectonically controlled development of the basin is large. The sea 
may reach the most marginal parts of the basin and thus cover large deltaic sand-rich sediments 
deposited in the basin.   

The deposition of less extensive mud layers that drape fluvio-deltaic sand-rich units, 
e.g. the Billund and Bastrup formations, was associated with eustatic sea-level rises. Here the 
accommodation was created due to a rapid rise in sea level typical for glacioeustatic sea-level 
changes (Miller et al. 2005; Catuneanu et. al 2009) which swift off the coarse-grained sediment 
supply (clastic starvation) to the basinal areas. The basin to landward extension of these mud layers 
is commonly in the order of 100 km (Paper 11). 

Mud deposition associated with delta lobe switching is common under normal 
progradation (highstand and lowstand systems tracts; e.g. Paper 6). The distribution of these 
interlobe mud deposits is very local in extension, but may isolate distinct sand-rich lobes. Local 
mud deposits laid down in lagoons are also common in highstand and lowstand systems tracts (Fig. 
17) and often interfinger with shoreface deposits.   
 
 

Fig. 19: Distribution of sand in a wave-
dominated delta. A) Conceptual model after 
Bhattacharya & Giosan (2003). Note the 
amalgamated beach ridges in the up-drift 
portion of the delta. B) Conceptual model 
based on the study of the Billund delta 
complex. The deposition was similar to A in the 
foreshore. On the delta platform and slope, 
sand was preferentially deposited in the 
downdrift part of the delta. Due to a higher 
preservation potential, this part dominated the 
studied Billund Formation. Based on 
Rasmussen & Bruun-Petersen (2010; Paper 
10).  
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9 Evaluation of methodology and conclusions 
 

9.1 Evaluation of methodology 
 
In this study, the methodology of sediment facies analysis, sequence stratigraphy, seismic facies 
analysis and structural analysis has been applied. The strengths and weaknesses of these 
methodologies are discussed below. 
 
 

9.1.1	Sediment	facies	analysis	
 
Strengths. The interpretation of depositional environments is mainly based on descriptions of 
outcrop sections, borehole cores, high-resolution seismic data and palynofacies. The excellent 
quality of the exposures combined with the unconsolidated character of the sediments enables one 
to make detailed analysis of the sedimentary structures. This combined with frequent coastal 
erosion and active gravel pits made it possible to do semi 3D studies of most outcrops. The 
combination of sedimentology, palynofacies and seismic facies analysis in this study resulted in 
well-documented interpretations of the depositional environment. Furthermore, the development of 
a high-resolution biostratigraphy during the study period made it possible to make confident 
correlations between outcrop sections, although some outcrops are up to100 km apart. 
 
Weaknesses. The sedimentological study was hampered by the limited size of the outcrops, which 
often hindered identification of large scale architectural features as well as lateral and vertical facies 
development of the sedimentary succession. But in this study, which focuses on the overall 
sedimentological and sequence stratigraphic framework, the integration of biostratigraphy and 
seismic stratigraphy minimizes this problem.    
 
 

9.1.2	Sequence	stratigraphy	
 
Strengths. The emphasis of sequence stratigraphy has shifted from theoretical models to field 
criteria over the last three decades (Catuneanu & Zecchin 2013), and the eastern North Sea Basin 
provides an important case for the study of basin fill. One strength of the present study area is that 
the local climate (temperature and precipitation) is well-documented. Based on a high-resolution 
biostratigraphy (Dybkjær & Pasecki 2010), a robust lithostratigraphic and sequence stratigraphic 
framework has been developed. The database is comprehensive and of high quality, i.e. data from 
more than 50 boreholes is included, and combined with studies of outcrops and high-resolution 
seismic data a detailed sequence stratigraphic model has been established. The studied time interval 
is within an ice-house climate, and thus eustatic sea-level changes occurred. The basin and 
hinterland experienced a number of tectonic events that combined with the existing climate data 
provided constraints on the sediment influx to the basin and also on the changes of the 
accommodation space.   
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Weaknesses. Although the latest late Oligocene – Miocene represents a time period with an ice-
house climate, there are still uncertainties in estimating absolute sea-level changes (Kominz et al. 
2008), and the so-called “New Jersey curve” (Miller et al. 2005) does not reveal the marked sea-
level fall associated with the well-documented climate deterioration in the middle Miocene (Zachos 
et al. 2001; John et al. 2011). The tectonic uplift that affected the Fennoscandian Shield during the 
Miocene may have changed the drainage pattern in the hinterland and thus the routing of sediment 
to the basin. Despite a very clear record from the basin fill and a well-known geology in the 
hinterland, the late Cenozoic erosion of marginal deposits hinders a direct correlation between the 
source area and the basin. The database for the study is large, but there are shortcomings; e.g. only 
one borehole has been cored, the outcrops are relatively small and the density of high-resolution 
seismic is low.   
 
 

9.1.3	Seismic	interpretation	and	facies	analysis	
 
Strengths.The seismic interpretation provides the overall architecture of the studied succession both 
on a local and on a regional scale. On the local scale, the clinoformal packages seen in the Billund 
and Bastrup formations and interpreted as prograding delta lobes add significantly to the 
understanding of the palaeogeography. Former interpretations indicated a N–S striking shoreline 
(Rasmussen 1995; Friis et al. 1998), and that this part of the Miocene was characterized by coastal 
plain deposits (barrier and lagoonal deposits). The new depositional model for this part of the 
succession strongly indicates delta progradation from the N and NW towards the S and SE and this 
is crucial for the prediction of lithology. The detailed facies analysis (e.g. dip of clinoforms) further 
adds to the prediction of lithology and to the recognition of important sequence stratigraphic 
boundaries and systems tracts. On a regional scale, the seismic study is crucial in tying the onshore 
and offshore geology.  

Regional studies of the entire North Sea Basin where I have been involved, e.g. Knox 
et al. (2010) Anell et al. (2012) and Eidvin et al. (2014),  were important for the sequence 
stratigraphy and the structural analysis of a basin in order to sort out local geological processes (e.g. 
autocyclicity and load induced salt movements).  
 The tying of borehole and seismic data was relatively easy, as the sediments of the 
studied succession are dominated by a constant velocity (Vangkilde-Pedersen et al. 2012). This 
velocity model was also tested by the tying of sedimentary facies recognized on log and borehole 
samples with seismic facies, i.e. delta slope with clinoforms and channels/point bar facies with a 
shingled seismic facies bounded by concave upward surfaces (Paper 9; Vangkilde-Pedersen et al. 
2012).   
 
Weaknesses. The main weaknesses of the seismic interpretation are the low density of the high-
resolution seismic data. There are only 1200 km of seismic 2D lines in an area of c. 20.000 km2. 
Furthermore, the upper 20–40 m of the subsurface is not resolvable on seismic data.   
 
 

9.1.4	Structural	analysis	
 
Strengths. The present study is based on all 2D seismic data onshore Denmark and from the Danish 
North Sea. Selected 3D surveys from the Central Graben area have been used for detailed studies. A 
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low density, but high-resolution 2D seismic dataset covering the entire North Sea has also been 
available for the study. The interpretation of this huge amount of seismic data combined with the 
detailed sequence stratigraphic subdivision used in the present study is a strength in the study of 
structural elements of a basin. The study has revealed structural features that have not been 
identified before. The detailed mapping of unconformities and onlap patterns on the structures has 
further allowed dating of these structures.  
 
Weaknesses. The incomplete Miocene strata in the Norwegian–Danish Basin hinder similar 
mapping of structures here, and these may therefore only be inferred from the changes in sediment 
characters.  
     
 
 

9.2 Future opportunities 
 
The study by Rasmussen et al. (2010) provides a dense framework of correlation panels with 
detailed lithology. Given the well-known source area for the studied sediments, the documentation 
of the uppermost upper Oligocene – Miocene succession may provide a solid framework for future 
numerical stratigraphic/sequence modelling studies. 
Neogene uplift of the Fennoscandian Shield has in recent years been hotly debated. The lower 
Miocene section in Denmark is composed of fluvio-deltaic systems that are sourced from this area. 
Therefore a detailed study of the content of high altitude pollen could contribute to estimates of the 
elevation in the hinterland during the early part of the Neogene. 
One of the most common sedimentary structures in the studied succession is hummocky cross-
stratified sands. This is also a common sedimentary structure in the global stratigraphic record, and 
therefore the results presented here are of interest beyond the study area. The genesis of this 
structure is, however, probably one of the least well-understood stratification types (Quin 2011). 
Given the unconsolidated character of the Danish Miocene succession, a detailed 3D study may 
contribute to a better understanding of the genesis of these structures.  
 
 
 

9.3 Conclusions 
 
The uppermost upper Oligocene – Miocene succession of the eastern North Sea Basin was 
characterised by sedimentation of siliciclastic systems. Sediment influx from present-day Norway 
and central Sweden was convoyed to the basin vía major rivers and deposited in fluvio-deltaic 
systems, coastal plains and shelf environments. The shoreline trended NW–SE. The dominance of 
hummocky and swaley cross-stratified sands in the shoreface successions indicates a storm-
dominated shoreline. The tidal range was in the order of micro-meso tidal. The easterly position in 
the North Sea Basin of the study area and the strong influence of waves resulted in longshore 
transport of sediments towards the SE.  
 
The succession has been subdivided into lithostratigraphic units (Paper 11) and depositional 
sequences (Paper 2). The uppermost upper Oligocene is subdivided into one new formation, which 
is subdivided into two members, one of which is new. The Miocene is subdivided into two new 
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groups: the Ribe and Måde Groups. The former (lower–middle Miocene) comprises six formations 
(two new, four revised) and eight members, six of which are erected here. The Måde Group 
(middle–upper Miocene) consists of four formations, of which two are new lithostratigraphic units. 
Six depositional sequences A–F have been defined and subdivided into system tracts.  
 
The latest late Oligocene – Miocene period was characterised by three rapid pulses of tectonism. 
Two of them, the early Miocene and the middle Miocene were particularly strong. The pulses 
correlate with major tectonic phases in the Alpine Orogeny and the opening of the North Atlantic, 
indicating a likely relationship. 
 
The development of sequences (2–4 Ma) was periodically strongly controlled by eustatic sea-level 
changes, and the distribution of sand-rich and mud-rich successions occurred in a predictive manner 
on a scale of c. 150 km. Major basinward or landward shift of facies (more than 200 km) had a 
tectonic origin. The most distinct tectonic phases outpaced the eustatic signal on a level of so-called 
third order sequences. 
 
The eustatic sea level control on sequence formation resulted in asymmetric sequences 
characterised by thin transgressive systems tracts and relatively thick highstand, falling stage and 
lowstand systems tracts. Sand-rich sections were especially deposited in falling stage and lowstand 
systems tracts. The study particularly shows that sediments of a falling stage systems tract are 
preserved in incised valleys, and thus these valleys are not areas characterised only by sediment by-
pass. 
 
Tectonically controlled switch off and on of the supply of siliciclastic sediments had major 
consequences for the distribution of sand-rich units and regional distribution of mud-rich units. 
Fluvial systems were dominated by braided rivers after the early Miocene inversion tectonism. The 
sediments were coarse-grained and deposited in incised valleys with an inverse V-shaped 
morphology and thickest upstream.  Spit and barrier complexes were common during highstand 
systems tracts and early transgressive systems tracts and were preferentially associated with 
structural highs after a tectonic phase. Accelerated subsidence resulted in clastic starvation and 
sedimentation of extensive clay-carpets with a high content of glaucony.  
 
Auto-cyclic and sedimentary processes were especially important in the deposition of coarse-
grained and often well-sorted sand on the delta platform slope, downdrift of main delta lobes. Wide 
incised valleys in the upstream part of fluvial systems were also filled with extensive sheet sand and 
gravel due to auto-cyclic processes, i.e. frequent channel belt shifting due to low accommodation 
space. 
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Dansk sammendrag 
 
 
Geologisk ramme 
 
Nordsøbassinet er et intrakratonisk bassin afgrænset af Det Fennoskandiske Skjold mod nord og 
nordøst, Karpaterne og De Rhinske Skiferbjerge mod syd og De Britiske Øer mod vest. Området er 
karakteriseret af gamle gravsystemer og højderygge. De vigtigste strukturelle elementer i bassinet 
blev dannet i slutningen af Palæozoikum og Mesozoikum. Mest markant er elementerne: 
Sorgenfrei–Tornquist Zonen, Det Norsk-danske Bassin, Ringkøbing–Fyn Højderyggen, Horn 
Graven og Central Graven. Siden Nedre Kridt har området været udsat for en overordnet 
indsynkning, men nogle af de mesozoiske bassiner er blevet inverteret i løbet af Kridt og 
Kænozoikum i forbindelse med Den Alpine Bjergkædefoldning. Inversion af dele af bassiner 
opstod langs Sorgenfrei–Tornquist Zonen og inden for Central Graven. Associeret reaktivering af 
strukturelle elementer og saltstrukturer på Ringkøbing–Fyn Højderyggen og i Det Norsk-Danske 
Bassin fandt også sted. I den tidlige del af Kænozoikum var der forbindelse mellem Nordsøbassinet 
og de åbne oceaner mod øst og syd til Paratethys, mod vest via Den Engelske Kanal til den centrale 
del af Atlanterhavet og mod nord, mellem Shetland og Norge, til den nordlige del af Atlanterhavet. 
Disse forbindelser blev dog lukket i sen Oligocæn i forbindelse med Den Alpine Inversion og 
forøget vulkansk aktivitet i Centraleuropa. Dermed var der kun forbindelse til det åbne ocean i nord 
mellem Shetland og Norge i den miocæne epoke. På grænsen mellem Oligocæn og Miocæn fandt 
der også en hævning sted af Det Fennoskandiske Skjold, som var kildeområdet for de siliciklastiske 
sedimenter. Dette kildeområde bestod af stærkt forvitret grundfjeld, prækambrisk sandsten og lokalt 
af uforvitret grundfjeld. 
 
Klimaet i tidlig Miocæn var generelt varmt, tempereret og fugtigt. Den årlige nedbør var i 
størrelsesordenen 1200 til 1500 mm i lavlandet.    
 
I slutningen af Oligocæn og begyndelsen af Miocæn var det globale havspejl lidt højere end i dag, 
men i øvre Miocæn nåede havspejlet det recente niveau. Amplituden på havspejlsændringerne i 
øvre Oligocæn og Miocæn var omkring 30 m, med et lidt højere fald på Oligocæn–Miocæn-
grænsen og et markant fald i mellem Miocæn, på helt op til 60 m. Perioden mellem hvert fald var 2 
til 3 mio. år. Der er registreret i alt 7 udsving i løbet af øvre Oligocæn og Miocæn. 
 
 
Aflejringsmiljø  
 
I sen Oligocæn var Nordsøen inklusiv den østlige del af Nordsøbassinet dækket af hav. 
Vanddybden var formodentlig generelt mere end 200 m og væsentligt større i den centrale del af 
Nordsøen. Sedimenttilførslen var begrænset, hvilket var optimalt for dannelsen af glaukonit, i dag 
kendt fra Brejning Formationen. Ved slutningen af Oligocæn blev vanddybden væsentligt reduceret, 
specielt i den østlige del af bassinet. Årsagen var dels et globalt fald i havniveau på ca. 35 m og dels 
begyndende hævning i forbindelse med inversionstektonik. Kystlinjen rykkede ud i bassinet og 
sedimenter dannet i kystnære miljøer blev aflejret i den nordlige del af studieområdet og omkring 
Ringkøbing–Fyn Højderyggen. Disse kystsedimenter refereres til Øksenrade Leddet. I Nordsøen 
aflejredes dybmarine vifter tilhørende Freja Leddet neden for sokkelskråningen. 
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 I tidlig Miocæn oversvømmedes området på ny pga. et globalt stigende havspejl og 
den lerdominerede Vejle Fjord Formation blev dannet. Vanddybden var ca. 100 m i den østlige del 
og op til flere hundrede meter i den centrale del af Nordsøen. På grund af hævning af baglandet i 
tidlig Miocæn skete der en markant ændring i sedimentationsraten og større deltasystemer byggede 
ud fra det nuværende Norge og centrale Sverige. Disse deltasystemer benævnes Billund 
Formationen. I tidlig Miocæn lå Nordsøen – som i dag – i det nordlige vestenvindsbælte. Derfor 
blev deltaerne stærkt påvirket af bølger og strømsystemer, der løb langs kysten. Deltaerne var 
således af den bølge-dominerede type med oddesystemer og barriereø-komplekser øst for 
hoveddeltaerne. På grund af et globalt havspejlsfald i den tidlige del af tidlig Miocæn: ʽMi1a 
glaciationen’, samt fortsat inversionstektonik, skar floderne sig ned i den flod- og deltaslette, som 
var blevet aflejret under udbygningen af Billund Formationen. I forbindelse med havspejlsfaldet og 
den efterfølgende stigning dannedes Addit Leddet. Addit Leddet er domineret af grovkornede 
sedimenter aflejret i flettede floder. Leddet er todelt og består af fluviale sedimenter adskilt af et 
marint lag. 
 Herover følger yderligere marine, lerede sedimenter tilhørende Klintinghoved 
Formationen, som blev dannet i forbindelsen med havspejlsstigningen efter ʽMi1a glaciationen’. I 
den sydlige del af det nuværende Danmark blev der dannet oddesystemer og barrierø-komplekser 
øst for de store deltalober, pga. en meget stor sedimenttilførsel til disse områder i forbindelse med 
erosion i den tidlige fase af transgressionen. Lagene tilhørende denne fase benævnes Kolding Fjord 
Leddet og består af veksellejrede lagune- og strandplanssedimenter. Under hovedtransgressionen 
var det meste af Danmark havdækket. I forbindelse med deceleration af havspejlsstigningen 
forårsagede den høje sedimenttilførsel fra Skandinavien, at kysten rykkede søværts igen. Det nye 
deltakompleks var meget lig det underliggende Billundsystem og henføres til Bastrup Formationen. 
I den sene del af udbygningen faldt havspejlet atter og dybe dale blev dannet. De overvejende 
fluviale sedimenter, der blev aflejret her, henføres til Resen Leddet. 
 Mod slutningen af tidlig Miocæn blev det varmt (ʽDet Midt Miocæne Klimatiske 
Optimum’ - MMCO) og havet oversvømmede store dele af det nuværende Danmark. Lerede 
sedimenter tilhørende Arnum Formationen blev dannet. Lokalt, i det centrale Jylland, blev der 
aflejret et siltet lag, der henføres til Vandel Leddet. På trods af det varme klima og dermed stigende 
havspejl, var sedimenttilførslen fra Skandinavien så høj, at kysten rykkede søværts. Udbygningen 
havde karakter af en kystslette med vidstrakte lagune- og sumpområder. Dette resulterede i 
dannelsen af regionale kulaflejringer. Kystslettesedimenterne tilhører Odderup Formationen. De 
mere finkornede lag, som blev aflejret i havet, benævnes Stauning Leddet og de kuldominerede lag 
tilhører Fasterholt Leddet. 
 I tidlig mellem Miocæn var det stadig varmt og havet oversvømmede igen området og 
aflejrede den lerede og organisk-rige Hodde Formationen. I midten af mellem Miocæn forekom en 
af de mest markante klimaændringer i Kænozoikum. Det globale klima blev betydeligt koldere og 
Antarktis, der i sen tidlig til tidlig mellem Miocæn havde fremstået næsten isfrit, blev dækket af 
store iskapper. Det førte til et af de største globale havspejlsfald set i Jorden historie. Samtidig 
begyndte Nordsøbassinet at synke ind, så på trods af det globale havspejlsfald blev store områder af 
Nordsøbassinet oversvømmet. Dette resulterede i, at næsten ingen sedimenter blev tilført Nordsøen 
i resten af mellem Miocæn. Derfor dannedes den glaukonitholdige Ørnhøj Formation. På 
sokkelskråningen, længere ude i Nordsøen, forekom et stort skred. 
 I sen Miocæn begyndte kysten atter at rykke søværts. Gennem det meste af sen 
Miocæn var det nuværende Danmark stadig havdækket og lerede sedimenter tilhørende Gram 
Formationen blev aflejret på vanddybder på lidt over 100 m. Imod slutningen af Miocæn passerede 
den fremadrykkende kyst det nuværende Danmark og strandplanaflejringer, tilhørende Marbæk 
Formationen, blev dannet. Ved slutningen af Miocæn lå kystlinjen centralt i Nordsøen.    
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Sekvensstratigrafi 
 
Lagserien fra øvre Oligocæn og Miocæn er inddelt i 6 sekvenser; A til F. Inddelingen i sekvenser er 
baseret på opmålinger af blotninger, undersøgelser af mineralogi, ʽgamma-log respons’ og 
seismiske data. Den nederste sekvens, A, blev dannet i den sidste del af Palæogen og ligesom alle 
andre palæogene aflejringer er den dannet i havet. 

Sekvens A er domineret af lerede sedimenter med en tendens til mere siltede og 
finsandede sedimenter øverst. Både den nedre og den øvre grænse er skarp, erosiv og repræsenterer 
en lakune mellem de tilstødende lag. Den maksimale oversvømmelsesflade er bestemt ved 
indholdet af kalium i de glaukonitholdige sedimenter eller ved et markant udslag på gamma-loggen. 
Ellers er der ikke erkendt markante flader internt i sekvensen. Sekvensen består af tre komplekser, 
der afspejler hhv. en transgressionsfase, en højstandsfase og evt. en tvungen regressionsfase. En 
kraftig bioturbation af sedimenterne forhindrer en klar inddeling af den øverste del. 

Sekvens B er domineret af lerede sedimenter i den nederste del. Lokalt og specielt i 
den sydlige del af sekvens B kan der være indslag af sanddominerede sedimenter nederst i 
sekvensen. Kornstørrelsen bliver tydeligt grovere opad i sekvensen og hyppigheden af indslag af 
sandlag øges. I den nordlige del af undersøgelsesområdet er sekvensen domineret af vekslende 
lerede og sandede enheder. De sandede enheder bliver dog generelt grovere opad. I den centrale del 
af undersøgelsesområdet er de sandede enheder ofte tykkere, mere grovkornede og kan lokalt 
udgøre næsten hele sekvensen. I denne del kan der ofte ses erosionsflader på de seismiske data, 
ligesom der i boringerne kan iagttages markante skift til en grovere litologi. Både den nedre og øvre 
grænse er skarp og ofte erosiv. Den nedre grænse markerer et markant skift i aflejringsmiljøet i den 
østlige del af Nordsøbassinet, som i dag er dækket af det nuværende Danmark. Der er derfor ikke 
erkendt nogen lavstandskompleks i undersøgelsesområdet. Udviklingen af den nedre del af 
sekvensen er stærkt præget af tektonisme og et dertil knyttet unormalt dannelsesforløb. Den erosive 
øvre grænse er markant irregulær i den centrale og nordlige del af området. Den bliver samtidig 
både dybere og bredere mod nord. Den maksimale oversvømmelsesflade er lokaliseret i de mest 
lerede dele nederst i sekvensen, hvorfra der også erkendes det mest marine fossilindhold. Øverst i 
den centrale del af studieområdet ses ofte markante erosionsflader på seismikken samt markante 
skift i litologien. Disse flader er anvendt til at opdele sekvensen i et transgressivt kompleks under 
den maksimale oversvømmelsesflade og et højstandskompleks lige over denne flade. De markante 
erosionsflader og skift i litologien, erkendt fra områdets centrale dele, adskiller 
højstandskomplekset fra det tvungne regressive kompleks.  

Sekvens C er i den sydlige del af undersøgelsesområdet domineret af vekslende lerede 
og sandede intervaller. Centralt og nordligt i området består sekvensen næsten udelukkende af 
grovkornede sedimenter, som blev aflejret i markante erosionsdale. Dette overlejres af et regionalt 
ler-domineret lag med et højt indhold af marine fossiler. I den nordlige del af undersøgelsesområdet 
følges dette lerlag af vekslende lerede og sandede intervaller, der gradvist bliver grovere opad. I den 
centrale del består sekvensen ofte af mere sammenhængende sandlag, ofte med erosiv basis, som 
kan erkendes på seismiske data og ved en distinkt ændring af litologien til mere grovkornede 
sedimenter. Den nedre grænse er erosiv og irregulær i den centrale del, hvor fladen danner et 
dalsystem. De veksellejrede lerede og sandede sedimenter over denne grænse, samt de grovkornede 
sedimenter, der udfylder dalsystemet, udgør lavstandskomplekset. Et detaljeret studie af disse 
dalsedimenter viser, at de kan opdeles i sekvenser af lavere rang. Det transgressive kompleks er 
repræsenteret ved de marine, lerede og fossil-rige lag, der følger ovenpå. Den maksimale 
oversvømmelsesflade er placeret, hvor dette lag er mest finkornet og ofte med et relativt højt 
fossilindhold. På gammaloggen er fladen erkendt ved en høj gammarespons. Over den maksimale 
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oversvømmelsesflade følger højstandskomplekset, der er karakteriseret ved aggraderende 
sedimentationscykler. I den centrale del af undersøgelsesområdet, hvor sandlagene er mere 
sammenhængende og der ofte forekommer erosion eller kornstørrelsesskift ved basis af sandlagene, 
tolkes successionen at tilhøre det tvungne regressive kompleks. Grænsen mellem 
højstandskomplekset og det tvungne regressive kompleks er placeret ved den første erosionsflade. 
Den øvre grænse er erosiv og irregulær. Specielt er den stærkt erosiv i den sydlige del af 
undersøgelsesområdet, hvor den danner nedskårede dale. 

Sekvens D er i den sydlige del af undersøgelsesområdet domineret af veksellejrede 
lerede og sandede lag. Der er en tendens til, at sekvensen her består af to overordnede grovende 
opad enheder adskilt af et mere udbredt lerlag med mange marine fossiler. I den centrale del af 
undersøgelsesområdet er enheden mere lokalt udbredt langs NNØ–SSV-gående dale. Sedimenterne 
er her domineret af sandede intervaller adskilt af et mere udbredt lerlag. Herover følger et regionalt 
udbredt lerdomineret lag, ofte med et meget højt indhold af marine fossiler. Dette lag følges i hele 
studieområdet af veksellejrede hhv. ler- og sanddominerede intervaller med en overordnet 
aggraderende/prograderende tendens. I det øverste sanddominerede interval forekommer udbredte 
brunkulslag. Den nederste sand- og lerdominerede enhed, der overlejrer en markant erosionflade, 
udgør et lavstandskompleks. Herover følger det fossilrige og lerede lag, der tolkes til at 
repræsentere det transgressive kompleks. Den maksimale oversvømmelsesflade placeres, hvor 
lerlaget er mest finkornet og hvor der, i de mest distale dele, findes et glaukonitholdigt lag. De 
aggraderende og prograderende lag herover tolkes at tilhøre højstandskomplekset. 

Sekvens E er over hele undersøgelsesområdet domineret af lerede sedimenter. Nederst 
findes der et tyndt gruslag, men ellers består sekvensen af lerede og siltede sedimenter, der generelt 
bliver finere opad. Den øverste del består af et tyndt, men udbredt lag, der er rigt på glaukonit. Dette 
lag er øverst domineret af goethificeret glaukonit. Den nederste del af sekvensen, der består af et 
tyndt gruslag samt lerede og organiskrige sedimenter med en klar finende opad tendens, udgør det 
transgressive kompleks. Den maksimale oversvømmelsesflade er placeret i det glaukonit-rige lag, 
hvor der er et karakteristisk udslag på gammaloggen. Herover følger højstandskomplekset, hvor den 
øverste del – med omdannet glaukonit (goethit) – udgør det tvungne regressive kompleks. 

Sekvens F1 er karakteriseret ved lerede sedimenter, der overordnet bliver mere siltede 
og sandede opad. Det er ikke umiddelbart let at underinddele sekvensen i komplekser. Dog kan den 
nedre, finkornede del tolkes til at udgøre det transgressive kompleks og den øvre grænse – den 
maksimale oversvømmelsflade – kan med usikkerhed placeres ved en udbredt konkretionshorisont. 
Herover følger lag, der bliver grovere opad. Disse tolkes at tilhøre højstandskomplekset.   

Sekvens F2 kendes ikke fra land og er derfor ikke beskrevet litologisk. Fra seismiske 
data i Nordsøen ses at sekvensen er karakteriseret ved et aggraderende seismisk facies mønster, der 
efterfølges at en prograderende lagpakke. Den prograderende lagpakke er i den nederste del også 
aggraderende, men udvikler sig til at være erosiv. På de seismiske data er det ikke muligt at skelne 
de enkelte komplekser, men det antages, at sekvensen er domineret af højstands komplekset og i 
den sidste del er repræsenteret ved det tvungne regressive kompleks.    
 
Det generelle billede er, at de tidlig miocæne sekvenser, B, C og delvist D, er stærkt styret af glacio-
eustatiske havspejlsændringer. At der overhovedet findes delta- og kystaflejringer i den del af 
Nordsøbassinet, der er dækket af det nuværende Danmark, skyldes dog en tektonisk begivenhed (se 
senere). I Oligocæn var der relativt dybt hav, ca. 200 m, i den østlige del af Det Norsk-Danske 
Bassin. På grund af inversionstektonisme hævedes dele af bassinet, så der generelt var en 
vanddybde på 100 m. Dette medførte, at deltasystemer fra Fennoskandien kunne migrere mod syd 
og sydvest henover det nuværende Danmark. Inversionstektonikken spiller en vigtig rolle i starten 
af Miocæn og ved afslutningen af dannelsen af sekvens B. I slutningen af dannelsen af sekvens D, 
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der fandt sted under det Midt Miocæne Klimatiske Optimum, steg havspejlet. En meget høj 
sedimenttilførsel medførte dog at kystlinjen byggede ud på trods af denne havspejlsstigning. 
Grunden til det høje sedimentinput var formodentligt en hævningsfase af Fennoskandien. I mellem 
Miocæn oversvømmedes store dele af landområderne i Nordsøen; det gjaldt ikke mindst 
randområderne omkring Fennoskandien. Denne oversvømmelse skete på trods af et samtidigt, 
markant havspejlsfald på ca. 60 m. Vanddybden i den østlige del af Nordsøbassinet steg til mere 
end 100 m. Denne ubalance mellem det globale havspejl og vanddybderne i Nordsøens 
randområder skyldes et nyt tektonisk regime, hvor Nordsøen begyndte at synke ind. Dette førte til 
dannelsen af marine, lerede sedimenter, sekvens E. Vanddybden forblev stor igennem en væsentlig 
del af sen Miocæn, men mod slutningen af sen Miocæn begyndte kysten igen at rykke søværts. En 
væsentlig grund hertil var, at store flodsystemer begyndte at føre sedimenter til Nordsøen fra 
Centraleuropa på grund af hævningen af Alperne og Karpaterne.  
 
 
Tektonik 
 
Både den regionale og den mere detaljerede lokale kortlægning viser tegn på inversionstektonik i 
sen Oligocæn–tidlig Miocæn. Den seismiske kortlægning viser en inversionsstruktur, Igor Ryggen, 
i Nordsøen i den østlige del af Central Graven. Denne inversionsstruktur er én i en række af kendte 
inversionsstrukturer i den sydlige del af Nordsøbassinet: Broad Fourteens, Kijkduin Ryggen, Weald 
– Artois Anticline og Sole Pit. Igor strukturen er let genkendelig på seismiske data, da tykke lag 
over strukturen viser hævningshistorien i form af en antiklinal, erosionsfaser og efterfølgende 
pålejring på strukturen. Som de velkendte inversionsfaser i Kridt, blev Det Norsk-Danske Bassin 
også inverteret i tidlig Miocæn. Her er sporene dog ikke så tydelige, men en række parametre vidner 
alle om et tektonisk aktivt område, eksempelvis ændrede vanddybder i Det Norsk-Danske Bassin 
flettede flodsystemer, dybere og bredere nedskårne dale opstrøms i flodsystemerne, forskydning af 
lagene, konsekvent lateral migration af floderne mod øst og transport af klaster op til 4 cm i 
diamater op til 300 km fra kildeområdet.  
 I midten af tidlig Miocæn skete der en hævning af baglandet og dele af bassinranden. 
Aflejringerne, der efterfølger denne fase, er karakteriserede ved høj sorteringsgrad (resortering ved 
omlejring) og opkoncentrering af tungmineraler. Endvidere har disse lag et højt indhold af 
omlejrede, marine miocæne fossiler, som ikke er set før. Drænerings- og 
deltaudbygningsretningerne, som i tidlig Miocæn var nord–syd til nordnordøst–sydsydvest, ændres 
til nordøst–sydvest i dette tidsrum af Miocæn. 

I mellem Miocæn accelererede indsynkningen af Nordsøbassinet i forbindelse med en 
større pladetektonisk reorganisering og nyt tektonisk regime karakteriseret ved litosfærisk foldning. 
Den øgede indsynkning er også blevet forklaret ved faseovergang til eklogit-facies og ved 
sedimentbelastning af Nordsøbassinet i mellem Miocæn. Det sidste kan dog afvises, da 
Nordsøbassinet var i underskud af sedimenter i mellem Miocæn. Indsynkningen medførte, at 
randområderne omkring Det Fennoskandiske Skjold blev oversvømmet på trods af et markant 
globalt havspejlsfald. De tidlige miocæne deltasletter blev oversvømmet og aflejringsmiljøet blev 
karakteriseret ved et shelfmiljø med havdybder på mere end 100 m. 
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Fordelingen af litologi 
 
En vigtig forudsætning for at kunne prædiktere litologien i siliciklastiske systemer er at kunne 
udrede relative ændringer af aflejringsrummet og sedimenttilførslen til et område. I den sene del af 
Oligocæn og i Miocæn forekom globale ændringer af havspejlet som et resultat af vækst og 
afsmeltning af iskapper. Dette er specielt veldokumenteret på Antarktis, men gletsjere har 
formodentlig også været til stede i f.eks. Eurekan bjergkæden i Nordgrønland. 

Havspejlsudsvingene for sen Oligocæn og tidlig Miocæn var i størrelsesordenen 25 til 
30 m, mest markant på grænsen mellem Oligocæn og Miocæn, hvor havspejlsændringen var ca. 35 
m. I mellem Miocæn forekom et af de større havspejlsfald, som man kender til i geologisk tid. Her 
faldt havspejlet ca. 60 m og nåede derved niveauet for det havspejl, som vi kender i dag. 
Variationerne i øvre Miocæn var igen i størrelsesordenen 25 til 30 m. Havspejlsændringerne på ca. 
25 m resulterede i forskydninger af kysten på op til 150 km. Lagserien fra tidlig Miocæn, der er 
domineret af fluviodeltaiske systemer, er stærkt styret af disse havspejlsændringer og undersøgelsen 
viser, at transgressionerne var hurtige. Kun lokalt blev der aflejret sanddominerede enheder på op til 
10 m ellers er de transgresssive lag domineret af tynde sand- og gruslag. Disse lag er overlejret af 
ler, der blev dannet under transgressionen og på større havdybder under den efterfølgende 
fremrykning af deltasystemerne. Højstandskomplekset i den tidlige fase af regressionen  er 
domineret af deltalober, der veksler med marint ler. I selve kystzonen dannedes barrierøkomplekser 
øst for deltaloberne. De associerede, lerdominerede lagunelag er ofte velbevarede i 
højstandskomplekset – således er lagfølgen i højstandskomplekset varieret. Den del af regressionen, 
som skete under faldende havspejl, det tvungne regressive kompleks, har på grund af hyppig 
resedimentation (resortering) en meget ensartet litologi og er mere lokal, da nedskæring i 
deltatoppene fremmer punktsedimentation. Detaljerede studier af deltasystemerne viser endvidere at 
de tykkeste sandintervaller dannes nedstrøms på deltaplatformene. Den del af udbygningen af 
deltasystemerne, der skete under lavstandskomplekset, viser samme udvikling som 
højstandskomplekset, dog er deltaloberne mere sandprægede, da flodsystemerne stadig er 
koncentreret til de nedskårne dale og derfor styret af punktkilder. Opfyldningen af de nedskårne 
dale, der er koncentreret til lavstandskomplekset, er karakteriseret ved mere grovkornede 
sedimenter og specielt i forbindelse med inversionstektonikken i tidlig Miocæn domineret af groft 
sand og grus og med en stor lateral udbredelse.  
 Udover at de globale havspejlsændringer er styrende for aflejringsrummet, så har den 
tektoniske aktivitet i Nordsøbassinet og de omkringliggende landområder bevirket ændringer for 
aflejringsrummet og sedimenttilførslen. I Oligocæn var havdybden generelt over 200 m og endnu 
dybere i den centrale del af Norsøen. I forbindelse med inversionstektonik på overgangen 
Oligocæn–Miocæn reduceredes havdybderne væsentligt i Det Norsk-Danske Bassin, således at 
deltakomplekser syd for den norske fjeldkæde (Nordryggen) kunne begynde at bygge ned over det 
nuværende Danmark. Hermed blev ʽDanmark’ til land igen for første gang siden Nedre Kridt, dvs. 
efter at have været havdækket i ca. 100 mio. år. Denne tektonisk betingede og meget væsentlige 
reduktion af havdybderne var årsagen til, at kystlinjen blev forskudt op til formodentligt 300 km. 
Pulseringer i sedimenttilførslen i tidlig Miocæn korrelerer endvidere til velkendte tektoniske faser i 
Nordvesteuropa. Dette er bl.a. årsagen til, at den østlige del af Nordsøbassinet ikke blev 
oversvømmet under Det Midt Miocæne Klimatiske Optimum (17–14 mio. år), hvor en stor del af 
iskappen på Antarktis var smeltet og det globale havspejl derfor højt. Den markante indsynkning af 
Nordsøbassinet i mellem Miocæn bevirkede, at store dele af randområderne blev oversvømmet. 
Kysten rykkede flere hundrede kilometer ind over de tidligere deltakomplekser. Dette medførte, at 
ler-dominerede shelfsedimenter blev aflejret i den største del af øvre Miocæn. Først sent i øvre 
Miocæn rykkede kystlinjen markant ud i Nordsøbassinet.        
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Abstract

The Upper Oligocene–Miocene succession of the eastern North Sea is subdivided into six sequences on the basis of an

integrated study of outcrops, boreholes, and seismic data. All available data and methodologies/criteria for the definition of

sequences have been used. Datings of the sequences are based on palynology, micropalaeontology, and macropalaeontolgy,

which give them a high confidence. The six sequences defined in this study do not correlate to the eight marked changes in

true eustatic sea-level variation as indicated from oxygen isotope curves nor to the nine glacial maxima that have been

recognised within the Miocene. The development of the individual sequences and the stacking pattern of the sequences is

dependent both on true eustatic sea-level changes, relative sea-level changes (tectonics), and sediment supply. For example, a

true eustatic sea-level fall as well as uplift may result in major progradation of a siliciclastic wedge. In the Miocene

succession studied here, a distinct progradation in the lower Aquitanian was the result of a true eustatic sea-level fall. This

resulted in deposition of a clean and widespread sand-rich clastic wedge. Marked progradation associated with an uplift of the

hinterland in the Langhian resulted in sand-rich deposits alternating with coals. The interbedded coal seams were the result of

a rising ground water table within the basin due partly to stable or even rising sea level and partly to local subsidence around

faults. Similarly, a major transgression may be a result of a true sea-level rise or accelerated subsidence of a basin. In the case

of the eastern North Sea Basin, accelerated subsidence was responsible for the major transgression in the Serravallian and

Tortonian times, which is a period with a general climatic cooling. The frequency of true eustatic sea-level changes and

relative sea-level changes (tectonic pulses) in the Miocene is of the order of 2.9–2.0 to 4 m.y., respectively. Both these

intervals are within the time range of the studied sequences, which span 2–4 m.y. Consequently, but not surprisingly, neither

of the two processes responsible for changes in relative sea level can be solely attributed to glaciations nor to tectonics. The

climatic changes during the Late Oligocene–Miocene, which changed from cool temperate to subtropical with several

reversals, did not influence the sediment yield.
D 2003 Elsevier B.V. All rights reserved.
Keywords: North Sea; Denmark; Sea-level changes; Tectonics; Climate
0921-8181/$ - see front matter D 2003 Elsevier B.V. All rights reserved.

doi:10.1016/j.gloplacha.2003.08.004

E-mail address: esr@geus.dk (E.S. Rasmussen).



E.S. Rasmussen / Global and Planetary Change 41 (2004) 15–3016
1. Introduction

The architecture of a sedimentary succession is

dependent on the changes in relative sea level and

sediment supply. Sea-level changes are either attribut-

ed to true eustatic sea-level variation, basically due to

climatic changes and growth of ice caps at the poles

(e.g. Vail et al., 1991; Abreu and Anderson, 1998) or to

the changing morphology of the basin due to tectonics

(Cloetingh, 1988; Van Balen et al., 1998). The tectonic

forces affecting the shape of a sedimentary basin are

numerous, e.g. intraplate stress, rifting, underplating,

delamination, and phase transformation (Kitahara et

al., 1966; Ito and Kennedy, 1971; Green and Ring-

wood, 1972; Cloetingh, 1988; Nøttvedt et al., 1995;

Nielsen et al., 2002). The frequencies of these tectonic

mechanisms are debatable, but intraplate stresses and

rift pulses are believed to be of relatively high fre-

quency (Cloetingh, 1988; Van Balen et al., 1998;

Nøttvedt et al., 1995). Recently, a number of studies

have related high frequency unconformity bounded

sequences to tectonic movements; e.g. the turbidities

in the Terbernas Basin can be related to tectonic pulses

of the Miocene Betic Event (Pickering et al., 2001) and

Paleocene mass flow deposits in the North Sea are also

associated to a tectonic event (Galloway et al., 1993).

The Miocene succession of the eastern North Sea

provides a good example to test the interrelationship

between eustatic sea-level changes and those caused by

intraplate stresses, because a large amount is known

about climatic changes during the Miocene compared

to other periods that can be tested by independent

methodologies, e.g. global sea-level curves based on

oxygen isotope measurements (Prentice andMatthews,

1988; Zachos et al., 2001), variation in atmospheric

carbon dioxide (Pagani et al., 1999), and floristic

changes in Central Europe (Mai, 1967; Utescher et

al., 2000). Conclusions about the structural evolution

are on the other hand more subjective. However, on the

basis of a detailed seismic study of data from the North

Sea combined with a sedimentological study of the

Miocene succession onshore Denmark, many tectonic

pulses within the North Sea area can be unravelled.

The aim of the study is to investigate the

interrelationship between true eustatic sea-level

changes, tectonics, and climatic changes and its

consequence for the infill of the eastern North Sea

Basin (Fig. 1).
2. Geological framework

The formation of the North Sea Basin was a result

of several tectonic events (Ziegler, 1991; Vejbæk and

Andersen, 1987; Vejbæk, 1992; Underhill and Part-

ington, 1993; Clausen et al., 1999; Møller and Ras-

mussen, in press). Volcanism and rifting occurred

during Permian and Triassic times (Ziegler, 1982)

and were responsible for the formation of the major

structural elements in the basin (Fig. 2). Regional

subsidence occurred during the Early Jurassic due to

thermal sagging after the Permo-Triassic tectonic

event. A major dome was formed in the central part

of the North Sea region in the Middle Jurassic due to

the mid-North Sea plume (Ziegler, 1982; Ziegler,

1991; Underhill and Partington, 1993). Extensive

rifting occurred in the Late Jurassic to Early Creta-

ceous. This formed the final part of the structural

elements that are known in the Central Graben area.

From the Early Cretaceous onwards, subsidence due

to thermal contraction followed the rifting. The North

Sea Basin underwent inversion during the Late Cre-

taceous and Early Paleocene. This is considered to be

a result of the collision between Africa and Eurasia,

the Alpine Orogeny. The North Sea area was further

affected by the Alpine Orogeny in the Late Eocene

and fault-controlled subsidence and movements of salt

occurred in the mid-Oligocene (Savian Phase). Ero-

sion and uplift of the margins and accelerated depo-

sition and subsidence of the central part of the North

Sea Basin took place in the Late Neogene and

Quaternary (Kooi et al., 1991; Vejbæk, 1992; Japsen

and Bidstrup, 2000; Japsen et al., 2002a,b).

The North Sea Basin was filled from the margins

as a result of the elevation and erosion of the hinter-

land during the Cretaceous and Early Paleocene.

Large amounts of sediments were supplied from the

Shetland Platform and Norway in the Paleocene and

Eocene (Galloway et al., 1993; Martinsen et al.,

1999). The progradation of major siliciclastic wedges

from the Fennoscandian Shield can be recognised in

the eastern North Sea from the Oligocene (Michelsen

et al., 1998; Clausen et al., 1999), and in the southern

and central parts of the North Sea, a large sediment

influx has been recognised from the Late Miocene

(Cameron et al., 1993; Overeem et al., 2001).

The overall architecture of the Upper Oligocene

and Miocene succession in the study area is charac-



Fig. 1. Study area. Boreholes and seismic key lines are indicated.
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Fig. 2. Structural elements in the eastern North Sea Basin. From Bertelsen (1978).
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terised by progradation of three sand-rich sedimenta-

ry wedges during the Early to Early Middle Miocene

(Rasmussen, 2001). The sand was deposited in shal-

low marine and terrestrial environments. These

deposits dominated in the eastern part of the area

(Larsen and Dinesen, 1959; Rasmussen, 1961, 1996,

1998; Friis et al., 1998), while the western part is

dominated by clayey shelf to deep-marine deposits.

Sand-rich sediments and clay-rich fully marine

sequences characterise the Middle and Upper Mio-

cene succession in the whole study area. These

deposits were laid down in outer shelf to littoral

depositional environments representing an overall

shallowing upward pattern (Konradi, 1996). Resumed
Fig. 3. Seismic lines u
major progradation in the eastern North Sea is first

recognised in Pliocene (Gregersen et al., 1998).
3. Data

A total of 11 outcrops and 25 borings onshore and

offshore have been investigated (Rasmussen and

Dybkjær, 1999; Dybkjær et al., 2001). Most of these

have been described lithologically and dated by dino-

flagellates (Dybkjær et al., 1999, 2001; Dybkjær and

Rasmussen, 2000). Other biostratigraphic datings in-

cluded in the study are: Sorgenfrei (1958), Larsen and

Dinesen (1959), Rasmussen (1961), Piasecki (1980),
sed in the study.
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Konradi (1996), and Laursen and Kristoffersen

(1999). Nine seismic surveys distributed both onshore

and offshore Denmark were available for the study

(Fig. 3).
4. Sequence stratigraphy of the Upper Oligocene–

Miocene succession

The Upper Oligocene–Miocene succession in the

Danish area is subdivided into six sequences, A to F

(Fig. 4) (Dybkjær and Rasmussen, 2000; Rasmussen,

2001). A brief description of each sequence will

follow.

In most of the onshore area, the base of the

lowermost sequence (A) is formed by a major hiatus

separating Eocene marly sediments from Chattian

glaucony-rich clay. This boundary correlates to a

seismic unconformity in the North Sea area (Fig. 4b

and c). The lower part of sequence A consists of

greenish, glacony-rich clay. There is an increase in silt

and interbedded sand layers and lenses upwards and

beds of iron ooids may occur in the uppermost part.

The upper boundary is placed at the top of an oolitic

sand layer forming the roof of the sequence (Van

Houten and Purucker, 1984) and locally a thin gravel

layer marks the sequence boundary. At the boundary,

there is a change in depositional environment from

marine to brackish water (Larsen and Dinesen, 1959;

Rasmussen and Dybkjær, 1999) that is seen through-

out the study area and was a result of a global sea-

level fall in the Aquitanian (Dybkjær and Rasmussen,

2000; Rasmussen et al., 2002). The sequence bound-

ary in the North Sea area correlates to a major

unconformity (Fig. 4b and c) where slope failure

occurred locally (Huuse and Clausen, 2001).

Sequence B is composed of organic-rich silty

clay. The content of sand increases upwards and

locally major sand-rich deltaic deposits occur (Fig.

4a). A massive fluvial sand was deposited in the

basinal setting during the late stage of the develop-

ment of Sequence B and the displacement of the

shoreline was in the order of 100 km (Rasmussen,

1998). The upper boundary of Sequence B is formed

by a major erosional surface over which a hiatus of
Fig. 4. Seismic sections and a correlation panel show the overall architectur

The location of the seismic lines and correlation panel are indicated in Fi
ca. 3.5 m.y. separates Sequence B from Sequence C

in the northeastern part (Dybkjær and Rasmussen,

2000). The sequence boundary can be seen as a

regional unconformity on seismic sections (Fig. 4b

and c).

The lower part of Sequence C consists of organic-

rich silty clay with local sandy sediments deposited in

transgressive barrier complexes (Fig. 4a). The se-

quence becomes sandy upwards and the overall evo-

lution of the sequence is a progradation of a shoreline

towards the southwest. The upper boundary is marked

by a change from sandy deposits to more fine-grained

sediments. The boundary is locally characterised by

incision where it is very sharp and marine sediments

are overlain by fluvial deposits (Fig. 4a). The bound-

ary can be seen as a regional seismic unconformity

(Fig. 4b and c).

The lower part of Sequence D is composed of

organic-rich sediments. The sequence becomes more

sand-rich upwards and in places gravelly. Sequence D

is different from B and C in having a very high

content of heavy minerals (high gamma peaks in the

log pattern in Fig. 4a). Up to three layers of brown

coal occur in the upper part of the sequence (Koch,

1989). The upper boundary is characterised by a

transition from fluvial deposits to marine organic-rich

sediments. At the boundary, a transgressive gravel

layer occurs. The sequence boundary corresponds to

the so-called mid-Miocene unconformity on seismic

panels (Jordt et al., 1995; Michelsen et al., 1998;

Huuse and Clausen, 2001) and locally slope failure is

associated with this boundary.

Sequence E consists of marine silty clay with a

very high content of organic matter in the lower part.

The sequence becomes clayey upwards and rich in

glaucony. The upper part of the sequence contains

goethite deposited in shallow water (Dinesen, 1976).

The sequence boundary towards Sequence F is de-

fined where goethite-rich deposits are overlain by

marine clay. This sequence boundary is only tenta-

tively indicated on seismic panels (Fig. 4b and c) due

to a lack of dating of the Upper Miocene succession

within the North Sea.

Sequence F is composed of marine, shell-rich

clay. The sequence becomes silty and sandy up-
e of the uppermost Oligocene–Miocene sequences from west to east.

g. 1 and on the inserted figure in the lower right.
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wards. The sand-rich sediments were deposited as

storm sand layers (Rasmussen and Larsen, 1989).

The boundary is correlated in the North Sea area to a

regional unconformity close to the Tortonian–Mes-

sinian boundary (Jordt et al., 1995; Michelsen et al.,

1998). In the North Sea area, this sequence is up to

400 m thick, which is considerably more than in the

onshore area where normally only ca. 25 m have

been penetrated.
5. Evidence for tectonics in the eastern North Sea

Basin

Four tectonic phases can be recognised during the

deposition of the Late Oligocene–Miocene sediments

studied here.

Fault movements and flexuring can be recognised

at the base of the Upper Oligocene succession on
Fig. 5. Seismic section from the North Sea showing tectonic movements o

this tectonic movement corresponds to the abrupt increase in the content of

the dome. This phase correlates to the onset of Late Miocene subsidence.
seismic lines from the study area (Fig. 4). Fault

controlled subsidence and a formation of a major

unconformity occurred at this boundary in Central

Europe (Ziegler, 1982, 1991; Hager et al., 1998)

where this tectonic phase is known as the Savian

Phase and it seems to have affected the North Sea

region too. Large amounts of coarse-grained sedi-

ments from the Fennoscandian Shield were supplied

to the North Sea basin during the Late Oligocene

(Michelsen et al., 1998). This indicates indirectly an

uplift of the hinterland, especially because it follows

the Savian tectonic phase.

A detailed study of the Miocene sediments reveals

that at certain levels within the succession events such

as uplift or earthquakes had occurred in the hinterland.

Within the lower Aquitanian nearshore deposits in

East Jylland, slumping and listric growth faults occurs

at a well-defined level (Mikkelsen, 1983; Rasmussen

and Dybkjær, 1999). These sedimentary structures
f a salt structure. Note the truncation of Sequence C. The timing of

heavy minerals. Note also the onlap of Middle Miocene deposits on
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(secondary structures) may have been triggered by an

earthquake. Similar sedimentary structures (slumping

of washover fans and listric faults in tidal deposits)

are, however, also common without any connection

with earthquakes. What is interesting here is that they

occur only at a well-defined stratigraphic level and not

at other levels where similar sediments are widely

distributed within the succession. A distinct increase

of reworked Paleocene and Eocene, and to some

extent Jurassic spores, pollen, and dinoflagellates

occurred in the mid-Burdigalian (Dybkjær et al.,

1999, 2001). A high supply of heavy minerals dom-

inates the remaining part of the Miocene lower shore-

face and beach deposits (Fig. 4a). A thick pile of coal

deposits was laid down in the mid-Langhian (Early

Middle Miocene) in association with old fault trends

in Central Jylland (Koch, 1989), indicating renewed

fault activity at this time. The fluvial deposits laid

down in Central Jylland were deposited by braided

river systems that most likely reflect an increased

topography in the area, e.g. growth of nearby salt

structures (Miall, 1996). It is under any circumstances

unlikely that braided river systems should dominate in

an area that has been tectonically quiet for a long

geological period; meandering and anastomosing river

systems should be common. The two tectonic phases,

mid-Burdigalian and mid-Langhian, can be correlated

to two distinct phases in the growth of salt structures

in the North Sea (Fig. 5). In Fig. 5, two phases in the

growth of the salt structures can be recognised; one in

the mid-Burdigalian and one in the mid-Langhian.

The mid-Langhian phase also marked a change in

direction of the sediment influx to the North Sea, from

a dominantly northerly and north-easterly supply to a

dominantly easterly influx of sediments (Clausen et

al., 1999). The extreme thickness of the Serravallian–

Tortonian succession (sequences E and F) in the North

Sea (Fig. 4b and c) occurred during a period of falling

global sea level (see below), indicating an increased

subsidence of the North Sea Basin in Late Miocene

times. This subsidence was not only concentrated to

the central North Sea basin, but included also the

onshore area (Japsen and Bidstrup, 2000; Japsen et al.,

2002a,b). However, due to Late Cenozoic (possibly

Pliocene or Quaternary) tilting of the North Sea Basin,

strong erosion took place in the eastern part of the

basin and removed most of the Upper Miocene

deposits.
Thus, four tectonic pulses occurred during the Late

Oligocene–Miocene each with a time interval of the

order of 2.5–5 m.y.
6. Evidence for climatic changes and true eustatic

sea-level variations

The climate changed from subtropical to cool

temperate during the Late Oligocene–Miocene in

Central Europe. The climate was humid and dominat-

ed by wet summers (Mai, 1967; Lotsch, 1968;

Utescher et al., 2000).

The climate was warm temperate in the Late

Oligocene (Fig. 6). Sea-level curves, based on oxygen

isotopes, indicate a general rise in sea level during the

latest Oligocene. Cooling occurred at the boundary to

the Miocene and a period with ice growth took place

in the Antarctic (Miller et al., 1991). This resulted in

lowering of the sea level and a cooler period in

Central Europe. A minor rise in sea level in the Early

Miocene followed the period indicated by the ice

growth maximum (Mi-1) (Fig. 6). This was succeeded

by a dramatical lowering in temperature in the Late

Aquitanian and Early Burdigalian during which sea-

level also fall. This period correlates to the glacial

maximum of Mi-1a (Miller et al., 1991). A general

sea-level rise took place during the Middle and Late

Burdigalian as indicated by the oxygen isotope curve

(Fig. 6). In Central Europe, the Burdigalian was

relatively warm (subtropical–warm temperate); how-

ever, the overall trend of the temperature in the

Burdigalian decreased slightly (Mai, 1967; Lotsch,

1968), which is different from the global trend indi-

cated by the oxygen isotope curves (Prentice and

Matthews, 1988; Zachos et al., 2001) (Fig. 6). A

distinct sea-level rise occurred in the Early Middle

Miocene (Langhian). This period, the late part of the

Langhian, is also referred to as the mid-Miocene

climatic optimum (Zachos et al., 2001). A subtropical

climate correlates to this period on the climatic curve

of Central Europe (Lotsch, 1968; Utescher et al.,

2000). A general lowering in the temperature for

Central Europe followed this mid-Miocene climatic

optimum throughout the rest of the Miocene. This is

also indicated by the overall fall in eustatic sea level

and in the high frequency of glacial maxima (Mi-3 to

Mi-7).



Fig. 6. Comparison of glacio-eustatic sea-level changes, climatical changes, timing of maximum glaciations, and tectonic pulses with the

timing of sequences identified within the study area. Note that the hiatus around the sequence boundaries is indicated in the figure by a

grey area and arrows in the right column indicate major regressive events. The numbers indicated in the column of tectonics refer to

tectonic events: (1) Savian tectonic event; (2) slumping of sediments; (3) marked rework; and (4) thick coal deposits associated with fault

movements. Chronostraligraphy and geochronology after Berggren et al., (1985a,b).

E.S. Rasmussen / Global and Planetary Change 41 (2004) 15–3024



E.S. Rasmussen / Global and Planetary Change 41 (2004) 15–30 25
The changes in climate both in Europe and glob-

ally clearly indicate that variations in the sea level

occurred during the Late Oligocene and Miocene. The

period of sea-level changes based on the simplified

curve of Zachos et al. (2001) is 2.9 m.y. (see Fig. 6).
7. Discussion

Three variables are important in the formation of

sequences: eustatic sea-level changes, tectonics, and

sediment yield. The origin and influence of these

parameters on the formation of the Upper Oligo-

cene–Miocene succession in the eastern North Sea

basin are discussed below.

7.1. Absolute sea-level changes during the Late

Oligocene and Miocene

The most important cause for eustatic sea-level

changes is the fixation of water masses at the poles

by growth of ice-caps. Several periods with increased

fixation of water at the poles have occurred in the

geological past, the so-called ‘‘icehouse Earth’’. Such

an icehouse Earth has existed in the Cenozoic since

the latest Eocene (Abreu and Anderson, 1998) during

which Upper Oligocene–Miocene succession studied

here was laid down. The method to study the chang-

ing volume of ice at the poles is the oxygen isotope

record, which has been performed by a number of

researchers (Buchardt, 1978; Prentice and Matthews,

1988, 1991; Miller et al., 1991; Zachos et al., 2001).

Two of these studies, that of Prentice and Matthews

(1988) and Zachos et al. (2001), are shown in Fig. 6.

These curves are further compared with the local

climatic changes based on floristic changes in Central

Europe also showed in Fig. 6 (Mai, 1967; Lotsch,

1968; Utescher et al., 2000). The correlation of these

results is good, although there are minor discrepancies

in the timing and variations in the changes. Neverthe-

less, it can be concluded that the Late Oligocene–

Miocene was a period with true glacio-eustatic sea-

level changes. These glacio-eustatic sea-level changes

are strongly superposed on any other processes that

caused sea-level variations, e.g. swelling and shrink-

ing of mid ocean ridges, eruption of basalt from

mantle plumes, breakup of continental super plates,

and sublithospheric mantle convection and advection
(Pitman, 1978; Heller et al., 1996; Gurnis, 1993;

Burgess et al., 1997).

7.2. Tectonic pulses

A number of geodynamic processes can be in-

volved during the subsidence evolution of a basin,

e.g. thermal relaxation, stretching/rifting, delamina-

tion, underplating, phase transformation, sediment

loading, unroofing, and intraplate stress (Kitahara et

al., 1966; Ito and Kennedy, 1971; Green and Ring-

wood, 1972; Cloetingh, 1988; Nøttvedt et al., 1995;

Nielsen et al., 2002). These processes act on a

different time scales. The low frequency processes

are those of thermal relaxation, delamination, under-

plating, and phase transformation. Differential subsi-

dence associated with sediment loading and unroofing

at the margins may be both long- and short-termed

depending on the climatic conditions and changes.

High frequency tectonics may be related to rifting and

intraplate stress (Cloetingh, 1988; Nøttvedt et al.,

1995; Van Balen et al., 1998).

The subsidence evolution of the North Sea Basin

during the Cenozoic has been interpreted to be caused

by several factors. Basically, the subsidence of the

basin is related to thermal relaxation following the

Jurassic–Early Cretaceous rift event (Møller and

Rasmussen, in press). However, additional processes

as phase transformation and intraplate stress have

been proposed to cause accelerated subsidence during

the Cenozoic (Kooi et al., 1991; Vejbæk, 1992; Van

Balen et al., 1998). This study of the Upper Oligocene

and Miocene succession suggests that the tectonic

effect was periodic and therefore intraplate stress is

a likely process in the development of the North Sea

basin.

The collision between the African Plate and

European Plate during the Cretaceous and Paleogene

is well known and its effects can be traced in

northwest Europe. The major inversion in the North

Sea during the Late Cretaceous and Paleocene was a

consequence of the collision (Ziegler, 1982, 1991;

Vejbæk and Andersen, 1987). Tectonic movements

in the latest Eocene are known to have affected the

southern part of the North Sea, e.g. in Belgium

(Ziegler, 1982) and probably also the northeastern

part of the North Sea (Clausen et al., 1999). This

effect of the Alpine tectonics is very evident from
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folding and tilting of areas and has caused formation

of distinct unconformities in northwest Europe. The

timing of the unconformities and pulses in the

Alpine Orogeny is evident and not for debate for

the Paleocene–Eocene period. During the Neogene,

the effects of the Alpine orogeny is less evident,

because no marked tilting or folding can be recog-

nised. However, the collision between Eurasia and

Africa continued during the Neogene and caused

especially the Betic event (ca. 17 m.y.) on the

Iberian Peninsula (Ribeiro et al., 1990). The timing

of tectonic pulses during the Betic event can, how-

ever, still be traced in the studied succession. It is

unlikely that the effects of the collision between the

African Plate and the Eurasian Plate totally stopped

in the Neogene. The change in the development of

the succession correlates to phases in the Alpine

orogeny and, consequently, it must be considered

as a mechanism influencing the evolution of the

North Sea Basin in the Neogene too.

In addition to the collision between the African

Plate and the Eurasia Plate, tectonics of the North

Atlantic possibly also played a role. However, the

dating of compressional phases in the North Atlantic

is not well constrained (Boldreel and Andersen,

1993). Therefore a direct comparison cannot be done,

but a Middle Miocene compressional event has been

suggested, e.g. by Boldreel and Andersen (1993). The

change in rift systems in Iceland at 15 m.y. correlates

fairly to the Langhian tectonic phase found in this

study.

7.3. Sediment yield

Sediment yield from the hinterland into the basin is

one of the controlling factors resulting in progradation

of sedimentary wedges. The sediment yield is depen-

dent on tectonic uplift, sea-level changes, climate, and

type of source rock.

Elevation due to tectonics creates a relief that

under the right climatic conditions, results in an

increase in sediment supply to the basin. This may

lead to regression even during a sea-level rise if the

influx is high. This is a well-known phenomenon

from rift basins (Prosser, 1993; Rasmussen et al.,

1998) and in collision zones (Summerfield and

Hulton, 1994). The discussion above about tectonics,

where certain tectonic pulses have been recognised
and resulted in marked changes in the composition of

the sediments, e.g. sudden increase in heavy minerals

and reworked dinoflagellates, indicates that move-

ments had occurred in the hinterland that increased

sediment supply.

The changes in base level due to sea-level changes,

however, also influenced the hinterland by creating a

new equilibrium profile. Enhanced erosion occurs

during a sea-level fall due to lowering of the base

level (Posamentier and Vail, 1988). The latter, how-

ever, is believed to be of minor importance compared

to relief formed during structural uplift and cannot

fully explain the marked change in mineral composi-

tion of the sediments and the sudden increase of

reworked dinoflagellates that have been observed in

the studied succession.

The climate during the Late Oligocene–Miocene

changes from cold temperate to subtropical with

several reversals during the period. The precipita-

tion was relatively high and concentrated to the

summer period (Utescher et al., 2000). However,

there has been no report on any distinct changes in

humidity during the changing climatic conditions.

Therefore, it is not likely that the fluctuation in the

climate has had any major consequences for the

sediment yield because high sediment supply has

been found under both cool temperate climate, e.g.

Early Aquitanian and under subtropical climate, e.g.

Early Langhian.
8. Conclusion

A comparison between climatical caused process-

es, eustatic sea-level changes, climate variation in-

cluding precipitation and tectonic pulses is listed in

(Fig. 6).

The transgression in the uppermost part of the

Oligocene seems to be a result of an eustatic sea-

level rise and marine deposits were laid down in the

onshore area for the first time in ca. 10 m.y. The

sequence boundary at the Oligocene/Miocene bound-

ary correlates to the glacial maximum: Mi-1 (Miller

et al., 1991), which has resulted in a sea-level fall.

This change is also recorded in the floristic changes

in Central Europe and, consequently, there is a

strong indication of a climatic control of this se-

quence boundary. The sediments, however, indicate
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some earthquake activity close to the boundary, but

the conclusion is uncertain. The subsequent rise in

eustatic sea level in the Early Aquitanian is recorded

by the deposition of Sequence B. The development

of Sequence B during the Aquitanian, where a

displacement of the shoreline of 100 km has been

recorded, was a result of a true eustatic sea-level fall

in the Late Aquitanian and Early Burdigalian. This is

clearly indicated by isotope data, floristic changes

and timing of the glacial maximum Mi-1a. During

this period, there is no evidence for tectonics (Fig.

6). The succeeding transgression in the Burdigalian

resulted in deposition of Sequence C that developed

between the two glacial maxima: Mi-1a and Mi-1b.

The glacial maximum Mi-1b correlates actually to

the sequence boundary, but the upper boundary

cannot be correlated with a climatic cooling in

Central Europe or any distinct sea-level fall. The

abrupt change in mineral composition of the overly-

ing sequence (Sequence D) by having a distinct

higher concentration of heavy minerals and a lot of

reworked Paleocene and Eocene deposits indicate

tectonics in the hinterland. Salt movements also

occurred in the North Sea Basin at this time. It is

thus most likely that tectonics played a part in the

formation of the sequence boundary of Sequence D.

The development of Sequence D seems to be the

result of high sediment influx due to the uplift in the

hinterland, and perhaps a minor sea-level fall, indi-

cated by the isotope data, glacial maximum Mi-2,

and a minor cooling in Central Europe. However, the

high content of coal beds within this sequence

clearly indicates that the ground water table was

rising during deposition. Consequently, uplift of the

hinterland followed by high sediment supply is a

likely explanation of the development of Sequence

D. A tectonic pulse in the Langhian is additionally

documented by thick coal beds along older faults in

Central Jutland and on seismic data from the North

Sea, where movements of salt structures occurred in

the Late Langhian. The deposition of a relatively

thick package of Late Serravallian and Tortonian

marine deposits (Sequences E and F) above conti-

nental sediments strongly indicates a regionally in-

creased subsidence rate of the eastern North Sea

Basin. The initial transgression recorded by deposi-

tion of sequence E correlates well to the distinct rise

in sea level in the Late Langhian and to the so-called
mid-Miocene climatic optimum, but the succeeding

cooling of the climate and general fall in eustatic sea

level is not in line with the observed development of

the Upper Miocene succession both onshore and

offshore. Consequently, increased subsidence of the

eastern North Sea basin must have occurred in the

Late Miocene.
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The uppermost Oligocene – Miocene succession in Denmark is subdivided into six depositional
sequences. The development of the succession was controlled both by tectonic movements and
eustatic sea-level changes. Tectonic movements generated a topography, which influenced the
depositional pattern especially during low sea level. This resulted in sediment by-pass on elevated
areas and the confinement of fluvial systems to structural lows. Structural highs further created re-
stricted depositional environments behind the highs during low sea level. The structural highs were
also the locus for sandy spit deposits during transgression and high sea level. Initially sediment
supply was from the north and north-east but shifted within the Middle Miocene to an easterly di-
rection indicating a significant basin reorganisation at this time. Eustatic sea-level changes mainly
controlledthe timingofsequence boundary development and the overall architecture of the sequences.
Consequently, the most coarse-grained sediments were deposited within the forced regressive wedge
systems tract, the lowstand systems tract and the early transgressive systems tract. The most dis-
tinct progradation occurred in the Aquitanian (Lower Miocene) and was associated with a cold pe-
riodincentralEurope.Thesubsequentriseofsealeveluntil theSerravallian(Middle Miocene) resulted
in an overall back-stepping stacking pattern of the sequences and in decreasing incision.
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Erik Skovbjerg Rasmussen [esr@geus.dk], Geological Survey of Denmark and Greenland, Øster Voldgade
10, DK-1350 Copenhagen K.

The uppermost Oligocene – Miocene succession in
Denmark has been studied intensively in pits and
boreholes during the past sixty years, and a number
of lithostratigraphic units have been defined (Sor-
genfrei 1940, 1958; Larsen & Dinesen 1959; Rasmus-
sen 1961; Christensen & Ulleberg 1974). However, a
compilation of these lithostratigraphic units has
never been published. The most commonly used
lithostratigraphic schemes in various publications
about the Miocene in Denmark are that of Rasmus-
sen (1961), Buchardt-Larsen & Heilmann-Clausen
(1988) and Michelsen (1994).

Systematic studies of seismic data and wells from
the North Sea has significantly increased during the
past 10 years and thus the understanding of the geo-
logical evolution of the eastern North Sea area (Jordt
et al. 1995; Michelsen et al. 1998; Clausen et al. 1999).
Attempts to correlate the depositional sequences
within the North Sea have been made by Michelsen
(1994) and Michelsen et al. (1998) but due to poor

biostratigraphic resolution of outcrop sections (dis-
solution of foraminifera) only a tentative correlation
has been possible. The finding of dinoflagellates,
which appear at flooding surfaces throughout the up-
permost Oligocene – Miocene succession at outcrops
in Denmark (Dybkjær & Rasmussen 2000), has re-
sulted in a confident and consistent onshore and off-
shore correlation of the succession. A number of
stratigraphic boreholes and high resolution seismic
data were acquired in eastern and central Jylland in
order to establish a new stratigraphic subdivision of
the uppermost Oligocene – Miocene succession on-
shore Denmark.

The aim of this study is to establish a stratigraphic
framework for genetically related depositional pack-
ages that can form the basis for a new lithostrati-
graphic subdivision of the succession. Finally, the
processes involved in the deposition of the succes-
sion will be discussed.
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Geological setting
The development of the eastern North Sea area dur-
ingtheCenozoic was the result of reactivation of older
Mesozoic structural elements and subsidence due to
thermal relaxation and interplate stress (Kooi et al.
1991; Ziegler 1991). The deepest part of the basin was
locatedin the Central Graben area, whereas the north-
eastern border was strongly controlled by the Fen-
noscandian Border Zone also known as the Sorgen-
frei–Tornquist Zone (Fig. 1). The Ringkøbing–Fyn
High, which divides the Norwegian–Danish Basin
andtheNorth German Basin, formed an elevated ele-
ment with pronounced halokinetic movements both
north and south of the structure. The Alpine Orogeny
influenced the basin as well as the opening of the
North Atlantic also influenced the evolution of the
North Sea area (Clausen et al. 2000). Inversion re-
sulted in uplift along weakness zones within the Cen-
tral Graben and along the Fennoscandian Border
Zone/Sorgenfrei–Tornquist Zone during the Pale-
ocene (Liboriussen et al. 1987; Ziegler 1991; Mogensen
& Jensen 1994). Compressional tectonics in the Olig-
ocene and Miocene, related to the collision of Africa
and Europe, have also been recognised (Jordt et al.
1995; Michelsen et al. 1998; Clausen et al. 2000). The
importance of eustatic sea-level changes during the
Oligocene and Miocene has been documented from
a number of studies (Rasmussen 1996, 1998; Huuse
& Clausen 2001).

The siliciclastic infilling of the North Sea area be-
gan in the Late Paleocene (Heilmann-Clausen et al.
1985). In the Norwegian–Danish Basin the Paleocene
deposits are dominated by clay, but sand-rich grav-
ity sediments were laid down in submarine valleys
in the North Sea area (Danielsen et al. 1995). The de-
position of dominantly fine-grained sediments con-
tinued throughout the Eocene, however, with some
indication of major progradation from the Middle
Eocene. Clear evidence for progradation of major
siliciclastic systems and the influx of coarse-grained
sediments is documented from the Oligocene (Jordt
et al. 1995; Michelsen et al. 1998). The progradational
system was sourced from the western part of the
Fennoscandian Shield and prograded southward.
This pattern continued throughout the Oligocene and
Early Miocene (Clausen et al. 1999; Rasmussen et al.
2002). The southward prograding system with a
dominantly south-east – north-west trending shore-
line can be recognised on onshore seismic data and
in outcrop sections in eastern Jylland (Rasmussen et
al. 2002). The onshore studies suggest that the
depositional environment was related to spit systems
and lagoons on and north of the Ringkøbing–Fyn
High with more open marine conditions towards the

south (Larsen & Dinesen 1959; Christensen & Ulle-
berg 1974; Rasmussen 1996; Friis et al. 1998). How-
ever, this general picture was punctuated by displace-
ment of the shoreline during lowstand of sea level
especially in the lowermost Miocene (Aquitanian;
Rasmussen 1996, 1998; Dybkjær & Rasmussen 2000).
A distinct change in sediment supply occurred in
mid-Miocene that may be due to regional tectonic
re-organisation related to the Betic tectonic event
(Clausen et al. 1999). The coincidence of this tectonic
phase and a distinct eustatic sea-level rise during the
Serravallian (Middle Miocene) (Prentice & Matthews
1988) resulted in major flooding and retreat of the
shoreline. Consequently, clay-rich deposits were ac-
cumulated in the study area. Evidence of resumed
nearshore deposition in the eastern North Sea area
is first recognised in the Pliocene approximately 9
Ma years later (Gregersen et al. 1998).

Uppermost Oligocene – Miocene
lithostratigraphy
A number of papers have defined lithostratigraphic
units of the uppermost Oligocene – Miocene succes-
sion in Denmark (Sorgenfrei 1940, 1958; Larsen &
Dinesen 1959; Rasmussen 1961; Christensen & Ulle-
berg 1974).

The uppermost Oligocene – ?Lower Miocene clays
and sands are referred to the Vejle Fjord Formation
(Larsen & Dinesen 1959). This formation consists of
marine sediments and based on lithology it has been
subdivided into the Brejning Clay Member, the Vejle
Fjord Clay Member and the Vejle Fjord Sand Mem-
ber (Larsen & Dinesen 1959; Heilmann-Clausen
1995). Christensen & Ulleberg (1974) defined the
Ulstrup and Sofienlund Formations in northern
Jylland. These formations are, however, normally
included in the Vejle Fjord Formation (Buchardt-
Larsen & Heilmann-Clausen 1988).

The Miocene succession of Denmark consists of
six formations (Fig. 2; Rasmussen 1961). The Lower
– Middle Miocene marine clays are referred to the
Klintinghoved and Arnum Formations, whereas the
fluvio-deltaic sediments are referred to the Ribe For-
mation and the Odderup Formation. The youngest
sediments of the Odderup Formation were depos-
ited during the early Middle Miocene. The Middle –
Upper Miocene marine, organic-rich, silty clay and
glaucony-rich clays are referred to the Hodde and
Gram Formations (Piasecki 1980).

Rasmussen: Stratigraphy and evolution of the Oligocene–Miocene succession in western Denmark     ·
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Data
The study is based on seismic data, gamma logs, sam-
ples from new stratigraphic boreholes, washed sam-
ples from older boreholes, and sedimentological stud-
ies of outcrops in Jylland (Fig. 3).

The following seismic surveys were available for
the study: NP 85, DCJ81, ST87, DN90 and Vorbasse
2000. Gamma logs from the boreholes Tønder-3,
Borg-1, Løgumkloster-1, Brøns-1, Rurup (DGU-
150.642), Gram (DGU-141.852), Rødding (DGU-
150.642), Holsted (DGU-141.808), Bastrup (DGU-
133.1298), Egtved Skov (DGU-124.1159), Grindsted-
1, Grindsted (DGU-122.1342), Remmerslund (DGU-
116.1549), Store Vorslunde (DGU-104.2325), Klovborg
(DGU-106.1373), and Addit Mark (DGU-98.928) pro-
vided data for the correlation diagrams. Biostrati-
graphy and samples were available from Høruphav-
1, Løgumkloster-1, Brøns-1, Arnum-1, Gram-II, Ba-
strup (DGU-133.1298), Store Vorslunde (DGU-
104.2325), Klovborg (DGU-106.1373), and Addit
Mark (DGU-98.928). In addition to these data, geo-
logical descriptions from outcrops in eastern Jylland,
at Isenvad and Søndbjerg (Rasmussen & Dybkjær
1999) and shallow boreholes at Store Vorslunde and
Skjern (Knudsen 1998) are included in the study.

Major architectural elements of the
Miocene succession
Three seismic sections from Jylland and the adjacent
offshore area are used to illustrate the major archi-
tectural elements of the uppermost Oligocene – Mio-
cene succession (Fig. 4).

Distinct seismic markers are indicated on the seis-
mic sections in Figure 4. The base Oligocene marker
is a regional unconformity showing truncation of the
underlying succession. From onshore studies in
southern Jylland this unconformity is known to sepa-
rate the uppermost Oligocene glaucony-rich Brejning
Clay Member from the Middle to Upper Eocene
Søvind Marl Formation (Heilmann-Clausen et al.
1985; Rasmussen 1996). In central and northern
Jylland the Brejning Clay Member unconformably
overlies the Upper Oligocene Branden clay (Dybkjær
et al. 1999). In the northern part of the seismic sec-
tions, where uppermost Oligocene deposits are pre-

sent, the surface correspond to the top occurrence of
the dinoflagellate species Wetzeliella gochtii (Karen
Dybkjær, personal communication 2001). Above the
base Oligocene marker, clinoforms show a succes-
sive outbuilding from north-east to south-west as il-
lustrated by the intra Aquitanian marker (Fig. 4). A
correlation of the clinoformal break point of the in-
tra Aquitanian marker indicates a NW-SE trend of
the shoreline during the Aquitanian (Lower Mio-
cene). Thick deltaic sand was identified in two bore-
holes at Vandel Mark penetrating the succession be-
low and above the Aquitanian marker. This delta
sand can be correlated with a spit system outcropping
in eastern Jylland and referred to the Vejle Fjord For-
mation (Larsen & Dinesen 1959; Dybkjær & Rasmus-
sen 2000). The intra Burdigalian marker (Fig. 4),
which represents the base of the Arnum Formation
separates the succession characterised by a clinofor-
mal reflection pattern below from a parallel to trans-
parent and sometimes chaotic reflection pattern
above (Fig. 4). The resolution of the uppermost part
of the seismic section is very poor and therefore can-
not add much to the understanding of architectural
elements of the succession.

Sequence stratigraphy
The uppermost Oligocene – Miocene succession has
been subdivided into six depositional sequences on
the basis of seismic data, log correlation and lithol-
ogy (Fig. 5). The reference level for the log panels is
the sequence boundary between sequences B and C.
This level has been chosen because it represents the
time when most structural elements were covered
by sediments and therefore did not influence the
overall architecture of the succession. The lithology
and sequence subdivision of six new stratigraphic
boreholes in central Jylland is shown in Figure 6.

Sequence A

Description. The lower boundary corresponds to the
base Oligocene marker on the seismic lines and forms
a regional unconformity (Fig. 4). On and south of the
Ringkøbing–Fyn High this boundary is lithologically
sharp and separates green, glaucony-rich clay above
from greenish-grey marl below. North of the Ring-
købing–Fyn High the boundary separates glaucony-
rich clay from brownish, mica-rich clay. The bound-
ary is often evident on the gamma logs as a distinct
peak representing the glaucony-rich deposits over-
lying marly sediments (Figs 5, 6).

Rasmussen: Stratigraphy and evolution of the Oligocene–Miocene succession in western Denmark     ·
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Fig. 3. Map showing the location of outcrops, boreholes, and
seismic lines referred to in this study.
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The lower part of the sequence is characterised by
strongly bioturbated greenish clay, with rip-up clast.
The content of glaucony increases upward in the low-
ermost metre of the sequence and shells of bivalves
and gastropods are common. In the upper part of
the section there is an increase in silt and fine-grai-
ned sand, and the content of organic matter is gener-
ally high. The increasing sand content is reflected on
the gamma log, which shows a general decrease in
the log response in the uppermost part of the unit.
The sequence is thin to absent in the southern part of
the area and increases in thickness towards the north
(Fig. 5A).

Interpretation. The lower sequence boundary repre-
sentsamajorhiatus inthe succession, especially in the
southern part of Denmark. On and to the south of
the Ringkøbing–Fyn High the boundary separates the
Middle Eocene Søvind Marl Formation and upper-
most Oligocene Brejning clay. North of the high the
lower sequence boundary separates the Upper Olig-
ocene Branden clay from the Brejning Clay Member
(Larsen&Dinesen 1959; Heilmann-Clausen et al. 1985;
Dybkjær et al. 1999; Dybkjær & Rasmussen 2000). The
abundance and diversity of the marine fauna indicate
open marine conditions during deposition of the suc-
cession.

The maximum flooding surface is placed were the
highest amounts of glaucony is found (Fig. 5; Amo-
rosi 1995, 1997). This corresponds to a distinct peak
on the gamma log. Geochemical studies of the glau-
cony at this level also show a high potassium content
of theglaucony,which is characteristic for a maximum
floodingsurface(Amorosi1995,1997;Rasmussen1995).

An increase in the proportion of siliciclastic depo-
sits relative to glaucony and in terrestrial organic mat-
ter above the maximum flooding surface reflects the
initial progradation of a distant shoreline during
highstand.

Sequence B

Description. The lower boundary is placed at the base
of a thin gravel layer separating glaucony-rich de-
posits in the top of sequence A from fine-grained,
micaceous and organic-rich deposits at the base of
sequence B (Fig. 5). This change is seen on some
gamma logs as a low gamma response followed by a
marked increase in gamma response (Fig. 5B;
Klovborg at 160 m).

The log pattern of the sequence is characterised

by high gamma readings in the lower part and with
a general decrease in gamma log response (Fig. 5). A
high degree of lateral variation has been recognised
within the sequence. Fine-grained, organic-rich sedi-
ments dominate the whole succession in the north-
ern part (Fig. 5B; Klovborg and Remmerslund).
Sandy deposits are common at Hvidbjerg and
Lillebælt. In the southern part of Jylland clayey-silty
deposits dominate in the lower part of the sequence
whereas the uppermost part is sand-rich. Approxi-
mately 40 m of clean sand has been penetrated in the
Arnum-1 well (Figs 3, 5). On the gamma log, the
uppermost part of the sequence shows very low read-
ings, especially close to the upper boundary, where
values are extremely low. On seismic sections the
upper part of the sequence shows offlap and a
stepwise lowering of the offlap level (Fig. 4A). In the
Tønder-3 well (Figs 3, 5) the correlation is based on
the seismic interpretation, which indicates a pinch
out of the succession towards the south (Rasmussen
1996, 1998).

Interpretation. The base of sequence B correspond to
a change in depositional environment from open ma-
rine to brackish water documented in a number of
studies (e.g. Larsen & Dinesen 1959; Dybkjær et al.
1999; Dybkjær et al. 2001). The Ringkøbing–Fyn High
probably acted as a barrier during low sea level (Fig.
5). Brackish conditions were established north-east
of the Ringkøbing–Fyn High and the depositional en-
vironment was similarly to that reported by Noe-
Nygaard & Surlyk (1988) for Lower Cretaceous de-
posits on Bornholm. Sedimentological studies of the
succession reveal that spit systems formed in asso-
ciation with structural highs as demonstrated at
Hvidbjerg and Lillebælt (Rasmussen & Dybkjær
1999). North-east of the spit systems, lagoons formed
during the successive transgression and prograda-
tion during highstand (Fig. 5; Remmerslund and
Klovborg). The maximum flooding surface is placed
at a distinct gamma peak (Fig. 5). A palynological
study indicates that dinoflagellate cysts are diverse
and abundant at this level (Karen Dybkjær, personal
communication 2002). Above the maximum flood-
ing surface, progradation is seen in the northern part
of the study area and is consequently interpreted as
a highstand systems tract. The presence of a forced
regressive wedge systems tract in the southern part
of the area is indicated by the stepwise lowering of
the offlap level seen on the seismic panels and the
deposition of extremely clean sand at Arnum-1 (Fig.
5). During the time of forced regression the Ringkø-
bing–Fyn High was subaerially exposed and a flu-
vial depositional environment dominated in this area
(Rasmussen & Dybkjær 1999).

Facing page:
Fig. 6: Lithology and gamma logs from 6 new stratigraphic
boreholes in central Jylland.
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Sequence C

Description. The sequence boundary of sequence C is
recognised on the gamma logs by a change from gen-
erally decreasing gamma log values towards an up-
ward increasing log response. In some boreholes the
change in gamma log response is distinct (e.g. Ba-
strup; Figs 3, 5).

In most boreholes the succession immediately
above the boundary shows an increase in gamma log
readings indicating a lithological change from sandy
silt tomore muddy sediments (Fig. 6). At Bastrup and
Store Vorslunde very high gamma readings are rec-
ognisedabovetheboundarycorrespondingtoorganic-
rich mud immediately above the sequence bound-
ary. This is, however, relatively quickly overtaken by
a general decrease in the gamma log response reflect-
ing an upwards increase in the silt and sand content
(Figs 5, 6). At Vorbasse and Egtved Skov abrupt de-
creases in the gamma log response are found.

Interpretation. Sequence boundary C is interpreted as
a coalescing ravinement surface and sequence bound-
ary (Rasmussen 1998; Dybkjær & Rasmussen 2000).
The relatively thin interval characterised by a gradual
increase in gamma log readings, most commonly seen
in the southern part of the area, is interpreted as a
transgressive systems tract with the maximum flood-
ing surface placed at the highest gamma log read-
ings (Fig. 5). However, at Rødding, Bastrup and Store
Vorslunde, the distinct gamma readings represent de-
position in a restricted marine environment (Karen
Dybkjær, personal communication 2001). This part
is therefore interpreted as part of the transgressive
systems tract and represents barrier–lagoonal com-
plexes. The highstand systems tract is relatively thick
and shows progradation of shallow marine sands
over marine silt and clay. The sharp based and clean
sand layers in the Egtved Skov and Vorbasse bore-
holes are interpreted as sand deposited above a re-
gressive surface of erosion and this part of the se-
quence thus represent a forced regressive wedge sys-
tems tract (Hunt & Tucker 1992; Proust et al. 2002).

Sequence D

Description. In most boreholes the sequence bound-
ary is placed where a turnover of gamma log read-
ings from a general low gamma log response towards
an overall increasing trend is observed. However, at
BastrupandAdditMarktheboundary is placed where
a marked decrease in gamma readings takes place
(Fig. 5).

Except from very low gamma readings at Bastrup

and Addit Mark, the lower part of sequence D is char-
acterised by very high gamma readings (Figs 5, 6).
Ignoring these high gamma peaks (heavy minerals,
seebelow),avery thin interval with increasing gamma
log response is seen in the lower part of the sequence.
The increasing gamma log readings correspond to a
highermud content of this part of the succession. This
issucceededupwardsbyanoveralldecreasing gamma
log trend, which is correlated to increasing sand con-
tent (Fig.6).AtAdditMarkanabruptdecrease in gam-
ma log response occur at 84 m (Fig. 6). This decrease
reflects a sudden increase in the sand content. Up-
wards a gentle increase in gamma log response char-
acterise the upper part of the sequence. However,
the maximum grain-size is seen at 58 m (Fig. 6). South
of Gram the sequence is dominated by mud (Fig. 5B).

Interpretation. The prominent change in gamma log
response represents a change from marine to fluvial
deposits at Bastrup and Addit Mark (Karen Dybkjær,
personal communication 2002) and thus represents
a sequence boundary (e.g. Plint et al. 2001). In the
Store Vorslunde borehole the change from an overall
coarsening upward section to a generally fining up-
ward interval occurs at a gravel layer. The gravel is
concentrated within a thin layer and the grains are
angular. This is interpreted as an indication of a
ravinement surface and the sequence boundary is
placedat the base of the gravel layer. Thick lowstand/
transgressive deposits are found at Bastrup and
Addit Mark. The transgressive systems tract in the
other boreholes is very thin and the maximum flood-
ing surface corresponds to the change from the fin-
ing upward trend of the gamma log readings to an
overall coarsening upward trend. It is not placed at
any of the extreme gamma log peaks, which corre-
sponds to heavy minerals. From heavy mineral ex-
ploitation it was found that there are two facies as-
sociations: 1) a lower shoreface association with fine-
grained, immature heavy minerals deposited in
storm beds, and 2) a beach association with mature,
medium-grained heavy minerals deposited in the
swash zone (Knudsen 1998). These facies associations
were laid down during progradation of a shoreface.
The highstand systems tract is, as described above,
characterised by normal progradation of a shoreline.
The upper part of the sequence at Addit Mark, where
an abrupt increase in the sand content occurs, is in-
terpreted as a result of a sudden increase in sediment
supply in to the area (Milana & Tietze 2002) possibly
due to tectonic movements (Koch 1989; Rasmussen
2004).Fluvialdeposits which correlates with the pene-
trated succession are exposed at the nearby sand pit
at Addit Mark. Here the section is interpreted as flu-
vial sediments deposited in a braided river system
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referred to the Odderup Formation (Hansen 1985).
The overall stacking pattern of the Odderup Forma-
tion in the Addit Mark area is that of a progradational
unit succeeded by an aggradational unit capped by
a retrogradational unit (Jesse 1995). The two lower
units probably correlate with the highstand systems
tract of this study.

Sequence E

Description. In most places the sequence boundary is
placed where lowest gamma readings are found (Figs
5, 6). At Bastrup and Addit Mark the boundary is
placed where a decrease in gamma log response oc-
curs above the most coarse-grained sediments (Figs
5, 6).

Sequence E is characterised by an overall increas-
ing gamma log response, especially at Rurup (Fig.
5A). This increase in gamma log response correlates
with an increase in the content of mud and glaucony.
The upper part of the sequence is characterised by a
relatively thin interval of decreasing gamma log read-
ings. Goethite-rich, silty sediments dominate this part
of the sequence.

Interpretation. The depositional environment of the
lowermost part of Sequence E varies laterally from
fluvial deposition (e.g. at Bastrup and Addit Mark)
to marine offshore environment elsewhere (Fig. 5A).
The sequence boundary corresponds to a major trans-
gression recognised in the North Sea area and corre-
lates with the Mid-Miocene unconformity (e.g. Huuse
& Clausen 2001). The lower part of the sequence re-
flects a major transgression, which culminated with
the deposition of glaucony-rich sediments. The over-
lying goethite-rich silt is interpreted as deposited in
shallower marine water (Dinesen 1976) and thus rep-
resent the forced regressive wedge systems tract of
sequence E.

Sequence F

Description. The sequence boundary of sequence F
cannot be recognised on gamma logs. Instead, this
boundary is characterised by a distinct change in li-
thology from silty goethite-rich deposits to clay-rich
deposits as recognised in boreholes at Gram (Dinesen
1976).

The gamma log response of this sequence shows a
generally decreasing log pattern. In boreholes and
outcrops the lower part of the succession is charac-
terised by clayey deposits, which become more silty
upwards. A few thin, fine-grained, wave rippled sand

beds are found in the uppermost most part of the
succession (Rasmussen & Larsen 1989).

Sequence F is characterised by a distinct upward
changefrom silty clay or fine micaceous sand to chert-
rich, often conglomeratic sediments. Sequence F is
truncated by an erosional surface with strong relief
forming the boundary to the overlying Quaternary
deposits (Fig. 5).

Interpretation. The sequence boundary towards E is
placed above the goethite-rich deposits as these were
laid down during falling sea level (Dinesen 1976). Se-
quence F was deposited in a marine environment and
representsan overall progradation of a shoreline (Ras-
mussen 1961; Rasmussen & Larsen 1989). Sediments
in the lower part of this sequence were deposited in
about 50 m of water (Rasmussen 1966) and the sedi-
ments in the upper part in about 20 m of water (Ras-
mussen & Larsen 1989).

Palaeogeography
Based on the sequence stratigraphic interpretation,
a palaeogeographic reconstruction of the uppermost
Oligocene – Miocene succession in western Denmark
has been developed (Fig. 7).

The trend of the shoreline was WNW–ESE and lo-
cated in the northern part of the study area during
thelateChattian (latest Oligocene; Fig. 7A). The shore-
line was characterised by barrier islands and associ-
ated lagoons, which were connected with a major
delta located west of the study area (Huuse & Clau-
sen 2001). In the marine realm, a very low sediment
influx permitted the formation of glaucony both as-
sociated with pellets and foraminifera (Rasmussen
1996). A major displacement of the shoreline towards
the south-west occurred during latest Chattian and
the shoreline migrated south of the Ringkøbing–Fyn
High (Fig. 7B). Intensive formation of the autigenic
mineral siderite and weathering of glaucony to goe-
thite took place during this period of subaerial ex-
posure, and is similar to the Recent Skjern Å delta
(Postma 1982). Fluvial systems were probably con-
fined to the topographic low of the Brande Trough.
South of the Ringkøbing–Fyn High open marine con-
ditions prevailed and nearshore marine sand was
deposited along the high.

During the subsequent sea-level rise in the early
Aquitanian (Early Miocene), the area north of the el-
evated part of the Ringkøbing–Fyn High formed a
major silled basin dominated by brackish water (Fig.
7C). Parts of the nearshore sand deposited along the
Ringkøbing–Fyn High was redeposited as tempestites

Rasmussen: Stratigraphy and evolution of the Oligocene–Miocene succession in western Denmark     ·
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similar to washover fans of a barrier system and
sandy storm deposits; e.g. hummocky cross-strati-
fied sand beds (Rasmussen et al. 2002). Progradation
of the shoreline occurred during the highstand of sea
level (sequence B) (Fig. 7D). The shoreline was domi-
nated by spit systems formed in association with
structural highs. The main delta was located in the
central part of the study area just north of the Brande
Trough (Fig. 7D).

A major south–westward displacement of the
shoreline occurred during the late Aquitanian and
fluvio-deltaic sediments were deposited (Fig. 7E).
This progradation was associated with a major sea-
level fall (cf. Prentice & Matthews 1988), which re-
sulted in deposition of forced regressive wedge sys-
tems tract (sequence B) and lowstand systems tract
(sequence C). Resumed transgression occurred in the
mid–Burdigalian (Fig. 7F), and the shoreline was dis-
placed towards the north-east (transgressive systems
tractof sequence C).The influence of the Ringkøbing–
Fyn High was low at this time and brackish water
conditions were associated with back barrier envi-
ronments (Fig. 7G). A new progradation of the shore-
line took place during the late Burdigalian (Fig. 7H).
This regression did, however, not extent as far to the
south-west as the older Aquitanian regression (se-
quence C) and occurred without a major sea-level
fall (cf. Prentice & Matthews 1988; Zachos et al. 2001).
Therefore, most of the progradation occurred dur-
ing highstand of sea level.

InthelaterpartoftheBurdigalian, the area was once
again flooded and open marine conditions prevailed
in the south-western part of the study area (Fig. 7I).
At the Burdigalian–Langhian (Early – Middle Mio-
cene) boundary progradation resumed (Fig. 7J), and
was associated with the accumulation of widespread
delta swamp deposits, especially in connection with
lows formed by tectonic movements along the Ring-
købing–Fyn High (Koch 1989).

The major sea-level rise in the early Langhian (cf.
Prentice & Matthews 1988) resulted in a prominent
transgression, which continued during Langhian–
Serravallian times (Fig. 7K). This contradicts an over-
all climatic cooling during the Serravallian (Prentice
& Matthews 1988; Zachos et al. 2001) and acceler-
ated subsidence of the North Sea area is therefore
suggested to be an additional factor (Clausen et al.
1999; Rasmussen 2002). Additionally, the trend of the
shoreline changed to NNW–SSE, which probably was
a result of tectonic movements along the Fennoscan-
dian Shield. Strong reworking of former coal-rich
deposits during the transgression resulted in the de-
position of very organic-rich sediments in the lower
part of the transgressive systems tract of sequence
E.

The shoreline began to prograde towards the west
again during the Tortonian (Late Miocene; Fig. 7L).

Stratigraphic distribution of
lithological units
This study demonstrates that the lithostratigraphy of
the Danish Miocene succession is in need of revision.
It is, however, beyond the scope of this study to de-
fine new lithostratigraphic units but the distribution
of sand-rich and clay-rich deposits within the present
lithostratigraphic framework is shown in Figure 8.

The lithostratigraphy presented here is based on
the sequence stratigraphic interpretation of new
stratigraphic boreholes, seismic data, outcrops and
pits in Jylland (Fig. 8).

The oldest unit investigated here is late Chattian
in age (latest Oligocene) and belongs to the basal
Brejning Clay Member of the Vejle Fjord Formation
(Fig. 8; Larsen & Dinesen 1959). The precise age of
the Vejle Fjord Clay Member and Vejle Fjord Sand
Member is most likely earliest Aquitanian (lowermost
Miocene). The Vejle Fjord Formation is succeeded by
the sand- and gravel-rich Ribe Formation (Sorgen-
frei 1958), which is of Aquitanian to early Burdiga-
lian age. In the southern part of Jylland the fine-grai-
ned deposits underlying the Ribe Formation are re-
ferred to the Klintinghoved Formation (Sorgenfrei
1940; Rasmussen 1961). The Ribe and Klintinghoved
formations are overlain by the Arnum Formation
(Sorgenfrei 1958; Rasmussen 1961). This formation
is generally fine-grained, but in central Jylland a sand-
rich section is intercalated in the Arnum Formation
(Fig. 8). The Arnum Formation is of Burdigalian age
(Piasecki 1980; Dybkjær et al. 1999). Above the Arnum
Formation follows the sand- and lignite-rich Odde-
rupFormation(Rasmussen1961).This formationisre-
ferred to the uppermost Burdigalian – lowermost
Langhian. The lignite-rich part of the Odderup For-
mation has been referred to the Fasterholt Member
by Koch (1989). The Odderup Formation is succeeded
by the clayey and organic-rich Hodde Formation
(Rasmussen 1961) of Langhian–Serravalian age (Pia-
secki 1980). Finally, the Miocene succession is com-
pleted by the Gram Formation of Serravalian–Torto-
nian age. The Gram Formation forms an overall coar-
sening upward succession terminated by the Gram
sand.

Rasmussen: Stratigraphy and evolution of the Oligocene–Miocene succession in western Denmark     ·
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Allochtonous control on sequence
development
Climatic control

Several studies of the Cenozoic succession of the east-
ern North Sea area have revealed that close relation-
ships existed between the development of the sedi-
mentation and changes in eustatic sea level (Rasmus-
sen 1996; Michelsen et al. 1998; Huuse & Clausen
2001). In the following, the development of the se-
quences defined in this study are compared with
glacio-eustatic sea-level changes as indicated from

oxygen isotope studies and palaeoclimatical changes
estimated from marine faunas and terrestrial floras
(Fig. 9).

The data suggest that climatic changes occurred
throughout the latest Oligocene – Miocene time (Fig.
9). The correlation between the different curves is
good and the period of changes varies between 2 Ma
and 4 Ma. In Central Europe variations from cold
temperate climates to subtropical climates occurred.
This is in good agreement with the study by Buchardt
(1978) for the North Sea.

The variation of sea level at the end of the Olig-
ocene is only represented by the curve of Zachos et
al. (2001). The deposition of sequence A coeval with

Rasmussen: Stratigraphy and evolution of the Oligocene–Miocene succession in western Denmark     ·
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a sea-level rise within the Late Oligocene as indicated
by the glacio-eustatic curve. This is followed by a
sea-level fall, which relates to the glacial maximum
Mi-1 (Fig. 9). The deposition of sequence B mainly
falls in between the two glacial maxima of Mi-1 and
Mi-1a, and corresponds to a period of higher sea level
(Fig. 9). The coldest period occurred during the Aqui-
tanian – early Burdigalian (Fig. 9) and is coeval with
to the development of sequence boundary between
B and C. This boundary is the most distinct sequence
boundary found in the region (Rasmussen 1996, 1998,
2002) showing a well-developed forced regressive
wedge systems tract and lowstand systems tract. The
following general sea-level rise and overall transgres-
sion during the Burdigalian is seen from the general
backstepping stacking pattern of sequences C and D
accompaniedbydecreasingincision.Sequence bound-
ary D probably formed during the glacial maximum
Mi-1b and a cooler period in the late Burdigalian (Fig.
9). The development of sequence D occurred mainly
during high sea level, which may explain the exten-
sive deposition of lignite within this sequence. A dis-
tinct general glacio-eustatic sea-level rise during the
late Langhian, as indicated on the curve of Prentice
& Matthews (1988) (Fig. 9), is in good agreement with
the change from dominantly nearshore and terres-
trial deposition of sequence D to open marine sedi-
mentation dominating sequence E. However, neither

the curve from the continental climate nor the gla-
cial maxima indicate a warmer period during the
Serravallian. The timing of sequence boundary F cor-
relates, however, to a cooler period in the Serraval-
lian and Mi-5. A general fall in sea level and cooler
climatic conditions in the Tortonian (Fig. 9) is reflect-
edintheoverallregressionfoundin the succession and
particularly demonstrated by the distinct prograda-
tion seen in the Pliocene succession (Gregersen et al.
1998).

The climatic influence on the development of the
studied succession is obvious, which of course should
be expected during this part of the Cenozoic, when
the extent of polar ice caps were increasing (Prentice
& Matthews 1988; Miller et al. 1991; Abreu & Ander-
son 1998). However, the marked progradation seen
within sequence D, and the overall transgression re-
flected by the deposits of sequences E and F cannot
readily be correlated with climatically induced sea-
level changes.

Tectonic influence

Four tectonic events during the Oligocene–Miocene
have been recognised from seismic mapping, stud-
ies of sedimentary structures in outcrops, and from
palynological studies (Fig. 9).

The earliest tectonic event was in the beginning of
theChattian.Thisphase,knownasthe‘Savische Phase’
(Fig. 9; Lotsch 1968), is well known in Central Eu-
rope and is also recognised on seismic data from the
eastern North Sea area (e.g. Clausen et al. 2000).

The second tectonic phase indicated in the upper-
most Chattian is, however, uncertain. Convolute bed-
ding and synsedimentary listric faults have been de-
scribed from outcrops in eastern Jylland, which may
have been caused by earthquakes (Mikkelsen 1983;
Rasmussen & Dybkjær 1999).

An abrupt occurrence of reworked Jurassic spores
and pollen and high amounts of Paleocene and Eo-
cene dinoflagellates within the upper Burdigalian
sediments reflect the third tectonic event (Dybkjær
et al. 2001). Above this level, a distinct regional in-
crease in heavy minerals is observed in the Miocene
sediments. Furthermore a marked thickening of the
Arnum Formation adjacent to the Tønder salt struc-
tures (below the Tønder-3 well), suggests that salt
movements were active at this time (Fig. 10).

The fourth tectonic event in the Langhian (Fig. 9)
is suggested by faults within the Odderup Forma-
tion as seen in brown coal pits in central Jylland (Koch
1989). These faults do not continue into the overly-
ing late Langhian–Serravallian Hodde Formation.
Furthermore, a tectonic reorganisation in the mid-
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Miocene is also suggested by the cessation of major
south-westward progradation from the Fennoscan-
dian Shield and the initiation of major westward pro-
gradation from the Baltic and eastern European plat-
forms during Late Miocene – Pliocene times (Clau-
sen et al. 1999). This marked shift in source area can-
not solely be attributed to eustatic sea-level changes
or global climatical change, since this should have
produced basin-wide progradation.

Studies of outcrops (e.g. Larsen & Dinesen 1959;
Radwanski et al. 1975; Rasmussen 1987) and investi-
gations of shallow boreholes in Jylland support the
interpretation of tectonic movements in the hinter-
land during this time. The shallow marine deposits
are composed of immature sediments apart from
sediments that accumulated in the swash zone of a
beach. The quartz grains found within the fluvial de-
posits are angular indicating that the newly exposed
basement became eroded. The Miocene fluvial de-
posits were laid down by braided river systems
(Hansen 1985), which do not favour a low relief hin-
terland and tectonic quiescence during deposition as
suggested by Huuse & Clausen (2001). Many stud-
ies have shown a relationship between river pattern
and tectonics (Miall 1996 and references therein),
which is similar to the pattern of the fluvial systems
and salt structures in central Jylland. Alternatively,
the dominance of braided river systems of the Odde-
rup Formation may have been a result of high sedi-
ment supply caused by the increased erosion of the
hinterland. The close relationship between the de-
positionandpreservationofbrowncoal and fault pat-
tern in central Jylland (Koch 1989) also supports the
idea that tectonic disturbance was active at this time.

The four tectonic events discussed above corre-
late well with the timing of pulses in the Alpine
Orogen (Ziegler 1991; Ribeiro et al. 1990) and the
theory of intraplate stress (Cloetingh 1988) and the
consequences on depositional system are therefore
interesting for the studied succession. The tectonic
events are, however, of a lower frequency than the
climatically induced cycles, but the interaction of tec-
tonic and climatic processes is a likely explanation
for the evolution of the uppermost Oligocene – Mio-
cene succession.

Sediment supply

The influx of sediments during the Oligocene and
most of the Miocene came from the Fennoscandian
Shield (Larsen & Dinesen 1959; Spjeldnæs 1975; Mi-
chelsen et al. 1998; Gregersen et al. 1998; Rasmussen
& Dybkjær 1999). Progradational features have been
recognised on seismic data from the North Sea south

of the Norwegian coast. Much of the sediment con-
tains feldspar, angular quartz grains, and gibbsite and
are interpreted as immature (Larsen & Dinesen 1959;
Radwanski et al. 1975; Rasmussen 1987). This indi-
cates that sediment transport was relatively fast and
from newly exposed basement. The highest input of
sediment was from the area south of present-day
Norway with a minor supply from central Sweden.
The topography of the North Sea area, which reflect-
ed both regional tectonism and salt movements, in-
fluenced the deposits with respect to both transport
pathways and deposition. Especially, topographic
lows on the Ringkøbing–Fyn High acted as conduits
for sediments during lowstand of sea level in the
Early Miocene.

A distinct change to a westerly transport direc-
tion occurred in the Middle Miocene with a source
in present-day southern Sweden and the Baltic area
(Clausen et al. 1999). The change was probably
tectonically induced by the formation of the South
Scandic Dome (Lidmar-Bergstrøm 1996; Japsen &
Bidstrup 2000). Kaolinitic Pliocene deposits in north-
ern Germany reveal erosion of weathered basement
in the hinterland and thus support the hypothesis of
tectonic movements in southern Scandinavia in Mio-
cene times (Lidmar-Bergstrøm 1996; Japsen &
Bidstrup 2000).

Discussion and conclusions
Jordt et al. (1995), Michelsen et al. (1998) and Huuse
& Clausen (2001) have identified both 2nd and 3rd
order sequences in the Cenozoic succession from the
North Sea area. These studies are mainly based on
seismic data and petrophysical logs, mainly gamma
logs. Sidewall cores and cuttings have also been used
in the study. The stratigraphic resolution is, however,
considerably lower than for the data used in the pre-
sent study in which the use of outcrops, stratigraphic
boreholes, shallow seismic data and biostratigraphy
based on high sample rates revealed six depositional
sequences in the uppermost Oligocene – Miocene suc-
cession.

Most of the major sequence boundaries of Jordt et
al. (1995), Michelsen et al. (1998) and Huuse & Clau-
sen (2001) can be correlated with sequence bounda-
ries of this study (Fig. 11). The base of sequence A
corresponds to the major sequence boundary 4/5 of
Michelsen et al. (1998) and to the seismic sequence
boundary Css4/Css5 and the near-top Oligocene ho-
rizon of Jordt et al. (1995) and Huuse & Clausen
(2001), respectively (Fig. 11).

Correlation from the Frida-1 well in the Danish
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North Sea to this type section (based on dinoflagel-
late cysts) has shown that the base of sequence A is
of latest Late Oligocene (Fig. 11; Dybkjær 2004). The
next major sequence boundary (5/6 and Css5/Css6)
recognised by Michelsen et al. (1998) and Jordt et al.
(1995) correlates with sequence boundary C of this
study. This sequence boundary is one of the most pro-
nounced in the onshore area associated with the de-

position of the Ribe Formation (Forced regressive
systems tract of sequence B and lowstand systems
tract of sequence C) and formerly described by Ras-
mussen (1998). The third major sequence boundary
is the so-called mid-Miocene unconformity (sequence
boundary 6/7 and Css6/Css7) known from the North
Sea area (Jordt et al. 1995; Michelsen et al. 1998; Huuse
& Clausen 2001) that is correlated with the sequence
boundary E of this study. The onshore development
above this boundary is that of a regional flooding
and a change from predominantly shallow marine
and terrestrial deposition that dominated during the
Early Miocene to open marine shelf deposition dur-
ing the Middle and Late Miocene. This relative sea-
level rise has been suggested to be controlled either
by tectonic movements and increased subsidence
(Jordt et al. 1995; Michelsen et al.1998; Clausen et al.
1999; Rasmussen 2002) or by climatic changes (Huuse
& Clausen 2001). A pure climatic control on the de-
velopment of this sequence boundary is unlikely since
it is developed as an overall transgressive event dur-
ing relative sea-level fall (Zachos et al. 2001; Rasmus-
sen 2004). Consequently, the most likely explanation
for the development of sequences E and F is a com-
binationofclimaticvariationandtectonic movements.

Huuse & Clausen (2001) made a clear conclusion
about the origin of the sequences without recognis-
ing the major sequence boundary C within the early
Burdigalian, which correlates to the most distinct cli-
matic change recorded in the Miocene (Prentice &
Matthews 1988; Mai 1967; Lotsch 1968; Zachos et al.
2001). However, this sequence boundary is the most
distinct boundary in the onshore area showing all of
the characteristics of classical systems tracts associ-
ated with falling sea level and lowstand of the sea
(e.g. forced regressive wedge systems tract and
lowstand systems tract; Rasmussen 1998). Similarly,
sequence boundary D shows both incision and de-
position of lowstand deposits. These boundaries have
not been recognised by the studies based on seismic
data from the North Sea area (Jordt et al. 1995; Huuse
& Clausen 2001). An explanation for this could be
that studies based mainly on seismic data in most
cases recognise major flooding events such as the late
Oligocene and mid-Miocene (intra Langhian) sea-
level rises (Fig. 9). Major flooding will often result in
very different lithologies below and above a bound-
ary, e.g. marine clay occurs above nearshore fluvial
sand and gravel. Sequence boundaries formed due
to a marked lowering of base level, which are often
characterised by truncation surfaces, coarse-grained
lag deposits and sand to sand contacts, are poor seis-
mic markers and therefore difficult to identify espe-
cially on the relatively low-resolution data in the
North Sea.
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Fig. 11: Timing of sequences of this study compared to studies
by Michelsen et al. (1998), Jordt et al. (1995), and Huuse & Clau-
sen (2001). NTO: Near Top Oligocene and MMU: Mid-Mio-
cene Unconformity. In this study, biostratigraphic data from
the Oligocene–Miocene boundary type section in the Lemme–
Carrosio section in northern Italy (Zevenboom et al. 1994) have
been used to constrain the age of sequence boundary A, which
therefore appears younger than shown in previous studies.
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This study shows that both climatic changes and
regional tectonic events play a major role in the de-
velopment of the sequences. The tectonic events re-
vealed by this study correlate with the major tectonic
phases of the Alpine Orogeny (Fig. 9) and also to
movements associated with the opening of the North
Atlantic, although the dating of the latter is less con-
strained (Boldreel & Andersen 1993; Roberts et al.
1999). The development of the sequences was partly
controlled by structural highs especially in the lower
part of the succession due to the topography formed
during the ‘Savische’ tectonic phase and at the end
of the Burdigalian, corresponding to the Betic tec-
tonic event. These structural elements partly control-
led the distribution of open marine conditions and
partly the concentration of sand on the crests of struc-
tural highs similarly to the Lower Cretaceous of Born-
holm (Noe-Nygaard & Surlyk 1988).
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ABSTRACT

The Upper Oligocene–Lower Miocene succession in eastern Jylland can be

subdivided into three sequences (A–C from older to younger) deposited on and

around the Ringkøbing-Fyn High. The development of the sequences reflects a

complex interaction between eustatic sea-level changes, physiography and

variable sediment supply. Superimposed on this, frequent storms promoted

longshore sediment transport and the development of spit systems adjacent to

structural highs. As a consequence, sequence boundaries and flooding surfaces

are not always expressed as portrayed in conventional sequence models;

sequence boundaries or flooding surfaces may only be marked by subtle

changes in depositional environment that can only be revealed by careful

integration of sedimentological observations with palynological data. The

influence of the topography resulted in the development of brackish water

basins that were sufficiently large to permit the deposition of hummocky cross-

stratified sands with muds. These deposits are overlain by clean hummocky

and swaley cross-stratified sands that were deposited in a fully marine, high-

energy environment. This evolution from mud-rich, storm-influenced

sediments to sand-dominated shoreface sediments resulted from a rise in sea

level and was not the result of shoreface progradation and downstepping

during a sea level fall. In addition to the topographic control on sequence

development, sediment supply to the study area changed significantly during

the deposition of the three sequences. Initially the basin was sediment-starved,

favouring the formation of glaucony-rich sediments. The sediment input

gradually increased and the influence of structural highs and lows became less

significant with time. Consequently, both sequence boundaries and flooding

surfaces are characterized by more conventional features in the younger part of

the succession, where a basinward displacement of the shoreline resulted in

thick lowstand delta deposits.

Keywords Denmark, Miocene, palynology, sequence stratigraphy, spit, wave-
dominated delta.

INTRODUCTION

The basic concepts of sequence stratigraphy are
commonly illustrated in the form of simplified
two-dimensional sections with open basins
receiving sediment from one side. However,
sediment input may occur from multiple direc-
tions, reflecting both fluvial and marine input and
supply from out of the plane of the section. In

addition, topographic highs and lows may form as
a consequence of tectonics, and climatic changes
may cause both sea-level changes and variations
in precipitation and run off adding to the com-
plexity by changing the relationship between
accommodation and sediment supply.

Sequence stratigraphic concepts can also be
difficult to apply in paralic deposits (e.g. Surlyk
et al., 1995). For example, sharp-based shoreface

Sedimentology (2005) 52, 25–63 doi: 10.1111/j.1365-3091.2004.00681.x

� 2004 International Association of Sedimentologists 25



sand overlying muds may represent either a
forced regression (e.g. Walker & Plint, 1992) or a
transgression (Surlyk et al., 1995), i.e. prograda-
tion of the shoreface or retreat of a shoreface over
lagoonal/protected mud deposits. A traditional
sedimentological study of outcrops and especi-
ally cores may thus lead to an incorrect palaeo-
geographical interpretation.

Upper Oligocene–Lower Miocene sections in
east Jylland (Fig. 1) consist of scattered small
outcrops with exceptional high quality preserva-
tion of sedimentary structures. The sections are
well dated by palynology and a detailed palyno-
facies study reveals aspects of the depositional
environment that are not recognizable from the
study of the sedimentology alone. The outcrops
are linked by a regional framework including
both high resolution seismic data and new strati-
graphic boreholes that have also been dated by
palynology. They reveal a dip section through an
Upper Oligocene–Lower Miocene coastline in an
area characterized by a complex basin configur-
ation and variations in sediment supply.

The aim of this paper is to reconstruct the
evolution of a paralic setting that has been
influenced by a combination of eustatic sea-level
changes, basin physiography and significant
changes in sediment supply. The east Jylland
succession shows variations in facies develop-
ment that differ from standard models, and it
provides a salutary example of the application of
sequence stratigraphic concepts in physiograph-
ically complex settings.

GEOLOGICAL SETTING

The Late Cretaceous–Cenozoic North Sea Basin
formed as a result of thermal relaxation after
Jurassic-Early Cretaceous rifting. During the Late
Cretaceous and Early Paleocene, former graben
structures were elevated as a result of inversion
tectonics (Ziegler, 1982; Liboriussen et al., 1987;
Vejbæk & Andersen, 1987). Inversion occurred
both within and at the margins of the basin.
Reactivation of older faults took place during
the so-called Savian Phase in the Oligocene
(Rasmussen, 2004). This resulted in the segmen-
tation of the area into the Norwegian-Danish
Basin to the north and the North German Basin
towards the south, separated by the WNW–ESE
trending Ringkøbing-Fyn High. The Ringkøbing-
Fyn High was composed of a number of structural
highs separated by N–S striking troughs, i.e. the
Horn Trough and the Brande Trough (Fig. 2).

Within the Norwegian-Danish Basin, the topog-
raphy was also complicated by halokinetic move-
ments. Superimposed on the structural template
described above, the eastern North Sea Basin
regionally dipped gently towards the west.

Progradation from Fenno-Scandia and infill of
the eastern North Sea Basin probably started in
the Cretaceous and Paleocene but can first be
demonstrated within the Oligocene (Michelsen
et al., 1998). Infill of the eastern North Sea Basin
by progradation from the north spanned the
Oligocene to early Middle Miocene, after which
progradation changed to a more westerly direc-
tion (Clausen et al., 1999; Rasmussen et al.,
2002). This change was the result of mid Miocene
(Langhian) subsidence of the central part of the
North Sea Basin associated with differential
uplift of the Fenno-Scandian Shield.

In the Late Oligocene–Early Miocene, the sedi-
ment input in the eastern North Sea was from the
Fenno-Scandian Shield, especially Norway. This
resulted in the progradation of a WNW–ESE
striking shoreline from Norway towards the south
(Jordt et al., 1995; Rasmussen et al., 2002). In the
Late Oligocene, a major delta was located north-
east of Jylland (Danielsen et al., 1997). Owing to
predominantly westerly winds, longshore cur-
rents transported the sediment discharged from
the delta towards the east. Consequently very low
rates of sedimentation occurred in the south and
here glaucony-rich deposits accumulated. A ter-
restrial depositional environment characterized
most of the study area at the Oligocene–Miocene
boundary (Rasmussen et al., 2002). In the area of
present-day Jylland, a major delta was located
within the Brande Trough during the Early Mio-
cene (Fig. 2). The delta complex was confined to
this trough during periods of low sea level, e.g. in
the earliest Early Miocene, but as sea level rose,
delta lobe shifting became a common process.
East of the delta, spit systems and barrier islands
developed during periods of high sea level
(Fig. 3). In the central North Sea area, where the
sediment supply was highest, the depositional
environment was dominated by prodeltaic and
shelf deposition. South-eastwards, along the east-
ern limit of the North Sea, a sand-dominated
coastline formed as the result of strong sediment
transport along the shelf from the major deltas in
the Central North Sea Basin. Following a relative
sea-level fall in the Early Miocene, the coastline
was displaced some 100 km towards the south-
west (Rasmussen, 1996, 1998; Rasmussen et al.,
2002), and former marine deposits were subaer-
ially exposed and fluvial deposition occurred. In

26 E. S. Rasmussen and K. Dybkjær

� 2004 International Association of Sedimentologists, Sedimentology, 52, 25–63



the southern part of Jylland, a delta, the Ribe
Formation, was deposited. A subsequent rise in
relative sea level re-established shallow marine
conditions in eastern Jylland. Resumed south-

westward progradation of the shoreline occurred
later in the Early Miocene and, following a minor
transgression in the latest Early Miocene, the final
progradation of the shoreline occurred around the

A

B C

Fig. 1. Study area. (A) Regional setting of the study area and North Sea Basin. (B) Map of Jylland showing distri-
bution of boreholes used to constrain regional stratigraphic architecture. (C) Pre-Quaternary geological map of east
Jylland and location of the studied outcrops.
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Fig. 3. Paleogeographic reconstruction of Jylland in the early Aquitanian.

Fig. 2. Structural elements of the eastern North Sea Basin and the approximate trend of the shoreline during high sea
level in the Late Oligocene–Early Miocene (Bertelsen, 1978; Jordt et al., 1995; Rasmussen, 1996; Rasmussen et al.,
2002).
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Early and Middle Miocene boundary. Following
this period dominated by nearshore and terrest-
rial deposits, a major regional transgression resul-
ted in deposition of fine-grained shelf sediments,
which dominated during Middle and Late
Miocene times in the eastern North Sea Basin.

The climate during the Oligocene and Early
Miocene was generally humid, warm and tem-
perate, with cooler periods at the Oligocene–
Miocene boundary and in the late Aquitanian–
early Burdigalian (Sorgenfrei, 1958; Lotsch, 1968;
Radwanski et al., 1975; Buchardt, 1978; Koch,
1989). There have been no reports of significant
changes in precipitation during this period.

PREVIOUS WORK

In the Vejle Fjord area (Fig. 1), shallow marine
deposits were studied by Larsen & Dinesen (1959)
and their work resulted in the definition of the
Vejle Fjord Formation. The Vejle Fjord Formation
was referred to the Late Oligocene–Early Miocene
(Eriksen, 1937; Rasmussen, 1961) and subdivided
into three members: the Brejning Clay Member, the
Vejle Fjord Clay Member and the Vejle Fjord Sand
Member (Fig. 4). At Lille Bælt, two outcrops at
Børup and Hagenør were described by Radwanski
et al. (1975). These exposures were assigned to the
Vejle Fjord Sand Member. These authors inter-
preted the succession as representing nearshore to
offshore deposits with a weak tidal influence. In
particular, they described the ichnofauna and
discussed its significance for the interpretation of
the palaeoenvironment. A model of the deposi-
tional environment of the Vejle Fjord Formation
and related sections at Lille Bælt and the Vejle
Fjord area was published by Friis et al. (1998). The
study concluded that deposition occurred in a
back barrier environment under the influence of

both storm and tidal processes. However, the
influence of storm processes was interpreted as
being of minor importance in the Lille Bælt area,
and Friis et al. (1998) concluded that sedimenta-
tion was tidally dominated in this area. The re-
study of localities in east Jylland reported here,
however, combined with new data from recent
landslide exposures suggests that processes rela-
ted to storms were of major importance in the Lille
Bælt area. New biostratigraphic data (Dybkjær &
Rasmussen, 2000) also reveal that there is a major
hiatus in the succession at Lille Bælt, separating
the Vejle Fjord Formation from nearshore deposits
equivalent to the Arnum Formation (Fig. 4). The
combined sedimentological–palynological study
presented in this paper indicates that the deposi-
tional history is more complicated than previously
thought (see also Dybkjær & Rasmussen, 2000).
The use of sequence stratigraphy, combined with
palynostratigraphy and palynofacies, has made it
possible to correlate all outcrops of the Oligocene-
Miocene deposits in east Jylland (Fig. 1).

METHODOLOGY

Sedimentology

A total of 13 outcrop sections have been measured
(Figs 5 and 6). The distribution of the outcrops is
almost perpendicular to the NW–SE trending
palaeoshoreline as indicated by regional work
(Rasmussen et al., 2002; Figs 2 and 3). The out-
crops are small and scattered and consist of non-
lithified sediments. The outcrop separation
means that it is difficult to follow a distinct facies
from one outcrop to another. However, there are a
number of key surfaces (e.g. sequence boundaries
and flooding surfaces) that, in combination with
biostratigraphy, allow robust correlation.

Fig. 4. Lithostratigraphy of the Oligocene–Miocene succession in east Jylland (from Rasmussen et al., 2002).
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Fig. 5. Correlation panel of the studied sections. Location of the photographs shown in Figs 10–13,15 and 16 is
indicated to the left of the sections. The relative abundance of marine dinocysts is indicated by a bar on the right side
of the sections. The presence of the dinocyst assemblages 1–3 is also shown.
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Fig. 5. Continued.
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Fig. 6. Correlation panel of the studied section showing the facies variations and inferred depositional architecture.
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Fig. 6. Continued.
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Palynology

A total of 47 samples was collected for palynol-
ogy. The profile from Dykær (Fig. 1) was sampled
at regular intervals, whereas other outcrops were
sampled more selectively in order to cover all
parasequences and major lithological changes.
The samples were processed using standard
palynological preparation methods, including
treatment with HCl, HF, heavy liquid separation,
brief oxygenation with HNO3 and sieving on
11 lm filters (see Poulsen et al., 1990).

For dating and correlation purposes, a mini-
mum of 200 dinoflagellate cysts (dinocysts) from
each sample was identified to species level. In a
few samples, it was not possible to count 200
specimens. In palynofacies studies, organic sedi-
mentary particles can be grouped in different
ways depending on the purpose of the study and

on the organic matter occurring in the samples. In
the present study, the organic sedimentary parti-
cles comprise palynomorphs, wood particles and
brownish amorphous organic matter (AOM),
probably of terrestrial origin. Partly degraded
wood particles showing a transitional stage
between wood and AOM occur commonly. A
minimum of 200 organic particles were identified
and referred to one of the three main categories.
In addition, a minimum of 200 palynomorphs
were identified and referred to one of the groups:
microspores, nonsaccate pollen, bisaccate pollen,
freshwater algae, acritarchs and dinocysts. The
general environmental significance of these cat-
egories and groups is shown in Tables 1 and 2.
For more detailed discussion of the methodology
and principles of palynofacies, the reader is
referred to Dybkjær (1991; appendix F), Tyson
(1995) and Batten (1996).

Table 1 Main categories of organic sedimentary particles and their environmental indication. Sub-categories not
present or occurring very sporadically in the present study are not included here.

Main categories Sub-categories
Description/
definition

Environmental
significance

Amorphous organic
matter (AOM)

Structureless organic matter
of various marine or
terrestrial origin, partly degraded
by bacteria, fungi and aquatic
invertebrates. The AOM found in
the present study was brownish
and probably has a terrestrial origin.

Preservation of large
amounts of AOM indicate
oxygen-deficient
conditions at the sea-floor.

Terrestrial
plant debris
(phytoclasts)

Black wood Carbonised wood fragments, totally
opaque, rounded to angular with
no visible structures.

Often the only type of
organic particles found in
coarse grained sediments
probably due to its
resistance to further
oxygenation and decay.

Brown wood Wood fragments, partly or
totally translucent, brownish to black,
rounded to angular, often exhibiting
longitudinal structural thickenings.

Most abundant in regions
where rivers debouch into the sea.
Abundance and size
of fragments decrease offshore.
Dominates in well-oxygenated,
high-energy depositional
environments.

Palynomorphs Terrestrial
palynomorphs

Microspores
Non-saccate pollen
Bisaccate pollen

Due to their hydralic abilities
palynomorphs are most
abundant in low energy
depositional environments,
deposited with the medium
silt to clay-fractions.
See Table 2.

Aquatic
palynomorphs

Freshwater algae
Acritarchs
Dinoflagellate cysts
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Results

Three chronostratigraphic dinocyst assemblages
(Assemblage 1–3 in Fig. 5) were identified. The
recognition of these assemblages combined with
the sequence stratigraphic analysis underpins the
correlation of the scattered outcrops. The dino-
cyst species recorded from the Dykær profile are
shown in Fig. 7. The ages of the sequences, based
on the occurrences of dinocysts, are discussed
below. The results from the palynofacies study
from the Dykær and Hindsgavl profiles are
summarized in Figs 8 and 9; the results from
the other outcrops are presented in Appendix 1.
The palynological results are combined with the
sedimentological observations in the following
description and interpretation of each sequence
and parasequence.

SEDIMENTOLOGY AND SEQUENCE
STRATIGRAPHY

The Upper Oligocene–Lower Miocene succession
is bounded by two major unconformities (Fig. 4).
The lower boundary separates Middle to Upper
Eocene marls from Upper Oligocene glaucony-rich
sediments (Larsen & Dinesen, 1959; Heilmann-
Clausen et al., 1985; Dybkjær & Rasmussen, 2000).

The upper boundary corresponds to a base Qua-
ternary unconformity. The intervening succession
is subdivided into three depositional sequences,
sequences A to C from older to younger (Fig. 5).
These sequences are, when possible, further sub-
divided into shoaling-upward units bounded by
flooding surfaces, i.e. parasequences.

Sequence A

This sequence is dominated by intensely biotur-
bated, greenish silty clay. In the upper part some
fine-grained sand beds may occur. It has not been
possible to subdivide the sequence into para-
sequences, firstly as the result of bioturbation
which has destroyed any primary sedimentary
structures and secondly because it represents a
condensed section of Upper Oligocene deposits
(Rasmussen, 1996).

Description
The lower boundary is distinct and separates
greenish-grey marls from glaucony-rich and or-
ganic-rich mud (Fig. 5). The lower part of the
succession is characterized by bioturbated mud
with rip-up clasts, pyritized burrows and large
amounts of glaucony. Upwards, the section
becomes more silty with intercalation of sand
beds. Some of the sand beds are cross-stratified

Table 2. Palynomorph-groups and their environmental indication. Palynomorph-groups not present or occurring
very sporadically in the present study are not included here.

Palynomorph
groups Origin Environmental indication

Microspores Lower landplants
(bryophytes,
pteridophytes)

Generally not deposited very far from the parent plants.
Relative abundance decreases in a proximal–distal trend.

Non-saccate
pollen

Higher landplants
(Gymnosperms,
Angiosperms)

Transported by wind and water, not as good buoyancy as the
bisaccate, relative abundance (of terrestrial palynomorphs)
decreases in a proximal to distal trend.

Bisaccate pollen Higher landplants
(Gymnosperms,
Angiosperms)

Transported by wind and water. Due to the saccae they have a
good buoyancy and can float long distances. The relative
abundance (bisaccate to total terrestrial palynomorphs) thus
increases in a proximal to distal trend.

Freshwater algae Grow in lakes,
swamps and rivers

High relative percentages of freshwater algae indicate a freshwater
environment or close proximity to freshwater input. Some freshwater
algae (e.g. Botryococcus) are tolerant to brackish water conditions.

Acritarchs Unknown Most common in shallow water marine (inner shelf) environments.
They also occur relatively abundantly in shallow bays and lagoons.

Dinoflagellate
cysts (dinocysts)

Dinocysts are fossilized
cysts derived from
single-celled protists
with flagellae.

High relative percentages generally indicate a normal marine salinity
environment. A high diversity indicates a normal marine shelf
environment. Some species are, however, abundant in brackish water
environments. The relative abundance of dinocysts (related to total
of palynomorphs) increases in a proximal–distal trend.
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and consist of iron oolites. Distinct horizons with
siderite concretions occur and locally the sand
beds are cemented by siderite.

The sedimentary organic particles are domin-
ated by palynomorphs in the lower part and by

brownish AOM and palynomorphs in the upper
part of the sequence (Fig. 8). Among the palyno-
morphs, bisaccate pollen is dominant. Dinocysts
occur in all samples. The relative abundance and
the diversity of dinocysts decreases significantly

Fig. 7. Dinocyst-assemblages and freshwater algae in the Dykær section. The sequence stratigraphic subdivision and
the interpretations of the depositional environment are indicated.
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from the lower to the upper part of the sequence,
both at Jensgård and Dykær (Figs 5 and 8 and
Appendix 1). The relative abundance of nonsac-
cate pollen and freshwater algae (Botryococcus
and Pediastrum) increases in the upper part
(Figs 7 and 8).

Interpretation
The lower boundary represents a major hiatus
separating the Middle to Upper Eocene Søvind
Marl from the Upper Oligocene–Lower Miocene
Vejle Fjord Formation (Larsen & Dinesen, 1959;
Heilmann-Clausen et al., 1985). Previous palaeon-

Fig. 7. Continued.
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tological investigations of the succession, inclu-
ding studies of the foraminifera and mollusc
assemblages, all indicate a fully marine deposi-
tional environment in the lower part of the Brej-
ning Clay (Fig. 6), whereas decreased marine
influence (lowered salinity and circulation) and

shallower water depths were suggested by Larsen &
Dinesen (1959) based on changes in the foraminif-
eral assemblage.

The high content of glaucony in the lower part
of sequence A indicates a sediment starved, open
marine depositional environment (Odin & Matter,

Fig. 8. Variations in palynofacies in the Dykær section. The sequence stratigraphic subdivision and the interpre-
tations of the depositional environment are indicated.
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1981; Rasmussen, 1996). The shallower water
depth in the upper part probably resulted in
winnowing and reworking of iron ooids. These
iron oolites were then deposited during periods of
lower sea level. A brackish water environment or
even subaerial exposure prior to deposition of
sequence B could explain the high siderite and
goethite content in the upper part of the
sequence. The upper boundary of the sequence
is placed above an oolitic ironstone (Fig. 5) as
these commonly cap regressive phases (Van
Houten & Purucker, 1984).

The abundance of bisaccate pollen and the
occurrence of a diverse dinocyst assemblage in
the lower part of sequence A strongly indicates a
nearshore, fully marine depositional environ-
ment. The distinct decrease in relative abun-
dance and diversity of dinocysts in the upper
part of the sequence indicates an increased
freshwater influx. This is supported by the
increase in abundance of nonsaccate pollen and
of freshwater algae. In spite of the high relative
abundance of brownish AOM in the upper part of
the sequence, the depositional environment does
not generally appear to have been anoxic, as
bioturbation occurs in this interval and benthic
molluscs and foraminifera are present. The high
preservation of organic matter probably results

from a high influx of terrestrial organic matter
and a high sedimentation rate combined with a
reduced circulation.

The lower part of sequence A was deposited in
a fully marine, sediment-starved basin. During
deposition of the upper part of the sequence,
shallower-water conditions prevailed and an
increase in sediment supply (indicated by cessa-
tion of glaucony formation, Rasmussen, 1995),
including freshwater and terrestrially derived
organic matter occurred. The development of a
brackish water environment is interpreted as
having resulted from a combination of the topog-
raphy of the Ringkøbing–Fyn High and a sea-level
fall. The increase in sediment supply seen in the
upper part of the sequence heralded the progra-
dation of major sedimentary wedges from
the Fennoscandian Shield during the Miocene
(Rasmussen, 1961).

Systems tracts
Sequence A cannot be subdivided into parase-
quences. However, a regional transgression is
indicated by the deposition of the glaucony-rich
marine clay. The maximum flooding surface is
placed where the highest amounts of glaucony
are found and also most K-enrichment (Fig. 5;
Amorosi, 1995; Rasmussen, 1995). The sec-

Fig. 9. Variations in palynofacies of the Hindsgavl profile. The sequence stratigraphic boundaries and the inter-
pretations of the depositional environment are indicated. Note the distinct increase in relative abundance of dino-
cysts in the lower part of parasequence B3.
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tion above is interpreted as representing the
highstand systems tract, but winnowing and
reworking of iron ooids may indicate falling sea
level in the uppermost part and thus constitute
a part of the forced regressive wedge systems
tract.

Age
The dinocyst assemblage in the deposits referred
to sequence A at Jensgård and Dykær (Assemblage
1 in Fig. 5) is characterized by common occur-
rences of Deflandrea phosphoritica and Chirop-
teridium galea, especially in the HST (Fig. 7). The
assemblage is comparable to that recorded in
sequence A in the Addit Mark and Klovborg
boreholes in the central parts of Jylland (Dybkjær,
2004), referred to the latest Chattian.

Sequence B

The general trend from sequence A to B is a
change from fully marine conditions to a variably
brackish water environment. The shallow water
environment combined with the sediment starved
conditions in the uppermost part of sequence A
and the lower part of sequence B makes it difficult
to distinguish the boundary on lithological cri-
teria. The base of sequence B is thus defined
where there is slight increase in the abundance
and diversity of dinocysts concurrent with a
decrease in the abundance of freshwater algae
(Figs 5 and 6). In the north-eastern part of the
study area (e.g. at Dykær Fig. 4), the lower
boundary is placed at the base of a thin gravel
layer, with clasts up to 3 cm across.

Sequence B consists of four parasequences, all
of which show a shallowing-upward tendency.
The bounding flooding surfaces are, where poss-
ible, defined where an upper shoreface sand is
overlain by marine clay or lower shoreface sand,
but distinct changes in palynofacies, for example
an increase in dinocyst diversity and in the
relative abundance of dinocysts or a decrease in
the relative abundance of nonsaccate pollen and
freshwater algae, are also used as a criterion.

Parasequence B1

Description
This parasequence is dominated by homogene-
ous, organic-rich mud in the south-western and
central parts of the study area (Hindsgavl, Hvidbj-
erg, Skansebakke, Sanatoriet; Figs 5 and 10A).
Laterally, towards the north-east (Dykær, Jen-
sgård), the muds are intercalated with laminated

sand showing minor bioturbation (Fig. 10B).
These sand-rich intervals show a systematic
variation in the dominance of sand and mud;
scours are locally common within this interval
(Fig. 10C). In detail, these beds show a rhythmic,
thick-thin alternation of sand beds separated by
mud layers, especially at Jensgård (Fig. 10D). The
thick sand beds show normal grading. At Jen-
sgård, large fine-grained hummocky cross-strati-
fied sand beds are present (Fig. 10E). These beds
are characterized by a sharp base, well-sorted
structureless sand in the lower part grading up
into laminated sand with low angle internal
truncation surfaces (Fig. 10F). The sand beds
have a wave-rippled top.

The sedimentary organic particles are domin-
ated by terrestrial palynomorphs, whereas brown-
ish AOM occurs commonly although showing
variable abundances (Fig. 8). Among the pal-
ynomorphs, bisaccate pollen dominates. Dino-
cysts occur in all samples, generally with low
abundances and diversities. The dinocyst assem-
blage at Dykær is dominated by Homotryblium
plectilum and Spiniferites (Fig. 7). At Skanse-
bakke, Homotryblium tenuispinosum dominates.
At Dykær, the abundance of dinocysts is highest
in the middle part of the parasequence (Fig. 8). In
the upper part, the relative abundance of dino-
cysts is low, whereas the abundance of freshwater
algae is relatively high, especially the brackish-
water tolerant Botryococcus. At Skansebakke the
relative abundance of dinocysts is generally lower
than at Dykær. Here the relative abundance of
dinocysts shows a distinct decrease towards the
top of the parasequence (Fig. 5; Appendix 1).

Interpretation
The organic-rich homogeneous section was prob-
ably deposited below wave base. The occurrence
of alternating sand and mud layers in the north-
eastern part of the study area, with evidence of
diurnal inequality and spring–neap cycles points
towards a tidal influence (Nio & Yang, 1991).
These alternating thick and thin sand beds were
deposited from suspension in connection with
turbid tidal currents in a distal setting below wave
base (Williams, 1991). In these rhythmic deposits,
the thick sand beds were laid down by the
dominant current and the thin during the sub-
ordinate current, the mud layers accumulating
during slack-water periods. The lack of bioturba-
tion in the sand-rich intervals in the extreme
north-east (the outcrops at Dykær and Jensgård)
indicates a high sedimentation rate in this area. At
Jensgård, where hummocky cross-stratified sand
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beds are intercalated with the tidally influenced
sediments, and where scours are frequent, strong
wave oscillatory processes must have been super-
imposed on tidal deposition in connection with
storms (Southard et al., 1990; Cheel & Leckie,
1993). The increased influence of wave action at
Jensgård, reflecting a shallower water depth, could
indicate a topographic influence on deposition at
this locality, perhaps associated with the main
fault bounding the Horsens Graben (Fig. 2).

The dominance of terrestrial palynomorphs
combined with the presence of marine dinocysts
in all samples (Figs 8 and 9) indicates a marine

depositional environment with a high influx of
terrestrial organic matter. The common occur-
rence of brownish AOM indicates a high influx of
terrestrially derived organic matter and restricted
circulation, but the intense bioturbation of the
homogeneous mud deposits indicates that anoxic
conditions cannot have prevailed. The generally
low dinocyst abundances and diversities and the
dominance among the dinocysts of the genus
Homotryblium indicate a restricted marine
depositional environment (Brinkhuis, 1994),
probably a brackish water environment. A general
shallowing-upward trend towards the upper

Fig. 10. Parasequence B1. (A) Organic-rich mud deposited in a brackish water environment. Parasequences are
indicated (P1 and P2) as well as the transgressive surface (TS). Scale is 2 m (Sanatoriet). (B) Interbedded organic-rich
mud and laminated sand and mud. (Dykær). (C) Rhythmic laminated sand and mud reflecting neap and spring tidal
variation. Note that the section is intensely faulted due to glacial tectonics. Pencil for scale. (Jensgård). (D) Close-up
of c showing diurnal inequality of the beds. Double clay layers are indicated by arrows. (E) Hummocky cross-
stratified beds intercalated in tidal deposits. (Jensgård). (F) Close-up of a hummocky cross-stratified bed. Internal
erosional surfaces are indicated by arrows. (Jensgård).
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boundary is indicated by a decrease in the
relative abundance of dinocysts at Dykær as well
as at Skansebakke, and is further supported by the
increase in the relative abundance of freshwater
algae at Dykær (Figs 5 and 8).

The dominance of mud-dominated brackish-
water deposits in parasequence B1 also on a
regional scale (Rasmussen et al., 2002) points
towards a significant palaeotopographic control.
The succession is consequently interpreted as
representing deposition within a tidally influ-
enced restricted basin (silled sub-basin) with
seasonal storms (Fig. 6).

Parasequence B2

Description
In the south-western part of the study area
(Hindsgavl), parasequence B2 comprises alter-
nating black mud and grey, fine-grained sand
beds (Fig. 5). Scours are common. The sand beds
often show erosional and sharp basal contacts.
The unit includes wave rippled sand, climbing
ripples, laminated beds showing a thick/thin
alternation of sand laminae separated by thin
clay layers, and microhummocky cross-stratified
sand interbedded with black clay (Fig. 11A
and C). Scours draped by mud are common
(Fig. 11A). Discrete macro-hummocky cross-stra-
tified sand beds with wave rippled tops occur
especially in the central part of the unit and both
isotropic and anisotropic hummocks are present
(Fig. 11B). The uppermost part of the parase-
quence is characterized by lenticular bedding
and alternating clay and wavy sand beds. Cur-
rent directions measured on ripple cross-lamin-
ated beds and anisotropic hummocky beds both
indicate easterly palaeoflows.

In the central part of the study area (Skanse-
bakke and Sanatoriet), alternating fine- to med-
ium-grained sand and clay layers dominate. The
sand beds are sharp based and commonly homo-
geneous in the lower part becoming laminated
upwards (Fig. 11D and E) and some of the sand
beds are hummocky cross-stratified. Wave ripples
may occur in the uppermost part of the beds.
Gutters filled with trough cross-stratified sand are
also common (Fig. 11F) and convolute bedding of
discrete sand beds occurs in the upper part of the
parasequence (Fig. 11G).

In the north-eastern area (Dykær and Jensgård),
organic-rich mud dominates. At Dykær, however,
the upper part of the parasequence consists of
alternating sharp-based, laminated sand beds and
intensely bioturbated sand layers.

The sedimentary organic particles at Hindsgavl
are dominated by bisaccate and nonsaccate pollen
and wood-particles. Dinocysts occur in all sam-
ples but constitute only 1Æ5–3% of the palyno-
morphs (Figs 5 and 9). The dinocyst assemblage
is dominated by Homotryblium tenuispinosum
and the diversity is low. The freshwater algae
Pediastrum and Botryococcus occur commonly.
At Skansebakke, the organic particles are totally
dominated by bisaccate pollen, most often torn
apart (Appendix 1). The dinocysts comprise less
than 0Æ5% of the palynomorphs (Fig. 5) and the
dinocyst assemblage is dominated by Homotryb-
lium plectilum. The diversity is very low. The
brackish-water tolerant freshwater algae, Botryo-
coccus, is common.

At Dykær, the organic particles are dominated
by bisaccate pollen and brownish AOM. The
relative abundance of wood particles gradually
increases upwards, whereas the abundance of
palynomorphs falls. Dinocysts occur in all sam-
ples (Figs 5 and 8). The dinocyst assemblage is
dominated by Homotryblium tenuispinosum and
Spiniferites (see Fig. 7). A distinct increase in
both diversity and abundance of dinocysts can be
seen from the uppermost sample in parasequence
B1 to parasequence B2. In the middle part of
parasequence B2, lower abundances and slightly
lower diversities were recorded. The uppermost
part is characterized by high abundances but
slightly lowered diversities of dinocysts owing to
a strong dominance of Homotryblium tenuispino-
sum (Figs 7 and 8).

Interpretation
The abundance of hummocky cross-stratified beds
at Hindsgavl is interpreted as reflecting a deposi-
tional environment dominated by storms (Dott &
Bourgeois, 1982; Leckie & Walker, 1982). Sedi-
mentary structures generated by both oscillatory
and unidirectional currents, anisotopic hum-
mocky and climbing ripples indicate deposition
under a combined flow storm regime (Swift, 1985;
Nøttvedt & Kreisa, 1987). The evolution from a
sharp-based, hummocky cross-stratified sand to
climbing ripples and finally into aggrading ripples
(Fig. 11D) was a result of a progressive decrease in
energy during deposition (Seguret et al., 2001).
The high frequency of scours indicates periodic-
ally high turbulence within the water column.
Beds showing diurnal inequality further indicate a
tidal influence (Nio & Yang, 1991). The uppermost
part, which is characterized by wavy and lenti-
cular bedding, is interpreted as a tidal deposit
(Reineck & Wunderlich, 1968).
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Fig. 11. Parasequence B2. (A) A section dominated by hummocky cross-stratified beds. Note that the beds are
frequently scoured and often draped by mud. Note also the bed showing diurnal inequality. 35-cm rule for scale.
(Hindsgavl). (B) Hummocky cross-stratified sand beds interbedded in wave-influenced heterolithic clay and sand.
Note the bed in the middle part of the photo shows scour and drape. The drape above the second order scoured
surface (arrows) shows anisotropy indicating a combined flow regime. Spade for scale. (Hindsgavl). (C) Hummocky
cross-stratified sand in a wave influenced heterolithic sand and clay. Some of the hummocky sands pass laterally into
wave ripples. (Hindsgavl). (D) Hummocky cross-stratified sand bed grading upward into climbing ripples and
aggrading ripples. (Hindsgavl). (E) Discrete washover fan characterized by a sharp lower boundary and homogeneous
to laminated internal structures. Pencil for scale. (Skansebakke). (F) Gutter cast (upper part) and a discrete washover
fan. (Skansebakke). (G) Washover fan showing convolute bedding. Trowel for scale. (Skansebakke).
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In the central part of the study area (Skanse-
bakke and Sanatoriet), parasequence B2 is domi-
nated by sharp-based, laminated sand beds
indicating deposition in the upper flow regime.
The sand beds are enriched in heavy minerals
(Larsen & Dinesen, 1959) and are intercalated
with muds deposited in a brackish water envir-
onment (see below). Hummocky cross-stratified
sand beds and beds with wave-rippled tops
occur, but are rare. Consequently, the deposi-
tional environment was not dominated by oscil-
latory movements, but was associated with
sediments deposited during storms and thus
interpreted as representing washover fans within
a back barrier depositional environment (Demar-
est & Kraft, 19871 ; Percival, 1992; Sedgwick &
Davis, 2003)2 . This interpretation is supported by
the thick succession of lagoonal muds penetrated
in the Remmerslund borehole just north of the
Skansebakke and Sanatoriet sections (Fig. 3).

In the north-eastern area (Dykær and Jensgård),
where organic-rich mud dominates, the overall
depositional environment was calm. However,
the sand layers at Dykær are very similar to storm
sand layers in the recent Skagen Spit complex
deposited in c. 10 m of water (Nielsen &
Johannessen, 1998).

The dominance of wood particles and bisac-
cate pollen, the relatively high abundance of
nonsaccate pollen and the very low dinocyst
abundance and diversity indicate a well-oxyge-
nated environment with a high influx of fresh-
water at Hindsgavl and Skansebakke (Figs 5 and
9). At Dykær, the abundance and diversity of
dinocysts shows a distinct increase from parase-
quence B1 to parasequence B2, strongly indica-
ting marine flooding (Figs 5 and 8). The low
relative abundance of dinocysts and the high
abundance of bisaccate and nonsaccate pollen in
the central part of the parasequence probably
reflect an increased influx of freshwater. The
general increase in wood-particles in the upper
part probably reflects a gradual increase in
energy level, whereas the high relative abun-
dance of dinocysts and acritarchs in the upper-
most part of the parasequence suggests a change
towards more open marine conditions. The
relatively high abundance of freshwater algae
(Botryococcus) indicate, however, a continuous
influx of freshwater. The relative abundance of
brownish AOM is clearly higher at Dykær than at
Hindsgavl and Skansebakke (Figs 8 and 9 and
Appendix 1). This probably reflects a more
restricted marine, possibly lagoonal depositional
environment at Dykær.

In general, deposition took place in a restricted
marine environment with a high influx of fresh-
water and of terrestrially derived organic matter
(Fig. 6). Sedimentary structures including hum-
mocky cross-stratification, frequent scours, beds
showing diurnal inequality, and the high
amounts of wood particles, pollen and freshwater
algae indicated by the palynofacies study, point
towards an outer estuarine environment for the
southern sections (Allen, 1992; Dalrymple et al.,
1992; Surlyk et al., 1995), whereas deposition
occurred in more protected, possibly lagoonal
environments in the northern part of the study
area.

Parasequence B3

Description
In the south-western part of the study area
(Hindsgavl), the lower part of this unit is charac-
terized by discrete hummocky cross-stratified
beds c. 30 cm thick (Fig. 12A). These beds often
show an ideal hummocky unit with a scoured
base, a relatively thick H zone with several
second-order surfaces, a thinner F zone, an X
zone with wave ripples, and finally an M zone
(Dott & Bourgeois, 1982; Fig. 12A). Each bed is
separated by an up to 2 cm thick light brown clay
layer. Truncation of clay layers and amalgamation
occurs commonly. The hummocky cross-stratified
sand is overlain by swaley cross-stratified sand
beds (Fig. 12B) and sand beds characterized by a
planar-laminated lower part and a wavy upper
part. The bases of the swaley cross-stratified beds
are often pebbly. Upwards, planar-laminated beds
dominate and scattered pebbles are seen (at 9Æ5 m;
Fig. 5). Heavy minerals are concentrated along
the laminae. This is followed by a 40 cm thick
planar-laminated bed with a high content of
pebbles (Fig. 12C). The parasequence is capped
by a section dominated by gently dipping lamin-
ated beds at the Hindsgavl locality (Fig. 5). The
laminae dip towards the south-east.

In the central and north-eastern part of the
study area, the base of the unit is characterized by
a pebbly sand layer and in the Morsholt borehole,
shells were found at this level (Dybkjær &
Rasmussen, 2000). The sedimentary structures
recognized in this parasequence are dominated by
flaser bedding and homogeneous to laminated
sand beds. The sand beds are locally bioturbated.
At Hvidbjerg, a massive sand-rich section
is present. The succession is dominated by
sharp-based, planar-laminated sand beds often
capped by wave ripples (Fig. 12D). At Dykær, a
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section of organic-rich muds is present in this
parasequence (Fig. 5). The mud gradually chan-
ges upwards into alternating rippled sand and
clay (Fig. 12E). The sand ripples often show
bi-directional current directions (Fig. 12F).

A distinct increase in the relative abundance of
wood particles and dinocysts from parasequence
B2 to B3 can be seen at Hindsgavl (Figs 5 and 9).
Homotryblium tenuispinosum dominates the
assemblage. In the upper part of parasequence

B3 at Dykær, the organic sedimentary particles
are strongly dominated by brownish AOM, which
constitutes more than 90%. Among the few
palynomorphs, nonsaccate pollen dominates.
Dinocysts, mainly Homotryblium tenuispinosum,
were however, found in both samples (Fig. 7).

Interpretation
The distinct change in palynofacies at Hindsgavl
across the parasequence B2/B3 boundary prob-

Fig. 12. Parasequence B3. (A) Discrete hummocky cross-stratified bed. Note the sharp transition from alternating
sand and mud layers in the lower part (P2) to dominantly sand beds in the upper part (P3). This boundary forms a
transgressive surface (TS). Hand for scale. (Hindsgavl). (B) Swaley cross-stratification. Note that the stratification is
relatively flat. (Hindsgavl). (C) Pebbly sand with laminated bedding. (Hindsgavl). (D) Sharp based, planar laminated
sand beds, capped by wave-ripples. (Hvidbjerg). (E) Organic-rich mud with few intercalated thin sand beds passing
upwards into tidally influenced sand. Spade for scale. (Dykær). (F) Details from the tidally influenced sand
(Fig. 12E). Note the reversal of cross bedding indicated by arrows. (Dykær).
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ably reflects a marked change towards more open
marine conditions in the basal part of para-
sequence B3. This corresponds to the relatively
sharp boundary from clay-dominated hummocky
and rhythmic tidal-dominated sediments of para-
sequence B2 to thick hummocky and swaley
cross-stratified, sand-rich deposits of para-
sequence B3. This transition probably represents
a change from deposition under partly restricted
conditions (e.g. estuarine or bay environment) to
deposition under more open marine conditions.
The evolution of hummocky cross-stratified beds
from ideal hummocky beds, showing H to M
zones separated by thin clay layers, to total
amalgamation and stacked H–H zones, with dis-
tinct erosional surfaces and swaley cross-stratifi-
cation, indicates an evolution from lower
shoreface to upper shoreface on a storm-domin-
ated coast (Dott & Bourgeois, 1982; Leckie &
Walker, 1982; Surlyk & Noe-Nygaard, 1986;
Walker & Plint, 1992; Cheel & Leckie, 1993; Figs 5
and 6). The occurrence of laminated pebbly sand
beds overlain by gently dipping laminated sand of
the top of the section suggests deposition in the
upper shoreface and swash zone (Miller &
Ziegler, 1958; Clifton, 1969, 1981; Harms et al.,
1975).

In the central and north-eastern part of the
study area (including Dykær), the succession
records the evolution from open marine condi-
tions in the lowermost part of the parasequence
(not represented by samples for palynofacies) to a
more restricted depositional environment. The
very high relative abundances of brownish AOM
in the upper part of parasequence B3 at Dykær
strongly indicate a restricted marine environ-
ment, possibly lagoonal, with oxygen deficiency
at the sea floor. The sedimentary structures
described above (HCS, SCS and sharp based,
planar laminated sand beds) indicate a wave-
dominated depositional environment. A delta
was located about 25 km west of the study area
(Rasmussen et al. 2004; Fig. 3). According to Friis
et al. (1998), westerly winds dominated in the
Early Miocene North Sea. It is likely therefore that
eastward directed longshore currents generated
voluminous sand transport to the study area and
resulted in the formation of a spit complex
(Bhattacharya & Giosan, 2003)3 . Alternatively, the
Hvidbjerg section represents a barrier deposited
as a result of reworking of a delta mouth bar,
similar to the wave-dominated deltas described
by Bhattacharya & Giosan (2003). The alternating
sand and clay layers and reversal of ripple
migration, as seen at Dykær (Fig. 12F), indicate

tidal influence. The interpretation of a spit or
barrier complex at Hvidbjerg, is supported by the
fact that clay layers found south of the system
represent fully marine deposits (Fig. 12A) and
that lagoonal muds are located north of Hvidbjerg
(Fig. 12E).

In general the depositional environment was
fully marine over most of the study area (Fig. 6).
Towards the south, lower and upper shoreface
sands dominate. In the central part of the study
area, spit complexes formed and migrated to-
wards the south-east. This resulted in mud-rich
lagoonal deposition towards the north-east.

Parasequence B4

Description
The lower boundary of this parasequence is
placed where medium- to coarse-grained sand is
sharply overlain by fine- to medium-grained
sand (Fig. 5). In the south-western part of the
study area (Børup), this parasequence is char-
acterized by a series of fining-upward units
consisting of a relatively thick (20–30 cm) lam-
inated fine-grained sand bed capped by wave
ripples (Fig. 13A). The fining-upwards units are
overlain by alternating laminated and wave-
rippled sand beds with occasional scour-and-
fill, some of which are 20 cm thick and several
metres wide. An upward widening of troughs
towards the overlying laminated sand layer
occurs. Upwards, each cycle is dominated by
thin bioturbated sand beds separated by clay
layers and flaser bedding. Scours with a fill at
pebbly sand occur sporadically at the base of
each unit. The cyclic bedding evolves into a c.
2 m thick medium-grained, weakly laminated
sand. The laminae dip towards the SE of c. 2�.
The uppermost part of this unit is trough cross-
bedded. Burrows of Ophiomorpha occur spor-
adically.

In the central part of the study area, at Pjedsted,
medium scale cross-stratified beds showing bun-
dles and clay drapes are common (Fig. 13B and
C). The clay drapes are concentrated in the lower
part of the foresets and clay balls and rip-up
clasts are frequent. The clay drapes commonly
show thick/thin alternations. Reactivation surfa-
ces on top of the beds are often seen (Fig. 13D).
The palaeocurrents measured from the foresets of
the 2-D dunes indicate flow was to the SW. The
upper part of the section is characterized by
c. 4 m of laminated sand. Discrete beds are sharp-
based and the tops are locally wave rippled.
Some of the bed boundaries are gently curved
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(convex-upward). Rip-up clay clasts are com-
monly found and scattered burrows of Ophio-
morpha occur.

At Dykær, a 6 m section of inclined beds is
exposed (Fig. 13E). The dip of the beds is 20�.
These beds consist of medium-scale trough cross-
bedded, pebbly to coarse- and medium-grained

sand. The trough cross-bedded section is arranged
in four fining-upward units. Each unit generally
thickens and coarsens upwards. Palaeocurrent
data from cross-stratified beds indicate flows
towards the NE and the SW (Fig. 14). Burrows of
Ophiomorpha are moderately common and the
walls are well consolidated.

Fig. 13. Parasequence B4. (A) Laminated sand beds topped by wave ripples. Note the upward widening of troughs
below the overlying laminated sand bed in the middle part of the photo (see Discussion in the text). The upper part is
dominated by thin laminated sand beds alternating with intensely bioturbated layers. (Børup). (B) Tidal bundles.
Flow direction (SW) is indicated by an arrow. (Pjedsted). (C) Tidal bundles showing spring–neap cycles (arrows)
indicated by alternating sand dominated intervals and clay drapes on forsets. Flow direction (SW) is indicated by an
arrrow. (Pjedsted). (D) Scour and fill deposits. Note the reactivation surface on the top of a tidal dune indicated by an
arrow. (Pjedsted). (E). Small scaled trough cross-stratified sand with moderate bioturbation of Ophiomorpha. Note
the dip of the strata (arrows) indicating a progradational sandbody. (Dykær).
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The organic sedimentary particles from Pjed-
sted are dominated by wood particles and bisac-
cate pollen and show very low abundances of
nonsaccate pollen (Appendix 1). The dinocysts
comprise 1–14% of the palynomorphs, with a
dominance among the dinocysts of the species
Glaphyrocysta cf. vicina, with Homotryblium
plectilum and H. tenuispinosum occurring com-
monly. In addition, Botryococcus, large spheres
and several taxa of acritarchs are present.

At Dykær, the organic sedimentary particles
show a distinct change from the AOM-domin-
ated samples below. In the lower part of parase-
quence B4, palynomorphs dominate, mainly
bisaccate and nonsaccate pollen. In the upper-
most of the studied samples, AOM is common
(Fig. 8). A distinct increase in dinocyst abun-
dance and diversity is also seen from parase-
quence B3 to B4.

Interpretation
The sharp-based laminated sand layers with wave
rippled tops found in the south-western part of
the study area record deposition during storms.
They show similarities to storm beds deposited in
c. 10 m of water as described by Roep et al.
(1979). The transition from narrow troughs
towards wider troughs and finally laminated sand
beds indicates increasing wave activity during
deposition. The intensely bioturbated layers dem-

onstrate that deposition was periodic and calm
periods prevailed between storms or stormy peri-
ods (winter) allowing colonization by burrowing
animals. The scour-and-fill structures elongated
perpendicular to the dip of the laminated storm
beds are interpreted as runnels (Clifton et al.,
1971; Davidson-Arnott & Greenwood, 1976; Roep
et al., 1979). The uppermost part of the para-
sequence is interpreted as having been deposited
in the swash zone and in beach runnels by
migrating small three-dimensional dunes.

In the central part of the study area, deposits
related to a current-dominated environment pre-
dominate. A strong tidal influence is indicated by
the high frequency of bundles and prominent
reactivation surfaces that were formed during
spring tides (Visser, 1980; Mowbray & Visser,
1984; Nio & Yang, 1991; Fig. 13B and D). The
south-westerly dip of the foresets shows that the
system was ebb-dominated as the general trend of
the shoreline was NW–SE (Rasmussen et al.,
2002). The upper part of the parasequence, which
is dominated by planar laminated sand, indicates
energy conditions too high for the development
of dunes, and was probably deposited in a
storm-dominated upper shoreface environment.
The inclined sand unit characterized by trough
cross-bedding in the upper part of the section at
Dykær is very similar to the deposits described
from an estuarine channel complex by McCrory &
Walker (1986) and MacEachern & Pemberton
(1994). As it overlies lagoonal muds and shows
an overall coarsening upward-trend it is inter-
preted as a prograding strandplain of a spit or a
tidal bar. The palaeocurrent directions (N–S to
NE–SW) also indicate a system transverse to the
trend of the shoreline. The dominance of nor-
therly flow directions further indicates flood-
dominated deposits.

The high abundance of wood particles at Pjed-
sted indicates an environment with relatively
high energy. The dominance of bisaccate relative
to nonsaccate pollen indicates some distance to
freshwater sources whereas the co-occurrence of
large spheres and acritarchs indicates a near-
shore marine depositional environment. A low
abundance of Homotryblium among the dinocyst
assemblage indicates a more fully marine envi-
ronment. At Dykær, the marked change from a
strong dominance of AOM in parasequence B3 to
a strong dominance of bisaccate and nonsaccate
pollen and brown wood in parasequence B4
probably reflects marine flooding. This is further
supported by the distinct increase in dinocyst
abundance and diversity.

Fig. 14. Rose-diagram presenting measurements of
tabular cross-beds at Dykær, parasequence B4. See also
Fig. 5.
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The depositional environment was fully mar-
ine. In the southern and central part of the
study area, upper shoreface sand dominates
(Fig. 6). At Pjedsted, an ebb-dominated tidal
delta in front of the shoreline is recognized. In
the north-eastern part, at Dykær, a flood-dom-
inated tidal channel dominates the depositional
environment.

Systems tracts
Sequence B consists of four parasequences. The
base of parasequence B1 forms a transgressive
surface and the parasequence represents the early
transgressive systems tract. Parasequence B2 con-
sists of transgressive back barrier deposits and is
interpreted as representing the upper part of the
transgressive systems tract. Maximum flooding is
interpreted as having occurred at the base of
parasequence B3 where a marked increase
in marine palynomorphs was seen (Fig. 5).
Above the maximum flooding surface, two para-
sequences (B3 and B4) constitute the highstand
systems tract.

Age
The dinocyst assemblage in sequence B (assem-
blage 2 in Fig. 5) is characterized by an abun-
dance of Homotryblium cysts (Fig. 7). Of
stratigraphical significance is the sporadic
occurrence of Caligodinium amiculum, Chirop-
teridium galea and Membranophoridium aspin-
atum. This assemblage resembles that for
sequence B in a series of boreholes in the
southern and central parts of Jylland, and is
probably of latest Chattian or early Aquitanian
age (Dybkjær, 2004).

Sequence C

Sequence C consists of two parasequences. The
lower boundary with sequence B is characterized
by a regional unconformity (Fig. 5). At this
boundary, a distinct change in lithology occurs
from a dominantly fine- and medium-grained
sand with few gravel layers below to gravel
immediately above the boundary. The coarsest
grained beds are concentrated within erosional
lows. Biostratigraphic data indicate a latest
Chattian or early Aquitanian age for the section
below the boundary and an early to mid-Burd-
igalian age for the sediments above the sequence
boundary (Dybkjær & Rasmussen, 2000). A
hiatus of at least 3Æ5 Myr is thus represented by
the sequence boundary between sequences B
and C.

Parasequence C1

Description
The base of this parasequence is very sharp and
erosional, especially at Børup and Pjedsted
(Fig. 15A and C) and it is overlain by a gravel
layer (Fig. 5). At Børup, the section consists of
two gravel layers capped by strongly bioturbated
medium-grained sand beds. The gravel layers are
very poorly sorted with well-rounded clasts. The
grain size distribution is 2–30 mm. The coarsest
gravel seems to be confined to erosional lows
(channels). Bioturbation of the gravel layers is
common. Each gravel layer shows a fining-
upward trend and the upper sandy part of the
unit is particularly intensely bioturbated. At
Pjedsted, the sharp–based boundary is associ-
ated with a number of scours that are up to
150 mm deep (Fig. 15C), and are filled with
gravel with a grain size up to 50 mm. At
Galsklint and Rønshoved, the gravel layer is
relatively thin (c. 250 mm) and the grain size
reduced (Fig. 5). At both Galsklint and Røn-
shoved, a 2 m sand bed, which is strongly
bioturbated in the upper part, occurs above the
gravel layer. At all localities studied, the basal
coarse-grained layer is sharply overlain by black,
homogeneous organic-rich silty clay (Fig. 5). The
organic content is very high, 10–20% (Rasmus-
sen, 1995). In the south-western part of the study
area, at Rønshoved, the organic-rich section is
thinner and interbedded with thin sand streaks
(Fig. 5). A thin cross-stratified sand layer is
found in the upper part of the parasequence,
which dip towards the NE.

The sedimentary organic particles, both at
Rønshoved and Hagenør, are strongly dominated
by brownish AOM (Appendix 1). The palyno-
morphs are dominated by pollen, especially
nonsaccate pollen, whereas marine palyno-
morphs only occur sporadically (1–3%). Most of
the recorded dinocysts are torn or otherwise
physically degraded.

Interpretation
Rasmussen (1998) interpreted the base of the
parasequence as a ravinement surface associated
with a sequence boundary. This was confirmed
subsequently by biostratigraphic data indicating
a hiatus of at least 3Æ5 Myr. (Dybkjær & Rasmus-
sen, 2000). The concentration of the most coarse-
grained, well-rounded gravel and poorly sorted
sediments confined to lows is interpreted as
representing a former fluvial-channel fill which
was reworked during storms, as the sea trans-
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gressed the area (Leithold & Bourgeois, 1984;
Plint, 1988; Plint et al., 2001; Rasmussen, 1998).
The intense bioturbation of the sand and gravel
layers is indicative of sediment starvation for a
long period. The homogeneous organic-rich
deposits in the upper part of the parasequence
are interpreted as representing lagoonal depos-
ition due to the high content of brownish AOM

and the dominance of nonsaccate pollen. The
few, often torn, dinocysts are interpreted mainly
as having been washed into the lagoon during
storms. The cross-stratified beds, dipping
towards the NE in the upper part of this para-
sequence, are interpreted as representing a flood
delta based on palaeogeographic considerations
(see below).

Fig. 16. Parasequence C2. (A) In the lower part of the photo tidally influenced bedding showing both diurnal
inequality and neap-spring cycles of parasequence C1 is seen. Above the transgressive surface of erosion (TSE) wave
influenced laminated marine mud and sand dominates. The two parasequences are indicated by P1 and P2. (Røn-
shoved East). (B) Lagoonal deposits (P1) overlain by marine sand (P2). The boundary forms a transgressive surface of
erosion (TSE). Note the prominent hummocky cross-stratified bed sharply overlying the gently dipping sand–mud
layer. Internal truncation surfaces are indicated by arrows (Rønshoved West). (C) Alternating hummocky cross-
stratified sand beds and climbing ripples. In the extreme upper part of the photo a sand bed characterized by low
angle cross-stratification is seen. The base of this sand bed represents a regressive surface of erosion (RSE). (Røn-
shoved East). (D) Intensely bioturbated, marine-influenced sand bed sandwiched between lagoonal muds. The two
parasequences are indicated by P1 and P2. The sand bed can be traced regionally and the base thus represents a
transgressive surface (TS). (Hagenør). (E) Alternating sand and clay beds. The sand beds are often sharp based and
laminated with a rippled top. Some of the ripples interbedded in the muds indicate tidal influence (Hagenør).

Fig. 15. Parasequence C1. (A) Laminated to trough cross-stratified shoreface sand cut by a pebble layer. The erosive
base (arrow) forms the sequence boundary between sequences B and C. The pebbles at this locality (Børup) are up to
3 cm. (B) The sequence boundary (SB) at Pjedsted. Here the grain size is up to 5 cm. (C) Details of the scoured surface
(arrow) and gravel filled burrows (Pjedsted).
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Parasequence C2

Description
This parasequence sharply overlies parasequence
C1 (Fig. 5). At Rønshoved, parasequence C1 is

erosively overlain by hummocky cross-stratified
sands (Fig. 16A and B). These grade upwards into
sand showing swaley cross-stratification and
climbing ripples; the succession is capped by a
homogeneous sand bed (Fig. 16C). At Børup,
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Hagenør, and Galsklint, a medium- to coarse-
grained sand bed of varying thickness (0Æ25–1 m)
is seen. Coarse-grained rippled sand has been
recognized at the base of the sand layer, especi-
ally at Pjedsted (Fig. 5). At many localities, the
sand bed is intensely bioturbated, but at Galsklint
five discrete rippled sand layers occur within the
section showing a thickening/coarsening-upward
trend (Fig. 5). The sand at Hagenør is capped by a
coarse-grained rippled layer (Fig. 16D). Thin mud
drapes are seen within these ripples. These
coarse-grained ripples have a crest spacing of
0Æ5–1 m with amplitudes up to 30 cm. The crests
of the ripples strike NW–SE. Cross-lamination
within the ripples indicates flow towards the SW.
At all outcrops except Rønshoved, a homogene-
ous, organic-rich silty clay section overlies the
sand (Fig. 5). This organic-rich layer is at Hagenør
and Børup gradually overlain by sharp-based,
homogeneous and laminated sand beds
(Fig. 16E). The sand beds are often characterized
by a wave rippled top, occasionally showing bi-
directional cross-lamination.

The sedimentary organic particles at Røns-
hoved show a distinct change from parasequence
C1 to parasequence C2. In parasequence C2,
palynomorphs and wood particles dominate,
whereas AOM only occurs in minor amounts.
The palynomorphs are dominated by bisaccate
and nonsaccate pollen, but the dinocysts are
much better represented here than in para-
sequence C1 (Appendix 1) and show a higher
diversity and better preservation.

At Hagenør, the lower sample of this para-
sequence shows a dominance of palynomorphs,
while brownish AOM occurs commonly. Among
the palynomorphs, nonsaccate pollen dominates
while bisaccate pollen is common. The dinocysts
generally show a slightly higher abundance, a
higher diversity and better preservation than in
parasequence C1 (Appendix 1). The sedimentary
organic particles in the upper sample are domin-
ated by brown wood, but palynomorphs also
constitute a major part of the sedimentary organic
particles. Brownish AOM occurs only sporadic-
ally. Among the palynomorphs, bisaccate pollen
dominates, whereas nonsaccate pollen is com-
mon. Dinocysts occur only sporadically whereas
acritarchs and freshwater algae occur in distinctly
higher numbers compared with the underlying
two samples (Appendix 1).

Interpretation
The base of parasequence C2 is interpreted as a
flooding surface above which fully marine con-

ditions were established (Fig. 6). This is indica-
ted by the superposition of marine (shoreface,
bay) sands onto lagoonal muds, and confirmed
by the increase in the content of marine dino-
cysts (Fig. 5). The most marine conditions have
been identified at the Rønshoved outcrop, where
the relative abundance of dinocysts increases
at the transgressive surface of erosion. The strike
of the coarse-grained ripples indicates a shore-
line trending NW–SE (Leckie, 1988; Cheel &
Leckie, 1993) which is compatible with the trend
of the regional shoreline (Rasmussen et al.,
2002), with the Rønshoved outcrop being located
in the most offshore position. The wave rippled
sand and gravel beds and hummocky cross-
stratified beds indicate storms. Some tidal influ-
ence is indicated by mud drapes on the coarse-
grained ripples and by diurnal bedding. The
climbing ripples at Rønshoved demonstrate a
short-term high sediment supply to the area. A
spit or barrier is inferred to have existed,
separating the lagoonal sediments at Hagenør
and Børup from the shoreface deposits at
Rønshoved (Fig. 6). The spit or barrier probably
formed at the coast as a result of the longshore
sediment supply. The palynological data from
Hagenør, with very sporadic occurrences of
dinocysts in the upper sample (see Fig. 5),
indicate that a brackish-water dominated envi-
ronment prevailed throughout the succession;
the sharp-based and laminated sand beds inter-
bedded in muds at Hagenør and Børup are thus
interpreted as washover fans from a transgressive
barrier-complex (see also Friis et al., 1998).

Systems tracts
Sequence C consists of two parasequences. The
base of both parasequences is characterized by
transgressive erosional surfaces and the overall
stacking pattern is retrogradational (Figs 5 and 6).
The parasequences thus represent the transgres-
sive systems tract or the lower part of the
transgressive systems tract of sequence C.

Age
The dinocyst assemblage (Assemblage 3 in Fig. 5)
is dominated by Spiniferites and Systematophora
placacantha whereas no Homotryblium occurs.
The appearance of several species, e.g. Hys-
trichosphaeropsis obscura and Polysphaeridium
zoharyi and the presence of Thalassiphora pel-
agica and Tityrosphaeridium cantharellus are of
stratigraphic significance (see range chart for
Hagenør and Rønshoved, Fig. 4 in Dybkjær &
Rasmussen, 2000) and indicate an Early to mid
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Burdigalian age. This dinocyst assemblage is
comparable to the assemblage recorded in se-
quence C in the central and southern parts of
Jylland, referred to the Early to mid Burdigalian
(Dybkjær, 2004).

PALAEOGEOGRAPHY

A regional transgression of the study area is
indicated by the deposition of sequence A in the
latest Chattian (Fig. 17A). The high content of
siderite and goethite in the upper part of the
sequence may indicate shallower water and even
subaerial exposure at the top of sequence A. The
Ringkøbing-Fyn High formed a barrier between
the open sea to the south-west and subaerial
exposure to the north-east of the high during
lowstands of sea level (Fig. 17B). Resumed trans-
gression (TST of sequence B) resulted in brackish
water deposits in the study area (Fig. 17C). In the
Lille Bælt area, more open marine conditions
prevailed and sediments deposited under the
influence of both storms and tidal processes
dominated here. In the Vejle Fjord area, deposits
related to the backbarrier flat, such as washover
fans are present. The washover sands originated
from sand originally laid down along the Ring-
købing-Fyn High during a previous lowstand of
sea level. A development of shorefaces and
beaches, with the most marine conditions to-
wards the south-west, formed during the high-
stand of sequence B (Fig. 17D). The gravel layer at
the base of sequence C indicates a period of a
fluvial deposition during falling sea level and
lowstand (Fig. 17E) (Rasmussen, 1998). The per-
iod of subaerial exposure in this part of Jylland
lasted most of the late Aquitanian–early Burdiga-
lian, corresponding to 3Æ5 Myr. (Dybkjær & Ras-
mussen, 2000). During this period, the coastline
was displaced c. 100 km towards the south-west,
with the Ribe Formation in south Jylland repre-
senting the lowstand paralic deposits (Rasmus-
sen, 1996, 1998). During the subsequent sea-level
rise, the gravel bed was reworked by marine
processes so it now forms a ravinement surface at
the base of the transgressive systems tract of
sequence C (Nummedal & Swift, 1987). As a
consequence of the transgression, marginal mar-
ine conditions were re-established in the study
area (Fig. 17F).

The high degree of bioturbation in the sedi-
ments above the transgressive surface of erosion
at the base of sequence C indicates a period of
sediment starvation (Fig. 18A). Resumed sand

supply to the area resulted in the accretion of
spit/barrier-complexes and lagoonal conditions
were established for a period (Fig. 18B). A minor
variation in sea level or sediment supply resulted
in renewed flooding of the area. This section
contains a rich marine fauna and is therefore
interpreted as representing normal progradation
into a marine realm (Fig. 18C). The marine sand
is succeeded by organic-rich lagoonal mud (Ha-
genør) and therefore back barrier conditions were
re-established due to accretion of a new spit
seaward (Fig. 18D). The exposed sequence C
succession terminates with a gradual increase in
deposition of washover fans within lagoonal
muds indicating renewed transgression of the
barrier-complex (Fig. 18E).

DISCUSSION

The deposition of the succession in east Jylland
was strongly controlled by a combination of
eustatic sea-level changes, palaeo-relief and var-
iations in sediment supply. The interplay of these
variables is discussed in more detail below and
the studied succession related to the wider
regional context.

Eustatic sea level changes

During Cenozoic time, periods of glaciation have
occurred since the Eocene (e.g. Prentice &
Matthews, 19884 ; Abreu & Anderson, 1998; Zachos
et al., 2001). Global sea-level changes may there-
fore be a major controlling factor in the develop-
ment of the studied sedimentary succession. The
sequences recognized in this study can thus be
compared to independent sea-level curves con-
structed by Prentice & Matthews (1988) and
Zachos et al. (2001) based on oxygen isotope
records. Comparison with climatic changes in
Central Europe based on floral changes (Lotsch,
1968) and periods of maximum glaciation during
the Miocene (Miller et al., 1991; Wright & Miller,
1992) can also be made (Fig. 19).

During the latest Chattian, a distinct sea-level
rise is indicated on the oxygen isotope curve
(Fig. 19). This is in good agreement with the
overall transgression resulting in the deposition
of sequence A. The indication of a sea-level fall
near the Oligocene/Miocene boundary on the
glacio-eustatic sea-level curve of Zachos et al.
(2001) is also compatible with the development of
the studied succession and was probably res-
ponsible for the sequence boundary between
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sequences A and B. The timing of this sequence
boundary also correlates with the glacial maxi-
mum Mi)1 of Miller et al. (1991) and Wright &

Miller (1992). Note that a hiatus between se-
quence A and B is not proven by the biostrati-
graphic data but is inferred. A resumed sea-level

Fig. 17. Paleogeographical reconstruction during the Late Oligocene–Early Miocene. (A) Open marine conditions
prevailed in the study area in the latest Chattian. The area was sediment starved and ideal conditions for glaucony
formation were present. (B) Lowstand of sea level resulted in subaerial conditions in the study area at the Chattian/
Aquitanian boundary and locally deposition of gravel occurred. Some of the glaucony was oxidised to goethite and
siderite formation took place within the sediments. (C) Structural highs controlled the depositional environment
during the early Aquitanian. Note that sand was deposited in association with highs and near the hinterland. (D) A
sea-level rise in the early Aquitanian resulted in withdrawal of the shoreline. Spit complexes were formed in
association with estuaries. (E) Subaerial conditions prevailed during the Late Aquitanian–Early Burdigalian. (F)
Renewed sea-level rise in the early to mid Burdigalian resulted in deposition of barrier complexes in the study area.
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rise resulting in deposition of sequence B possi-
bly corresponds to a minor sea-level rise in the
Early Aquitanian as indicated on the sea-level
curve of Zachos et al. (2001).

Above sequence B, a marked hiatus (c. 3Æ5 Myr)
is indicated by the biostratigraphic data (Dybkjær
& Rasmussen, 2000) at the base of sequence C. On
the sea-level curves of Prentice & Matthews
(1988) and Zachos et al. (2001), a significant sea-
level fall is recorded in the Early Miocene (late

Aquitanian–early Burdigalian) and a cool climate
during this period is also indicated by floral
changes in Central Europe (Lotsch, 1968; Fig. 19).
This sea-level fall corresponds to the sequence
boundary between sequences B and C and it
corresponds to glacial maximum Mi 1a of Miller
et al. (1991) and Wright & Miller (1992). This sea-
level fall resulted in the displacement of the
shoreline at least 100 km south-westwards (Ras-
mussen, 1998; Rasmussen et al., 2002). The

Fig. 18. Schematic illustration of the development of sequence C. (A) Transgression of the area resulted in the
formation of a ravinement surface with overlying pebbly storm deposits. As a result of a period with sediment
starvation intense colonization of a marine fauna occurred and the sediments were strongly bioturbated. (B) Sediment
supply into the area resulted in the development of spit/barrier systems with fine-grained deposits on the landward
side of the systems. A continued rise in sea-level caused a resumed flooding of the area and backstepping of the
shoreline. (C) Subsequent progradation of the shoreline resulted in upward coarsening and thickening trend of the
succession. (D) Increased sediment supply due to a lower rate of relative sea-level rise during the deposition of
the highstand system tract resulted in the formation of a new spit/barrier system. (E) Slow backstepping of the system
as a result of decreased rate of sea-level rise and increased sediment influx during the deposition of the late highstand.
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resumed rise of sea-level during the Burdigalian
resulted in deposition of sequence C.

The correlation between sea-level changes,
climatic changes in Central Europe, periods of
glaciation and the development of the sequences
identified in this study indicates a first-order
relationship between eustatic sea-level changes
and sequence devlopment in east Jylland.

Antecedent topography

The development of sequence A, the sequence
boundary between A and B, and the lower part of
sequence B are of particular interest for a number
of reasons. Firstly, sequence A does not show the
‘normal’ facies development, e.g. from offshore
mud through sandy shoreface to beach deposits,
etc., owing to the condensed nature of the
sequence. Secondly, the boundary between
sequence A and B is not associated with a distinct
regional marker horizon such as a coarse-grained
transgressive lag deposit. Thirdly, the brackish
water deposits of the lower part of sequence B
show an evolution similar to a transgressive
lagoonal/barrier system, but the brackish water

environment was the result of both structural
elements and the later formation of spit systems.
A key question here is how coarse-grained sedi-
ments (sand) were supplied to the shoreline.
There may have been two routes: (1) major
sediment input via deltaic systems in the central
part of Jylland, c. 25 km to the west of the studied
area (Rasmussen et al., 2004), with sand transport
along the coastline seaward of a structural high or
(2) sand may have been deposited on or around
the high during a lowstand and was subsequently
reworked during transgression. In the first case,
sand may have been continuously supplied to the
shoreline via the Brande Trough. Evidence for the
presence of the sand routing cannot be deduced
in a dip-section located away from the main
sediment transport-route, such as the studied
sections in eastern Jylland, but a sand fairway is
known from boreholes in the central part of
Jylland (Fig. 17) (2). The alternative mechanism
envisages sand supply during a latest Oligocene
fall in sea level, with sand accumulating on the
seaward side of the Ringkøbing-Fyn High and in
silled brackish sub-basins landward of it
(Fig. 20A). As the sea-level rose, spit systems

Fig. 19. Correlation of the sequences of this study and tectonic phases, glacial maxima, and glacio-eustatic sea-level
changes.
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developed on the highs (e.g. Noe-Nygaard &
Surlyk, 1988) and during the succeeding sea-
level rise. These were reworked and deposited as
washover fans and other storm deposits inter-
calated with the lagoonal mud (Fig. 20B). The
evolution of this part of the succession was thus
dependent on the interaction between the antece-
dant topography, sea-level rise and the timing of
major input of coarse-grained sediments (sand)
into the study area (Fig. 20B and C).

The sedimentological evolution from parase-
quence B2 to parasequence B3 is also atypical. At
Hindsgavl, brackish water muddy sediments
(semi-restricted environment) alternate with
hummocky cross-stratified beds (Fig. 11B). These

are overlain by sand-rich hummocky cross-strati-
fied deposits that were laid down in a fully
marine environment (Fig. 12A). In the literature,
mud-rich hummocky cross-stratified beds sharply
overlain by sand-rich hummocky and swaley
cross-stratified beds are often interpreted as
recording a forced regression (e.g. Walker & Plint,
1992). In this case, however, the transition from
clay-dominated hummocky cross-stratified de-
posits to sand-rich hummocky cross-stratified
deposits at Hindsgavl is interpreted as recording
a progressive deepening rather than a facies shift
associated with a sea-level fall. The sedimentolo-
gical interpretation is illustrated in Fig. 20C. The
flooding event can be traced over the whole study

Fig. 20. Schematic reconstruction of the development of parasequences B3 and B4, which are separated by a
maximum flooding surface. (A) During lowstand of sea level the structural high formed a barrier and deposition of
hummocky cross-stratified sandbeds took place within the large brackish water silled basin. Some sand deposited
during the lowstand was reworked and deposited adjacent to the high in the early phase of transgression. (B)
Successive rise in sea level resulted in the development of a spit system on the structural high due to alongshore
transport of sand from a delta located c. 30 km west of the study area. (C) Complete drowning of the structural high
and establishment of fully marine conditions in the study area. Deposition of marine hummocky cross-stratified
sandbeds occurred above brackish water hummocky cross-stratified sandbeds. Note that the accommodation space
decreased irrespective of sea-level rise because the high sediment supply to the area resulted in a high sedimentation
rate and filling of the topographic low behind the structural high.
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area as a relatively sharp boundary between back
barrier deposits and the succeeding marine sands
of parasequence B3 (Fig. 5). The interpretation is
consistent with the increase in relative abun-
dance of marine dinocysts across the boundary at
Hindsgavl and the outcrops at Pjedsted and
Skansebakke (Fig. 5) where marine sediments at
Pjedsted were deposited above brackish water
sediments of the Skansebakke succession. The
marked increase of sand from parasequence B2 to
parasequence B3 may have two causes: firstly, the
deepening of the depositional environment and
the creation of open marine conditions in the
study area (Olsen et al., 1999) may have increased
wave energy in the area and thus resulted in the
accumulation of coarser grained sediments. Sec-
ondly, it may have been a result of delta lobe
shifting towards the east (with switching into the
study area) during high sea level, where the delta
was no longer confined to the Brande Trough
(Fig. 2).

The location of the maximum flooding surface
between parasequences B2 and B3 (sequence B)
and the interpretation of a highstand system tract
above this surface rather than a forced regressive
systems tract, is consistent with the regional
correlation shown in Fig. 21. In this figure the
evolution of sequences A, B and C (in part) in
central Jylland is shown. This regional model
from Rasmussen et al. (2002) and Dybkjær (2004)
is based on sedimentological and palynological
data from 13 boreholes and a number of seismic
sections. On this section (Fig. 21), the highstand
systems tract is characterized by normal progra-
dation of sand lobes and clay deposits (between
the Addit and Store Vorslunde boreholes) and
this corresponds to the section studied here.
South of this, massive sand is recognized in all
boreholes (Rødding to Arnum-1). This sandy
succession is interpreted as representing the
forced regressive systems tract of sequence B.
Further to the south again, this is followed by the
lowstand systems tracts of sequence C described
by Rasmussen (1998). Finally, the transgressive
systems tract of sequence C covers the whole
section (Fig. 21).

Sediment supply

In the Late Oligocene, the delta was located
c. 150 km north of the study area (Fig. 2). As a
result of the long distance to the delta and
possible longshore currents, the sedimentation
rate was very low during the deposition of
sequence A. Consequently formation of glaucony

occurred and Sequence A represents a condensed
section. A restricted influx of sand and pebbles
occurred, however, in the latest phase of the
deposition of sequence A and, in particular,
gravel was locally laid down within topographic
lows under subaerial conditions during the for-
mation of the upper sequence boundary. Due to
the low sediment influx, the sequence boundary
is, however, marked in most areas by a subtle
change in depositional environment from fully
marine, clayey sediments to clayey brackish
water deposits. The overlying brackish water
deposits represent the transgressive systems tract
of sequence B. The sediments here are composed
of clayey deposits with some intercalation of fine-
grained HCS which possibly represent reworked
fine-grained sands deposited under the influence
of oscillatory currents. The fine-grained sand may
have originated as sediment deposited during the
formation of the sequence boundary of sequence
B. During the succeeding highstand systems tract
of sequence B, renewed southward progradation
of the ‘Oligocene’ delta occurred (Fig. 2), i.e.
within the Brande Trough. The delta reached
central Jylland, west of the study area in the Early
Miocene. Sand-dominated sediments were thus
introduced to the study area, either by delta lobe
switching or as eastwards building spit com-
plexes. Consequently, a normal nearshore depo-
sitional setting was established for the first time
in the study area within the highstand systems
tract of sequence B. Sequence B is truncated by a
marked regional boundary, representing the base
of sequence C. This boundary is characterized by
a distinct sedimentological facies change with a
gravel layer sandwiched by fine- to medium-
grained sand. The gravel layer can be followed
from the Lille Bælt area over the Vejle Fjord area
(Fig. 5) to the Morsholt borehole (Fig. 1; Dybkjær
& Rasmussen, 2000). This is the first occurrence
of a regionally distributed coarse-grained layer in
the succession. The introduction of coarse-
grained material was the result of c. 3Æ5 my years
of sea-level lowstand, which lasted most of the
Aquitanian–Early Burdigalian and resulted in
deposition of fluvial sediments in east Jylland
(Dybkjær & Rasmussen, 2000).

Friis et al. (1998) interpreted this gravel layer as
a transgressive lag deposit associated with the
landward migration of barrier complexes during
an overall retreat of the Miocene shoreline.
However, they never explained how pebbles up
to 50 mm across were transported into the area.
Such a distinct change in grain size commonly
marks a major change in deposition, e.g. from
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marine to fluvial deposition and/or bypass during
lowstand (Plint, 1988). In the Lower Miocene of
Denmark, this gravel layer reflects a major basin-
ward displacement (100 km) of the shoreline
(Fig. 21). The gravel layer thus implies the
occurrence of a sand-rich delta in a basinal
setting as identified in regional mapping of the
succession in the North German Basin (Fig. 21).

CONCLUSIONS

The Upper Oligocene–Lower Miocene Succession
in east Jylland can be subdivided into three
sequences (A–C, from oldest to youngest).
Sequence A is dominated by fine grained glauco-
ny-rich sediments and was laid down in the distal
parts of a sediment-starved basin. The sediment
supply increased during the deposition of
sequence B and was high during deposition of
sequence C. Tectonic movements in the mid-
Oligocene resulted in a basin characterized by
topographic highs and lows. Major topographic
highs influenced the location of the shoreline and
of spit-complexes while minor grabens acted as
conduits for fluvial systems. The antecedent
topography combined with the timing of influx
of sand-rich sediments resulted in an unusual
expression of sequence boundaries and flooding
surfaces. The sequence boundary between se-
quences A and B is characterized by a change
from a marine to a predominantly brackish water
environment. At one locality, located in a topo-
graphic low, a gravel layer was deposited. The
maximum flooding surface of sequence B is
characterized by an increase in sand in the study
area. This was a result of increased energy due to
drowning of topographic highs during a rise in
relative sea level, perhaps accompanied by delta
lobe shifting due to a loss of confinement of the
feeding fluvial systems. As the basin filled, the
influence of the antecedent topography decreased
and the development of the sequences and the
expression of sequence stratigraphic surfaces
became more familiar.
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Abstract: The Central Graben area was filled with a thick pile of sediments during the Middle Miocene –

Quaternary, corresponding to a period of 15 Ma. As hydrocarbon expulsion from the most prolific source rock, the

Upper Jurassic Bo Member, was initiated only 20 Ma BP and still occurs today, the Middle Miocene –

Quaternary evolution is important. In the Middle Miocene, the Central Graben area was covered by a sea with

water depth of 500–700 m. During the Late Miocene (Tortonian), the basin was successively filled by prograding

slope and deltaic sediments from the northeast. The progradational infill resulted in local tilting of the substratum

due to the loading effect of the deposits. In the latest Late Miocene (Messinian), the main input of sediments

occurred from the south, as illustrated by a thick onlapping succession of upper Messinian sediments. Pliocene

sedimentation was characterized by regular infill from the east within a shelf to shallow marine depositional

environment. Following the Miocene and Pliocene, the North Sea Basin tilted due to strong uplift of the

Fennoscandian shield and increased subsidence and sedimentation rates within the Central Graben area. This

further complicated the maturation of the source rock, migration pathways and accumulation of hydrocarbons.

The consequence of this complex burial history is exemplified by the Kraka and Halfdan fields. The Kraka Field

has a large down-flank oil accumulation, which is the result of a porosity anomaly resulting from an early

invasion of oil in this position before the late tilting of the North Sea Basin. The history of the non-structural

accumulation of the Halfdan Field can be readily modelled; it constituted a simple four-way dip closure during

the Late Miocene when peak oil migration occurred. The Quaternary tilting of the North Sea Basin due to uplift of

the Fennoscandian Shield and strong subsidence of the Central Graben area resulted in a distinct gradient

favouring long-distance migration of hydrocarbons. The occurrence of viable migration routes, especially within

Paleocene sand layers, has resulted in long-distance migration of oil into the Siri submarine valley system. The

most northern indication of hydrocarbons has been recognized as far as 75 km from the source area. Long-

distance migration of hydrocarbons is also indicated by direct hydrocarbon indications (DHIs) throughout the

Cenozoic succession in the Danish North Sea. DHIs are particularly prominent above known hydrocarbon

accumulations in the Central Graben. This indicates pronounced vertical migration, for instance along active

faults, above these structures.

Keywords: North Sea, Chalk, Cenozoic, Petroleum systems, Denmark

Exploration for hydrocarbons in the Danish North Sea has lasted
forty years, resulting mainly in the discovery of structural traps.

However, intensive drilling on fields has increased the under-
standing of the petroleum systems and led to new insights into the
evolution of the fields. This has revealed that some structures have
substantial downflank potential, and a major new discovery has
even been made in a structural low. Detailed mapping of the

Neogene and Quaternary succession in the Central Graben area
demonstrates that many structures had a different configuration at
the time of filling with hydrocarbons during the Neogene and
Quaternary. The filling history of traps is also important for the
porosity distribution of a field and thus the accumulation of
hydrocarbons, as early hydrocarbon invasion seems to enhance

porosity preservation in chalk reservoirs (e.g. Brasher & Vagle
1996). The recent discoveries in the Siri valley NE of the Central
Graben, area indicate that long-distance migration of hydro-
carbons (oil) has occurred. This migration was strongly controlled
by the Neogene and Quaternary evolution of the North Sea Basin,

which underwent major tilting during the latest part of the
Neogene and the early Quaternary.

The mapping and modelling results of this study are based on
new high-resolution biostratigraphy (Dybkjær et al. 1999, 2001;
Dybkjær & Rasmussen 2000). This has resulted in a very detailed
subdivision of the Neogene succession that may be applicable to

other northwestern European basins. Compared to former studies
(e.g. Michelsen et al. 1998) a discrepancy in datings of up to 4 Ma

has been found, which has consequences for the accumulation
history of up to 500 m of sediments.

The aim of this study is to demonstrate the influence of late
Cenozoic and Quaternary sedimentation and tectonic develop-
ment on hydrocarbon accumulation and migration in four fields
located in the Danish North Sea. The late Cenozoic (Middle
Miocene – Quaternary) is the interval during which the Central
Graben area underwent strong subsidence and was filled with a
thick package of clastic deposits. Consequently, this interval was
very important for the maturation and migration of hydrocarbons.
The field examples used in the study are the Kraka and Halfdan
fields located in the Central Graben, and the Siri and Nini fields on
the Ringkøbing-Fyn High (Fig. 1).

Geological setting

The Cretaceous–Cenozoic development of the Danish North Sea
Basin represents the post-rift stage of the Late Jurassic – Early
Cretaceous rift system of the Central Graben (Ziegler 1990; Møller
& Rasmussen 2003). The subsidence of the North Sea Basin was
the result of thermal relaxation during the Cretaceous. Minor
inversion tectonics occurred in the latest Early Cretaceous time but
inversion became a dominant tectonic feature in Late Cretaceous
and Paleocene times. The inversion tectonics resulted in move-
ments along former Mesozoic structures such as the Sorgenfrei–
Tornquist Zone and the Central Graben (Vejbæk & Andersen
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1987, 2002; Ziegler 1990; Mogensen & Jensen 1994). Reactiva-
tion of faults occurred in the Late Eocene, Oligocene and Early
Miocene (Clausen et al. 1999; Rasmussen 2004a). Increased
subsidence of the basin in the Late Miocene is indicated by
deposition of a thick pile of Upper Miocene sediments. At the
boundary between the Neogene and the Quaternary major uplift of
the Fennoscandian Shield took place, accompanied by increased
subsidence of the central part of the North Sea basin (Vejbæk
1992; Japsen & Chalmers 2000).

Hemipelagic deposition dominated in the late Early Cretaceous,
and locally sand-rich turbidite sedimentation occurred. Pelagic
carbonate sedimention dominated during the Late Cretaceous –
Early Paleocene. This depositional pattern changed in the Late
Paleocene to be dominated by siliciclastic influx from the
Fennoscandian Shield (Spjældnæs 1975; Nielsen et al. 1986;
Michelsen et al. 1998). Initially, fine-grained hemipelagic clays
were laid down during the Paleocene and Eocene (Nielsen et al.
1986). Sand-rich turbidite sedimentation occurred, however, within
submarine valley systems during the Paleocene in the northernmost
part of the Danish area (Danielsen et al. 1995). In the Oligocene
major fine-grained clastic wedges prograded into the basin from the
north and thick deltaic sands were deposited locally. The massive
infill from the north continued into the Miocene (Clausen et al.
1999; Rasmussen et al. 2002). Three major pulses of delta and
coastal plain progradation occurred during the Early Miocene,
represented by the Ribe Formation, the Bastrup sand and the
Odderup Formation (Fig. 2). The major deltas prograded from the
north and northeast towards the south and southwest and dominated
the eastern part of the Danish North Sea Basin (Rasmussen et al.
2002). The deposition of terrestrial-dominated sediments gave way
in the Middle Miocene to dominantly open marine sedimentation of
the Hodde and Gram formations (Rasmussen 1961, Rasmussen
et al. 2002). These fully marine deposits dominated the study area
throughout the Middle and most of the Late Miocene (Fig. 2). The
water depth exceeded 100 m during the deposition of the Hodde and
Gram formations (Laursen & Kristoffersen 1999). The transgres-
sion was partly due to a eustatic sea-level rise in the early Middle
Miocene, the so-called Mid-Miocene climatic optimum (Zachos
et al. 2001), and partly due to increased subsidence (Clausen et al.

1999; Rasmussen 2004a). Sediment transport routes shifted to the
northeast and east in the Middle Miocene. At the end of the Miocene
sediment supply was from the east, especially from the Baltic
area, the so-called Eridanos Delta (Clausen et al. 1999; Overeem
et al. 2001). Sediment influx from the northeast was also high
during the Late Miocene and Pliocene (Gregersen et al. 1998).

In the Danish area, mature source rocks capable of generating
hydrocarbons have so far only been found in the Central Graben
(Damtofte et al. 1992). The major oil and gas source rock is the
Upper Jurassic Farsund Formation with ‘hot shales’ of the Bo
member (Ineson et al. 2003; Michelsen et al. 2003) being the most
prolific. Middle Jurassic and Carboniferous coal beds may also
have been source rocks for gas. Locally, the Lower Jurassic
Fjerritslev Formation constitutes a minor oil source (Damtofte
et al. 1992). The generation of hydrocarbons from the most prolific
source rock occurred during the Miocene – Quaternary (Fig. 2).
Migration of hydrocarbons occurred within regionally distributed
sand beds of both the Middle Jurassic and the Paleocene. Minor
migration may have occurred in Upper Cretaceous – Lower
Paleocene chalks. However, the most likely migration route within
the Jurassic is primarily vertical, through fractures, driven by
buoyancy and depth-dependent differences in overpressure.

Data and methodology

A total of 12 seismic surveys (DK-1, DK2, RTD-, UGCE-, NP-85,
CGD-85, NDBT-94, DCS-, and selected inlines from the 3D survey
from the southern part of the Central Graben) have been used in the
study (Fig. 3). The subdivision of the Neogene succession into
seismic sequences is based on the principles of seismic sequence
stratigraphy (Vail et al. 1977; Brown & Fisher 1980). Palynolo-
gical datings of the Neogene succession from the Frida-1 (Dybkjær
2003) and S-1 (Karen Dybkjær, pers. comm.) wells provides the
well-to-seismic tie in the North Sea. In addition, micropalaeonto-
logical datings of the wells M-10, Kim-1, Cleo-1, C-1, R-1 and S-1
(Fig. 1) are included in the study (Konradi 1996; Laursen &
Kristoffersen 1999). Correlation of the seismic sequences to the
onshore depositional sequences is from Dybkjær (2003). Esti-
mation of palaeobathymetry is based on backstripping of selected

Fig. 1. Danish North Sea area. Fields, wells and seismic lines referred to in the text are indicated.
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geoprofiles and palaeogeographic reconstruction of the late
Cenozoic succession (Rasmussen et al. 2002; Rasmussen 2004b).

Filling history and palaeobathymetry

In order to illustrate the filling history and palaeobathymetry of the
Middle Miocene – Pliocene succession, five isochore maps and
three seismic sections are shown (Figs 4–11). The Middle

Miocene – Pliocene succession has been subdivided into
sequences following the onshore nomenclature of Neogene
sequences: Sequence E – Sequence I (Fig. 2) (Rasmussen et al.
2002). The ages of the sequences are also given in Figure 2. On the
isochore maps the presumed palaeobathymetry and sediment
source area are indicated.

On the seismic sections shown in the paper, uppermost
Oligocene and Lower Miocene sequences (sequence A–D) are

Fig. 3. Seismic surveys used in the study.

Fig. 2. Miocene onshore lithostratigraphy. The depositional sequences and colours used in the seismic interpretation are indicated in the two columns

next to the scheme. The generation of hydrocarbons in the two wells E-1 and Amalie-1 is shown, and the timing of tectonic events is indicated in

the right-hand column.
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also indicated. However, these sequences do not influence the
burial history within the Central Graben area and are therefore
not described in detail below.

Sequence E

The thickness of this sequence varies from 0 to more than 500 m
(Fig. 4). The sequence is truncated towards the NE and E and
shows onlap onto the underlying sequence, sequence D (Figs 5
and 6). Along the truncation line, thicknesses vary from less than
50 m in the NW to around 400 m in the southernmost part of
the Danish North Sea. The general thickness of the sequence is
less than 200 m. Two depocentres are recognized: one in the
southeastern part and one in the central to northern central part of
the study area. Here the thickness reaches a maximum of 500 m. In
the extreme southern and western part the sequence is less than
50 m thick.

The thinning of the sequence towards the NE and E is due to
Pliocene – Quaternary uplift and truncation (Japsen et al. 2002;
Rasmussen 2002). The sequence was distributed much further
towards the NE as indicated by the truncation of the sequence and
the presence of fully marine deposits in central Jylland
(Rasmussen 1961, 2004b). The sequence records major flooding
of the eastern North Sea Basin. During maximum transgression,
the shoreline was located either near the Sorgenfrei – Tornquist

Zone in northern Jylland (Rasmussen 2004a,b) or close to the
present-day coastline of Sweden (Ziegler 1990). Data from
onshore Denmark indicate a water depth of around 100 m (Laursen
& Kristoffersen 1999). The depositional environment for the NE
part of Sequence E in the North Sea area was thus in the order of
100 to 200 m and deposition took place in a shelf to slope setting.
The distinct thickening of the sequence in two areas is associated
with slope onlapping packages and consequently represents deep-
water deposition (Fig. 7). The minimum water depths in the
southern and western part were thus 700 m.

Sequence F

The thickness of this sequence varies from 0 to more than 360 m
(Fig. 8). The sequence is truncated towards the NE and E (Figs 5
and 6). Three depocentres can be recognized: in the eastern part, in
the central-southern part, and in the northwestern part. Marked
thinning of the sequence occurs towards the southwest and west
beyond the offlap break (Fig. 5).

This sequence is also truncated towards the east due to
Pliocene – Quaternary uplift and erosion (Japsen et al. 2002;
Rasmussen et al. 2002). As for sequence E, a more easterly distri-
bution of the sequence prevailed before the Quaternary erosion.
The sediments of the sequence indicate, however, a more nearshore
depositional environment than during deposition of sequence E.

Fig. 4. Isochore map of sequence E.

Fig. 5. North – south-trending seismic section showing the whole Miocene succession. The Miocene succession is truncated towards the north. Note

the marked onlap that characterizes the lower part of sequence E. Note also the delta in the southern part of sequence F and the thick onlapping

succession of sequence G in the extreme southern part. For location see Figure 1.
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Fig. 7. Seismic dip section from the R-1 well and southward, illustrating the shelf and slope of sequence D and thus the 2D palaeobathymetry during

the deposition of sequence E. Note that the inferred sea level is indicated.

Fig. 6. East – west-striking seismic section showing the whole Miocene succession. The Miocene succession is truncated towards the east. Note the marked

onlap of sequence E and marked clinoformal seismic reflection pattern of sequence I. For location see Figure 1.

Fig. 8. Isochore map of sequence F.
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In the North Sea a shelfal environment dominated (Konradi 1996;
Rasmussen 2004b) indicating water depths of up to 100 m. In the
southwestern part, beyond the shelf break, water depths of up to
400 m probably existed (Fig. 5). At the end of deposition of the
sequence, shallow water and even subaerial conditions charac-
terized most of the eastern North Sea Basin. A slope delta was
situated in the southwestern part (Fig. 5); the development of this
delta was associated with the final phase of a major sea-level fall
in the Late Miocene.

Sequence G

The thickness of this sequence varies from 0 to more than 400 m
(Fig. 9), however, on most of the area, the sequence is less than
100 m thick. It is truncated towards the NE and E (Figs 5 and 6). In
the northern part, the sequence has a sigmoidal geometry in cross
section. In the extreme south, the sequence is characterized by a
thick wedge-shaped geometry; here the section shows onlap onto
the slope of sequence F (Fig. 5). In this area, the maximum
thickness of over 400 m is recorded.

The reduced thickness of sequence G on the shelf over much of
the study area was probably the result of a major transgression
such that most of the shelf area was sediment-starved for a period.
The thick onlapping package in the southern part of the study area
clearly indicates that these sediments were sourced from the south,

possibly in connection with progradation of the major Eridanos

Delta (Overeem et al. 2001). Thus, for the first time there is an

indication of sediment infill from either Baltic rivers or a former

river system draining the central European Plate, e.g. the Rhine.

The water depth was possibly up to 100 m on the shelf and up to

400 m beyond the shelf break.

Sequence H

The thickness of the sequence varies from 0–245 m (Fig. 10), but

in the northern part the sequence is thin or totally absent. The main

depocentre was located in the southwesternmost part where it is

located near salt diapirs (Fig. 5). The top of the sequence is

truncated adjacent to salt structures (Fig. 11).

The reduced thickness in the northern part of the study area was

probably the result of sediment starvation and/or limited sub-

sidence. The depositional environment was open marine and the

water depth was up to 400 m, estimated on the basis of the thick-

ness of the Pliocene delta superimposed on the sequence (Fig. 6).

The thick accumulation of sediments in the southwestern part,

around salt structures, took place in rim synclines formed in

association with salt movements. The water depth here was

probably deeper than 400 m. The higher thicknesses here,

however, do not reflect inherited bathymetry but local subsidence.

Fig. 9. Isochore map of sequence G.

Fig. 10. Isochore map of sequence H.
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Sequence I

The thickness varies from 0 to 425 m (Fig. 12). The sequence is
truncated towards the north and east (Figs 5 and 6). In an east–
west transect, the sequence has a sigmoidal geometry and is
characterized by clinoforms dipping towards the west. In its
westermost limit, the angle of inclination of the upper surface of
the prograding system displays a slight decrease from east to west.
The maximum thickness of over 400 m is reached close to the
western border of the Danish North Sea area. Westwards from here
a marked thinning occurs.

The sequence is dominated by a major westward-prograding
system (Fig. 6). Correlation with wells in the area indicates that
deposition of the upper part of the clinoforms took place in a
littoral environment during the latest Pliocene (Konradi 1996). The
clinoforms of the system indicate that progradation occurred into
water depths of 400 m. The change in inclination recognized near
the western limit of the prograding system may reflect the initial
tilting of the North Sea Basin in the latest Pliocene (Japsen et al.
2002).

Summary of the tectonic evolution during the
Miocene – Quaternary and possible relationship
to tectonic events in NW Europe

The seismic study of the Middle Miocene – Quaternary succession
presented here, together with a study of the onshore Neogene
package indicate a number of tectonic events. The major south and

southeastward progradation from the Fennoscandian Shield that
culminated in the early Middle Miocene was the result of tectonic
movements on the Fennoscandian Shield during the Late Eocene
and Oligocene (Fig. 2) (Michelsen et al. 1998; Clausen et al. 1999;
Rasmussen 2004a). In the sediments of the Lower Miocene Arnum
Formation there is an abrupt change in the content of heavy
minerals in the late Burdigalian. This change is interpreted to
reflect uplift of the Fennoscandian Shield resulting in a high
sediment yield (Rasmussen 2004a). Fault-controlled deposition of
coal layers interbedded in the Lower – Middle Miocene Odderup
Formation in Jylland (Koch 1989) and marked thickness variation
around the salt structures in the southwesternmost part of the North
Sea area (Fig. 5) indicate a tectonic event in the early Middle
Miocene. Early Middle Miocene salt movements also occurred
north of the Ringkøbing–Fyn High (Rasmussen 2004a). The latter
tectonic pulse was succeeded by increased subsidence of the North
Sea Basin. The subsidence continued throughout the Middle and
most of the Late Miocene (Clausen et al. 1999; Rasmussen 2004a).
Increased subsidence around salt structures and truncation of
Lower Pliocene sediments testify to a mid-Pliocene tectonic event
(Fig. 5). A deep-water environment dominated the eastern North
Sea Basin, possibly the result of continued subsidence during the
Pliocene. This permitted westward progradation of a major Upper
Pliocene delta system as represented by sequence I. Marked tilting
of the North Sea Basin at the Pliocene – Miocene boundary can
be recognized by the progressive truncation of the Cenozoic
succession towards the east and northeast (Figs 13 and 14). The
timing of this major tilting is indicated by the development of a
Pliocene – Quaternary delta complex that is located in the
westernmost part of Danish waters and continues into British
waters (Fig. 6). No biostratigraphic data are available here,
although the seismic data indicate late Pliocene – early Quaternary
tilting because of a shift in the dip of the upper surface of the delta
(Fig. 6). According to Japsen et al. (2002), tilting occurred in the
latest Pliocene.

The tectonic movements in the North Sea may be related to the
Alpine Orogeny and/or the opening of the North Atlantic (Ziegler
1990; Faleide et al. 2002; Lundin & Doré 2002; Rasmussen
2004a). The first tectonic phase, the Burdigalian phase (c. 17 Ma),
correlates with the onset of the Betic Tectonic Event (Ribeiro
et al. 1990; Ziegler 1990). Similarly, the intra-Langhian phase
(c. 15 Ma) correlates with a phase within the Betic Tectonic Phase.
The latter also correlates with the first major shift of the northern
rift zone in Iceland (e.g. Darbyshire et al. 2000). Volcanic tuffs
interbedded with Langhian – early Serravallien sediments
penetrated in the S-1 well may correlate with volcanic activities
in the North Atlantic. The increase in subsidence of the whole

Fig. 11. Seismic section from the southern part of the Central Graben

showing truncation of sequence H. For location see Figure 1.

Fig. 12. Isochore map of sequence I.
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eastern North Sea area during the Middle and Late Miocene was
coincident with a compressional phase around the Faroe Islands
(Andersen et al. 2002). Ridge jump occurred c. 7–3 Ma near
Iceland (Staples et al. 1997). This may have been connected with
the compressional phase in the Late Miocene in the North Atlantic
and also the major progradational wedge deposited on the Faroe
Platform during the late Pliocene and possibly early Pleistocene
(Andersen et al. 2002). A mid-Pliocene unconformity followed by
a thick progradational wedge is also found in this study.

The tilting of the basin initiated in the latest Pliocene is
coincident with marked uplift of the western Fennoscandian
Shield, and has been described extensively in the literature (e.g.
Gabrielsen & Doré 1995; Stuevold & Eldholm 1996; Japsen &
Chalmers 2000). The origin of this uplift is, however, debatable
(e.g. Martinsen et al. 1999), but a combination of endogene
processes and the effects of loading and unloading of the basin

centre and margins respectively is here considered the most likely
explanation.

Examples of fields

Kraka Field

The Kraka Field is an anticlinal structure caused by swell of
Permian salt (Fig. 1). The main reservoir is the Danian Ekofisk
Formation with the Maastrichtian Tor Formation as a subordinate
reservoir (Thomasen & Jacobsen 1994). The field is estimated to
have an original STOIIP of 200 MMB porosity around 30%,
matrix permeability of around 1 mD and effective permeability
due to fracturing of about 8 mD (Jørgensen 1991; Thomasen &
Jacobsen 1994). The virgin pressure in the field was roughly 6 MPa
(,900 psi) above hydrostatic in the water zone (Thomasen

Fig. 13. ENE – WSW-trending seismic section showing the Miocene succession. Note the marked dip of the palaeosurface of the Lower Miocene delta

complex in the eastern part of the section. At the R-1 well location around 400 m of Miocene sediments are missing. For location, see Figure 1.

Fig. 14. Map of the Neogene succession subcropping below the Quaternary cover. Note the progressively older sediments towards the north east.
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& Jacobsen 1994; Vejbæk et al. 2005). In addition, this field today
has an oil – water contact dipping at roughly 10 m/km in a SE
direction, owing to a lateral water zone pressure gradient in the
order of 5 psi/km (34.5 kPa/km). This pressure gradient fits into a
regional pattern of overpressure caused by rapid Neogene burial
and reflects the low permeability of Palaeogene and Cretaceous
deposits (cf. Japsen 2000). The field structure remained stable
through most of the Cenozoic and hydrocarbon charging is likely
to have occurred within the last 10 Ma, possibly sourced from the
Upper Jurassic Farsund Formation (Vejbæk et al. 2005). However,
porosity anomalies mapped farther down the southeast flank on the
basis of seismic inversion analysis may suggest porosity
preservation by early hydrocarbon invasion (Vejbæk 2002).
There is a high inverse correlation between impedance and
porosity in chalk due to the almost mono-mineralic nature of the
rock (Anderson 1999). The porosity of chalk decreases with depth,
but the amount of decrease is different if hydrocarbons are present
because they tend to preserve porosity (Brasher & Vagle 1996).
However, if increasing pore pressure has already halted the
reduction in porosity, later invasion by hydrocarbons would have
no further effect on it. Neogene deposition (e.g. Vejbæk et al.
2005) has probably led to the growth of overpressures that may
have varied from place to place as a consequence of differing
amounts of Neogene deposition. The differing amounts of over-
pressure may further have caused lateral pressure gradients that
may also have changed direction during deposition. If the down-
flank porosity anomaly was an effect of early hydrocarbon
invasion, it must have been affected by these pressure gradients.

Halfdan Field

The Halfdan Field is located in the southern part of Danish Sector
(Figs 1 and 15). The oil production is from Maastrichtian and
Danian chalk. The Halfdan accumulation is a stratigraphic/dynamic
trap without a present-day structural component, containing some

1500 MMstb STOIIP (reserves approaching 500 MMB) and a
minor gas cap (Albrechtsen et al. 2001). The reservoir is
largely unfractured, with porosity between 25 and 35% and
permeability of 0.5 – 2 mD. The field is also estimated to be
overpressured and influenced by a SE-dropping aquifer pressure as
in the Kraka Field (Vejbæk et al. 2005). However, there is good
evidence that lateral pressure gradients also exist in the oil zone
(Albrechtsen et al. 2001). Migration of hydrocarbons into the field
may have occurred as early as Eocene but probably mainly after
22 Ma BP from the presumed Upper Jurassic source rock when the
area was a structural trap (Albrechtsen et al. 2001; Vejbæk et al.
2005). By using the development of the Miocene succession, as
presented earlier, it is possible to reconstruct a Miocene four-way
dip closure in the Halfdan Field area. This is illustrated by four
maps of the field representing the evolution during the last 10 Ma
(Fig. 16). The structural trap of the Halfdan Field was largest in the
Tortonian (10 to 8 Ma) during the deposition of sequence F. The
closure was up to 6 km wide and the extension of the field was
14 km2 at 8 Ma BP and 9 km2 at 6 Ma BP (Fig. 16a). The confi-
guration of the field changed in the Messinian (6 Ma) (Fig. 16b)
corresponding to the deposition of sequence G. The sedimentation
of sequence G represents a marked change in the depositional
pattern in the North Sea. Here a periodical termination of progra-
dation of sedimentary wedges from the northwest occurred.
A relatively thick pile of sediments filled in the space in front of
the former shelf slope. This package shows clear onlap on the
former slope (Fig. 5). The main sediment influx was during this
period, from major rivers draining the Baltic area Eridanos system
(Overeem et al. 2001) and perhaps from former Central European
river systems. A dramatic change in the configuration of the field
occurred at 4 to 2 Ma (Fig. 16c). This was during the deposition of
sequences H and I, which was a period with minor tectonic activity
and renewed outbuilding from the Fennoscandian Shield. The
latter, however, was characterized by east – west progradation
from the shield. The present-day configuration of the Halfdan

Fig. 15. Depth structure map of the Halfdan Field.
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Field (Figs 15 and 16d) is that of a syncline located between the
Dan and Skjold structures. The final obliteration of the structure
was associated with the late Pliocene – early Quaternary tilting of
the North Sea. Oil accumulation is now trapped in a fully dynamic
system (Vejbæk et al. 2005).

Long-distance migration

The main hydrocarbon source rock in the Danish North Sea is
found in the Jurassic succession located within the Central Graben
(Damtofte et al. 1992). On seismic data, however, DHIs have been
recognized far from the Central Graben (Fig. 17). On the seismic

section from the Siri area, located on the Ringkøbing–Fyn High, a
flat spot below a fourway-dip structure can be seen (Fig. 17a). The
structure was tested by the Siri-1 well, which found hydrocarbons
of economical interest. Subsequently, the Nini-1 well proved
hydrocarbons close to the Danish-Norwegian border, which is
c. 75 km from the Central Graben (Fig. 1). In the Siri-2 well,
8.25 m of tar mats were penetrated (Statoil 1997). The tar mats are
underlain by a very thin (c. 3 m) gas and oil column.

The Siri and Nini fields are thus situated up to 75 km from the
main source rock located in the Central Graben. Consequently,
lateral migration has occurred from the Central Graben and 75 km
up-dip towards traps located on the Ringkøbing – Fyn High. This

Fig. 16. Four depth structure maps showing the development of the Halfdan Field during the last 10 Ma. Note that the Halfdan Field has changed from

being a four-way dip closure with an area of 14 km2 to an accumulation with no structural closure. CI ¼ 10 m

Fig. 17. Two seismic sections showing DHIs on the Ringkøbing-Fyn High: (a) Flat spot in Palaeocene sand at the Siri Field; (b) bright spot in Oligocene sand

from southern Norwegian waters. For locations see Figure 1.
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long-distance lateral migration took place within a continuous
sand-rich succession that was laid down in a submarine valley
system during the Late Paleocene (Danielsen et al. 1995; Ahmadi
et al. 2003) (Fig. 18). The submarine valley system covers a large
area in the southern Norwegian and Danish waters. The valley
system was formed as a result of sea-floor failure of the weakly
consolidated Upper Cretaceous – Lower Paleocene pelagic sedi-
ments during early Paleocene inversion (Vejbæk & Andersen
1987, 2002). The thickness and extent of this sand increases
towards the northeast (Fig. 18). Migration was very efficient due to
the presence of a permeable and continuous sand carrier, and by
the gradient caused by tilting of the area during the Pliocene –
Quaternary (Fig. 18). Strong up-dip migration within the valley
may also explain the tar mats found in the Siri-2 well (William &
Larter 1994). The Siri Valley extends farther towards the northeast
into the Norwegian sector, but this part of the valley has not yet
been open for hydrocarbon exploration.

Gas-related DHIs occur in the Miocene deposits on the
Ringkøbing–Fyn High (Fig. 17b) and gas accumulations were
also penetrated in the R-1 well located c. 120 km away from the
Central Graben (Fig. 1). The origin of this gas, thermogene or
biogene, is debatable. However, gas-clouds and accumulations of
gas in Miocene sands are common above the major fields in the
Central Graben. Therefore the gas accumulation in Miocene sands
on the Ringkøbing – Fyn High may have migrated within Miocene
carrier beds from the Central Graben area and onto the High.

Conclusions

The late Cenozoic infill of the Danish Central North Sea was
characterized by changing sediment transport routes and changing
source areas. The complex infill pattern of the late Cenozoic
sediments controlled the configuration of Upper Cretaceous –
Lower Paleocene structures. High-porosity rocks have been
preserved within Cretaceous – Lower Paleocene chalks due to
early filling of hydrocarbons in four-way dip closure structures
during the Miocene. This type of trap now forms pockets (porosity
traps) with hydrocarbon accumulation in down-flank positions
from known fields and even in depressions. The late Pliocene –
Quaternary tilting of the North Sea permitted long distance
migration. The minimum migration of oil is 75 km and possible
thermogenic gas has been found more than 100 km away from the
Central Graben area.

E. S. Rasmussen is deeply indebted to the Carlsberg Foundation for

financial support. S. Sølberg drew the figures. Thanks to J. Ineson who

kindly improved the English text and to J. C. Olsen for providing seismic

data. Seismic courtesy TGS-NOPEC, DANPEC and FUGRO. The

manuscript benefited from the reviews of H. Løseth and O. Martinsen.

References

Ahmadi, Z., Sawyers, M., Kenyon-Roberts, S., Stanworth, B., Kugler, K.,

Kristensen, J. & Fugelli, E. 2003. Paleocene. In: Evans, D., Graham,

C., Armour, A. & Bathurst, P. (eds) The Millennium Atlas: Petroleum

Geology of the Central and Northern North Sea, 235–259.

Albrechtsen, T., Andersen, S. J., Dons, T., Engstrøm, F., Jørgensen, O. &

Sørensen, F. W. 2001. Halfdan: Developing non-structurally trapped

oil in North Sea Chalk. Society of Petroleum Engineers, SPE Paper,

71322.

Andersen, M. S., Sørensen, A. B., Boldrell, L. & Nielsen, T. 2002.

Cenozoic evolution of the Faroe Platform: comparing denudation and
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ABSTRACT: The lower Miocene Billund sand of Jylland, Denmark, provides an excellent opportunity to study the distribution
of sands and the types of clinoform generated by a wave-dominated delta prograding into a deep shelf environment. In
particular seismic sections, the sand-rich parts correlate with parallel clinoformal seismic facies, in which the clinoforms dip 7u
to 10u. The stacking pattern of this seismic facies also indicates whether the progradation occurred during rising or falling sea
level by displaying an ascending or descending shoreline trajectory, respectively. The Billund delta was deposited in the eastern
North Sea Basin during the early Miocene and is on the available data recognized as a NW to SE trending feature. It forms
a wave-dominated delta with thick sand bodies deposited in relatively deep waters (. 100 m) at the river mouth and in the up-
drift area of newly formed delta lobes. Sands and muds associated with a spit complex or a lagoonal complex dominated the
down-drift area. In the distal delta-front area, alternating sands and muds were laid down, the sands associated mainly with
storm events. Progradation of the studied part of the delta occurred during high sea level and a subsequent fall in sea level that
was caused by a eustatic fall during the mid Aquitanian (early Miocene). Although sand intervals 10 to 20 m thick are common
throughout the delta complex, the thickest (up to 100 m) and cleanest sand is found in units deposited in narrow bands within
structural lows and during periods of forced regression. The Billund delta may be an excellent analogue for hydrocarbon-
bearing, wave-dominated deltas, and seems to exhibit similarities to Jurassic deposits in the North Sea area.

INTRODUCTION

The deposition and preservation of sand in prograding deltas and
coastal plains are controlled by the delta type (Galloway 1975; Orton and
Reading 1993; Bhattacharya and Giosan 2003), the tectonic setting, the
processes associated with the succeeding transgression (Martinsen 2003),
and the timing of progradation and sea-level changes (Helland-Hansen
and Martinsen 1996; Plint and Wadsworth 2003; Bullimore and Helland-
Hansen 2004; Anderson et al. 2004). Studies of Holocene deltas in the
Mexican Gulf (Anderson et al. 2004) and Mediterranean deltas, e.g., the
Rhone and Po delta complexes (Amorosi et al. 2005; Boyer et al. 2005;
Correggiari et al. 2005; Stefani and Vincenzi 2005) have given new insight
into the evolution of deltas during the late Pleistocene to Holocene sea-
level cycle. Especially, the large amount of seismic data in the Gulf of
Mexico provides excellent examples of the distribution of seismic facies
within the transgressive, highstand, and lowstand systems tracts
(Andersen et al. 2004).

The acquisition of high-resolution seismic data and planned borehole
drilling on distinct seismic facies provide the opportunity to verify the
application of conceptual models, i.e., clinoform geometry, shoreline
trajectory, and other seismic facies characteristics to map the distribution
of sand-rich delta deposits in the lower Miocene Billund delta, Denmark.
This delta shows many similarities with a wave-dominated delta as
outlined by Bhattacharya and Giosan (2003) by having an asymmetric
pattern with lagoonal deposits in the down drift area (Rasmussen and
Dybkjær 2005). Sedimentary structures studied in outcrops are dominat-

ed by hummocky and swaly cross-stratification and other typical storm
beds (Rasmussen and Dybkjær 2005), supporting the interpretation of an
overall wave-dominated environment of the Miocene North Sea. The
morphology of the Billund delta complex is composed of sediments that
prograded southwards from the Fennoscandian Shield during the early
Miocene (Rasmussen 2004). It covers an area of c. 10,000 km2 and is an
exploration target for drinking-water reservoir units.

The aims of this study are (1) to set up a model for sand-rich delta
deposits prograding into the sea and characterized by dipping foresets,
the morphology of which reflects the grain size, proximal or distal
location on delta lobes, and type of delta system (fluvial-, tide-, or wave-
dominated) and (2) to evaluate the controlling factors in the distribution
and preservation of these sand bodies.

GEOLOGICAL SETTING

The early Miocene Billund delta covers the present-day central Jylland
onshore and the offshore area west of Ringkøbing. The main structural
framework of this area includes the southernmost part of the Norwegian–
Danish Basin and the northern part of the Ringkøbing–Fyn High (Fig. 1).
In Permian time the structural framework of the North Sea was dominated
by the E–W trending northern and southern Permian basins, separated by
the Mid North Sea High and the Ringkøbing–Fyn High (Cartwright 1990;
Ziegler 1990; Vejbæk 1997). The Ringkøbing–Fyn High is intersected by
numerous grabens, e.g., the Horn Graben and the Brande Trough (Best et
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al. 1983; Vejbæk 1990; Ziegler 1990; Clausen and Korstgård 1993).
Reactivation of structural elements within the basin played an important
role in determining the depositional pattern of the Cenozoic succession
(Madsen and Clausen 1995; Clausen et al. 1999; Rasmussen et al. 2005).

Tectonic activity during the Oligocene, along older structural
lineaments, amplified the subdivision of the Danish North Sea sector
into two basins separated by the Ringkøbing–Fyn High. The fault activity
and salt remobilization within the Norwegian–Danish basin are believed
to have influenced seabed morphology and subsequently the depositional
pattern during Cenozoic times (Madsen and Clausen 1995; Clausen et al.
1999; Rasmussen 2004).

In the early Cenozoic the North Sea basin was strongly dominated by
early Paleocene pelagic chalk deposits and Paleocene to Eocene to more
siliciclastic dominated sediments (Gry 1935; Spjeldnæs 1975; Heilmann-
Clausen 1995; Jordt et al. 1995; Michelsen et al. 1998).

The first recognizable, large-scale Cenozoic sediment progradation
observed in the Danish part of the North Sea started during the
Oligocene. The general progradation direction of the fine-grained clastic
wedges was towards the SSW from the Fennoscandian Shield (Jordt et al.
1995; Michelsen et al. 1995; Michelsen et al. 1998; Huuse et al. 2001;
Rasmussen 2004). The direction of progradation towards SSW continued

in the early Miocene and early mid Miocene with three major
depositional pulses of delta and shoreline progradation represented by
the Billund sand, the Ribe Formation, the Bastrup sand, and the Odderup
Formation (Fig. 2) (Rasmussen et al. 2002). The depositional pattern
reflects an early Aquitanian eustatic fall in sea level (Rasmussen 2004).
The area in front of the slope is characterized by deposits controlled by
a possible bottom current as suggested by Hansen et al. (2004).

DATA AND METHODOLOGY

The study is based on high resolution vibro-seismic data from the
onshore area (GI and STR) and shallow-seismic offshore data from the
eastern part of the Danish North Sea (Dana 95, 96, GR 97, 98, and FL
99). Conventional multi-channel 2D seismic, acquired for oil exploration,
has also been used for regional seismic correlation. The conventional
seismic data have a dominant frequency of about 40 Hz, the high-
resolution data from the North Sea have a dominant frequency of about
65 Hz, and the youngest onshore lines have a dominant frequency of
about 100 Hz. Assuming that the interval velocity of the sediment is
about 1800 m/s, this gives a vertical seismic resolution (l/4 sensu Yilmaz
[1987]) of 11 m, 7 m, and 5 m respectively.

FIG. 1.— Study area with location of boreholes, wells (white dots), and 2D seismic surveys (shaded gray lines). Locations of correlation panels are indicated by
a stippled line. Main structural elements are from Vejbæk and Britze (1994).

CLINOFORM TYPES AND RESERVOIR SANDS IN THE WAVE-DOMINATED BILLUND DELTA 131J S R



Cutting samples from nine new stratigraphic boreholes (Engesvang,
Isenvad, Store Vorslunde, Billund, Vandel Mark, Løvlund, Almstok, No,
and Stensig) provide the information on the lithology (Fig. 1). The
stratigraphic boreholes were drilled with the rotary drilling method. The
diameter of the hole was 400 mm in the upper 100 m of subsurface
changing to 350 mm below 100 meters. More than 10 onshore and
offshore wells drilled for hydrocarbon exploration have also been used for
log correlation (Fig. 1). The rate of penetration was 2 min/m for the
uppermost 100 m and then reduced to 3 min/m below 100 m. This
ensured a high quality of the cutting samples. The latter is further
supported by seismic data and biostratigraphy, which indicate that
contamination is rare.

Interpretation of seismic facies and reflector termination are based on
the principles of seismic analysis described by Brown and Fisher (1977)
and Mitchum et al. (1977a). Seismic facies are defined by the reflector
pattern, amplitude, and continuity. The termination nomenclature is used
to describe and define the top and bottom of seismic units. The sequence

stratigraphic approach follows that of Hunt and Tucker (1992, 1995).
Their model is based on the principles of Mitchum et al. (1977b) and
other workers in the Exxon Group, where a sequence is defined as
a stratigraphic succession of genetically related strata bounded at its top
and base by unconformities or their correlative conformities. However,
the Hunt and Tucker model differs from the Mitchum et al. (1977b)
model by placing the sequence boundary above the allochthonous debris
at the basin floor instead of below it. The concept of shoreline trajectories
as introduced by Helland-Hansen and Gjelberg (1994) is used here to
describe shoreline and clinoform migration patterns. Shoreline trajecto-
ries describe the path of the shoreline migration in cross sections along the
depositional dip (Helland-Hansen and Gjelberg 1994).

SEISMIC INTERPRETATION

Seismic interpretation has concentrated on a major prograding
complex that can be followed both onshore and offshore (Figs. 3, 4).

FIG. 2.— Lithostratigraphy of the upper Oli-
gocene and Miocene succession, Denmark. The
lower Miocene Billund sand is indicated in bold.

R

FIG. 3.—Four N–S oriented seismic lines through the Billund delta complex. Cross sections are displayed from west to east (A–D). The parallel clinoformal facies is
shown in orange, the sigmiodal clinoformal facies in yellow, and the parallel horizontal facies in green. For location of the seismic section see Figure 4. (Seismic data
courtesy of COWI and H. Lykke-Andersen).
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The system displays an overall WNW to ESE oriented trend (Fig. 4). Its
isochrones vary from 300 ms (TWT) in the northwestern part to c. 150 ms
(TWT) in the central area, down to less than 30 ms (TWT) in the
easternmost part. The seismic expression of the Billund delta has been
subdivided into three seismic facies types. These facies types have been
named the parallel clinoform facies, the sigmoidal clinoform facies, and
the parallel horizontal facies on the basis of seismic reflection geometries
described by Brown and Fisher (1977). Similar delta-scale clinoforms are
documented from Pleistocene and Holocene deltas in the Gulf of Mexico,
U.S.A. (Andersen et al. 2004; McKeown et al. 2004)

Parallel Clinoform Facies

The parallel clinoform facies is characterized by high-frequency steep
parallel clinoformal reflection patterns (Fig. 3A, D). The lower boundary is
relatively sharp and is sometimes defined by bottomset terminations on an
erosional surface. The upper boundary is also sharp and sometimes defined
by erosional truncations (Figs. 3D). The amplitude is high, especially in the
upper part of the facies where the clinoforms are steepest, probably a result
of the effect of amplitude stacking of reflections from a steep surface. The
magnitude of the amplitude decreases with clinoform dip until it reaches
the bottomset interval. The clinoform reflections are, in general, closely
spaced with a relative high wavelet frequency. The clinoforms are, in
general, 75 to 100 m high and dip up to 7u to 10u towards the south.

The parallel clinoform facies units extend about 1 to 5 km from north to
south, but where they are arranged in amalgamating sets of parallel clinoform
packages they can reach 10 km (Fig. 3D). The pinchout distance of a prograding
shoreline, or the process-controlled pinchout distance, as defined by Løseth
and Helland-Hansen (2001), is measured to be between 0.5 and 1 km. The

stacking pattern of each package (of the parallel clinoform facies) is in general
upward prograding, but some of them display downwards prograding (Fig. 3D).

Sigmoidal Clinoform Facies

The sigmoidal clinoforms are characterized by being less steep and
more curved than the parallel clinoform facies (Fig. 3A, C). The
reflection amplitude is medium with relatively low frequency. The upper
boundary of the clinoforms is sharp, often with erosional truncations,
although some topset development can be recognized in seismic cross
sections. The erosional truncations are most pronounced in the south-
ermost parts of the unit, where the clinoform breakpoint (if not eroded)
would have been expected. The lower boundary is also sharp and
sometimes seems to be defined as an erosional surface with erosional
truncations of the reflections defining the underlying succession.
Bottomset can be recognized in some cross sections (Fig. 3A, B). The
sigmoidal clinoform facies units are up to 100 m high and thin to the
north, where the reflections become more parallel and horizontal. The
sigmoidal clinoform facies stack in units of 5 to 10 km in length from
north to south. The dip of the clinoforms is approximately 1u to 3u. The
process-controlled pinchout distance is measured to be 1.5 to 2.6 km. The
sigmoidal clinoform packages generally exhibit an upward-prograding
seismic pattern.

Parallel Horizontal Facies

The parallel horizontal facies is characterized by a parallel to
subparallel reflection pattern (Fig. 3B). The reflection amplitude is
medium to low with relatively low frequency. The upper boundary is

FIG. 4.—Isocore map of the Billund delta. Note that the thickest part of the delta is located in the northwestern part of the study area. Much thinner deltaic deposits
cover the eastern part of Jylland. The deltaic succession pinches out towards the south. Seismic sections in Figure 3 are shown as bold lines.
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characterized by a high-amplitude reflector and may show erosional
truncation. The lower boundary is also characterized by a high-amplitude
reflector. The parallel facies is up to 150 m thick. The parallel horizontal
facies may have a lateral extension of over 20 km.

DISTRIBUTION OF CLINOFORM FACIES

The distribution of facies is shown in Figure 5. In addition the
distribution and thicknesses of the parallel clinoformal seismic facies is
color contoured.

In the western part of the study area, the parallel clinoform facies is
developed to the north of the sigmoidal clinoform facies. Eastwards they
become intercalated. The parallel clinoform facies is thickest in the area
west of Fjand, where it reaches 100 meters. Here the facies can be traced
in a zone approximately 20 km long and 5 km wide before it reaches the
present-day shoreline. The area with the most pronounced thickness of

the interval with parallel clinoform facies west of the Fjand is referred to
as the Ringkøbing lobe.

The facies is also widely developed in the area of the Brande Trough,
where it is subdivided into a number of amalgamating units. The largest
coherent package of the amalgamating units reaches thickness of about
80 m in a semicircular area with a diameter of approximately 10 km. Two
other, significantly smaller, units are recognized north of the first one. All
three packages are separated by areas of sigmoidal clinoform facies and
are jointly referred to as the Brande lobe.

LITHOLOGY

The Billund complex has been penetrated by six new boreholes (Fig. 1).
A few older water supply boreholes and oil wells penetrated the delta
complex both onshore and offshore. The associated spit system east of the
Billund area crops out along fjords in east Jylland. This system has

FIG. 5.— Distribution of facies and thicknesses of the sand within the delta complex as indicated from measurements of the height of the clinoforms with parallel
clinoform facies (from seismic cross sections). Sand thicknesses in selected boreholes are also indicated.
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recently been studied intensively with respect to sedimentology and
palynology (Dybkjær and Rasmussen 2000, Dybkjær 2004, Rasmussen
and Dybkjær 2005). The three biostratigraphic assemblages defined in
Rasmussen and Dybkjær (2005) are indicated in order to provide a robust
stratigraphic correlation of boreholes and outcrops (Fig. 6).

DESCRIPTION OF BOREHOLES AND WELLS

In order to illustrate the lithology variation of the Billund delta three log
panels have been constructed (Fig. 7) and selected boreholes are described
in detail. In addition, where boreholes are intersected by seismic lines
a direct tie is provided in order to compare seismic facies with lithology.

The Brande lobe, which formed the eastern part of the delta complex, is
penetrated by the Engesvang, Isenvad, Store Vorslunde, Billund, Vandel
Mark, and Løvlund boreholes (Figs. 1, 5). Sands of varying thicknesses
and quality have been found in these boreholes.

The Engesvang borehole penetrates 60 m of medium to coarse sand
with some intercalation of muddy silt layers (Fig. 7A). In the Isenvad
borehole ca. 100 m of deltaic deposits has been penetrated. The
lowermost 30 m consists of muddy silt, which is capped by 70 m of
medium to coarse sand interval. The lower part of the sand interval shows
a clear coarsening-upward trend.

The succession penetrated at Store Vorslunde is 80 m thick. The lower
part is characterized by 50 m of muddy silt and the upper part by muddy
silt intercalated with sand stringers. The deltaic succession is here capped
by 30 m of medium- to coarse-grained sand. The uppermost sand-rich
part correlates with the parallel clinoformal reflection pattern on the
seismic section (Fig. 8A). In the Billund borehole the succession is
characterized by 40 m of medium- to coarse-grained sand sharply
overlying older Eocene deposits. This sand-rich succession correlates
with the parallel clinoform facies on the seismic section (Fig. 8B). At
Vandel Mark the lower part consists of c. 10 m silty mud with thin fine-
to medium-grained sand beds (Fig. 7A). This is sharply overlain by 30 m
of medium-grained sand with a few intercalations of mud layers. The

succession at Løvlund is characterized by fine- to medium-grained sand
interbedded with thin mud layers (Fig. 8C). This is topped by
approximately 15 m of alternating muddy silt and sand layers. The
succession at Løvlund correlates with the sigmoidal clinoform facies on
the seismic section (Fig. 8C).

West of the Brande lobe, the Stensig borehole penetrates the deltaic
succession characterized by parallel horizontal facies. The succession here
correlates to muddy silt with increasing intercalation of sand layers
upwards.

East of the Brande lobe the Gadbjerg and Remmerslund boreholes
penetrate a distinctively thinner succession of the Billund complex
(Figs. 7B, C). The succession at Remmerslund is 31 m thick and is
composed of organic-rich, muddy silt with few sand lenses (Fig. 7B). A 42
meter thick succession has been penetrated at Gadbjerg (Fig. 7C). The
sequence is characterized by laminated muddy silt capped by 2 m of
medium- to coarse-grained sand (Fig. 7C).

Data from two older hydrocarbon explorations, Eg-3 and C-1
(Fig. 7C), have been used to confirm the deposits of the Billund complex
in the central and western part of the study area. However, the lithology
in these wells is described only roughly because the main target of these
wells was deeper-seated Paleocene and Cretaceous deposits. Approxi-
mately 100 m of sand have been reported in the Eg-3 well (Completion
report Eg-3). This thick sandy interval correlates with a clinoformal
reflection pattern on older seismic data (Rasmussen and Dybkjær 2005).
The succession in the C-1 well consists of alternating mud and sand,
which become slightly coarser and thicker upwards. This part correlates
to a clinoformal reflection pattern which, however, has been observed
only on older multi-channel seismic data with low resolution.

OUTCROP DESCRIPTION

A detailed study of the outcrops is given by Rasmussen and Dybkjær
(2005); in this study, detailed measurements documentation are pre-
sented. The following summary is illustrated by selected photos of

FIG. 6.— East to west correlation panel through the Billund delta showing biostratigraphic assemblages found in boreholes and outcrops.
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FIG. 7.— Three correlation panels through the Billund delta. A) N to S gamma log correlation panel from five boreholes. Engesvang, Isenvad, Store Vorslunde,
Billund, and Vandel Mark are located on the Brande lobe, and the Almstok borehole in front of the Billund delta. Note the influence of the Ringkøbing–Fyn High
(elevation towards Almstok) also shown in part B. B) N to S trending correlation panel of the Remmerslund borehole (gamma log), the Morsholt borehole, and the two
outcrops at Hvidbjerg and Lillebælt. Note that the succession of the Billund delta complex is distinctively thinner. Note also that the succession in this part of the study
area is capped by a gravel layer. C) E to W trending correlation panel of the Billund delta. Note that thick deltaic sands were laid down west of the main Brande Trough
fault, and dominantly muddy sediments with some thicker sand bodies (Hvidbjerg spit system) east of the fault. The Billund delta complex pinches out towards the west
approaching the R-1 well. The location of the correlation panels is shown in Figure 1.
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FIG. 8.—Lithological section and gamma-log data from the Store Vorslunde, Billund, and Løvlund stratigraphic boreholes compared with the seismic section which
runs through the borehole. Correlation of sand-rich intervals within the borehole with seismic facies is indicated with a red line. (Seismic data courtesy COWI).
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sedimentary structures (Fig. 9), of which the paleogeographic location is
shown Figure 10.

The succession that crops out at Dykjær in east Jylland, in the northern
part of the study area, is characterized by organic-rich muddy silts, with
some intercalations of fine-grained sand (Fig. 9A, B). Thick sands and
gravel may occur locally. In the central part of the Hvidbjerg locality, the
succession is dominated by thick sand, in places up to 26 m thick
(Fig. 9C). The sand is clean and medium-grained and dominated by thick
to planar sand beds capped by wave ripples, and the beds are dip gently
towards the southeast (Fig. 9D). The sedimentary structures at the
Pjedsted locality are dominated by thick to planar sand beds, locally with
tidal bundles, and double mud layers are common (Fig. 9E). The cross-
beds of the tidal bundles dip towards the southwest. Alternating sand and
mud beds dominate in the southern part of the study area, represented by
a compound section referred to as Lillebælt (Fig. 9F). The succession here
shows a thickening- and coarsening-upward trend, and amalgamation of
sand layers is common in the upper part of the interval (Fig. 9G).
Sedimentary structures in the sand beds are dominated by hummocky and
swaly cross-stratification; gutter casts occur in the upper part of the
succession. The succession that crops out in east Jylland is capped
erosionally by a gravel layer with clasts up to 3 cm. The thickness of the
gravel layer varies but it rarely exceeds 1 m.

INTERPRETATION

Correlation of seismic facies with boreholes indicates that the parallel
clinoform facies ties to sand-rich sediments, as in the upper part of the
complex in the Store Vorslunde and Billund boreholes (Fig. 8A, B). The
sigmoidal reflection pattern correlates with alternating sand and mud
layers, as best demonstrated in the Løvlund borehole (Fig. 8C), but also in
the lower part of the Store Vorslunde borehole (Fig. 8A). The succession
penetrated in the boreholes shows an overall coarsening-upward trend. In
the Store Vorslunde borehole the palynomorphs indicate progressively
decreasing marine influence upwards (Rasmussen and Dybkjær 2005). The
influx of fresh-water algae was high. The uppermost sand in this borehole
was deposited in a terrestrial environment (Dybkjær and Rasmussen 2000).
Studies of the succession that crops out in east Jylland (Friis et al. 1998;
Dybkjær and Rasmussen 2000; Rasmussen and Dybkjær 2005) indicate
a marginal marine depositional environment. As a consequence, the
clinoformal reflection pattern generally indicates progradation of a silici-
clastic wedge into the basin, and the overall lobate morphology of the
complex is therefore interpreted as representing a deltaic environment (cf.
Brown and Fisher 1977; Orton and Reading 1993; Bhattacharya and
Giosan 2003) (Fig. 10). A pinchout distance of less that 2 km characterized
the delta (Fig. 3). The pinchout distance in prograding systems is highly
dependent on the kind of sediment input to the system (gravel, sand, and
mud) and the type of delta (wave-, tidal- or fluvial-dominated as defined by
Galloway (1975) and Løseth and Helland-Hansen (2001)). The pinchout
distance generally becomes shorter the coarser the input material and
shorter in wave-dominated deltas compared to tidal- and fluvial-dominated
deltas (Løseth and Helland-Hansen 2001).

The study of boreholes and outcrops indicate that it is a mixed sand
and mud system, and the grain size rarely exceeds coarse-grained sand
(Friis et al. 1998; Rasmussen and Dybkjær 2005). Studies of outcrops in
east Jylland show that the depositional environment was characterized by
both wave-dominated and tidal processes (Friis et al. 1998; Rasmussen
and Dybkjær 2005). The studied area was located in the high-latitude belt
of westerly winds and on the eastern side of the Miocene North Sea. The
resultant large fetch promoted a wave-dominated environment and an
east directed longshore current dominated in the littoral zone. The latter
is verified by the presence of barrier and lagoonal deposits east of the
Billund delta (Rasmussen and Dybkjær 2005). The fluvial systems in the
catchment area were braided and characterized by medium- to coarse-

sand with some gravel as observed in gravel pits located c. 20 km from the
delta deposits (Hansen 1985; Jesse 1995; Christensen 2004; Dybkjær and
Rasmussen 2005). The delta-front and slope deposits are also character-
ized by medium- to coarse-grained sand with some gravel. In the most
distal part of the lobe, i.e., at Løvlund, the slope deposits consist of fine-
grained sand alternating with mud layers. Due to the wave-dominated
marine environment, the sediment was redistributed at the mouth of the
delta. Some of the sediment was transported along the shoreface and
deposited in barrier complexes, e.g., at Hvidbjerg (Fig. 10). Offshore-
directed transport of sand and gravel occurred in association with flood
stages in the fluvial system or by storm and tidal currents and were laid
down on the slope below wave base. Studies of the seismic sections
indicates a dip of 7u to 10u for the delta slope, values typical of sandy and
gravely systems (Orton and Reading 1993). The clinoforms show gentle
concave-up morphology (Fig. 3D). The delta-slope succession shows
a coarsening-upward trend, and coarse-grained gravity deposits have
been found only in a few cases at the toe of the delta slope. Seismic data
do not indicate slope failure or slumping, as known from modern deltas
(Hart and Long 1996). The stability of the slope was possibly enhanced by
the sorting of the sediment in the wave-dominated upper part of the delta
and due to the constant infill of erosional features (Colella 1988; Massari
and Parea 1990). Thus confinements of sandy gravity flows were
prevented and deposition of the gravity flow on the slope occurred
because of the high friction at the base of the turbidity flow, rather than
predominance of deposition at the basin floor (Steel et al. 2001). A tidal
influence on the depositional environment is evident from outcrops
(Rasmussen and Dybkjær 2005), and strong tidal currents along the strike
of the prograding delta front were thus likely. In the western part of the
delta evidence of strong erosion has been recognized (Fig. 11), a feature
that is common in areas exposed to strong tidal currents due to lobe
switching (Hart and Long 1996). Therefore an alternative interpretation
may be that currents flowing along the whole depth range of the slope, as
demonstrated from the deltas in the Bohemian Cretaceous Basin (Uličný
2001) and molded the delta front of the Billund delta. In summary, the
most likely interpretation is that sands on the delta front were supplied
mainly from the fluvial system and protected in the deep-water
environment below storm wave base. The high angle (7 to10u) and
minimal development of bottomsets indicate deposition in a relatively
high-energy environment (McKeown et al. 2004). Sand and mud from
eroded areas west of the active delta lobes, (i.e., tidal erosion) were
transported to the east (down drift) and accumulated on the up-drift side
of the active delta lobes (creating the asymmetry of the delta).

Where the parallel clinoform facies shows an aggradational stacking
pattern, or is overlain by the sigmoidal clinoform facies, it is interpreted
as having been deposited during sea-level rise and thus forms the
highstand systems tract of the delta complex. Where parallel clinoform
facies units move progressively towards the south, displaying a amalgam-
ated reflection pattern and erosion into the underlying succession, the
progradation is interpreted to have occurred during falling sea level.
Similar observations have been made by Hampson and Storms (2003) for
a wave-dominated shoreface shelf system where the forced regressive
shoreline trajectories are marked by amalgamation of erosional
discontinuity clinoform surfaces into regressive surfaces of marine
erosion. The more lobate outline of the Brande lobe (Figs. 4, 5, 10)
may indicate less wave modification of the delta front during lower sea
level, which indicates that the shoreface environment was influenced by
the topographical relief controlled by the Ringkøbing–Fyn High (Fig. 10)
(Martinsen et al. 2003)

DISCUSSION

The Billund delta provides a good example of the distribution of sands
in a wave-dominated environment and with high sediment supply from
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the river system. According to Bhattacharya and Giosan (2003), thick
sands are deposited in front of the delta as amalgamated sand ridges if the
wave action is normal to the delta front. In wave-dominated deltas
influenced by strong longshore currents, as in the Billund delta, sands are
deposited in the updrift part of the delta front and the downdrift part is
characterized by deposition of spit and lagoonal complexes. The calibre
of the sediments transported to the delta environment is also important
for the morphology and distribution of sediments within the delta (Orton
and Reading 1993). In addition to this, progradation of the delta during
changing sea level is also thought to control the distribution of sands
(Dominquez and Wanless 1991). The use of shoreline trajectories as
a predictive tool has recently been developed by Bullimore et al. (2004)
and Bullimore and Helland-Hansen (2004) and can also be used
successfully in this study.

Evidence of Delta-Lobe Switching

The Billund delta shows a seismic facies pattern of alternating parallel
clinoformal and sigmoidal and onlapping parallel horizontal seismic
facies. This alternation is interpreted as reflecting lateral delta-lobe
switching due to autocyclicity (McKeown et al. 2004; Correggiari et al.
2005). The parallel clinoform facies corresponds to sand-rich central
delta-lobe deposits, and the sigmoidal and parallel horizontal facies
reflects delta-lobe-margin deposits of alternating sand and mud deposits.
The influence of sea level changes can, however, be recognized in the
overall trajectory trends of the delta complex. Progradation during rising
sea level is reflected in an ascending shoreline trajectory (Fig.12A)
(Helland-Hansen and Martinsen 1996). Progradation during stable sea
level results in a horizontal trajectory (Fig. 12B), and finally progradation
under falling sea level is illustrated in a descending trajectory (Fig. 12C)
(Helland-Hansen and Martinsen 1996).

Normal Regression of Deltas

Progradation of the Billund delta during an ascending and stable
trajectory is demonstrated around and to the north of the Store
Vorslunde borehole (Fig. 13). Both seismic facies are recognized on the
seismic section. The lateral distribution of the parallel clinoformal facies
is relatively confined, less than 5 km in the northern part of the section.
This seismic facies alternates with the sigmoidal seismic facies. The
stacking pattern for this part of the succession is aggradational and
progradational (ascending trajectory). At the Store Vorslunde borehole,
30 m of clean sand was penetrated, corresponding to the height of the
parallel clinoforms facies interpreted on seismic cross sections (Fig. 8A).
The sigmoidal clinoform facies correlates with 50 meters of mud
sediments interbedded with thin sand layers in the Store Vorslund
borehole (Fig. 8A). The deltaic succession correlates with spits and
barrier complexes in the eastern part of the study area (Fig. 10A)
(Rasmussen and Dybkjær 2005). The main spit complex here consists of
up to 26 m of well-sorted and clean fine- to medium-grained sand. The
thickness of the sand decreases rapidly south of the spit to approximately
15 m, where it consists of mainly fine-grained sand with numerous
intercalations of mud, especially in the lower part of a parasequence
(Rasmussen and Dybkjær 2005). Muddy lagoonal deposits with some
fine-grained sand layers are present to the north of the main spit system.

Thicker sand sedimentation may have occurred as washover-fan deposits
adjacent to the spit.

Forced Regression of Deltas

Progradation of the Billund delta, characterized by a descending
trajectory, indicates construction of the delta during falling sea level
(Fig. 10B). This is illustrated south of the Store Vorslunde borehole
(Fig. 13). The transitional phase from an ascending to a descending
trajectory is seen as a change from alternating parallel clinoform facies
and sigmoidal facies to a marked amalgamation of the parallel clinoform
facies; this facies then completely dominates the seismic reflection pattern.
Furthermore, in some areas, successively deeper erosion is recognized at
the base of the parallel clinoform facies, which further supports the
association of progradation with falling sea level. However, this pattern
sometimes changes to shallower erosional depth at the base of the
clinoforms (e.g., at shot point 3450; Fig. 3D), but still with amalgamation
of the parallel clinoform facies. This is interpreted as being due to delta
lobe switching under falling sea level. The succession, characterized by the
amalgamated parallel clinoform facies on the seismic sections, has been
penetrated by the Billund borehole. Here 50 m of clean medium- to
coarse-grained sand corresponds to the height of the clinoforms observed
on the seismic data. If the height of clinoforms can be applied as an
indication of lithological thickness, up to 75 m of sand may be expected
in some parts of the Billund delta (Fig. 5). The succession characterized
by descending parallel clinoform reflection patterns correlates with
a major hiatus in the eastern part of the study area (Rasmussen 1998;
Dybkjær and Rasmussen 2000). In outcrops the hiatus is marked by
a distinct erosional surface overlain by a conglomerate with pebbles up to
5 cm (Rasmussen 1998; Rasmussen and Dybkjær 2005). Rasmussen
(1996, 1998) and Rasmussen and Dybkjær (2005) interpreted the gravel
layer as having been deposited in a fluvial depositional environment
during a regression in the early Miocene. Coarse-grained fluvial deposits
were therefore laid down in the eastern part of the study area during the
period with forced regression, as indicated by the descending trajectory
recognized in the late phase of construction of the Billund delta complex.

Effects of Basin Physiography

In addition to sea-level changes, the physiography of the basin played
a significant role in the distribution of sand-rich delta lobes and associated
spit systems of the Billund delta (for same depositional setting se Martinsen
et al. 2003). In Figure 5 the mapped delta lobes and the Hvidbjerg spit are
compared with pre Zechstein structural elements in the basin. Both the
Brande and the Ringkøbing lobes are associated with structurally defined
topographic lows. The Brande lobe is confined to a N–S trending graben
structure (the Brande Trough) in the central part of the study area (Fig. 5).
The Ringkøbing lobe is located within the footwall section of a minor half
graben just off the coast of Jylland (Fig. 5). The WNW–ESE trending
Ringkøbing–Fyn High also seems to have influenced the southernmost
positions of the Ringkøbing lobe, in as much as the termination of this lobe
coincides with the northern rim of the Ringkøbing–Fyn High (Fig. 5). The
Brande lobe has a more southern location, possibly due to its position
within the Brande Trough and protection from wave activity behind the
Ringkøbing–Fyn High during sea-level low (Fig. 10). Therefore this part of

r

FIG. 9.—Photographs of Billund delta outcrops in east Jylland. A) Lagoonal muds and upper-shoreface sands at Dykjær. B) Flood-dominated tidal bar (main current
direction towards the NE) deposited north of the spit system. C) Panorama view of the Hvidbjerg spit system, photo Arne T. Nielsen. D) Details of the Hvidbjerg sand
showing a planar-laminated sand bed capped by wave ripples. E) Tidal bundles from the sand pit just south of Hvidbjerg. The cross-stratified sand beds dips SW,
perpendicular to the strike of the shoreline. Note the three double mud drapes in the exposed section. F) Hummocky cross-stratified sand beds at Lillebælt deposited in
the lower shoreface in front of the Hvidbjerg spit. G) Swaly cross-stratified sand beds in the outcrop at Lillebælt.
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the lobe may be more influenced by fluvial processes (Fig. 5). An important
structural element in the early Miocene is the eastern fault of the Brande
Trough, which separated an elevated area east of the fault from lower-lying
areas to the west. In principle, this fault controlled the distribution of the
main delta, deposited in relatively deep water (c. 100 m), and the associated
spit–barrier systems deposited in shallower water in the eastern part of the
study area. However, smaller structural elements also control the
distribution of sand and mud. For instance, the spit system at Hvidbjerg
follows the WNW to ESE trend of minor faults on the Ringkøbing–Fyn
High (Fig. 5) Rasmussen and Dybkjær (2005) suggest that the location of
spits and barriers, deposited during the early Miocene, was strongly
controlled by structural elements in a fashion similar to the Lower
Cretaceous Jydegård and Robbedale formations on Bornholm (Noe-
Nygaard and Surlyk 1988).

The higher topography east of the Brande Trough also played a role in
development of the delta complex during falling sea level. Here the area
was subaerially exposed and gravel and sand were deposited in fluvial
environments (Fig. 10B) (Rasmussen 1998) while thick sands were laid
down in deltas within the deeper-lying Brande Trough. The fluvial
deposits were, however, reworked during a succeeding transgression in
the early Miocene, so they now form a more or less tabular layer of gravel
above a ravinement surface (Rasmussen and Dybkjær 2005).

Remobilization of the salt structures north of the Ringkøbing lobe
(Japsen and Langtofte 1991) probably influenced development of the
western part of the delta complex. The sigmoidal clinoform facies is found
in the southern part of the delta and that it is placed on top of an
erosional surface above the parallel clinoform facies. The location above
an erosional surface suggests that the unit was deposited after a relative
fall in sea level, succeeded by a relative sea level rise as implied by the
progradational pattern of the facies. However, this development cannot
be recognized in the eastern part of the delta complex and may therefore
be a local phenomenon. Consequently, this may reflect a local change in

relative sea-level due to salt movements resulting in local erosion of the
tip of the delta lobe. Tectonic movements in the early Miocene, described
by Rasmussen (2004), may have triggered the salt tectonism, giving rise to
local warping around the structure.

CONCLUSIONS

The Billund delta, which covers an area of 10,000 km2, prograded
southwards during the early Miocene. Two discrete lobes of this delta
have been identified, the Brande and Ringkøbing lobes, on the basis of
high-resolution seismic data, new boreholes, and outcrop sections.

The study of seismic data and sedimentary structures from outcrops in
east Jylland indicate that the delta was wave-dominated, with thick sand
deposited preferentially in structural lows, especially during falling sea
level and on the updrift part of newly formed delta lobes. The sand supply
to the delta lobes originated partly from reworking of the delta-front
deposits that were subsequently deposited in relative deep water in front
of the delta, and partly from erosion of former deltas or other sources
located northwest of the study area. In the eastern part of the study area,
spit complexes with associated lagoonal deposits were formed during
normal regression.

The seismic facies study indicates that parallel clinoforms with a dip of
7u to 10u are indicative of more homogeneous sand layers. The stacking
patterns (ascending or descending trajectories) of the clinoforms indicate
whether progradation occurred under rising or falling sea level. The
thickest sand deposits are characterized by amalgamation of the parallel
clinoformal facies and successive deeper erosion in the substratum. In the
eastern part of the delta complex, which developed in a topographically
elevated position on the Ringkøbing–Fyn High, gravels were deposited
during the period of forced regression.

The most sand-rich delta lobes were preferentially deposited in
topographic lows, such as the N to S trending Brande Trough, during

FIG. 11.—Details of seismic sections from the Billund delta. The upper section shows erosion of the delta front of the Ringkøbing lobe.

r

FIG. 10.—Block diagram showing the paleogeography of the Billund delta during highstand and forced regression. Note that the cross sections are based on outcrop,
borehole, and seismic data and that the location of the photos in Figure 9 is indicated as well as the seismic line in Figure 3D.
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progradation. The location of the downdrift spit system was controlled by
minor WNW to ESE striking faults arranged en echelon to the main
boundary fault of the Brande Trough.

This investigation illustrates that a combined study of the depositional
environment (fluvial-, tidal-, or wave-dominated), sea-level changes, and
the physiography of the basin is needed in order to predict the spatial
distribution of thick sands in a deltaic setting.
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YILMAZ, Ö., 1987, Seismic Data Processing: Society of Exploration Geophysicists,
Investigations in Geophysics, v. 2, 526 p.

ZIEGLER, P.A., 1990, Geological Atlas of Western and Central Europe: London,
Shell International Petroleum Maatschappij/Geological Society Publishing House,
239 p.

Received 29 November 2006; accepted 11 July 2007.

146 J.P.V. HANSEN AND E.S. RASMUSSEN J S R





Paper 7 
 
 
Møller, L.K., Rasmussen, E.S. & Clausen, O.R. 2009: Clinoform migration patterns of a Late 
Miocene delta complex in the Central Graben; implications for relative sea level changes. In: 
Henriksen, S., Hampson, G.J., Helland-Hansen, W. Johannessen, E.P. & Steel, R.J (eds.): 
Trajectory Analysis in Stratigraphy. Basin Research 21, 704-720. 
 
 
  





Clinoformmigration patterns of a Late Miocene delta
complex in the Danish Central Graben; implications
for relative sea-level changes
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ABSTRACT

A LateMiocene delta complex is located in the Danish Central Graben.The delta complex provides
the opportunity to study the spatial development of a wave- £uvial dominated delta complex in three
dimensions. Based on 3D seismic data (seismic sections and amplitude maps) andwell data the
complex has been investigated.The delta was developed during an initial rise and then a signi¢cant
fall (approximately 90m) in relative sea-level.The prograding clinoformal package of the delta
complex has clinoform dips of 2^31 and a thickness of maximum115m.The sediments are deposited
in ¢ve elongated depositional units with the long axis parallel to the delta slope, and progradation
occurred in a south-westerly direction.The grain size of the units vary frommuddy to coarse-grained
sand. Incised canyons running parallel to the depositional direction tend to be straight or have low
sinuosity and incise approximately 90m into the top of the delta.The delta complex has been
subdivided into two systems tracts based on a study of clinoform migration patterns: (1) Rising
trajectory inUnit1^4 of the complex, the sea-level was rising as documents a highstand systems tract
(HST). (2) Descending trajectory in Unit 5 documenting a forced regression wedge systems tract
(FRWST) as the sea-level was falling, creating incised canyons.

INTRODUCTION

LateMiocene depositional geometries in theDanishCen-
tral Graben has gainedwidespread interest during the last
5 years (Rasmussen et al., 2005; Vejb�k et al., 2005). Addi-
tionally, Oligocene and Miocene deltaic sediments have
proven valuable aquifers onshore western Denmark with
intense mapping of these important aquifers has taken
place during the last decade. Although the analysis of on-
shore deltas is favoured by the presence of both outcrops
and a large number of shallow wells, the understanding is
limited by a very open seismic grid. Analyses of Miocene
deltas in the North Sea (Central Graben) bene¢t from a
3D seismic data coverage, which allow detailed mapping
of geometries and structures.

This study analyses the geometry of a Late Miocene
deltaic succession in the North Sea by using 3D seismic
andwell data, and to analyse the e¡ects of changes in rela-
tive sea-level on this succession.The main aim is to estab-
lish a depositional model for the deposits, which may
enhance the prediction of good reservoir sands onshore
in similar geological settings. Identi¢cation of the shore-
line position and shoreline migration pattern is an impor-
tant step in understanding the depositional history and

strengthen prediction of lithology. This is especially im-
portant as a result of the increasing search for deeper bur-
ied aquifers in the whole of north-western Europe.
Furthermore, the study can potentially contribute to the
ongoing paleo-geographic reconstruction of the North
Sea area during theMiocene.

GEOLOGICAL SETTING

The study area is located in the Danish Central Graben
area (Fig.1), which during theMiocenewas part of the epi-
continental North Sea Basin (Ziegler, 1990). During the
Neogene the area underwent regional subsidence centred
above the Mesozoic Central Graben. Localised relative
upliftwas related to reactivation ofZechstein salt.The post
DanianNorth Sea sediments are characterized by an over-
all upward coarsening (UC) trend re£ecting the ¢lling of
the basin and the overall regression at that time (Ziegler,
1990; Michelsen et al., 1998; Clausen et al., 1999; Fyfe et al.,
2003; Rasmussen et al., 2005).The Late Paleocene^Eocene
¢ll of the North Sea was dominated by ¢ne-grained, clay-
rich deposits laid down in a deep marine environment.
The Late Paleocene^Eocene shoreline was located along
the northern part of the British Isles.The southern extent
of the coastline along present-day Britain is unknown, but
Paleocene and Eocene nearshore deposits are known from
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southern England andNorthern France (Rasmussen et al.,
2008).The southern extent of the North Sea Basin was lo-
cated in Belgium and continued eastwards through north-
ern Germany and Poland.The eastern and north-eastern
limit is speculative, but periodically the shoreline was lo-
cated close to the NW^SE trending Sorgenfrei-Tornquist
Zone, (i.e. north-easternDenmark). At other times during
the late Paleocene and Eocene, part of Fennoscandia was
probably £ooded (Rasmussen et al., 2008).

During theOligocene,major in¢ll from theFennoscan-
dian Shield is recorded for the ¢rst time (Clausen et al.,
1999). Large-scale, dominantly ¢ne-grained siliciclastic
wedges prograded from the Fennoscandian Shield south-
wards into the North Sea Basin.The introduction of more
coarse-grained sediment and periodically £uvial and
shoreface deposits during the Neogene re£ect the contin-
uous uplift of Fennoscandia and accompanying basinward
migration of the coastline (Larsen &Dinesen,1959; Friis et
al., 1998; Rasmussen & Dybkj�r, 2005). During the Early
Miocene the North Sea Basin covered most of present-
day Denmark, northern Poland, Germany and The Neth-
erlands. The sediments in the north-eastern North Sea
Basinwere mainly derived from the Fennoscandian Shield
(Rasmussen, 2004). During the LateMiocene the deposi-
tion in the southern North Sea Basin was strongly con-
trolled by the westward £owing Eridanos river system
(Overeem etal., 2001) and additionally from high sediment
supply by rivers draining the central European area.Owing
to the progressive in¢lling of the North Sea Basin during
the Miocene, the coastline is believed to be located in the
central part of the North Sea Basin in the latest Miocene
(Overeem et al., 2001; Rasmussen et al., 2005). At this time,
the outline of the North Sea Basin was elongate forming a

north-south trending narrow gulf (Galloway, 2002). This
narrow, elongate sea-way gives conditions for strong tidal
regimes in the North Sea Basin through out the Neogene
(Friis et al., 1998; Galloway, 2002; Rasmussen & Dybkj�r,
2005).

The studied delta complex is Late Miocene in age be-
longing to sequence F (Rasmussen, 2004) and is conse-
quently part of the Nordland Group (Isaksen & Tonstad,
1989; Jones et al., 2003) (Fig. 2).

The climate during the Paleocene^Oligocene changed
from awarm climate culminating in theEarlyEocene ther-
mal maximum to a cooler climate by the end of the Oligo-
cene. The well known onset of icehouse conditions
occurred during the Oligocene (Abreu & Anderson, 1998)
had a precursor during theLateEocene as reported byBo-
haty & Zachos (2003). This Late Eocene cooling event is
observed in lithological changes and isotope variations in
the Kysing-4 well onshore Denmark (in the eastern part of
theNorth Sea Basin) and is interpreted as re£ecting a Late
Eocene glaciation (Heilmann-Clausen & Van Simaeys,
2005; Heilmann-Clausen et al., 2006).The Oligocene was
dominated by a number of glaciations re£ecting subtle
changes in climate (Abreu & Anderson, 1998).

The climate during the Miocene was dominated by a
warm temperate to subtropical conditions with summer
rain (Koch, 1989; Utescher et al., 2002). A cooler period oc-
curred in the Early Miocene (Mai, 1967; Utescher et al.,
2002; Larson et al., 2006) and a warm climate dominated
in the early Middle Miocene; the so-called Middle Mio-
cene climatical optimum (Zachos et al., 2001). A climatic
deterioration took place in the Late Miocene (Utescher et
al., 2002).TheNorth Sea Basinwas locatedwithin the high
latitude Atlantic realmwithwesterly winter storms.

Fig.1. North-west European Basin
showing the Fennoscandian rivers
drainages from the north, the Eridanos
£uvio-deltaic system draining from the
west through the present day Baltic Sea,
the main structural features in the North
Sea Basin and the study area (modi¢ed
fromOvereem et al., 2001).
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DATA ANDMETHODS

The database used for this study comprises 2D and 3D
seismic data, and well data from the Danish Central Gra-
ben (Fig. 3). The 3D seismic survey covers the so-called
Contiguous Area in the southern part of the Danish Cen-
tral Graben (Fig. 3).This large high-resolution 3D seismic
data set has been compiled from eleven individual surveys
acquired during the 1980s and1990s and then reprocessed
by M�rsk Olie & Gas A/S in 1994. The data is time-mi-
grated and characterized by 12.5m CDP spacing in in-
line-, and 25m crossline direction (Rank-Friend & Elders,
2004).The seismic velocity is approximately 2000m s�1 in
the interval studied, meaning that 1ms TWT approxi-
mately corresponds to 1m (Hansen et al., 2004; Rank-
Friend & Elders, 2004).

To calibrated seismic facies to lithology, tenwells within
the Contiguous-Area have been used: A-1, Adda-1, Bo-1,
B�je-1, E-1X, G-1X, M-1X, M-8X, N-1X and U-1X. Un-
fortunately only gamma-ray (GR) logs is available in this
study. Cuttings from Adda-1 and Bo-1 have been used to
calibrate with GR logs in order to estimate grain size.The
lithological interpretation of theGR logs are based on Ri-
der (1996, chapter 7 and14).

Instantaneous amplitude maps from horizon slices have
been interpreted to characterize the outline and develop-
ment of canyons observed from seismic cross sections.
These horizon slice are created by slicing an interpreted
horizon down or up a de¢ned amount of milliseconds. In-
stantaneous amplitude maps have been created from these
sliced horizons. It is important to note that the constructed
horizon slices do not necessarily follow the stratigraphy
which implies that the western part of each sliced horizon
represents younger sediments then the eastern part.

Sequence stratigraphic concepts employed are based on
Hunt & Tucker (1992, 1995). Their model is based on the
principles of Mitchum et al. (1977) and other workers in the
ExxonGroup.Theyde¢ne a sequence as ‘a stratigraphic suc-
cession of genetically related strata bounded at its top and
base by unconformities or their correlative conformities’.

To interpret the depositional history of the delta com-
plex the concept of shoreline trajectory and clinoform mi-
gration as de¢ned by Helland-Hansen & Gjelberg (1994)
has been applied. The clinoform migration patterns de-
scribe the path of a migrating clinoform in cross-section
along the depositional-dip (Helland-Hansen & Gjelberg,
1994). The dip of the clinoforms are calculated as clino-
form dip5 tan�1 (clinoform high/clinoform pinch out
distance). This calculation has been done after the delta
has been restored for the change in paleo-dip.

SEISMIC CHARACTERISTICS OF THE
MAPPED DELTA COMPLEX

A complex series of prograding units has been identi¢ed
in the study area located within sequence F (Fig. 4). The
complex has an overall thickness that varies from 45m in

Fig. 2. Lithostratigraphic scheme for theUpper Cenozoic strata
onshore and o¡shore Denmark.The coloured lines in right
column correspond to top and base of the representative
sequences and correspond to the same colouring as the
interpreted horizons on the regional seismic section Fig. 4.
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the distal areas to 130m in the proximal and central areas
(Fig. 5).The complex is sandwiched between two generally
aggrading units (the lower part of sequence Fand the over-
lying sequence G, Fig. 4) with large-scale parallel re£ec-
tion patterns.The base of the complex is characterized as
a downlap surface with parallel re£ectors below.The top of
the complex is bounded by a high amplitude re£ector with
parallel re£ectors above and relatively steeply dipping re-
£ectors below.Truncations into the top of the complex are
seen locally in the easternmost and central parts of the
complex. The top of the complex correspond to top se-
quence F surface (Fig. 5a).

The complex has an elongate form and has an overall
northwest to southeast strike orientation (Fig. 5b). The

3D area covers approximately 2000 km2, and the complex
has been subdivided into ¢ve sigmoidal units.

On Fig. 5a a black re£ection parallel to the base of the
complex is seen near the base of the complex.The re£ec-
tion cross cuts all the clinoforms and is seen at di¡erent le-
vels in Units 1^5. The same is observed on 2D seismic
section from the onshore delta complexes of Early Mio-
cene of age and is thought to be due to changes in lithology.

Units 1-2-3-4

The lower boundary of units1^4 is characterized bydown-
lap terminations.The upper boundary is often sharp with
erosional truncations in the proximal parts, while other

Fig. 3. Shows the location of the 3D
seismic survey andwells used in the study,
combinedwith location of three seismic
sections shown on Fig.12 and the 2D
regional seismic line (Fig. 4). Location of
the study area is shown in Fig.1.

Fig.4. Regional seismic line showing the
delta complex in a regional setting.
Subsidence of the Central Graben and
uplift of Southern Fennoscandia has
added 0,51 to the paleo-slope.The
location of the line is seen on Figs1and 3.
Coloured horizons are bounding surfaces
of sequences coded B-I and correspond to
the coloured lines in the stratigraphic
column ofFig. 2, except for the uppermost
yellow horizon.This horizon represents a
Quaternary valley.The studied delta
complex is located in the upper part of
sequence F indicatedwith the black arrow
(Modi¢ed from Rasmussen et al., 2005).
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parts of the unit is characterised by a change from sigmoi-
dal re£ection to more continuous oblique parallel re£ec-
tion con¢gurations. Units 1^4 has internal geometries
that are characterized by a sigmoidal re£ection con¢gura-
tion (Fig. 5a).The heights of the sigmoidal clinoforms are
up to 100m and the paleo dips of the clinoforms are ap-
proximately 2^31. Seismic amplitude values are medium
to low in the lower part of the clinoforms and distinctively
higher near the top. Chaotic re£ections are observed lo-
cally in the upper interval. Unit 4 di¡ers from Units 1^3
by having chaotic re£ections patterns in the western and
most distal part of the unit.

Unit 5

The lower boundary of Unit 5 is characterized by downlap
terminations in the proximal part of the unit while in the
distal part, parallel re£ections are observed above and be-
low the boundary. As for the upper boundary it has the
same characteristics as for Units 1^4 in the proximal part,
but in the distal part the parallel re£ections are observed
above and below the boundary.This unit is dominated by
chaotic to parallel internal re£ection con¢gurations, occa-
sionally a sigmoidal re£ection con¢guration characterise

this proximal part of the unit (Fig. 5a).The unit is bounded
to thewest and east by the limit of the 3D survey, and in the
east the unit is missing in areas of major erosion.

Incisional features

Incisional features are observed on some of the deposi-
tional strike sections cutting through all units (Fig. 6).
The incision is from the top of the delta to ca.90ms. below
the delta top.The seismic re£ection con¢guratinon of the
¢ll is chaotic to parallel.The dip on the £anks of the inci-
sion features range from 51 down-dip to 131 up-dip and
seem to incise more up-dip than down-dip.The incisions
(e.g. Fig. 6) have a v-shaped geometry and cut deeply into
the underlying deposits.The walls of the incision features
continue all theway to the top of the complex.The detailed
morphology of these features is described in below.

Seismic geomorphology

In order to reveal the overall morphology and depositional
evolution of the deltaic complex, a series of horizon slices
has been constructed. An amplitude map of the top delta
horizon sliced 50ms down (Fig. 7) shows a prominent
northwest-southeast trending ‘striping’ indicating that

(a)

(b)

Fig. 5. (a) SW toNE trending seismic
section parallel to progradation direction
showing the seismic re£ection patterns for
the ¢ve interpretedUnits1^5.The top of the
complex is equivalent to the top of sequence
F (Fig. 2). (b) The location of the seismic
line and a thickness map of the complex,
from top delta (purple horizon) to base delta
(blue horizon).The thickness map shows
the strike parallel elongated shape of the
deposits.
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the horizon is slicing though the clinoform package and
cutting the seismic re£ectors representing the foresets. In
the westernmost part of the investigated area a white band
elongate of amplitudes indicates that the horizon is slicing
through the base delta horizon.

On all amplitude maps, but most clearly on the top del-
ta150ms (Fig.7), straight to low sinuous northeast to south-
west trending incision features are observed.These incision
features are oriented perpendicular to the paleo-slope with
a spacing of1^4km.Through out the succession the incision
features continue to be con¢ned spatially with very little or
no lateral migration. Most of the incisions within the con-
¢nement are straight with no or only a few meanders. The
widths of the incisions seem to narrow up-dip.

Approximate5 km south of thewellE-1sinuous incision
(incision A) is observed (Fig. 7). The degree of sinuosity
appears to increase towards the southwest. A sinuous
channel-like feature is observed to be con¢ned within
incision A. The width of the con¢ned incisions (within
incision A) varies from 200 to 500m at 50ms below the
top delta horizon. At the top of delta complex incision A
has a width of up to1000m’s (Fig. 6).

LITHOLOGY

Petrophysical log description

The lithological identi¢cation of the delta complex is based
on the interpretation ofGRlogs,well reports, andpublished
literature from a number of wells (Michelsen (1971),
Rasmussen (1974), E-1X (1968) andG-1X (1969) completion
reports). Additionally, cuttings from Adda-1 and Bo-1 have
been described in the laboratory for this study.

The foreset and topset part of the delta complex (Units1^
4) is penetrated by Adda-1, E-1X and G-1X.The remaining
wells penetrate the more distal part of the complex (Unit 5)

in a more bottomset position.None of the wells penetrate in
an axial positionwithin the incision features.

Direct lithological correlation of independent clinoform
packages between the individual wells is impossible because
eachwell is situated in separate prograding units (Fig. 8).

Wells located proximal to the clinoformunits

Adda-1penetrates 98m of theLateMiocene deltaic depos-
its.The well penetrates three of the ¢ve depositional units
described here (Fig.9a). Unit1consists of two thin and one
thickUC unit.Unit 3 starts with a thin upward ¢ning (UF)
unit followed by an aggrading (A) and an UC units. In the
central part ofUnit 3 is a thinUC andUFunit followed by
UC units at the top ofUnit 3.Unit 4 consists of anUC and
anUFunit.The three units are show correlated to seismic
section on Fig. 9b. Cuttings reveal a dominantly grey^
green, mica-rich mudwith an upward increase in the size
of the mica grains. In the upper part of the Adda-1 well,
medium- to coarse-grained sand commonly occurs.

E-1X penetrates 107m of deltaic deposits (Fig. 9a).The
well penetrates Units 1 and 5. Unit 1 consists of thin alter-
nating UC and UF intervals followed at the top of an UC
unit by a gradual transition to Unit 5.The uppermost unit
consists of a UFunit at the base while the rest of the unit
consists of alternating UC andUF thin intervals.

The succession inG-1X is113m thick (Fig.9a).The well
penetrates Units 1 and 2 of the succession. It consist of
UC^UF depositional units at the base of Unit 1 followed
by a thick UC unit. The central part of Unit 1 consists of
thin alternating UC to UFunits followed at the top of the
unit by a lowGR peak corresponding to thicker UC to UF
units.Unit 2 consists of anUF toUC unit followed by anA
unit. The cuttings and sidewall core descriptions in the
well reports only indicate grain size ranges from clay to silt
with no indications of sand-sized sediments (E-1X (1968)
and G-1X (1969) completion reports). However, the low
GR values could suggest presence of some sand.

Fig. 6. Showing cross sections through
incision A from an up-dip (left) to down-
dip (right) direction. Note the
exaggeration of horizontal scale compared
to the vertical scale. Incision featureA is v-
shaped.The other v-shaped features seen
on the seismic section outside the
interpreted incisionA are seismic artefacts
and should be ignored.
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Wells located distal to the clinoformunits

Seven wells located in the western area of this study. All
these wells penetrated Unit 5. Below is a description of
what each of these wells encounter.

Ninety-eight meters of deltaic deposits are penetrated
in the B�je-1 showing an overall UC trend (Fig. 10). The
lower part of the succession is an A unit, the middle part
displays an UC trend and the upper part is characterised
by alternating of UFandUC units.

M-8X (Fig.10) situated in the southern part of the study
area penetrates 70m of the studied succession of Unit 5.
The section is characterized by two thin UF units in the
lower part, an A unit in the middle part, and is capped by
a UC toUFunit at the top of the unit.

The succession in M-1X is 76m thick and consists of
alternating UC toUFunits (Fig.10).

The Bo-1 well penetrates 73m of the studied
succession (Fig. 10). The succession can be characterized
as one overall UC unit. The unit can, however, be
further subdivided into three UC units at the base
followed by alternating UC to UF units at the top of
the section. Samples from the cutting of the Bo-1 well
reveal a dominant lithology of greyish green, mica-rich
mud.

N-1X penetrates 49m of sediments and consists of two
overall units; a lower unit that displays a UF trend and an
upper unit displaying a UC trend (Fig.10).

A total of 37m of sedimentwas penetrated inU-1X (Fig.
10) and consists of two A units of where the lower part has
lower GR readings.

A-1X penetrates 34m of sediment that is characterized
by an UF trend in the lower part of the section and an UC
to UF trend at the top.

Fig.7. Instantaneous amplitude map from
top delta horizon sliced 50ms down (green
dashed horizon on conceptionel ¢gure in
the upper right corner).This amplitude
map shows the position and nature of the
incised channels.The thickNWtoSEwhite
trend seen on the upper ¢gure is when the
horizon slice cuts through the base delta
re£ection. Figure 6 shows seismic cross
sections through incision A.
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ENVIRONMENTAL INTERPRETATION OF
THE LATE MIOCENE DELTA COMPLEX

Based on the interpretation of the seismic data and the re-
£ection con¢guration pattern the clinoform packages, a
dominantly prograding deltaic system on a Late Miocene
slope is suggested.The shape of the complex is elongated
and parallel to the NW^SE trending slope.The proximal
part of the complex consists of mud and medium- to
coarse-grained sand. The petrophysical log data indicate
that it is characterised by a series of coarsening up and ¢n-
ing up units, representing progradation and retrograda-
tion of the delta respectively. The Adda-1 well (Fig. 9b)
penetrated the topset, foreset and bottomset of three dif-
ferent depositional units. From the lithological interpre-
tation of the logs it was shown that the bottomsets
consisted of ¢ne-grained sediments as expected and that
the topset consisted of the coarsest sediments within the
system. The transition between the di¡erent units inter-
preted in Adda-1, E-1X and G-1X is gradual, and indicate
no abrupt avulsion between the deltaic units.

The progradation of the delta system is towards the
south-west, based on the clinoform patterns present on
the top delta150ms amplitude map (Fig. 7). There is no
indication based on the ‘striping’ trend on Fig. 7 that any
of the ¢ve units prograded in di¡erent directions. The
deposition of the complex has occurred at the shelf to
slope transition (cf. Galloway, 2002). The paleo-water
depth at the time of deposition can be determined from
the height of the clinoforms (Hansen & Rasmussen,
2008). Minimum water depth is measured as the vertical
distance between bottomsets and the o¥ap break or top-
set. It has to be taken into account that the o¥ap break is

assumed to be created at 2^10m water depth (Hansen &
Rasmussen, 2008; Rasmussen this volume). Consequently,
the paleo-water depth of the studied system is estimated to
be approximately100m.

The last phase of development of the deltaic clinoform
complex is characterized by pronounced river incision.
The morphological study of the canyons (Fig. 7) indicates
a low sinuosity £uvial system (Miall, 1996). As a result of
the sea-level fall rivers cut deep into the delta front depos-
its forming incised valleys with a v-shaped cross-sectional
geometry (Fig. 6).The canyonwalls continue all the way to
the top of the complex indicating that canyons have been
active until the very end of deposition or that they post-
date the delta complex. The canyon ¢ll is unknown, but
the internal seismic character of the canyon ¢llwas parallel
to chaotic. At one horizon slice shown on Fig. 7 a sinuous
channel is observed within the major canyon incision,
suggesting a multi- stacked channel ¢ll.

The inclination of the clinoforms is strongly dependent
on grain size (Myers&Milton,1996).The development of a
clinoform will be adjusted in response to deposition of
coarse- or ¢ne-grained sediment because coarser material
builds steeper slopes.The average clinoform paleo-incli-
nation is 2^31. Studies of ancient deltas in the Gulf of
Mexico (Anderson et al., 2004;McKeown et al., 2004) show
that clinoforms dipping 31 are associated with ¢ne- to
medium-grained sand. Despite the relative poor litholo-
gical information from wells and uncommon occurrence
of thick sand intervals, the prograding complex is inter-
preted as a heterolithic system. Fine-grained sand form
the upper proximal part of the foresets as seen in Adda-1,
but medium to coarse sands may have been deposited in
£uvial channels and in the shoreface and the beach zone.

Fig. 8. Correlation between E-1X andN-
1X, indicating that the individual
prograding units within Unit 5,
represented by the black horizons cannot
be correlated betweenwells, since these
units disappear over short distances.
However the base and top surface can be
correlated. In E-1Xwell the westernmost
part of Unit 1 is seen, represented by the
dark blue horizon.The purple horizon
represents the top of the delta and
sequence F.The light blues horizon
represent the base of the complex.The
base of sequence F is not shown on this
¢gure.
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From the log interpretation it is not possible to interpret
the internal architecture of the deposits, nor understand
the constructional processes of the delta complex and
whether rivers, tides or waves were dominat.

Based on tripartite classi¢cation of deltas (Galloway,
1975) it can be inferred that the external geometry of the
depositional units can be used to obtain information on
the dominant depositional processes. Owing to the
strike-parallel elongated depositional units of the delta
complex a tide- or river-dominated system can be ruled
out.Thus, the morphology and elongated outline suggest
a wave-dominated delta (cf. Orton & Reading, 1993; Bhat-
tacharya &Giosan, 2003) (Fig.11).

The interpretation is that of a wave-dominated system
based on the external geometry of the delta complex only,
but based on the observed incised canyons, a £uvial domi-
nated system, cannot be disregarded as certain. L�seth &
Helland-Hansen (2001) investigated the relationship be-
tween process controlled pinch-out distances in di¡erent
sand-dominated deltas. This method can give an indica-
tion if the delta was wave- or £uvial-dominated.The Late

Miocene delta complex studied here, has a pinch-out
distance of 2^5 km (illustrated on Fig. 5a). According to
L�seth & Helland-Hansen (2001) a sand-prone delta that
is £uvial-dominated has a pinch-out distance of 2^10 km;
while awave-dominated delta system has a shorter process
controlled pinch-out distance i.e. in the range of 1^2 km.
Consequently, no conclusive indications are present to de-
cide whether the studied delta system is wave- or £uvial-
dominated, particularly because ¢ne-grained systems are
expected to have longer pinch-out distances.

CLINOFORMMIGRATION PATTERNS

In order to give an objective analysis of the relative sea-
level changes and its impact on the deltaic succession
studied here, an analysis of the clinoform break point
migration patterns has been carried out (Fig.12).Normally
the shoreline trajectory is used for this purpose but
it is di⁄cult to interpret the exact shoreline position
based solely on the seismic data. It has to be taken into

(a)

(b)

Fig.9. (a) Showing the lithological
interpretation and seismic unit
correlation of the three proximal wells
Adda-1, E-1X andG-1X. Adda-1well also
shows where the cutting sample analysis
has indicated presence of sand. (b) The
seismic to well correlation indicating
lithologies in the related depositional
units 1, 3 and 4. Unit 1 is penetrated in a
bottomset position, Unit 3 in a foreset
position andUnit 4 in a topset position.
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consideration that changes in clinoform break point
location in deltaic settings also can indicate a shift in local
sediment supply, for example a shift of delta lobe progra-
dation direction. It is therefore vitally important in this

kind of investigation to know the true dip of the paleo-
slope. A change in the paleo-slope of this delta complex
from11 to 0.51 will give a totally di¡erent relative sea-level
curve. Another pit fall in this method is erosion of the

Fig.10. Showing the lithological interpretation and seismic unit correlation of the seven distalwells B�je-1,M-8X,M-1X,Bo-1,N-1X,
U-1X and A-1X.

Fig.11. Sketch of the extent and geometry
of the ¢ve units and the erosive channels at
the top of the complex. Unit 5 has draped
most of the complex but is now missing
where erosion of the top of the delta
complex has occurred.
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clinoform break point. If this has oocured it makes it di⁄ -
cult to correctly identify the position of the clinoform
break point.

Regional studies have shown uplift of the Cenozoic suc-
cession in the north-western part of the North Sea Basin
(Japsen et al., 2002) and subsidence in the Central Graben
that post-date the deposition of the delta (Nielsen et al.,
1986; Clausen et al., 1999). From a regional 2D line (Fig. 4),
the paleo-slope (i.e. downlap surface below the delta) that
the delta has been building out on, has been estimated to
be approximately 0.51. This dip has been adjusted in the
analysis of the migration of clinoform break point below
in order to compensate for the post-depositional tilting
of the area.

Line drawings from three seismic dip sections along the
delta (locations seen on Fig. 3) have been used in the
analysis. Clinoform break points are de¢ned as the
location of change in dip in the upper section of the indi-
vidual clinoforms. In areas where the delta top is eroded it
is assumed that the internal pattern in the delta lobe is
aggrading and prograding, and therefore this pattern is
continued in the eroded parts (line B) (Fig. 12).The three
lines investigated are; line A covering the southern part of
the study area, line B representing the central part where
all the units are present and line C from the northern part
of the delta complex (Fig. 3). The overall trend is that of
a progradational to aggradational pattern of Units 1 and 2.

This is succeeded by almost pure progradation of Units 3
and 4. A closer inspection reveals progradation and aggra-
dation between Unit 1 and 2 on line A and B (Unit 2 is
not present at the location of line C). It is uncertain if
aggradation occurred between Unit 2 and 3 because of
eroded topsets. On line A, Unit 3 shows onlap on to the
previous unit but this is interpreted to be due to the distal
location of Unit 3 in this dip section. At the transition be-
tween Units 3/4 and 5 a clear change is seen in the clino-
form break point position. A basinward and downward
shift of the trajectory can be de¢ned at this level, and this
shift is seen on all the investigated lines.

SEQUENCE STRATIGRAPHIC ANALYSIS

In a sequence stratigraphic framework, based on the
trajectory analysis and the concepts of Hunt & Tucker
(1992, 1995), deposition of the delta complex initially
started during normal regression. This phase is inter-
preted as the highstand systems tract (Fig. 13a), and was
succeeded by deposition during a period of falling
sea-level which is consequently interpreted as the forced
regressive wedge systems tract. The highstand systems
tract is interpreted to be represented by Units 1 and 2,
where a clear progradational to aggradational stacking pat-
tern is observed. Owing to eroded topsets the true trajec-

Fig.12. Shoreline trajectory analyses.The
dots show the position of the clinoform
break points and the arrows show the
evolution (trajectories) of the clinoform
break points.The red arrows indicate
internal development within the unit and
the blue arrows indicate development
between the units, the pro¢le have been
adjusted for paleo dip. Locations of
pro¢les see Fig. 3.
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tory of Units 3 and 4 cannot be identi¢ed. The two units
look to be of pure progradation (£at trajectory) and have
therefore been interpreted to be part of the highstand sys-
tems tract. Unit 5 is formed during falling sea-level and is
part of the forced regressive wedge systems tract.

During fall in relative sea level the delta-front slope is
inferred to have become unstable with slumping and de-
formation occurring on the upper slope and base of slope.
On the 3D seismic data set chaotic re£ection patterns have
been observed in Units 4 and 5 which could indicate mass
transport processes (e.g. debrites). Another indication
for fall in relative sea-level is the system of canyons
observed running perpendicular to the slope. Initiation
of the canyon incision is interpreted to be coeval with a
relative sea-level fall according to the Hunt and Tucker’s
model. Consequently the incisions are interpreted to have
taken place in the upper parts of the delta complex while
deposition still took place at the toe of the delta slope.
Based on the preservation of the surrounding delta
package after the relative sea-level fall of up to 90m
(the depth of the canyons), the fall was most likely to have
been relatively rapid and short-lived. The low sinuosity
and lack of lateral migration of the canyons also suggest a
rapid sea-level fall (Hart & Long, 1996). The succeeding
transgression ¢lled the canyons with marine sediment
and healed the created topography.

Relations to age and global sea-level
variations

The delta complex studied is of Late Miocene age. It is
stratigraphically located within sequence F of Rasmussen
et al. (2005), which is dated Tortonian to early Messinian
as indicated in Figs 2, 4 and 14. The delta is probably of
lateTortonian age. According to published data on global
sea-level changes covering the Miocene^Pliocene transi-
tion (an example is given in Fig. 14), sea-level variations
are numerous and distinct during the Late Miocene
(Prentice & Matthews, 1988; Zachos et al., 2001; Miller
et al., 2005).The earlyTortonian is characterized by a gen-
eral falling sea-level of approximately 75m (with minor
rises in the order of 20^40m) followed in the lateTortonian
by a rapid sea-level rise of more than 100m. This is
followed by a slower but still relative fast sea-level fall in
theMessinian.

The distinct incisions revealed in this study, indicate a
magnitude of relative sea-level fall up to 90m. As there
are no indications of local uplift in the area, the incisions
are probably due to a drop in base-level of up to 90m.This
is in good accordance with the stratigraphic location of the
delta indicated in Fig. 14 as related to the global sea-level
curve of Miller et al. (2005), since the latter indicates a fall
of more that100m at that time.

(a)

(b)

Fig.13. Conceptionel ¢gure of the
sequence stratigraphic framework of the
LateMiocene delta complex. (a) Showing
the, in this study, interpreted systems
tracts when the delta complex has been
reconstructed for changes in paleo-dip. (b)
showing the implications of not adjusting
for changes in dip; this gives two di¡erent
positions of the basal surface of forced
regression.
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DISCUSSION

The 3D seismic mapping and analysis presented here have
clearly shown that a late Tortonian heterolithic delta was
deposited in the Central Graben area in the central North
Sea. During the analysis a number of questions arise:

� What is the bulk grain size of the sediments in the
deltaic succession?

� Is the delta complexwave-, £uvial- or tidal-dominated?
� How does the sea-level £uctuate during deposition of

the delta?

In the following discussion these questions will be
addressed.

Grain size

The distribution of lithologies in the delta complex is
mainly based on interpretations of GR log interpretation
from10wells in the study area.The interpretation is based
on the general assumption that highGR readings indicate
¢ne-grained sediments and that low readings indicate
sand. Which is only approximately valid. Rasmussen
(2004) observed sand sized heavy minerals in time-
equivalent sections of wells not included in the study. If
these heavy minerals are also present in the wells included
in this study, the sandy intervals will have higherGR read-
ings.This could give an underestimation of the amount of
sand in the studied delta complex.

Although Michelsen (1971) and Rasmussen (1974) do
not report the presence of sand in these more distal wells
it is herein suggested based onwell log interpretations that
relatively sandy intervals are present in B�je-1, Bo-1 and
N-1X (Fig.10).

Based on literature, several examples of deltas and
shoreface deposits indicates that a slope gradient of 31
could suggest the presence of substantial amounts of sand

in the foreset to topset portions of the clinoform units (e.g.
Anderson et al., 2004; McKeown et al., 2004). The Early
Miocene wave-dominated delta complex present in the
eastern part of the North Sea has gradients of up to 7^101
(Hansen & Rasmussen, 2008).This delta complex, where
steep gradients are common, is interpreted as a sand-rich
system dominated by medium- to coarse-grained sand.
Even larger gradients are found in Hudson Bay where
clinoform gradients are reported up to171 as part of coarse
sand and gravel rich strandplain deposits (Fraser et al.,
2005). Mud-rich delta complexes, such as the Gargano
subaqueous delta on the Adriatic shelf commonly have a
low gradient of 0.5^11 (Cattaneo et al., 2003).

Delta type

Overeem et al. (2001) investigated the Neogene deposits of
the southern North Sea, and concluded that the delta sys-
temswithin the studied area here ismost likely awave-domi-
nated system fed by theEridanosRiver.During theNeogene
this river systemhad two branches in the southernNorthSea
(Fig.1) and is interpreted to have acted as a line source along
the North Sea coastline. Overeem et al. (2001) observed a
change in the shape of the delta front at the transition from
Miocene to Pliocene.The geometries became more strike-
parallel then dip-parallelwhich could indicate a change from
amore £uvial-dominated system to amorewave-dominated
system.Their conclusion seems to ¢t with the conclusions
derived in this study. It is possible as shown on Fig. 1 that
there was a feeder from the north.

Galloway (2002) observed tidal in£uence of the time
equivalentUtsiraFormation in the northernNorthSea.Tidal
currentsmay also have in£uenced the shape of the delta front
and perhaps hindered distinct lobe formation in front of
channels, characteristic for amore £uvial-dominated system.

The Late Miocene delta is only classi¢ed based on
the external geometry of the complex.The use of internal

Fig.14. Global sea-level changes in
Miocene to Pliocene in relation to the
studied delta complex.
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facies architecture as described by Gani & Bhattacharya
(2007) has not been possible to implement due the lack of
core and outcrop data to verify the internal facies alsowere
wave-dominated.

According to Gani & Bhattacharya (2007) several deltas
have wrongly been classi¢ed, because generally classi¢ca-
tion is only based on the plan-view morphology which has
traditionally been assumed to also re£ect the interval fra-
mework facies. The plan-view morphology only re£ects
the dominant sur¢cial processes at the delta-front, but
may not necessarily re£ect the short-lived constructional
processes of the delta.

Similarly, it is often di⁄cult to distinguish between a
prograding wave-dominated delta complex and a prograd-
ing coastline. An example of this is the intra-littoral
prograding wedge formed along the coast of Spain (Her-
na¤ ndez-Molin et al., 2000). Deposition in this area is not
typi¢ed by signi¢cant £uvial supply and is therefore inter-
preted as being non-deltaic. The question, however, is
when £uvial supply can be classi¢ed as large enough to be
signi¢cant.Trincardi & Field (1991) describe a prograding
system in the EasternTyrrhenian Sea, Italy.This prograd-
ing complex has been interpreted as strandplain deposits,
and not deltaic, because no evidence has been found of
channels or any other major £uvial source nearby. Accord-
ing to Trincardi & Field (1991) the strandplain has been
supplied by sediment from a line source consisting of
small rivers and streams.The geometry of the deposits is
elongated and £at-topped due to subaerial erosion during
lowstand and subsequent submarine erosion during trans-
gression. Reading & Collinson (1996) de¢ne a strandplain
or linear coastlines as an areawhere sediments are derived
largely from longshore drift or numerous small, closely
spaced rivers rather than isolated large rivers and by
having increasing wave activity.

Sequence stratigraphy

S�rensen &Michelsen (1995) conducted a 2D seismic study
of the Cenozoic in the North Sea.Their study also included
theLateMiocene delta complex described here. S�rensen&
Michelsen (1995) concluded that the prograding deposits
were of a lowstand delta complex in contrast with the inter-
pretation presented herein of a highstand systems tract
followed by a forced regressive wedge systems tract.

There are several published examples of deltas and
strandplains deposited under falling relative sea-level
(Trincardi & Field, 1991; Anderson et al., 2004). For exam-
ple, the afore mentioned Hudson Bay strandplain was
deposited during a forced regression (Fraser et al., 2005).
In general it has been postulated that deposition during
falling sea-level is caused by changes in the rate of the
sea-level fall (Hunt & Tucker, 1992). However, this was not
the case in Hudson Bay where the deposition took place
during a constant fall in sea-level and a constant sediment
supply (Fraser et al., 2005). The resulting deposits were
formed by autocyclic processes such as changes in £uvial
sediment supply, large storms and/or changes in the coast

parallel current. It is di⁄cult to conclude from this study
which parameter could have been the primary cause
for the formation of the Late Miocene delta complex
described herein during fall in relative sea-level.

The numerical models created by Ritchie et al. (2004a)
for a situation of relative sea-level fall show creation of
canyons at the delta-front.Two models are produced; one
with 50m relative sea level £uctuation and one with 25m
£uctuation. Both models show that high rates of relative
sea-level fall lead to the development of a limited number
of deeply incised canyons that focus sediment supply to a
few elongate, ¢nger-like forced regressive lobes. These
models show some similarity to the observations derived
from the Late Miocene delta complex. Firstly, major in-
cised canyons are observed. However, there is an absence
of elongated, ¢nger-like lobes in the deltaic complex
studied here. This is probably due to delta-front erosion
and redistribution of sediments by wave and/or tidal pro-
cesses. The shorter distance between the individual can-
yons may additionally account to that. Ritchie et al.
(2004b) also observed a di¡erence in deposition caused
by varying the rate of sediment supply. At low rate of sedi-
ment supply, incisions of the canyons occurred earlier and
the canyons cut deeper than when the sediment supply
was high. In the case of high sediment supply the canyons
were weakly de¢ned. The numerical model Ritchie et al.
(2004b) employed took sediment supply into account
and is based on a low rate of sea-level fall. Based on this
model we assume that the rate of relative sea-level change
during formation of the Late Miocene delta complex has
been moderate.

As is discussed earlier, it is vital to carry out a shoreline
trajectory analyses in a sequence stratigraphic context to
ensure that the regional dip of the sections is correct.The
present day gradient of 11 is normal for a shelf setting but
so is 0.51 (Porebski &Steel, 2003). A change in the gradient
of 0.51 would in the LateMiocene delta system, switch the
basal surface of forced regression from the top of Unit 2 to
the top of Unit 4. Our study therefore clearly illustrates
how sensitive the sequence stratigraphic analysis is to
gradient calculations (Fig.13).

CONCLUSION

A delta complex located in the Danish Central Graben
prograded south-westward during the Late Miocene.The
clinoformal packages (with thicknesses of up to 130m),
clearly indicate a prograding system, consisting of strike
parallel elongate deposits. The inclinations of the clino-
form dip are up to 31, which indicate a heterolithic system.
Medium- to coarse-grained sand has been found in well
cuttings in Adda-1.

The last phase of development of the deltaic clinoform
complex is characterized by pronounced river incision.
The morphological study of the canyons indicates a low
sinuosity £uvial system.The con¢ned channels show only
few signs of lateral migration, which indicate a rapid and
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potentially short-lived drop in relative sea-level at the
Miocene-Pliocene transition. Owing to this rapid fall in
relative sea-level no widespread erosion occurred in the
hinterland. The canyons cut deep (up to 90m), into the
deltaic deposits.The canyon walls (with dips of up to 131)
continue all the way to the top of the complex indicating
that the canyons were active after deposition of the delta
complex, but also that some incision could have taken
place during latest stage of deltaic deposition. Based on
these observations the studied succession is interpreted
as a wave-dominated delta complex with indications of
£uvial input.

Changes in trajectory of clinoformbreak points indicate
that Units 1^4 was deposited during rise and still stand in
relative sea level. A major change in trajectory between
Units 3/4 and 5 indicates the initiation of an increased rate
of fall in relative sea-level of up to 90m.This amount of fall
is also indicated by the canyon incisions and corresponds
well to the global sea-level curve.

This study thus shows that integration of 2D and 3D
seismic data, petrophysical interpretation, global sea-level
changes and regional tectonic understanding is necessary
in order to predict changes in relative sea level of a delta
complex based on clinoform break point patterns.
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Denmark
rea and onshore Denmark is a well-known phenomenon and the main phase is
interpreted to have occurred in the Cretaceous and early Cenozoic. This study demonstrates an important
early Neogene inversion phase that resulted in the most distinct flexuring of the southern Danish Central
Graben during the Cenozoic. Reactivation of structures on the Ringkøbing-Fyn High also took place during
this inversion phase. Apatite fission track data confirm marked uplift of the marginal areas of the
Fennoscandian Shield. The recognition of the inversion of the Ringkøbing-Fyn High is based on new high-
resolution seismic data and has not been reported previously. Minor inversion pulses continued throughout
the early and middle Miocene and ceased in the early late Miocene. The early Neogene inversion was the last
major influence of the Alpine Orogeny in the Danish area.
As a consequence of the early Neogene inversion, clastic sediments were flushed into the Norwegian–Danish
Basin due to increased relief in the hinterland. The high sediment supply continued throughout the early
Miocene despite changing climatic conditions from an overall cold temperate climate to a subtropical climate
at the transition from the early Miocene to the middle Miocene. The high sediment yield, however, ceased
due to marked subsidence in the middle–late Miocene following the last inversion pulse in the middle
Miocene.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Inversion tectonism of the North Sea area and along the
Sorgenfrei–Tornquist Zone is a well-known phenomenon (Ziegler,
1982; Vejbæk, 1986; Liboriussen et al., 1987; Ziegler, 1990; Mogensen
and Jensen, 1994; Mogensen and Korstgård, 1993; Thybo, 2001;
Vejbæk and Andersen, 2002; Nielsen et al., 2005; Bergerat et al.,
2007). The first sign of inversion in the Danish area is recognised in the
Hauterivian (Vejbæk and Andersen, 1987, 2002). This was succeeded
by phases in the mid Campanian, late Maastrichtian, late Paleocene–
Eocene and finally early Oligocene (Vejbæk and Andersen, 2002).

Numerous studies of the Cenozoic succession of the Danish North Sea
area have been made during the last decade (Sørensen et al., 1997;
Gregersen et al., 1998; Michelsen et al., 1998; Clausen et al., 1999; Huuse
and Clausen, 2001; Faleide et al., 2002; Gemmer et al., 2002; Nielsen et al.,
2002;Rasmussen, 2004a,b; Rasmussenet al., 2005).Noneof these studies,
however, have investigated the Cenozoic succession of the whole Danish
area. Especially the Neogene has only been studied during the last five
years (Dybkjær, 2004a,b; Rasmussen, 2004a,b, 2005; Piasecki 2005;
Rasmussen and Dybkjær, 2005; Rasmussen et al., 2005, 2006; Dybkjær
andRasmussen, 2007). These studies include an interpretation of virtually
all digital 2D seismic surveys in Denmark, interpretation of boreholes and
outcrops, and detailed biostratigraphy of more than 50 boreholes (Fig. 1).
Consequently, the timingof tectonicmovements andmappingof thebasin
infill is much better constrained for the Neogene succession in this study.
l rights reserved.
Additionally recent re-dating of formations of the Neogene succes-
sion in Norwegian waters (Eidvin et al., 2007; Eidvin and Rundberg,
2007) has resulted in a consistent correlation with the Danish
lithostratigraphic and sequence stratigraphic framework as established
by Rasmussen (2004b) and Rasmussen et al. (2005). Consequently,
timing of major sediment pulses and tectonism is now possible.

The aim of this study is to describe early Neogene inversion of the
Danish North Sea area that has significant consequences for the
development of the area within the Central Graben, onshore Denmark
and the area of the present-day Norway and Sweden.

2. Geological setting

Structural elements in NW Europe that formed during the Cale-
donian, Herzynian and Cimmerian phases have a significant influence
on the development of the Cenozoic North Sea area (Ziegler, 1982;
Gowers and Sæbøe, 1985; Ziegler, 1990; Ziegler et al., 1995; Thybo,
1997, 2001; Vejbæk and Andersen, 2002; Møller and Rasmussen,
2003). The main elements are the NW–SE Sorgenfrei–Tornquist Zone
which is a northern extension of the central European Tornquist–
Teirssyre Zone (Ziegler et al.,1995). In the Danish area, the Norwegian–
Danish Basin and North German Basin are situated south-west of this
zone separated by the WNW–ESE trending Ringkøbing-Fyn High.
The Ringkøbing-Fyn High is transected by N–S trending graben
systems i.e. the Brande Graben and the Horn Graben. The formation
of this pattern was caused by dextral strike-slip movements along the
Sorgenfrei–Tornquist Zone and the Trans European Fault during the

mailto:esr@geus.dk
http://dx.doi.org/10.1016/j.tecto.2008.10.025
http://www.sciencedirect.com/science/journal/00401951


Fig. 1. Location map and seismic data provided for this study.
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late Carboniferous to early Permian (Thybo,1997, 2001; Bergerat et al.,
2007). During the late Early–early Middle Jurassic major uplift
occurred in the wider North Sea area (Ziegler, 1982; Underhill and
Partington, 1993). The uplift affected the Danish North Sea area, the
Ringkøbing-Fyn High and the Fennoscandian Border Zone (Nielsen,
2003). The updoming was succeeded by rifting episodes and the
formation of the NNW–SSE trending Central Graben. The Central
Graben persisted into the earliest Cretaceous (Møller and Rasmussen,
2003). Subsequently the North Sea area subsided due to thermal
relaxation; subsidence was centred above the Central Graben.

Reactivation of these elements has occurred during the Cretac-
eous–early Cenozoic inversion events (Liboriussen et al., 1987; Vejbæk
and Andersen, 1987; Thybo, 1990; Berthelsen, 1992; Mogensen and
Jensen, 1994; Clausen and Korstgård, 1996; Thybo, 2001; Vejbæk and
Andersen, 2002; Bergerat et al., 2007). The overall decrease in
magnitude of the inversion tectonism in NW Europe towards the
NW has been interpreted to indicate that the Alpine Orogony was the
main driving force (Ziegler, 1982; Ziegler et al., 1995). The inversion
ceased in the Miocene (Ziegler, 1982; Cloetingh and Van Wees, 2005).
The Neogene evolution of the area was characterised by strong
subsidence of the central North Sea area (Ziegler, 1982; Nielsen et al.,
1986; Vejbæk and Andersen, 1987, 2002) and uplift of the margins
(Japsen, 1993; Jensen and Schmidt, 1993; Japsen et al., 2002). The
latter is interpreted to have been the result of strength reversal in
intraplate lithosphere (Cloetingh and Van Wees, 2005).

3. Data and methodology

This study is based on all available digital 2D multi-channel seismic
data in Denmark and selected 3D data (Fig. 1). The density of the data is
less than 500mwithin the Central Graben area and between 1 and 2 km
in the North Sea area outside the Central Graben. Onshore, a seismic grid
of up to 5 km is available for the study. Sedimentological interpretation of
56 onshore and offshore boreholes and 11 outcrops forms the basis for
the interpretation of the depositional environment (e.g. Rasmussen,
1995, 2004b; Rasmussen and Dybkjær, 2005; Rasmussen et al., 2006).
The Neogene succession has been subdivided into unconformity
bounded sequences as defined by Posamentier et al. (1988) and later
modified by Hunt and Tucker (1992, 1995). The succession has been
dated by using palynology (Dybkjær and Rasmussen, 2000; Dybkjær,
2004a; Piasecki, 2005; Schiøler, 2005; Dybkjær and Rasmussen, 2007).

4. Inversion of the Danish Central Graben

4.1. Description

On a seismic section crossing the southern Danish Central Graben
and the Ringkøbing-Fyn High, a number of Cenozoic sequence
boundaries are shown (Fig. 2). The lithostratigraphy and sequence
stratigraphy used in this study are illustrated in Fig. 3.

The general trend is that the succession dips towards the south-
west. However, the Top Chalk, Top Paleocene and Top Oligocene
horizons define an anticline above the Central Graben area. In the
extreme south-western part of the section a salt diapir is recognised.

The base of the Paleocene (Top Chalk) is defined seismically by an
irregular high amplitude reflector. The succession shows very irregular
thicknesses along the whole section. Internally, the reflection pattern is
transparent with a scattered distribution of high amplitude reflectors.
The surface map of base Paleocene is characterised by an overall NNW
dipping syncline dissected by numerous diapirs and associated depres-
sions, especially in the southern part. A NNW–SSE striking anticline is
seen between the Mona-1 and Alma-1 wells (Fig. 4A).



Fig. 3. Onshore and offshore lithostratigraphy. Modified from Rasmussen et al. (2008).

Fig. 2. SW–NE striking seismic line across the Central Graben and western part of the Ringkøbing-Fyn High. For location of the seismic line see Fig. 1. Seismic courtesy of Danpec A/S
and Fugro.
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The Eocene succession is characterised by a transparent to weakly
parallel reflection pattern. The base of the unit is defined at a
continuous high amplitude peak.

The Oligocene succession is bounded below by an unconformity
that is characterised by a continuous, medium amplitude trough. The
succession is generally transparent in character although a few high
amplitude reflectors are recognised internally in the Oligocene
succession, especially in the uppermost part of the succession.

Above the Oligocene deposits, the Cenozoic succession is subdivided
into sequences B to I (Rasmussen, 2004b; Rasmussen et al., 2005; Fig. 3).
The base of sequence B is characterised by a high amplitude reflector.
The sequence is wedge-shaped and pinches out towards the SW. The
reflection pattern of sequence B is transparent to weakly parallel. The
surface map of sequence B is characterised by an overall NNW dipping
syncline dissected by numerous diapirs and associated depressions,
especially in the southern part. A NNW–SSE striking anticline is,
however, recognised between the Mona-1 and Alma-1 wells (Fig. 4B).
Fig. 4. Depth structure maps of the Central Graben: A) base of Paleocene siliciclastic deposit
C) base sequence C, D) base sequence D; E) base sequence E; F) base sequence F; G) base seque
Central Graben is not present on the base sequence D nor on the succeeding sequence boun
Sequence C is delimited at its base by a high amplitude reflector.
The reflection pattern is characterised by a weakly parallel reflection
pattern. The succession thins over the central part of the Danish
Central Graben and thickens again towards the SW. The surfacemap of
sequence C is characterised by an overall NNW dipping syncline
dissected by numerous diapirs and associated depressions, especially
in the southern part. An NNW–SSE striking anticline is seen between
the Mona-1 and Alma-1 wells (Fig. 4C).

Sequence D is bounded by a high amplitude reflector. The sequence
is tabular and shows a parallel reflection pattern. The surface map of
sequence D is characterised by an overall NNW dipping syncline
dissected by numerous diapirs and associated depressions, especially
in the southern part (Fig. 4D).

The lower boundary of sequence E is a high and continuous reflector.
The reflection pattern is characterised by weak reflectors that show a
parallel to subparallel reflection pattern. The surface map of sequence E
is characterised by an overall NNW dipping syncline dissected by
s (Top Chalk), modified from Vejbæk et al. (2007); B) base sequence B (Base Miocene);
nce G; and H) base sequence I. Note that the anticline in the central and southern Danish
daries.



Fig. 4 (continued).
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numerous diapirs and associated depressions, especially in the southern
part (Fig. 4E).

Sequence F forms an overall lensoidal package that is characterised
by parallel to subparallel reflection patterns in the lower part. The
succeeding upper part forms a lensoidal sedimentary package
characterised by SW-ward dipping clinoforms. The surface map of
sequence F is a westward dipping monocline (Fig. 4F).

Sequence G is bounded at its base by a high amplitude reflector.
The reflection pattern is dominated by a parallel to sub parallel
reflection pattern. This sequence shows distinct onlap on sequence F
in the southern part. The surface map of sequence G defines a
westward dipping monocline (Fig. 4G).

Sequence H is bounded below by a reflector characterised by
varying amplitude. The sequence thins towards the north and shows
truncation around salt structures. Generally the sequence is char-
acterised by a parallel reflection pattern with high amplitudes.
Fig. 5. Flattened seismic sections showing the evolution of the Danish Central Graben durin
(base Miocene) and D) base sequence D (late early Miocene). Note that the elevation is ind
Sequence H is restricted to the southern part of the Danish Central
Graben (therefore not shown in Fig. 4), but where present, it defines a
westward dipping monocline.

Sequence I is bounded by a reflector with varying amplitude that
especially in the southern part forms a truncation surface. The
reflection pattern is parallel to subparallel. The surface map illustrates
a westward dipping monocline (Fig. 4H).

4.2. Interpretation

The Paleocene, Eocene and Oligocene successions in the study area
were all deposited in a relatively deep marine environment beyond
the slope as hemipelagic and subordinate turbiditic sediments within
the study area (Michelsen et al., 1998; Schiøler et al., 2007). The
Neogene Sequences B to F were similarly laid down in a relatively deep
marine environment as hemipelagic deposits (Michelsen et al., 1998;
g the Paleogene and early Miocene. A) top Paleocene, B) top Eocene, C) Top Oligocene
icated by an arrow inserted in each section. Seismic courtesy of Danpec A/S and Fugro.
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Fig. 6. N–S trending seismic line across the southern part of the Norwegian–Danish Basin and Ringkøbing–Fyn High. For location of the seismic line, see Fig. 1. Seismic courtesy of
Rambøll A/S.
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Rasmussen et al., 2005). Sequence Gwas the first sequence that record
shallow marine deposits reaching the Danish Central Graben area, as
illustrated by the clinoformal reflection pattern inferred to represent
deltaic deposits (Sørensen et al., 1997; Rasmussen et al., 2006). The
succeeding sequences H and I represent deposition in a relatively deep
marine setting in front of major Pliocene deltas (Rasmussen et al.,
2005). The distinct anticlinal structure below sequence D that closely
follows the boundary of the Danish Central Graben is interpreted as a
compressional structure (inversion) formed prior to deposition of
Sequence D. The structural development of the southern Danish
Central Graben area during the Cenozoic can be illustrated by
flattening at certain sequence boundaries (Fig. 5). Caution should be
exercised, however, when flattening seismic horizons as truncation
due to structural uplift or erosion caused by increased current activity
may remove parts of the succession and thus result in erroneous
geometries of the studied succession. Furthermore, a complete
palaeogeographic understanding of the studied succession is neces-
sary in order to avoid flattening on surfaces with depositional relief i.e.
clinoforms. However, from the study of the Cenozoic succession in the
Danish area, it seems reasonable to use the flattening procedure on
the Top Paleocene (Fig. 5A), Top Eocene (Fig. 5B), Top Oligocene
(Fig. 5C) and top of sequence C (Fig. 5D)(sequence boundary of se-
quence D). The latter can be reliably flattened as the superimposed
sequences show consistently parallel reflection patterns and as se-
quence G is partly composed of facies representing a delta-top depo-
sitional environment that is inferred to represent a sub-horizontal
depositional surface. When flattened on the Top Paleocene, a
maximum of 100 m of uplift is indicated (Fig. 5A). The Top Eocene
shows an uplift of c. 100 m (Fig. 5B). The Top Oligocene indicates a
maximum of c. 100 m (Fig. 5C). When flattening at the Top sequence C
boundary, an uplift of more than 300 m is evident (Fig. 5D). This
indicates that the most important inversion of the southern Danish
Central Graben, in the area covered by the seismic line occurred
during the earlyMiocene. This is also documented by the surfacemaps
where the central anticline within the Danish Central Graben
disappears between surface map of sequence C and surface map of
sequence D. Correlation with the Alma-1 well, which has been dated
palynologically, indicates an age between 23.3 and 22 Ma. for this
event (Schiøler et al., 2007; Karen Dybkjær, pers. comm. 2007). The
change in surface configuration between sequence boundaries E and F,
from an irregular monocline to a simple monocline (Fig. 4E and F),
may represent the last inversion pulse of the Danish Central Graben,
which has formerly been interpreted to have occurred in the Miocene
(Esmerode et al., 2008), but is here interpreted to date from the early
part of the late Miocene as constrained by detailed biostratigraphy.
5. Structural reconfiguration of the Ringkøbing-Fyn High

5.1. Description

The Cenozoic succession on the central part of the Ringkøbing-Fyn
High is subdivided into the same stratigraphic units and sequences as
in the Danish Central Graben area (Fig. 6).

The Paleocene succession is delimited below by a high amplitude
reflector that defines a very irregular surface (Fig. 6). The surface forms
an anticline in the central part of the studied section. The Paleocene
succession has an even thickness along the section. The unit is
characterised by a parallel reflection pattern, with strong variation in
amplitude.

The Eocene succession is bounded below by a medium amplitude
reflector that separates the parallel reflection pattern of the Paleocene
succession from a more transparent reflection pattern within the
Eocene succession. The Eocene succession thins slightly towards the



Fig. 7. Flattened seismic section showing the topography of the Ringkøbing–Fyn High during the early Miocene. Seismic courtesy of Rambøll A/S.
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south. The upper part of the Eocene succession shows truncation
towards the south.

The Oligocene unit is restricted to the northernmost part of the
studied section, north of the anticlinal feature. Here, it is characterised
by a semi-transparent reflection patternwith a suggestion of a parallel
reflection pattern.

The lower boundary of sequence B is defined by a high amplitude
reflector. This surface retrains the anticlinal feature in the central part
of the studied section. The overall form of Sequence B is wedge-
shaped. The northern part of sequence B is characterised by a
clinoformal reflection pattern. The dip of the clinoforms varies from
2° to 10° towards the south. The clinoformal succession pinches out
towards the anticline on the lower boundary of sequence B (Fig. 6).
The middle and southern part of the sequence B is dominated by
oblique to sub-parallel reflection patterns; the unit thins towards the
south over the anticline.

Sequence C is delimited at its base by a high amplitude reflector.
The sequence has a uniform thickness along the studied section. The
northern part is characterised by a complex succession of stacked
clinoformal packages separated by distinct unconformities. The
southern part of the section is dominated by a parallel reflection
pattern with varying amplitudes.

Sequence D is bounded by a high amplitude reflector at its base and
by a very irregular surface at its top. Internally, the reflection pattern is
characterised by a parallel to sub-parallel reflection pattern.

5.2. Interpretation

The Paleocene sediments were deposited in a shallow marine
environment. Some parts of the Ringkøbing-Fyn High were probably
periodically subaerially exposed (Clausen and Huuse, 2003). However,
trace fossils of Zoophycos may suggest that, at least at some locations,
deeper waters prevailed.
The Eocene deposits are of hemipelagic origin, deposited in a deep
marine environment, possibly at depth of 600 m (Heilmann-Clausen
et al., 1985; Schmitz et al., 1996; C. Heilmann-Clausen pers. comm.
2007).

A thin wedge of Oligocene deposits is located north of the
Ringkøbing-Fyn High, deposited in a relatively deep marine environ-
ment. Oligocene sediments are absent or very condensed on the
Ringkøbing-Fyn High, represented by fully marine glaucony-rich
deposits laid down far from the sediment source (Rasmussen, 1995;
Rasmussen and Dybkjær, 2005).

In the Miocene, a distinct change in depositional environment
occurred. In the study area sequence B represents the first occurrence
of deltaic deposition as inferred from the clinoformal reflection
pattern (Fig. 6) (Rasmussen, 2004b; Rasmussen and Dybkjær, 2005;
Rasmussen et al., 2007). The delta of sequence B prograded into water
depths of c. 100 m (Hansen and Rasmussen, 2008). Sequence C
represents resumed delta progradation as indicated by the clinoformal
reflection pattern (see Rasmussen et al., 2007). The succeeding
sequence D was deposited in a fully marine environment, probably
in water depths of 50–100 m.

As the study of the Danish Central Graben, the flatteningmethod is
used to demonstrate the structural reorganisation of the Ringkøbing-
Fyn High (Fig. 7). The flattening here is also based on the sequence
boundary of sequence D as this sequence represents the top of a delta,
and thus avoiding the late Pliocene–Quaternary tilting of the North
Sea area (Japsen et al., 2002; Rasmussen et al., 2005). The flattened
seismic demonstrate that there was topographical relief on the
Ringkøbing-Fyn High before deposition of sequence B (Fig. 7). It is
well known from borings in Jylland that the Eocene deposits below
the Oligocene and Miocene sequences becomes progressively older
towards the south, as indicated by truncation (Sorgenfrei and
Berthelsen, 1954; Fig. 8). On regional seismic sections across Jylland,
this truncation has also been recognised (Rasmussen, 2005). The



Fig. 8. Pre-Quaternary geological map of Denmark. Modified after Sorgenfrei and Berthelsen (1954).

92 E.S. Rasmussen / Tectonophysics 465 (2009) 84–97
Ringkøbing-Fyn High was thus reactivated after the Eocene but before
the Miocene. As the Oligocene sediment cover is thin or absent on the
Ringkøbing-Fyn High, it is not possible to date this movement based
on seismic data. In the central part of present-day Jylland, a coarse-
grained braided river system (Hansen,1985,1995; Jesse 1995) was laid
down during the early Miocene (Rasmussen et al., 2006). The grain
size of these fluvial deposits is medium to coarse sand, gravel occurs
commonly at the base of troughs and pebbles up to 3 cm are found
locally (Fig. 9). Such river systems are normally associated with
tectonically active areas (Miall, 1996). The superposition of the coarse-
grained fluvial deposits above marine clayey sediments strongly
indicates a tectonic phase immediately before sedimentation of the
lower Miocene fluvio-deltaic deposits. Furthermore, the presence of
ferruginous oolites in east Jylland at the Oligocene–Miocene boundary
(Rasmussen, 1995; Rasmussen and Dybkjær, 2005) may indicate an
early phase of uplift in the eastern part of the North Sea Basin because
the formation of ferruginous oolites needs a large supply of iron. An
influx of iron can be readily explained by uplift of the hinterland and
oxidation of pyrite-rich sediments i.e. the Jurassic Fjerritslev Forma-
tion along the Sorgenfrei–Tornquist Zone. This is supported by large
amount of iron and especially goethite found in the lower Miocene
Vejle Fjord Formation (Rasmussen, 1995). According to Martinsen et al.
(1999), the base Miocene unconformity in the northern North Sea shows
fluvial incision. Incision into the Oligocene is also seen south of present-
day Norway (Fig. 10) indicating that the offshore area of present-day
Norwayacted as a sediment source in earlyMiocene times. EarlyMiocene
uplift and increased sediment supply into the North Sea Basin is also
supported by the immature sediments found in the lower Miocene of
Denmark (LarsenandDinesen,1959; Spjældnæs,1975; Rasmussen,1995).

New fission track data (Japsen et al., 2007) show that the onset of
cooling in the Hans-1 and Felicia-1 wells (Figs. 1 and 11), which are
located within and adjacent to the Sorgenfrei–Tornquist Zone, was
around the late Oligocene–early Miocene boundary. Elevation of
southern Norway during the Neogene was also proposed by
Rohrmann et al. (1995).

The pre-Quaternaymap of Denmark (Sorgenfrei and Berthelsen,1954)
shows an S-shaped configuration of the Paleogene succession (Fig. 8). This
configuration is interpreted as a consequence of both inversion and
compaction of sediments laid down in the basins surrounding the
Ringkøbing-Fyn High (Nielsen, 2002). As the S-shaped configuration is
limited mainly to the Paleogene succession, the inversion most post-date
the Oligocene. Consequently, the early Miocene inversion revealed from
this studymay partly be responsible for that. Itmust be stressed, however,
that reactivation of salt structures occurred during the Quaternary
contributing to thepresent configurationdisplayedon thepre-Quaternary
map.



Fig. 9. Gravel rich fluvial deposits of the Billund sand. The coarse-grained sediment was deposited in a braided fluvial system; this type of fluvial system is commonly associated with
tectonically active areas. Photo: Ole Rønø Clausen.

Fig. 10. Seismic line from the Norwegian sector of the North Sea displaying evidence of
incision into the Oligocene deposits during the early Miocene. For location of the
seismic line see Fig. 1.
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It is likely, therefore, that uplift within the eastern North Sea area
occurred in latest Oligocene and early Miocene, synchronous with the
inversion of the Central Graben.

6. Discussion

Inversion in the North Sea area is commonly attributed to the
Alpine collision (Ziegler, 1982, 1990, Mogensen and Jensen, 1994,
Vejbæk and Andersen, 2002). Vejbæk and Andersen (2002) suggested
that ridge-push forces transmitted from sea-floor spreading in the
North Atlantic acted in conjunction with Alpine orogenic stresses.
According to Mogensen and Jensen (1994) and Vejbæk and Andersen
(2002) the compressional tectonic regime that caused the inversion
during the Cretaceous, the Paleocene and the Eocene–early Oligocene
was associated with an overall dextral movement along former fault
zones. The stress regime for the Danish Central Graben area is
interpreted as NNE–SSW (Vejbæk and Andersen, 2002). The cessation
of inversion in the Danish Central Graben has been reported to have
occurred in the Miocene (Esmerode et al., 2008). Miocene inversion is
also known from the UK sector (Badley et al., 1989), but that the
Miocene is one of the periods when distinct inversion, at least of the
southern Danish Central Graben and the Ringkøbing-Fyn High, is first
revealed in this study (Fig. 11). This is made possible by the fact that
this study is based on the first thorough regional interpretation of the
Cenozoic succession over the entire Danish area.

The Savian phase in Central Europe is awell-known Alpine tectonic
event. The Oligocene and Miocene were important periods in the
convergence of the African and European plates as testified by the
main phase of the formation of the Atlas mountains in North Africa
(Beauchamp et al., 1999). This event is time-equivalent to the Neogene
inversion reported here. The updoming of the Ringkøbing-Fyn High
and minor reactivation of N–S to NW–SE trending faults (Brande
Trough) are compatible with dextral strike-slip movement on the
Tornquist Fan area and thus to the Teisseyre–Tornquist Zone in central
Europe (Thybo, 1997; Fig. 11). This tectonic regime created compres-
sion along the WNW–ESE trending Ringkøbing-Fyn High (Caledonian
Deformation Front) and extension on the N–S striking structures
located on the high. Right lateral transpression along the Tornquist
Zone was responsible for reactivation of basement faults and thus
inversion along the zone during the Cretaceous–early Cenozoic
(Mogensen and Jensen, 1994). The coincidence of a magmatic body
in Scania and pronounced change in Moho depth at the edge of the
basin may have controlled the focussing of stresses transferred from
the Alpine orogeny and the North Atlantic ridge push due to the
change in rheology (Thybo, 2001). Consequently, reactivation of the
Tornquist Fan during the Cenozoic and in particular by dextral
movements seems also to have affected the Ringkøbing-Fyn High,
similarly to the older tectonic regimes.



Fig. 11. Map of NW Europe showing mapped Cenozoic and Miocene inversion structures in relation to the location of sand-rich lower Miocene successions.
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Clastic deltaic deposits prograded into the basin from the
Fennoscandian Shield associated with inversion along the Tornquist
Zone in the Late Cretaceous (Erlstrøm, 1994). This indicates that the
inversion tectonism affected the source area by uplift. The enhanced
relief resulted in subsequent erosion and increased influx of
siliciclastic sediments to the surrounding basins. The Late Cretaceous
deposits commonly consist of rock fragments a result of freshly eroded
basement northeast of the Tornquist Zone. The development of the
Miocene similarly show a marked increase of siliciclastic associated
with the early Miocene inversion.

Uplift of the Fennoscandian Shield and especially the western part
may, however, also have been associated with the opening of the
North Atlantic. Within the North Sea, area high influxes of sediments
are normally seen in connectionwith uplift, e.g. progradation from the
Shetland Platform during the Paleocene (Galloway et al., 1993),
Oligocene and early Neogene (Rundberg and Eidvin, 2005). A high
influx of sediment from the Fennoscandian Shield is known from the
early Oligocene, c. 33 Ma (Michelsen et al., 1998), in the early Miocene
(c. 22 Ma) as described in this paper (Larsen and Dinesen, 1959;
Rasmussen, 1995, 2004a; Rasmussen and Dybkjær, 2005). All of these
changes in sediment supply have been attributed to uplift in the
hinterland. In addition an abrupt influx of heavy minerals in the early
Miocene (late Burdigalian, 17 Ma) has been interpreted as a
consequence of tectonic movements on the Fennoscandian Shield
(Rasmussen, 2004a). These events show a remarkable correlationwith
formation of the V-shaped ridges, R7, R5 and R4 around Iceland that
are attributed to changes in mantle convection (Jones et al., 2002). In
the North Atlantic, several compressional pulses giving rise to the
formation of anticlines offshore the present-day Norway have been
reported to have occurred during the Cenozoic (Martinsen et al., 1999;
Løseth and Henriksen, 2005; Stoker et al., 2005). The flexural uplift of
the Danish Central Graben in the early Cenozoic is interpreted to have
been caused by NNE–SSW compression (Vejbæk and Andersen, 2002)
and thus to indicate ridge-push forces in the North Atlantic realm; this
interpretation supports the idea that the evolution of the North
Atlantic influenced on the Neogene North Sea development.
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As indicated above the inversion of the Danish Central Graben and
the Danish Basin in the early Miocene is interpreted to have been a
consequence of compression from the Alpine Orogeny and the
opening of the North Atlantic. Uplift of the southern Fennoscandian
Shield also took place during the Neogene (Rohrmann et al., 1995;
Rohrmann and Van der Beek, 1996). These workers interpreted the
uplift to have been caused by the generation of asthenospheric diapirs
and associated partial melting (Rohrman and Van der Beek, 1996).
Studies of the Neogene succession in Denmark reveals that an abrupt
increase in the supply of coarse-grained siliciclastic sediments
occurred in the early Miocene (e.g. Rasmussen, 2004a). A heavy
mineral study of the Miocene succession shows that the main source
area was southern Norway and central western Sweden (Mette
Olivarius, pers. comm. 2008). According to Summerfield and Hulton
(1994), a high erosion rate of a hinterland is mainly controlled by relief
and not climate. Therefore, the high sediment influx from south
Norway and central western Sweden into the basin in the early
Miocene can be correlated with increased relief in the hinterland.
Neogene uplift of the Fennoscandian Shield has, however, been
questioned by Nielsen et al. (2002, in press). According to Nielsen et al.
(in press), the topography of the western Fennoscandian Shield was
the result of the Caledonide Orogeny and had been a topographic
element since that event. They suggested that tectonism was
subordinate during the Cenozoic and that climate was the main factor
controlling denudation and sediment supply into the North Sea Basin.
Hence, the change in high sediment supply from the Shetland
Platform to high influx from the Fennoscandian Shield at the
Eocene–Oligocene boundary was according to Nielsen et al. (2002,
in press) due to a climatic deterioration. It is, however, well-known
that the high influx from the Shetland Platform during the Paleocene
and early Eocene was caused by uplift (increased relief) associated
with the opening of the North Atlantic in the Paleocene (Galloway
et al., 1993). If such relief also existed in the western part of the
Fennoscandian Shield in the Paleocene, one would expect a similar
high sediment supply to be recorded in the Danish Basin. It is not clear
why erosion should have been initiated on the Fennoscandian Shield
later than the Shetland Platform if comparable relief existed in both
areas. The two areas were located at the same latitude and thus, most
likely, within the same climate belt. A study of the development of
the Miocene succession in Denmark (Rasmussen, 2004a) has shown
that enhanced sediment supply to the basin occurred both during
cold temperate and subtropical climates. Furthermore, the marked
climatic deterioration in the middle Miocene was not accompanied
by increased sediment influx as predicted by the model of Nielsen
et al. (2002). This argues against climate being the main process
responsible for denudation of the hinterland and high sediment
supply into the basins around the Fennoscandian Shield, during the
Cenozoic time. The hypothesis of Nielsen et al. (in press) that sig-
nificant Caledonian relief persisted in the western part of Fennos-
candia contradicts the geological development of the area after the
Caledonide Orogen, e.g. the development of a peneplain in the Late
Carboniferous, the so-called “Pre Upper Carboniferous peneplain”
(Larsen et al., 2008).

That tectonics, and specifically inversion tectonism, was the main
controlling factor in the formation of relief in the hinterland around
the Danish Basin during the Late Cretaceous and Cenozoic times has
been demonstrated in several studies, including the present study
(Erlstrøm, 1994; Rasmussen, 2004a; Japsen et al., 2007). Inversion
during the Campanian (Late Cretaceous), was accompanied by
progradation of siliciclastic deltas e.g. the Lund sandstone in the
otherwise pure chalk depositional environment (Erlstrøm, 1994). The
deposition of the Dufa Member (Schiøler et al., 2007) in the early
Oligocene was associated with a tectonic event (possibly inversion) at
the end of the Eocene (Japsen et al., 2007). The lower Miocene sandy
units within sequence B, C, and D of this study and Rasmussen (2004b)
were the result of the early Miocene inversion tectonism. The
influence of climate is more ambiguous as indicated by the examples
mentioned above which actually covers different climatic conditions,
i.e. cold temperate climate in the Oligocene and warm to subtropical
climate in the early Miocene. However, it is clear that once a relief is
formed minor climatic changes may result in changes in vegetation
cover or precipitation that could enhance erosion. A study of the
sediment flux in the Rhone Delta clearly demonstrates that climatic
variations during the last 1000 years have controlled sediment flux;
minor climatic variation under the little ice age (late 17th–early 18th
century) for example resulted in enhanced sediment influx (Boyer
et al., 2005). Climatic changes thus clearly influence sediment flux but
the Cenozoic geological record of Denmark suggest that tectonism is
themain controlling factor in the long term (see also Summerfield and
Hulton, 1994).

7. Conclusions

Marked inversion during the early Neogene (early Miocene)
affected the Danish Central Graben and the Ringkøbing-Fyn High.
Movements along the Sorgenfrei–Tornquist Zone, which normally
occurred during inversion in the area, are obscured by late Neogene
erosion, but are indicated by apatite fission-track analysis.

As the reactivation occurred along former structural elements, as
was also the case during the Cretaceous–early Cenozoic inversion, the
Alpine Orogeny is interpreted to have been the main cause for the
inversion tectonism. However, some interplay with the opening of the
North Atlantic cannot be ruled out; in particular the high sediment
supply from the Fennoscandian Shield following the inversion phase
may be a result of uplift of the western part of the Fennoscandian
Shield associated with ridge push in the north Atlantic.

Minor inversion continued within the Danish Central Graben
during the early and middle Miocene and ceased in the early late
Miocene.

The inversion pulses resulted in reshaping of the North Sea Basin
and in uplift of the hinterland. The early Neogene pulse, in particular
resulted in a marked increase in sediment supply to the study area.

The high sediment influx continued during the early Miocene even
though the climate shifted from a cold temperate climate in the
earliest early Miocene to a subtropical climate at the transition from
the early Miocene to the middle Miocene.
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Detailedmappingofmarine erosional surfaces and
the geometryof clinoformson seismic data: a tool to
identify the thickest reservoir sand
E. S. Rasmussen

Geological Survey of Denmark and Greenland, �sterVoldgade 10, Copenhagen, Denmark

ABSTRACT

Deltaic sediments of the Billund and Bastrup sands were deposited in a ramp setting in the storm-
dominated North Sea during the earlyMiocene. A marked relief in the hinterland and the relatively
high precipitation resulted in a high sediment supply to the sea and progradation of major delta-
coastal plains south of the present-day Norway.The focus of this study is on the forced regressive
wedge system tracts of the two delta complexes, which show remarkably well-developed marine
erosional surfaces associatedwith sand-rich packages characterised by steeply dipping clinoforms (up
to101).Thewell-developed clinoformal packages indicate that deposition occurred inwater depths of
60^100m even under a sea-level fall.The sand-rich delta lobes also demonstrate that it was a high-
energy environment and that wave-generated re-suspension at the delta front e¡ectively re-sorted
the sediments and sand-rich systems became separated from mud-dominated portions of the delta
complexes.The evolution of the above occurred in a basin that has been exposed by inversion
tectonism.The sediment supply was consequently high. During deposition, eustatic sea-level
changes strongly controlled the evolution of sequences.The results found in this study may be
applicable for mapping reservoir sands in ramp settings and in rift basins especially when looking for
reservoir rocks in the basinal setting or when carrying out detailed reservoir mapping in already
existing hydrocarbon ¢elds.

INTRODUCTION

The mapping of the shoreline trajectory has proved to be a
useful tool in the prediction of reservoir sand (Helland-
Hansen & Gjelberg, 1994; Helland-Hansen & Martinsen,
1996). However, widespread erosion during sea-level fall
and subsequent transgression may hamper the identi¢ca-
tion of the shoreline trajectory. During falling sea level,
erosion surfaces are often formed at the base of the delta
due to a reduction of the base level (Dominguez&Wanless,
1991; Nummendal et al., 1993; Plint & Nummendal, 2000).
The preservation potential for these surfaces is high and
they are therefore important in the search for good reser-
voir sands. Sand-rich delta deposits prograding into the
sea are characterised by dipping foresets, whose morphol-
ogy re£ects the grain-size, water depth, the proximal/distal
location on delta lobes and the type ofdelta system (£uvial-,
tide- or wave-dominated; Galloway, 1975; Orton & Read-
ing, 1993). This morphology is imaged on seismic data as
clinoforms with various geometries, i.e. shingled, sigmoid,
oblique-parallel and oblique-tangential clinoforms.

High-resolution shallow seismic data from Denmark
(Fig.1) indicate that mapping of the marine erosional sur-
faces and the geometry of the clinoforms is a robust tool
for identifying the thickest and most widespread reservoir
sand. The examples are from two wave- to £uvial-
dominated delta complexes.The two delta complexes, the
Billund and Bastrup deltas, prograded into the North
Sea during the earlyMiocene.The average sand thickness
in each delta complex is on the order of 15^20m, but
over 50m of sands are found locally.The latter accumulate
when progradation of a delta lobe is steady and dominated
by bed-load transport giving rise to the deposition of a
thick sand-rich package. The thick sands are found on
seismic data as a package characterised by oblique-parallel
clinoforms dipping from 7 to 101.The base of the package
is often characterised by a series of erosional surfaces.

The aim of this study is to show an additional or an
alternative analysis to shoreline trajectory analysis in
order to predict reservoir sand in prograding £uvio-
deltaic systems. In the examples shown, the combination
of steeply dipping clinoforms and marine erosional
surfaces is found in the late stage of delta-coastal plain
progradation (forced regression), and is thus applicable in
the study of basinal settings. This study focuses on the
development of the Billund and Bastrup sands, as these
are covered by high-resolution seismic data and a high
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number of boreholes have been drilled to test the evolution
of reservoir sand.

GEOLOGICAL SETTING

The easternNorthSeaBasin constitutes a mosaic of struc-
tural elements fringing the Fennoscandian Shield. The
structural elements were formed in late Carboniferous^
Permian times (Ziegler, 1982, 1990; Berthelsen, 1992) and
were reactivated several times during the Mesozoic and
Cenozoic Eras (Liboriussen et al., 1987; Berthelsen, 1992;
Mogensen & Jensen, 1994; Thybo, 1997; Vejb�k & Ander-
sen, 2002; Rasmussen, 2004a). The border zone was
formed by the Sorgenfrei T̂ornquist Zone. SE of this zone,
lows and highs named the Norwegian^Danish Basin,
Ringk�bing-Fyn High and North German Basin are the
most important structural elements (Fig. 3).

During the early Miocene the climate was temperate.
Minor changes from cool to a warm temperate climate
have been detected (Mai, 1967; Lotsch, 1968; Utescher
et al., 2000; Mosbrugger et al., 2005).The variation of cli-
mate is strongly correlated to climatic changes on a global
scale. Precipitation declined dominantly during summer
and the rate was on the order of 1500mmyr�1.The North
Seawas located in the northern hemisphere westerly wind
belt.

The eastern North Sea Basin was ¢lled by siliciclastic
sediments sourced from the Fennoscandian Shield during
the early Miocene (Larsen & Dinesen, 1959; Ziegler, 1982,
1990; Friis et al., 1998; Rasmussen, 2004b; Rasmussen &
Dybkj�r, 2005).The sediment supply was high due to tec-
tonic uplift of the Fennoscandian Shield associated with
the Savian Phase (Rasmussen, 2004a).The east^west elon-
gation of the North Sea resulted in a long fetch, and so the
wave action on the shoreline was prominent. The tidal

range is interpreted to be micro- to meso-tidal (Friis
et al., 1998; Rasmussen &Dybkj�r, 2005).The evolution of
the early Miocene succession following the Savian Phase
was strongly controlled by eustatic sea-level changes (Ras-
mussen, 2004a). During the early Miocene the shoreline
prograded into the North Sea two times. Sand deposited
within these prograding units are referred to as the infor-
mal units of theBillund sand and theBastrup sand (Fig. 2).
Sand deposited adjacent to the delta mouth or in associa-
tion with topographic highs was rapidly redistributed and
deposited as either spit complexes or barrier islands in the
down-drift areas of delta lobes (Rasmussen & Dybkj�r,
2005; Hansen & Rasmussen, 2008) referred to as the Vejle
Fjord SandMember andHvidbjerg Sand.The thicknesses
of these sand-rich successions are commonly 20m. How-
ever, delta lobes ¢lling topographic lows, i.e. graben struc-
tures and thus deeper water, are characterised by thick and
well- sorted sand; the maximum thickness of the delta
sand is up to 70m (Hansen & Rasmussen, 2008).The late
part of the progradation of delta lobes into the basin was
associatedwith a sea-level fall.

DATA ANDMETHODOLOGY

This study is based on ca. 1000 km new of high-resolution
seismic data and 2000 km of older multi-channel seismic
data (Fig. 3).The borehole database consists of ca. 50 new
stratigraphic boreholes with wire-line logs (g-ray), plus 1
cored borehole and ca. 20 outcrops (Fig. 3).The succession
studied here has been subdivided into unconformity
bounded sequences (Rasmussen, 2004b) based on the

Fig.1. Study area.

Fig. 2. Lithostratigraphy of theMiocene of Denmark (modi¢ed
fromRasmussen, 2004b).
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principles of Hunt & Tucker (1992, 1995), which is a modi-
¢cation ofPosamentieretal. (1988).Biostratigraphic dating
of the succession is based on dino£agellate cysts and has
been carried out on all boreholes and outcrops (Dybkj�r
& Rasmussen, 2000, 2007; Dybkj�r, 2004a, b; Rasmussen
&Dybkj�r, 2005; Rasmussen et al., 2006).

SEISMIC FACIES

New seismic data across Jylland, Denmark have revealed
progradation of two delta complexes, the Billund and
Bastrup, during the earlyMiocene (Fig. 4).The acquisition
of high-resolution seismic data in the study area has re-
sulted in the recognition of ¢ve typical seismic facies asso-
ciations associated with delta formation. The delta
deposits are categorised into a prograding stacking pat-
tern, an aggrading stacking pattern and a channel/valley-
¢ll pattern.The facies association are: The FA 1, Shifting

lobe facies; FA 2, ¢xed lobe facies; FA 3, bottomset facies;
FA 4, topset facies and FA 5, channel facies.

Shifting lobe facies association: FA1

FA1is characterised by oblique-parallel and sigmoidal re-
£ection patterns (Figs 5 and 6). Internally, the facies con-
sists of low-dipping clinoforms, with measured dip
varying from1to 51.The facies association is characterised
by a moderate amplitude. Occasionally, the sigmoidal
packages may be transparent (Fig. 5).The lower boundary
of FA1 is weak or gradational towards the underlying FA 3.
The g log shows a serrated pattern with a general decreas-
ing g-ray reading upwards (Fig. 6).Where boreholes pene-
trated a succession characterised by the oblique-parallel
seismic re£ection pattern, low g-ray readings are seen
(Fig. 5). Here, both coarsening and ¢ning upward trends
have been recognised.This facies is common in the central
and northern part of the study area.

Fig.4. North^south section of the
Miocene succession in Jylland and
lithology of boreholes penetrating the
succession at the seismic section. For
location, see Fig. 3. Seismic courtesy
COWI A/S andMC Ribe.

Fig. 3. Map showing Sesimic data,
boreholes and outcrops.The main
structural elements are shown on the
inserted map.
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In boreholes penetratingFA1the lithology is composed
of alternating mud- and sand-dominated parts (Figs 5,
7a, b and d).The sand may be found to be associated with
steeply dipping oblique-parallel clinoforms (Fig. 5) or in
a sigmoidal re£ection pattern where the lower part is
dominated by mud with an upwards increasing intercala-
tion of sand beds as seen in the Billund delta complex at
Vorslunde (Fig. 4). Here, the upper part is dominated
by sandwhere clinoforms are common, but where a trans-
parent seismic pattern dominates, the whole succession
consists of mud. The typical log pattern of this facies
is a gradual decrease in g log response upwards, indicating
a coarsening upward succession and thus a prograding
succession. The muddy part of the succession is rich in
marine dino£agellates (Dybkj�r, 2004a), indicating a
marine depositional environment.The FA1 is interpreted
as prograding delta and where lobe swifting is common.
The FA1 is most common when delta progradation
occurred during rising sea level (Hansen & Rasmussen,
2008).

Fixed lobe facies association: FA 2

FA2 is characterised by a pure oblique-parallel seismic re-
£ection pattern. It is composed of high-frequency clino-
forms dipping at an angle of 7^101 (Fig. 8).The amplitude
is the highest in the upper part and decreases gradually
downwards.The thickness of the facies varies between 75
and 100m. FA 2 has a sharp often erosive lower boundary
and occasionally the underlying FA3may be totally eroded
(Fig. 8).The upper boundary is sharp and erosion is com-
monly seen. Above this erosive boundary, high-amplitude
re£ections may occur and are always associated with an
internal downlap (Fig. 8). The g log pattern is charac-

terised by low g-ray readings (Fig. 8). The g log shows
an overall serrated pattern stacked in minor coarsening
upward units (Fig.8).FA2 is restricted to the southern part
of the study area.

This facies is dominated bymedium- to coarse-grained
sandwith some gravel (Figs 8 and 7e).The close link to FA1
indicates that it forms a sand-rich part of a prograding
delta (see also Hansen & Rasmussen, 2008). The sharp
and erosive lower boundary, often showing a downstep-
ping pattern, is interpreted as being formed by submarine
erosion due to successive lowering of the base level. The
interpretation of the high-amplitude re£ections is di⁄ -
cult, because they are not penetrated by any boreholes.
High-amplitude re£ections found at the toe of clinoforms
on aTriassic progradational system on the Finnmark Plat-
form (Hadler-Jacobsen et al., 2005) are interpreted as a
submarine fan. Thin turbidites have been recognised in
bottom sets of the delta complex in the cored borehole,
Sdr.Vium (Fig. 7c), but it does not appear to be a wide-
spread phenomenon in theseMiocene deposits. As no ba-
sin £oor fans have been found, it is also unlikely that it
represents a sediment by-pass zone (e.g. Plink-Bj˛rklund
etal., 2001).Delta lobe switchingmay also change the equi-
librium pro¢le of the delta slope, causing successively dee-
per erosion at the location of the seismic section.However,
the study of the shoreline trajectory carried out byHansen
& Rasmussen (2008) still indicates a descending pathway
in concert with successively deeper erosion into the sub-
stratum at the delta toe and thus indicates deposition dur-
ing falling sea level. A conclusive interpretation, however,
needs additional seismic data across the delta complex.An
alternative interpretation is that more consolidated parts
of the clay-rich Vejle Fjord Formation have been eroded,
resulting in a higher acoustic impedance contrast at the

Fig. 5. Seismic FA1showing the typical
seismic image, lithology and g log
response. Note the alternation of
sigmoidal and oblique-parallel seismic
re£ection pattern. At this location, the toe
of a package dominated by an oblique-
parallel re£ection pattern has been
penetrated as indicated by the sand-rich
lower part. Downlaps are indicated by red
arrows. Note also the onlap of marine
succession south of the Stakroge borehole.
For location, see Fig. 3.The legend is
shown in Fig. 4. CU, coarsening upward;
FU, ¢ning upward. Seismic courtesy
Ramb�ll A/S andMC Ringk�bing.
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boundary and producing a high-amplitude re£ection. A
similar seismic pattern as FA 2 has been described from a
late Pleistocene prograding unit on the Bengal Shelf
(Hˇbscher & Spiess, 2005).They interpreted the prograd-
ing unit as belonging to the forced regressive systems tract.
FA 2 was deposited associated with a £at or a descending
shoreline trajectory (see Hansen & Rasmussen, 2008) and

is accordingly interpreted as a prograding delta lobe de-
posited during falling sea level.

Bottomset facies association: FA 3

FA3 is characterised by a parallel to sub-parallel re£ection
pattern (Fig. 6). The amplitude is moderate to low. The

Fig. 6. Seismic FA1, FA 3 and FA4
showing the typical seismic image,
lithology and gamma log response. Note
the high-amplitude, parallel re£ection
pattern near the Hammerum borehole
within the Bastrup delta complex that
correlates with a sand-rich package.
Eastwards, towards the Isenvad borehole,
this facies changes into a more low-
amplitude, parallel re£ection pattern that
correlatedwith a muddy succession at the
Isenvad borehole. Downlaps are indicated
by red arrows. For location, see Fig. 3.The
legend is shown in Fig. 4. Abbreviations:
CU, coarsening upward, FU, ¢ning
upward. Seismic courtesy Ramb�ll A/S
andMC Ringk�bing.
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lower boundary is marked by a high-amplitude, continu-
ous re£ection. The upper boundary often forms an ero-
sional surface with down lap. Scattered high-amplitude
re£ection may occur at the boundary to the overlying fa-
cies.The g log is characterised by a medium to high g-ray
response (Fig. 6). No systematic log pattern has been re-
cognised. FA 3 is found in most of the study area, but may
be eroded locally.

FA 3 is always found below FA 1 and 2 and sometimes
also FA 4 (Fig. 6). From boreholes, the lithology is com-
posed of mud with some intercalation of thin sand beds
(Fig. 7c). Marine dino£agellates are common (Dybkj�r,
2004a). FA1 and FA2 are seismic facies indicating a
prograding delta and therefore FA3 can be interpreted

as bottom sets laid down in front of a prograding delta
complex.

Topset facies association: FA 4

FA 4 is characterised by a parallel to a sub-parallel re£ec-
tion pattern (Fig.6).The amplitude is moderate to low.The
thickness of the facies varies between10 and150m.Locally,
the facies may be characterised by a more continuous,
high-amplitude, parallel re£ection pattern (Fig. 6). FA 4
has a sharp often erosive lower boundary. The upper
boundary is sharp and is characterised by a high-
amplitude re£ection.The g log shows a high variability in
log response (Fig. 6). In the Hammerum borehole, low

Fig.7. Cores, borehole samples and the
Voervadsbro outcrop. (a^c)Cored borehole
Sdr.Vium. (a) and (b) Alternating sand and
mud from facies FA2. (c) Illustrates a thin
turbidite fromFA3. (d) Borehole sample of
¢ne- to medium-grained sand of FA1
from theVorslunde borehole. (e) Borehole
sample of pebbly, medium- to coarse-
grained sand of FA2 from the Billund
Borehole. (f) Coarse-grained sediments
from the dominantly braided river system.
Note the inclined bedding in the upper
part of the section, which is interpreted as
lateral accretion of a point bar deposited in
a meandering river system.The scale is
indicated by the person in the lower right
corner.
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g-ray readings are common and these often show a ¢ning
upward trend. In the Isenvad borehole, FA 4 is dominated
by generally high g-ray readings with a serrated log pat-
tern. This part shows both coarsening and ¢ning upward
trends (Fig. 6). FA 4 is distributed for 10th of km2 and is
widespread in the northern part of the study area.

FA 4 is found above FA 1 and 2.The log pattern is often
characterised by a ¢ning upward trend (Rasmussen et al.,
2006). Marine dino£agellates are rare (Rasmussen et al.,
2006).TheFA4outcrops at several places in central Jylland
and here it is interpreted as dominantly braided £uvial
deposits alternating with £oodplain deposits (Fig. 7f;
Hansen, 1985; Hansen, 1995; Jesse, 1995; Rasmussen et al.,
2006). Point bar deposits capping the braided £uvial
deposits (Fig. 7f) indicate, however, sedimentation in
meandering river systems. This facies is most sand-rich,
where it correlates with a continuous, high-amplitude
re£ection pattern (Fig. 6).

Channel facies association: FA 5

FA 5 is dominated by a transparent to sub-parallel re£ec-
tion pattern (Fig. 9a). Over short distances a shingled re-
£ection pattern may occur (Fig. 9b). The lower boundary
is sharp and formed by a concave upward, often erosive,
surface (Fig. 9a).The upper boundary is sharp.The width
of the facies varies from a few hundred metres to several
kilometres and the depth may be up to 50m.The g log pat-
tern is characterised by low g readings (Figs 6 and 9a).The
lowest g-ray readings are found in the basal part of the
facies association. Upwards, a slight increase in g-ray
readings is seen (Figs 6 and 9a).The top of the facies may
be characterised by extremely high g-ray readings (Fig. 6).

FA 5 may occur in the whole study area, but is most wide-
spread in the central part of the study area.

This facies is always capping one of the other facies
(Fig. 6). Boreholes penetrating the facies reveal commonly
coarse-grained sand or gravel, but mud and coal clast may
also occur.The facies is depleted of marine dino£agellates
(Rasmussen, 2004b) and coal occurs abundantly in the
upper part. The facies is interpreted as incised channels
or £uvial channels, where a shingle seismic pattern repre-
sents point bars (Posamentier, 2005; Rasmussen et al.,
2007).The point bars are commonly capped by a coal layer
(Fig. 6).

DISTRIBUTION OF SEISMIC FACIES
ASSOCIATION AND LITHOLOGY IN THE
BILLUNDAND BASTRUP DELTA
COMPLEXES

The Bilund delta complex

The Billund delta complex prograded into the North Sea
during the Aquitanian, earliest early Miocene time; the
progradation was from the north towards the south
(Figs 2 and10).The depositional environmentwas strongly
controlled by the antecedent topography formed during
an inversion phase at the Oligocene^Miocene boundary
(Rasmussen, 2004a; Rasmussen & Dybkj�r, 2005;
Hansen & Rasmussen, 2008). Water depth ranged from
100m in structural lows to o20m on structural highs.
The two main delta lobes of the Billund delta complex,
named the Ringk�bing and Brande lobes (Hansen &
Rasmussen, 2008), were con¢ned to structural lows and

Fig. 8. Seismic FA 2 showing the typical
seismic image, lithology and g log
response. Note that the entire penetrated
succession of the oblique-parallel
re£ection pattern correlates with a sand-
rich package. Downlaps are indicated by
red arrows. Note also the onlap of the
marine succession south of the Billund
borehole. For location, see Fig. 3.The
legend is shown in Fig. 4. CU, coarsening
upward, FU, ¢ning upward. Seismic
courtesy COWI A/S andMC Ribe.
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were consequently deposited in relatively deep water, ca.
100m (Fig.11).

During the initial phase, delta progradation occurred
during a sea-level rise (HST) thatwas characterised by se-
dimentation of sand and mud in frequently shifting delta
lobes (Hansen&Rasmussen, 2008).Under the succeeding
sea-level fall, increasing erosion of former sand-rich £u-
vial deposits resulted in high bed-load transport and thus
sedimentation of sand-rich foresets in front of the delta
complex. Delta progradation was laterally con¢ned in this
phase due to the structural control on the feeder system.

The Billund delta complex example (Fig. 12), which re-
presents the area between the Vorslunde and the Billund
boreholes, contains four seismic facies associations
labelled 1^3 and 5 are represented. A distance of ca. 10 km
is dominated byFA 2.The dip of the clinoform is 7^101. At
the base of these clinoforms distinct erosion is seen
(Fig. 12). The erosion successively cuts deeper into the
substratum towards the south (direction of progradation).
These erosional features are only seen in the fringe area of
the delta lobes and are always associated with descending
shoreline trajectories (Fig. 4; Hansen & Rasmussen,

Fig.9. Seismic FA 5 showing the typical seismic image, lithology and g log response. (a) Incised valleys at and east of theVorslunde
Borehole. (b) Fluvial channel showing lateral accretion (shingled seismic re£ection pattern) associatedwith point bar migration. For
location, see Fig. 3. CU, coarsening upward; FU, ¢ning upward. Seismic courtesy COWI A/S andMC Ribe.
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2008). Clinoforms downlap these erosional surfaces suc-
cessively, also when deeper scouring are seen. Therefore,
these features are most likely formed by marine erosion
during falling sea level.The upper boundary is sharp, but

channel formation is only present in the northern part
close to the Vorslunde Borehole. In the area where FA 2 is
present it has a lobate shape (Hansen &Rasmussen, 2008)
and covers an area of ca. 300 km2.

Fig.10. Palaeogeography of the Billund delta complex: (a) highstand systems tract, (b) forced regressive wedge systems tract and (c)
transgressive systems tract.

Fig.11. Facies map showing the distribution ofFA2 andmarine surfaces of erosion for both theBilllund and theBastrup delta complexes.
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In boreholes, the delta successions showa change from a
simple coarsening- and thickening-upward trend at the
Vorslunde borehole (Fig.13) to a more sharp-based blocky
succession with low g readings at the location of the Bill-
und borehole. The lithology at the Vorslunde borehole is
composed of mud with intercalated thin, ¢ne-grained
sand beds that evolved into ca. 20m of amalgamated ¢ne-
to medium-grained sand (Fig. 7d). This is topped by a
thin, coarse-grained, pebbly sand layer. At the Billund
borehole a thick, 50m succession of medium- to coarse-
grained sand has been penetrated (Fig. 7e).

The change from a mud and ¢ne-grained sand-
dominated succession to a more coarse-grained sand-
dominated section occurs where FA 2 is present, where
the dips of clinoforms are over 71 and where distinct ero-
sion is common at the base of the prograding unit. This
evolution is interpreted to be associated with a highstand
progradation, followed by progradation under falling sea
level (Hansen & Rasmussen, 2008). Increased erosional
power at the base of a delta slope is common during falling
sea level and is described in the literature as the regressive
surface of marine erosion (Dominguez & Wanless, 1991;
Nummendal et al., 1993; Plint &Nummendal, 2000). How-
ever, an alternative interpretation could be that the
prograding delta reaches an elevated area, here the
Ringk�bing-FynHigh, thus forcing tidal currents to erode
deeper. Cored sections of the delta foresets are needed,
however, in order to clarify this problem.The present ex-
ample shows that the thickest (ca. 50m) and most coarse-

grained sand (Fig. 7e) is foundwhere these marine erosion
surfaces are common andwhere it is overlain by FA 2.

The Bastrup delta complex

The Bastrup delta complex built out into the North Sea
during the early Burdigalian, early Miocene time (Figs 2
and 14).The delta complex prograded into the North Sea
on top of theBillund delta complex.The basin- £oor topo-
graphy was therefore smooth and the water depth was ca.
60m. Owing to this physiographic setting, the Bastrup
delta complex formed a huge sand-rich uniform delta
complex (Fig.11).

TheBastrup delta complex is illustrated on seismic data
by two sections.The ¢rst is characterised by facies associa-
tions 2, 3 and5 (Fig.15). In the northern part of the section,
at the Billund borehole, FA 2 is overlying FA 3 (Fig.15). In
the upper part of the Bastrup delta system, the clinoforms
are commonly truncated by channels (FA 5).Going south-
wards a weak surface of erosion is seen (Fig. 15). South of
this surface the whole section is characterised by FA 2.

The log pattern in the Billund borehole is characterised
by relatively high log responses in the lower part.The log
pattern is serrated here. Above 127m a marked shift to-
wards low g readings and a blocky log pattern is seen (Fig.
16).The lithology in the Billund borehole is dominated by
sand (Fig. 16). In the lower part, ca. 25m of ¢ne-grained
sand is found whereas above the marked decrease in g log
readings, and at 127m ca. 20m of coarse-grained sand

Fig.12. Seismic section of the Billund
complex. Note the distinct erosion
(arrows) south of theVorslunde borehole
and the marked change in lithology
between the two boreholes. Downlaps are
indicated by red arrows. For location, see
Fig. 3.The legend is shown in Fig. 4.
Seismic courtesy COWI A/S andMC
Ribe.

Fig.13. Log pattern and lithology of the Billund delta complex of three boreholes in the Billund area. Note that the most coarse-
grained and thickest sand is found south of the erosional surfaces seen on seismic data andwithin the forced regressive wedge systems
tract. SB, sequence boundary;MFS, maximum £ooding surface; HST, highstand systems tract; FRWST, Forced regressive wedge
systems tract; LST, lowstand systems tract;TS, transgressive surface.
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dominates. In the Vandel Mark borehole the lower part is
characterised by serrated but generally high g readings
and is dominated by mud, according to borehole samples.
The upper part, ca. 25m, consists of medium- to coarse-
grained sand.The log pattern in the Almstok borehole oc-
casionally shows a serrated log pattern, but is generally
characterised by a blocky log signature from 157 to 134m
with a low g log response. Above134m a generally low, but
varying log pattern is seen (Fig. 16). In the Almstok bore-
hole, a thicker ca. 50-m-thick medium-grained sand suc-
cession characterised the whole succession. However,
intercalation of coarse-grained sand is common in the
upper part.This example shows how the lithology changes
from a bipartite delta succession at the Billund andVandel
Mark boreholes to a more homogenous succession of sand
at Almstok, which is located south of the surface of marine
erosion identi¢ed on seismic data and where FA 2 domi-
nates (Figs 15 and16).

The second example of the Bastrup delta complex
shows a seismic section where facies associations 1^5 are
present (Fig. 17). In the northern area, the lower part is
dominated by FA 1. This is succeeded by FA 4 and FA 5,
the latter representing the top of the succession. South-
ward, a marked erosion surface resulted in a total change
in facies pattern. Here, FA 2 overlies the erosion surface
and is upward succeeded by FA 4 and 5.The lithology here
can only be revealed from the Stakroge borehole, which
penetrates the section south of the erosion surface. The
lower ca. 10m is composed of mud. Above the surface of
marine erosion, 25m of ¢ne- to coarse-grained sand
characterised by a general coarsening upward succession
represents FA 2. This is followed by medium- to coarse-
grained sandwith some intercalation of ¢ne-grained sand
that represents FA 5. Although there is no comparison of
lithology north and south of the surface of erosion because

there is only one borehole, it is evident that thick and
sand-rich deposits are found associated with this surface
of erosion and steeply dipping clinoforms (FA 2).

DISCUSSION

The present study of the thick sand-rich packages in the
Billund and Bastrup delta complexes revealed that they
are always associatedwith deposition during falling sea le-
vel in areas with relatively deep water (60^100m).The fall-
ing sea level resulted in deposition of clean sand as the
falling ground water table hindered coal formation. Suc-
cessful erosion of sediments also reduces preservation of
¢ne-grained deposits and constant reworking promoted
bedload transport in rivers with subsequent deposition of
sand-rich systems at the delta mouths.The deep water in
structural lows alloweddeposition of thick sections of sand
due to the high accommodation space (e.g. Martinsen,
2003), especially in the case of the Billund delta complex.

During a transgression, 5^20m of sediments are com-
monly removed. From studies of outcrops of the Billund
complex upper shoreface deposits are normally preserved
(Rasmussen & Dybkj�r, 2005) whereas the uppermost
shoreface, beach and subariel dune deposits are reworked.
In the Bastrup complex £uvial channel deposits with coal
layers are abundantly preserved (Rasmussen etal., 2007). It
is therefore assumed that ca. 10m (uppermost shoreface^
subarial dunes deposits) was reworked during a transgres-
sion in the Miocene successions. Despite this, shoreline
trajectory analysis has been shown to be useful in the study
of the Miocene succession in Jylland (Hansen & Rasmus-
sen, 2008). In other settings where transgressions are
stronger and removed most of the shoreface deposits, i.e.
20m or in deeply buried delta systems, e.g. Jurassic succes-

Fig.14. Palaeogeography of the Bastrup delta complex: (a) highstand systems tract, (b) forced regressive wedge systems tract and (c)
transgressive systems tract.
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sions in theNorth Sea, this method must be strongly inva-
lidated. In these cases, the high preservation of the marine
erosional surfaces revealed from this study, accompanied
by the geometry of the clinoforms, may, in contrast to
shoreline trajectory analysis, be applicable.Therefore, the
focus of this discussion will be on depositional processes
responsible for the formation of these.

Sediment supply and distribution

At theOligocene^Miocene boundarymajor inversion of for-
mer graben structures within the North Sea and adjacent

areas occurred (Rasmussen, 2004a, 2009). Apatite ¢ssion
track data indicate initial uplift of present-day Norway at
the end of theOligocene (Japsen etal., 2007). Heavy mineral
studies of lower Miocene sediments show that present-day
Norway andwestern central Sweden formed the source area
for the studied succession (Knudsen et al., 2005; Olivarius,
2008).As a consequence of the increased relief in the hinter-
land and the relatively high precipitation, ca. 1100^
1500mmyr�1 braided river systems evolved. These were
funnelled through valleys along southern Norway and cen-
tral Sweden southward into the North Sea and formed a
major delta-coastal plain south of present-day Norway.

Fig.15. Seismic section of the Bastrup delta complex. Note the erosion (arrow) between the Billund and the Almstok boreholes.
Downlaps are indicated by red arrows. For location, see Fig. 3.The legend is shown inFig. 4. Seismic courtesy COWI A/S andMC Ribe.

Fig.16. Log pattern and lithology of the Bastrup delta complex of three boreholes in the Billund area. Note that the most coarse-
grained and thickest sand is found south of the erosional surfaces seen on seismic data andwithin the forced regressive wedge systems
tract. SB, sequence boundary;MFS, maximum £ooding surface; HST, highstand systems tract; FRWST, Forced regressive wedge
systems tract; LST, lowstand systems tract;TS, transgressive surface; RSME, regressive surface of marine erosion.
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Palaeo£ow data in the study area indicate a dominant £ow
towards the south and SW (Hansen, 1995), which is consis-
tentwith a possible transport path. Fluvial channel deposits
are dominated by medium- to coarse-grained sand, but
grain sizes of up to 5 cm are found in the basal part of £uvial
channels and in transgressive lag deposits. Thicknesses of
stacked sand-rich, £uvial channel deposits of up to 50m oc-
cur commonly. In such a coarse-grained system bed load
transport was the dominant transport mechanism (Miall,
1996).The £uvial channel complexes that are dominated by
sand and gravel are on the order of 20km wide and can be
traced for100km, but might have been even longer, perhaps
up to ca. 500km, the distance from the study area to the
source area.The latter is, however, obscured by lateNeogene
tilting and glacial erosion. Mud-dominated £ood plain de-
posits are found between the £uvial channel complexes and
dominate the depositional system for hundreds of km2.The
development of the lowerMiocene sequences inDenmark is
strongly controlled by eustatic sea-level changes (Rasmus-
sen, 2004a).The sediment supply to the shoreline is there-
fore punctuated and may be extremely high during falling
sea level due to constant reworking. Climatically caused
£oods on a time scale of ?100 years may also have resulted
in peaks in sediment supply to the delta mouth.

During the early Miocene, the North Sea was an elon-
gated east^west-trending sea (Rasmussen et al., 2008). As
the sea was located in the northern westerly wind belt, the
long fetch promoted a dominance ofwave processes.Much
of the sediments were presumably laid down in front of the
deltas as mouth bars (Wright, 1977) but later reworked,
mainly during winter times, to form spit complexes and
barrier islands in the down-current direction (Bhatta-
charya & Giosan, 2003). Major storms may also have trig-
gered gravity £ows at the delta front.

Physiography

The two delta complexes studied here were deposited un-
der di¡erent physiographic conditions.The Billund com-

plex was deposited on top of a topographically irregular
surface that was formed during the early Miocene inver-
sion. Therefore, a strong structural control on the distri-
bution of delta lobes and spite systems characterises the
Billund complex (Rasmussen & Dybkj�r, 2005; Hansen &
Rasmussen, 2008). Consequently, thick sand-rich sedi-
ment bodies are quite local in distribution, but may be up
to 100m in thickness. The Bastrup delta complex pro-
graded into the North Sea through the same pathways as
the Billund system, but the basin £oor was smooth due to
the early ¢ll of the Billund complex. This resulted in a
more regular distribution of sand-rich delta lobes. The
thicknesses of sand-rich delta deposits for the Bastrup
complex are rarely over 50m, but the extension is much
larger than the Billund complex.

Climate

During theMiocene, climatic changes are well documen-
ted (Mai, 1967; Lotsch, 1968; Miller et al., 1998; Utescher et
al., 2000; Zachos etal., 2001;Larsson etal., 2006). Build-up
of icecaps in the Antartic during the early Miocene re-
sulted in global sea-level changes that are well documen-
ted in the literature (Prentice & Matthews, 1988; Miller et
al., 1998; Zachos et al., 2001).The development of marine
erosion in both the Billund and Bastrup complexes always
occurred in the late stage of progradation and capped by a
sharp often erosive surface (Figs12,15 and17). For the Bill-
und delta complex, a descending shoreline trajectory has
been mapped (see Hansen & Rasmussen, 2008). This
clearly indicates that these large packages of sandwere de-
veloped in association with progradation during climatic
deterioration.

Clinoform geometry

The formation of clinoforms is far from fully under-
stood. Deltas with similar seismic images are known
from the Gulf of Mexico and interpreted to be formed in

Fig.17. Seismic section of the Bastrup delta complex. Note the distinct erosion just north of the Stakroge borehole, which is
characterised by a thick sand-rich package in the interval dominated by an oblique parallel and horisontal, parallel re£ection pattern.
Downlaps are indicated by red arrows.For location, seeFig. 3.The legend is shown inFig. 4. Seismic courtesyRamb�ll A/S andMC Ribe.
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a high-energy environment (McKeown et al., 2004). Han-
sen & Rasmussen (2008) discuss the formation of the
sand-rich clinoforms of the Billund complex. Here, two
possible scenarios were outlined. First is the deposition
of high concentrated bed load transported sediments on
the delta front as gravity £ow deposits and the second is
that the high concentration of sand was due to active cur-
rents running along the whole slope of the delta front
(Ulic� nyŁ , 2001). There are no outcrops showing details of
the clinoforms in the Miocene of Denmark and the suc-
cession has not been penetrated by cored boreholes.
Therefore, the development of clinoforms cannot be re-
vealed from this study. It can, however, be stated that the
dip of the clinoforms of 7^101 is typical for mixed gravel^
sand systems (Fig.7e; Orton&Reading,1993).The low fre-
quency of intercalated mud layers, which characterise the
delta complexes here, resulted in more stable slopes.This
is in line with the general absence of turbidites in front of
the delta slope. Progradation into deep water, e.g. 100m,
also promotes the formation of delta slopes with a high
gradient (Orton & Reading, 1993). Furthermore, the short
pinch out distance recognised on the mapped deltas is
characteristic for wave-dominated systems (L�seth&Hel-
land-Hansen, 2001), which again is due to grain size and
e¡ective sorting in a wave-dominated environment.

In the Billund and Bastrup deltas, sand-rich succes-
sions are always found in association with dipping clino-
forms. Where clinoforms dip 7^101 the succession is
composed of medium- to coarse-grained sand and with
very few intercalation of mud layers. Consequently, the
grain size is very important for the formation of sand-rich
packages characterised by clinoforms.The basic facies in
prograding clinoform strata along a shelf margin at Sval-
bard are turbidites (Johannessen & Steel, 2005). A sub-
stantial part of this system is mud, however, and the dip
of the clinoforms is only 2^41, which is lower than the
clinoforms found in this study. Relatively thick, ca. 35m of
delta front sand and gravel has been described in the Plio-
cene Loreto basin, Baja California Sur, Mexico (Falk &
Dorsey, 1998). The dip of these delta foresets is high, ca.
251, and thus substantially higher than that of the Billund
and Bastrup deltas. The depositional processes on the
slope are interpreted as being dominated by cohesionless
debris £ows and high-density turbidity £ows. Shelf clino-
forms seaward of riverswith a high sediment discharge in a
wave-dominated environment andwave-driven resuspen-
sion can initiate gravity £ows that £owdown the clinoform
foreset.The resuspension may further resort the sediment
and winnow away the ¢ne-grained sediments, resulting in
a concentration of coarse-grained gravity £ows that domi-
nate the clinoform sets. If gravity £ows are the dominant
process in deposition of the clinoform sets of the Billund
and Bastrup delta complexes, deposition must have oc-
curred from rapid settling of uncon¢ned turbidite cur-
rents due to the high friction at the base of the turbidity
£ows (Steel et al., 2001), because sand-rich bottom sets
are very rare.This excludes a £uvial-dominated systembe-
cause such a systemwill tend to discharge sediments from

a ¢xed point, which will result in formation of funnels or
channels that will promote an acceleration of gravity £ows
down the slope (Steel et al., 2001) and deposition of basin
£oor fans. According to Carvajal & Steel (in press), o¡shore
£ows towards the slope during storms had an insigni¢cant
capability to channel the slope and consequently down-
slope sand delivery is uncon¢ned £ows that easily lose mo-
mentum. Plink-Bj˛rklund & Steel (2002) also argued that
high rates of sediment fallout at the slope can hinder inci-
sion. The development of the delta complexes occurred
after the Savian inversion tectonism and a high sediment
supply is inferred (Rasmussen, 2009).The rate of progra-
dation was more than 50 kmMa�1. A similar rate of pro-
gradation has also been found by Carvajal & Steel (in
press) and interpreted to indicate high sediment in£ux.
Therefore, a wave-dominated high-energy environment
characterised by a high sediment supply is the most likely
depositional setting if the clinoform sets are formed by
gravity £ows. Sand-rich delta complexes that are charac-
terised by clinoform sets are also found in the Cretaceous
of Bohemian (Ulic� nyŁ , 2001). Here, sand-rich clinoform
sets are up to 50^80m thick and dip 10^301 and are thus
very comparable to the deltas studied here. The foresets
in the Cretaceous Bohemian deltas are built up of three-
dimensional (3D) and 2D dunes indicating deposition
from a current running along the slope of the delta clino-
form (Ulic� nyŁ , 2001).The current is interpreted to have a ti-
dal origin. In the Miocene North Sea there are many
indications of tidal regime (Sch�fer et al., 1996; Friis et al.,
1998; Rasmussen & Dybkj�r, 2005).Tidal currents acting
at water depths of 100m have been described by Hart &
Long (1996) for holocene deltas in Canada. Consequently,
it cannot not be ruled out that a similar depositional pro-
cess was responsible for the development of erosional fea-
tures of the Billund and Bastrup delta complexes.

SUMMARYAND CONCLUSIONS

During the early Miocene, two delta complexes, the Bill-
und and Bastrup, prograded into the North Sea Basin
from the north.The development of both delta complexes
was strongly controlled by eustatic sea-level changes. Ow-
ing to inversion tectonism predating the deposition of the
delta complexes, a veryhigh sediment in£ux occurred into
the basin.The lower delta complex, the Billund complex,
was further controlled by the antecedent topography
formed during the inversion phase.

Based on seismic data, the use of shoreline trajectories
in the study of delta evolution and prediction of sand-rich
packages has successfully been used. However, good reser-
voir sands in the basinal setting are also found by other
criteria.

� A seismic facies pattern of oblique parallel clinoformal
re£ection pattern characterised by a dip of 7^101 was
found to indicate the presence of medium- to coarse-
grained sand.
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� The development of marine erosion surfaces charac-
terised by downlap of the oblique parallel clinoformal
seismic re£ection pattern also indicates the presence
of good reservoir sands.

� The thickest reservoir sands are found in the Billund
delta complex where progradation occurred into de-
pressions/lows formed in association with inversion
tectonism, but these may be of a local extent.

� Uniform andwidespread sands chracterised the Bastr-
up delta complex due to smoothing of the basin £oor
after the deposition of the Billund delta complex. But
the best reservoir sand in the fringe area of the delta
complex is still found to be associated with marine
erosion surfaces and where an oblique clinoformal re-
£ection pattern dominates.

� The above criteria bene¢t from having a high preser-
vation potential compared with shoreline trajectory
analysis as the shoreline is exposed to erosion during
both regressions and transgressions.
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The distribution of sand in deltas depends on the delta re-

gime: wave, fluvial or tidal-dominated delta (Orton & Read-

ing 1993; Bhattacharya & Giosan 2003). During the Early 

Miocene, three delta complexes built out from the Fenno- 

scandian Shield into the eastern North Sea Basin (Rasmus-

sen 2004). The oldest delta complex, which is informally 

named the Billund delta, is located in Jylland (Fig. 1). This 

delta complex was mainly wave-dominated (Rasmussen & 

Dybkjær 2005; Hansen & Rasmussen 2008; Rasmussen 

2009a). Recently, it has been demonstrated that in modern 

wave-dominated delta environments sand mostly accumu-

lates on the updrift portion of the delta (Fig. 2) whereas alter-

nating mud and sand, e.g. barrier-lagoon complexes, occupy 

the downdrift portion of the delta system (Bhattacharya & 

Giosan 2003). The current study shows that most of the sand 

in the submarine part of the Miocene wave-dominated Bil-

lund delta (mainly lower shoreface and delta slope sand) was 

deposited downdrift to the delta front and thus differs from 

the foreshore and uppermost shoreface accumulation found 

in recent delta complexes.

The aim of this study is to map the distribution of subma-

rine delta sand in the Billund delta complex. A detailed un-

derstanding of the distribution of delta sand, such as found 

in this delta complex, is crucial for developing predictive 

tools in sequence stratigraphy and for seismic interpretation, 

especially in the application of seismic attribute analysis of 

the subsurface.

Geological setting
The eastern North Sea Basin was subject to inversion in the 

Early Miocene (Rasmussen 2009b). The inversion tectonism 

resulted in high sediment input into the Norwegian–Danish 

Basin and progradation of delta complexes. During the Early 

Miocene, the deltas built far out into the basin (Rasmussen 

2004) and were predominantly wave-dominated (Rasmus-

sen & Dybkjær 2005; Fig. 1). The Middle – Late Miocene 

was characterised by deposition of marine, clayey sediments 

at water depths of more than 100 m (Rasmussen 2009a). At 

the end of the Late Miocene and during the Pliocene the 

shoreline prograded several times across Denmark (Rasmus-

sen et al. 2008) and reached the central part of the North 

Sea both during the latest Late Miocene and Late Pliocene.

In the Early Miocene, a warm temperate to subtropi-

cal, humid climate prevailed (Larsson-Lindgreen 2009). 

The subtropical climate continued into the early Middle 

Miocene, but was succeeded by a marked climatic cooling 

in the middle Middle Miocene. Apart from an interval in 

the Early Pliocene the climate was relatively cool during the 

remaining part of the Neogene. During the Miocene and 

Pliocene, the region was located in the northern part of the 

zone of prevailing westerly winds, which led to a high wave 

energy regime in the eastern part of the North Sea Basin due 

to the long fetch across the North Sea (Galloway 2002; Ras-

mussen et al. 2008).

Distribution and grain size of sand in the Miocene 
wave-dominated Billund delta, Denmark

Erik S. Rasmussen and Jens Bruun-Petersen

Fig. 1. Palaeogeographical reconstruction of the Billund delta. The Bil-

lund delta is located in the central part of Jylland.
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Sand distribution in the Billund delta
The development of the Billund delta complex was studied 

from high-resolution seismic data and borehole data. The 

delta complex was deposited during a period of a high rate of 

sediment supply (Rasmussen 2009a). Based on a number of 

boreholes drilled in central Jylland it is possible to reconstruct 

the Billund delta system in the area. The N–S-orientated 

correlation panel shows a series of sand-rich lobes prograd-

ing across clay-rich successions (Fig. 3A). The gamma-ray log 

of the sand-rich units shows a serrated pattern, with gener-

ally decreasing values upwards. The grain size is dominated 

by fine- to medium-grained sand with the latter dominating 

in the upper part of the succession. Coarse-grained sand and 

gravel occur in the uppermost part (Fig. 3A). At the north-

ernmost borehole, the upper part is characterised by coarse-

grained sand overlain by a succession of alternating fine- and 

medium-grained sand. The log pattern at this site is char-

acterised by generally upward increasing gamma-ray values 

(Fig. 3A). The sand was deposited in clinoforms, with a dip 

of 7–10° according to seismic data (Hansen & Rasmussen 

2008; Rasmussen 2009a). Locally, at the top of the clinofor-

mal package, erosive features are seen with concave-upward 

structures that are filled with a succession showing transpar-

ent or subparallel reflection patterns (e.g. Rasmussen 2009a).

 The updrift part of the delta complex is represented by 

the Løvlund and Grindsted boreholes (Fig. 3B). At these 

sites alternating sand- and mud-rich successions dominate. 

The 10–20 m thick sand-rich part is dominated by grey, fin-

grained sand. Medium- to coarse-grained sand occurs in the 

upper part. In the westernmost borehole, at Grindsted, the 

lower part is dominated by 1–2 m thick sand-rich deposits 

intercalated in a mud-dominated succession. Large cuttings 

show that a substantial part of the succession at this site con-

sists of alternating thin sand beds and clay layers. The sand 

beds are normally graded.

The downdrift flank of the delta complex is characterised 

by grey, medium- to coarse-grained sand. Pebbles are com-

mon and clasts with diameters up to 2 cm have been found. 

The sand-rich succession is 20–50 m thick (Fig. 3B), but seis-

mic data indicate a thickness up to 75 m immediately north 

of the Billund well (Hansen & Rasmussen 2008). Thin mud 

layers have been found in a few samples, but mud is not a 

common lithology.

Depositional environment
A prograding depositional system is indicated by the sedi-

mentary succession characterised by S–SW- dipping clino-

forms and the general coarsening-upward trend seen in the 

boreholes (Fig. 3). The mud-dominated part of this prograd-

ing system is dominated by marine palynomorphs (Dybkjær 

2004). Their concentration decreases upward, indicating a 

shallowing-upward succession with increasing terrestrial in-

fluence. The fining-upward succession found in the upper 

part of the Hammerum well is interpreted as fluvial chan-

nel deposits (Rasmussen et al. 2006; Rasmussen 2009a). 

Fig. 3. Two correlation panels of the Billund Formation. A: N–S correlation panel showing a strike section of the Billund Formation. The length of the 

profile is c. 45 km. B: E–W correlation panel showing a cross section of the Billund Formation. The length of the profile is c. 20 km. GR: gamma-ray log. 

LOD: last occurrence datum. m b.s.: m below surface.
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A prograding system overlain by fluvial channels (Hansen 

& Rasmussen 2008; Rasmussen 2009a) indicates a deltaic 

depositional environment. The development of spits and 

barrier complexes south-east of the main area of prograda-

tion implies a depositional system characterised by longshore 

transport of sediment (Rasmussen & Dybkjær 2005). The 

predominance of storm deposits with hummocky and swa-

ley cross-stratification and other types of tempestites (Ras-

mussen & Dybkjær 2005) indicates a wave-dominated delta 

front.

In the modern wave-dominated Rhône Delta, sediment 

(sand) transport to the delta platform and prodelta slope oc-

curs in two ways (Maillet et al. 2006). (1) During storms, 

erosion of the foreshore and upper shoreface leads to trans-

port of sand partly to the outer delta platform and partly to 

the delta slope and (2) during floods, sand is transported in 

migrating dunes from the fluvial system towards the mouth 

bar. Sand accumulations at the slope break of the delta plat-

form may destabilise the area by increasing the angle of the 

delta slope (the equilibrium profile). Slope failure may re-

sult from the steepened slope or from changes in pore-water 

pressure due to wave action, resulting in deposits being shed 

directly down the delta front as mass-flow deposits. High 

sediment supply to the Billund delta occurred from the riv-

ers (Rasmussen 2009a). The supply was probably dominated 

by bedload transport as indicated by the braided channels 

that dominated the fluvial system feeding the delta (Rasmus-

sen et al. 2006). Therefore, migration of dunes towards the 

delta platform was more effective than in the modern Rhône 

Delta, where man-made constructions have significantly 

reduced the sediment influx to the delta. Direct sediment 

supply from the fluvial system to the Billund delta complex 

is indicated by the occurrence of large clasts, up 2 cm, in the 

lower part of the delta slope. Such large clasts have never been 

reported from Miocene shoreface deposits (e.g. Rasmussen 

& Dybkjær 2005) indicating that the hydro-dynamic condi-

tions in the shoreface zone was unfavourable for transport of 

clasts of that size. The central and the downdrift parts of the 

Billund delta slope were thus dominated by sedimentation of 

medium- to coarse-grained sand with its source in the main 

river system. Failure at the mouth bar, spit and downdrift 

beach thus sourced sediments for deposition on the delta 

slope (Fig. 4). The deposition of graded, predominantly fine-

grained, sand beds in the updrift part of the delta complex 

indicates sedimentation from suspended sand clouds gener-

ated by storms or from diluted turbidity currents (Fig. 4). 

The finer-grained character here reflects that the source was 

the stacked beach ridges from the updrift flank of the delta. 

The sand in this part of the delta has been effectively sorted 

during transport along the shoreline before deposition and 

is therefore finer grained. For example, the barrier and spit 

systems of the Billund delta found 25 km south-east of the 

main delta consists of fine- to medium-grained sand with few 

intercalations of gravel (Rasmsussen & Dybkjær 2005). The 

clasts of the intercalated gravel layers do not exceed 5 mm.

Discussion
The distribution of sand in recent wave-dominated deltas is 

characterised by coherent sand accumulation, e.g. amalga-

mated beach ridges in the updrift portion of the delta com-

plex (Fig. 2; Bhattacharya & Giosan 2003). The downdrift 

Erosion of coastline
during storms

(mainly fine sand)

Erosion of slope
during storms

(mainly coarse sand).
Clay is resuspended and

exported towards
the shelf

Failure due to
instability of slope

after a flood

Direct fluvial influx of
sand and gravel
during floods

Fluvial accretion of
mouthbar during floods

Fig. 4. Depositional model for a wave-domi-

nated delta showing typical areas with erosion 

and deposition. At the river mouth fluvial sand 

accretes to the mouth bar, with high potential 

for slope failure. Direct influx of sediment onto 

the delta slope may occur during floods. In the 

downdrift portion of the delta front wave-

reworked sand (relatively coarse-grained) forms 

spits and barriers that may be eroded during 

storms. On the updrift flank fine- to medium-

grained sand is deposited as beach ridges which 

are a source of sediment supply to the delta 

slope. Consequently, finer-grained sand is 

deposited in this area.
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flank is commonly dominated by river-borne clay and sand 

deposited in lagoons protected by spits and barriers. A diffe-

rent pattern of sand distribution is seen in the Billund delta 

where most of the sand was deposited in a downdrift position 

of the main delta (Fig. 4). This different depositional pat-

tern can be explained by both the depositional environment 

and the geological setting. The Billund delta prograded into 

a basin with relatively deep water (c. 100 m) and the delta 

front was relatively steep (c. 7–10°; Hansen & Rasmussen 

2008). Fluvially transported, coarse-grained sediments were 

at times shed directly down the delta slope as mass-flow de-

posits (Fig. 4). The high-wave energy regime in the region 

and the high frequency of storms also enhanced sand trans-

port downdrift of the main delta lobe and some of this was 

directed offshore beyond the delta slope break and deposited 

in deeper water (Fig. 4). The distribution of submarine sand 

in the downdrift setting is important, because foreshore 

and uppermost shoreface sediments are rarely preserved in 

the geological record. Therefore, in deltaic systems of the 

same character as the Billund sand, with steeply dipping, 

50–100 m high and asymmetric clinoforms, the reservoir 

sand is most likely found in the downdrift portion of the 

wave-dominated delta. This type of delta is best developed 

in a ramp setting that has undergone a tectonic phase, which 

resulted in a sudden increase in accommodation space, and is 

characterised by a high sediment supply due to the formation 

of a high relief in the hinterland. In such a setting, the fluvial 

system is dominated by bed-load transport and migration of 

dunes to the delta front is a common phenomenon. The pro-

portion of river-borne sediment is also important. Longshore 

currents and wave processes can move the fine-grained frac-

tion downdrift and offshore and thereby lead to concentra-

tion of sand on the main delta platform.
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Abstract
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Rasmussen, E.S., Dybkjær, K. & Piasecki, S*. 2010: Lithostratigraphy of the Upper
Oligocene – Miocene succession of Denmark. 
Geological Survey of Denmark and Greenland Bulletin 22, 92 pp.

This paper presents a revised lithostratigraphic scheme for the uppermost Upper Oligocene – Miocene
succession of Denmark. The marine Oligocene Brejning Clay Member is upgraded to formation sta-
tus and includes the Sydklint Member and the Øksenrade Member (new). The shallow marine and
deltaic deposits of mainly Early Miocene age are included in the Ribe Group (new) while the fully marine
Middle and Upper Miocene clay-rich deposits are referred to the Måde Group (new). The Ribe Group
is subdivided into 6 formations: the Vejle Fjord Formation is revised and includes the Skansebakke Member,
the Billund Formation (new) includes the Addit and Hvidbjerg Members (new), the Klintinghoved
Formation is redefined formally and includes the Koldingfjord Member (new), the Bastrup Formation
(new) includes the Resen Member (new), the Vandel Member is a new member in the Arnum Formation
(revised), the Odderup Formation is redefined and includes the Stauning Member (new) and the coal-
bearing Fasterholt Member. The Måde Group is subdivided into the Hodde, Ørnhøj (new), Gram and
Marbæk (new) Formations. Subdivision of the Upper Oligocene – Miocene succession into two groups,
the Ribe and Måde Groups, is compatible with the North Sea lithostratigraphic framework where they
correlate with the upper part of the Hordaland Group and the Nordland Group, respectively.

The revised lithostratigraphic framework correlated in three dimensions provides rigorous con-
straints on the palaeogeographic interpretation of the Late Oligocene – Miocene period. Three major
deltaic units (Billund, Bastrup and Odderup Formations) prograded from the north and north-east into
the North Sea Basin during the Early – early Middle Miocene. Delta progradation was punctuated by
deposition of marine clay and silt associated with minor transgressive events (Vejle Fjord, Klintinghoved
and Arnum Formations). During the Middle–Late Miocene, marine depositional conditions dominated
(Hodde, Ørnhøj and Gram Formations). A fourth and final progadational event (Marbæk Formation)
commenced in the latest Tortonian heralding the emergence of present-day Denmark (including the
North Sea sector).  
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Fig. 1. Map showing the location of the study area in Jylland, western Denmark, and the boreholes, outcrops and seismic data used. Towns
and villages mentioned in the text are indicated. The index map (lower right) shows the localities in the Fredericia–Kolding area.
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Sediments of Miocene age crop out in Denmark along the
east coast of Jylland and in the Limfjorden area (Fig. 1); a
few inland cliffs in central Jylland also expose Miocene
deposits, especially in river scars and road cuts. Excavation
for raw materials for construction, i.e. gravel, sand and
clay, has resulted in open pits that expose Miocene deposits,
mainly in western and central Jylland. During the last
decade, the increasing need for water for domestic pur-
poses and irrigation has initiated intensive drilling pro-
grams and the acquisition of high-resolution seismic data
from the Miocene succession. The renewed interest in the
Miocene has resulted in financial support for field investi-
gations, so it has been possible to re-study all Danish out-
crops exposing Miocene deposits. 

A high-resolution biostratigraphic subdivision of the
Miocene succession has been developed, based on dinofla-
gellate cysts (dinocysts) (Dybkjær & Piasecki 2010). This
new dinocyst zonation has provided a robust framework
within which the studied boreholes have been correlated.
It has also made it possible to integrate all seismic and bore-
hole data with the new, detailed sedimentological descrip-
tions and interpretations of the outcrops (Friis et al. 1998;
Rasmussen & Dybkjær 2005; E.S. Rasmussen et al. 2006)
in order to construct a depositional model for the Miocene
succession. Associated studies, for example of the climatic
conditions (Larsson et al. 2006; Larsson-Lindgren 2009;
T. Utescher, personal communication 2009) and sediment
provenance (Knudsen et al. 2005; Olivarius 2009), have
further added to the understanding of the depositional sys-
tem.

The lithostratigraphy presented here encompasses the
upper Upper Oligocene – Miocene succession found onshore
Denmark. It is bounded beneath by a major unconformity
between Upper Eocene – lower Upper Oligocene clay-rich
deposits and silt- and sand-rich deposits of late Late
Oligocene – Miocene age. The top of the successsion is
defined by the Quaternary unconformity. During the study
of the succession, it was necessary to establish a number of

informal lithostratigraphic units that are now widely used
in the mapping of aquifers both in Denmark and Germany,
and are increasingly adopted in the literature (Rasser et al.
2008; Knox et al. 2010). It is therefore timely to formally
define these units and redefine existing lithostratigraphic
units in order to construct a consistent lithostratigraphic
framework.

The Miocene succession was deposited during a period
of worldwide tectonism (Potter & Szatmari 2009) and
marked climatic change (e.g. Zachos et al. 2001; Miller et
al. 2005; Utescher et al. 2009). Two of the most distinct
phases in the Alpine orogeny commenced in the Miocene,
the Late Oligocene – Early Miocene Savian Phase and the
Middle Miocene Betic Phase (Ziegler 1982; Oszczypko
2006; Ribero et al.1990). The opening of the North Atlantic
was characterised by the final change in spreading from
the Aegir Ridge to the Kolbeinsey Ridge and increasing
spreading rates in the Early Miocene have been detected
(Mosar et al. 2002; Doré et al. 2008). In the Middle
Miocene, a major tectonic reorganisation occurred (Ziegler
1982; Doré et al. 2008). The climate was warm temperate
in the Early – early Middle Miocene, but changed to a cold
temperate climate in the Late Miocene. 

The Miocene succession studied here was deposited in
the eastern part of the North Sea Basin (Fig. 2). The onshore
portion of this basin under focus here is a stratigraphically
complete fluvial – deep shelf transect that is recorded in detail
by outcrop, borehole and seismic data; it provides a nat-
ural laboratory for the study of the development of fluvio-
deltaic depositional systems, the tectonic impact on basin
evolution and the consequences of climatic changes includ-
ing glacio-eustatic sea-level changes. In addition to creat-
ing a robust and consistent framework for practical
applications, therefore, the lithostratigraphic revision pre-
sented here is a prerequisite for future research into Miocene
climatic, tectonic and eustatic evolution.

Introduction
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Fig. 2. Palaeogeographic reconstruction of North-West Europe during the Early Miocene (modified from E.S. Rasmussen et al. 2008);
configuration based on Mosar et al. (2002).
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The evolution of the North Sea Basin was strongly influ-
enced by the collision between the African and European
tectonic plates, volcanism in central Europe and the open-
ing of the North Atlantic (Ziegler 1982; 1990; Ziegler et
al. 1995; Martinsen et al. 1999; Faleide et al. 2002; E.S.
Rasmussen et al. 2005, 2008; Rasmussen 2009a; Gabrielsen
et al. 2010). Interaction of these factors with changing
eustatic sea level resulted in final closure of the southern
connection with the Tethyan ocean during Early–Middle
Miocene times (Harzhauser & Piller 2007); subsequently,
the only connection to the Atlantic was through a strait
between Norway and Shetland (Fig. 2).

The depositional basin of the eastern North Sea area
which covered present-day Denmark, was bounded towards
the north-east by the Fennoscandian Shield (Fig. 3; Bertelsen
1978; Vejbæk 1997). The transition to the basin was con-
trolled by the SE–NW-trending Sorgenfrei–Tornquist Zone.
The basin was subdivided into two subbasins: the
Norwegian –Danish Basin and the North German Basin,
with the ESE–WNW-striking Ringkøbing–Fyn High sep-
arating the subbasins. The Ringkøbing–Fyn High is fur-
ther segmented into a number of N–S-trending elements
such as the Brande Trough (Fig. 3). These structural ele-
ments were formed during Permian rift tectonics and later
reactivated in the Jurassic and during Late Cretaceous and
Early Paleocene inversion tectonics (Ziegler 1990;
Liboriussen et al. 1987; Mogensen & Jensen 1994; Vejbæk
& Andersen 2002). Reactivation of some of the older struc-
tures occurred in the Oligocene as well as in the Miocene
(E.S. Rasmussen 2004a, 2009a; Japsen et al. 2007). During
the Middle Miocene, the North Sea Basin experienced
increased regional subsidence (Ziegler 1982, 1990; Vejbæk
1992; Koch 1989; Michelsen et al. 1998; Clausen et al. 1999;
E.S. Rasmussen 2005). In the late Pliocene – early Plei -
stocene, the North Sea Basin was tilted towards the south-
west (Japsen 1993; Japsen & Bidstrup 1999; Japsen et al.
2002; E.S. Rasmussen et al. 2005). 

The North Sea Basin was located in the northern west-
erly wind belt. The climate was warm temperate to tropi-
cal in the early part of the Paleogene (Buchardt 1978;
Heilmann-Clausen & Surlyk 2006; Zachos et al. 2001). A
dramatic change occurred at the Eocene–Oligocene tran-
sition where a distinct climatic cooling took place. The
early Oligocene icehouse climate resulted in a marked eusta-
tic sea-level drop due to growth of ice caps, primarily on
Antartica (Buchardt 1978; Prentice & Matthew 1988;
Miller et al. 1991, 1996, 1998, 2005; Zachos et al. 2001).

However, by the end of the Oligocene a subtropical climate
prevailed in the North Sea Basin area (T. Utescher, personal
communication 2009; Larsson et al. 2010). At the bound-
ary between the Palaeogene and the Neogene, a marked,
but transient, climatic cooling occurred with buildup of
widespread ice caps on Antarctica. This climatic event
resulted in a major, global sea-level fall (Miller et al. 1998;
Zachos et al. 2001). The Early Miocene climate in the
North Sea Basin area was characterised by an oscillation
between cool temperate and warm temperate climates (Mai
1967; Larsson et al. 2006). An overall increase in temper-
ature culminated at the Early to Middle Miocene transi-
tion, the so-called ‘Mid-Miocene climatic optimum’
(Buchardt 1978; Zachos et al. 2001). In the North Sea
Basin area, a warm temperate to subtropical climate pre-
vailed (Mai 1967; Friis 1975; Utescher et al. 2000, 2009).

Geological setting

Fig. 3. Structural elements in the study area. Modified from
Berthelsen (1992). 
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At the termination of the Middle Miocene, a marked drop
in global temperature commenced and during most of the
Late Miocene the North Sea Basin area was characterised
by a cool temperate climate (Buchardt 1978; Utescher et
al. 2000, 2009; Zachos et al. 2001; Larsson-Lindgren 2009).

Fine-grained siciliclastic sediments of mainly deep marine
origin were deposited in Denmark and the North Sea Basin
during the post-Danian Palaeogene (Heilmann-Clausen et
al. 1985; Heilmann-Clausen 1995; Schiøler et al. 2007).
A general sea-level lowstand and tectonic re-organisation
during the Oligocene resulted in erosion or non-deposition,
especially in the central and southern part of the study
area. In the northern part of the North Sea Basin, prodeltaic,
clay-dominated wedges were laid down. In the latest
Oligocene, renewed transgression resulted in the deposi-
tion of glaucony-rich clay. This was followed by deposition

of deltaic and coastal-plain sand and clay in the Early
Miocene. Three major deltaic progradational pulses occurred
during the Early Miocene; the third and final pulse was char-
acterised by extensive coal deposition. Subsequent to depo-
sition of the dominantly fluvio-deltaic deposits in the Early
to early Middle Miocene, full marine, clay-rich sedimen-
tation dominated during the remaining part of the Middle
and Late Miocene. 

Late Pliocene – early Pleistocene tilting of the eastern
North Sea area (Japsen 1993; Japsen & Bidstrup 1999;
Japsen et al. 2002; E.S. Rasmussen et al. 2005), combined
with periodic growth of ice caps in the northern hemi-
sphere, resulted in base-level fall and marked erosion of
the substratum; Middle and Upper Miocene deposits are
thus missing in the eastern and northern parts of Jylland
(Fig. 4).

Lower Miocene
Oligocene
Eocene
Middle–Upper Paleocene
Lower Paleocene (Danian)

Upper Cretaceous
Lower Cretaceous and older

Middle–Upper Miocene

50 km57°N

56°N

55°N

8°E

12°E

10°E
Fig. 4. Pre-Quaternary subcrop map of
Denmark. Modified from Sorgenfrei &
Berthelsen (1954) and Håkansson &
Pedersen (1992).
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J.G. Forchhammer (1794–1865) wrote the first account of
the geology of Denmark (Forchhammer 1835; see also
Garboe 1961) and described the Diluvial ‘Rullestens -
dannelse’ (loosely translated as ‘boulder formation’) which
he recognised throughout Denmark; this unit was partly
included in the Tertiary. The lower part was named the
‘amber–brown-coal formation’ (translated from Danish)
and included fossiliferous strata of ‘the western system’,
which was recognised in west and central Jylland as well as
farther south in Germany, for example on the island of
Sylt (Fig. 1). This ‘western system’ undoubtedly included
the marine Miocene as recognised today. Beyrich (1853)
studied molluscs collected by Forchhammer from Sylt and
informed Forchhammer in 1854 that he had identified
these as a Miocene fauna (Garboe 1961). Molluscs from
south-west Jylland (e.g. Esbjerg and Gram) were also iden-
tified as being of Miocene age, and the results were presented
at the 11th Scandinavian Research Meeting in Copenhagen
in 1873 (Mørch 1874). 

The palaeontologist J.P.J. Ravn (1866–1951) established
the first Miocene (and Oligocene) stratigraphy of Denmark
based on his comprehensive study of the fossil faunas in
dark brown and grey, mica-rich clay which occurred widely
in Jylland. The resulting stratigraphic scheme of the Lower,
Middle and Upper Miocene and associated deposits (Ravn
1906) was published one year before his monograph on the
Oligocene and Miocene mollusc faunas (Ravn 1907). Ravn
realised that Lower Miocene marine faunas were missing
and therefore suggested that the widespread brown-coal
deposits represented the Lower Miocene. He also included
part of the mica-rich clay and sand succession of the Lillebælt
region in south-east Jylland in the Lower Miocene, based
on mixed Oligocene–Miocene faunas. The botanist N.E.K.
Hartz (1867–1937) studied the succession that includes
brown-coal deposits. Exposures of brown coals were scarce
at that time, but he concluded that the coals and the asso-
ciated mica-rich sediments are all freshwater deposits (Hartz
1909) and he found no evidence to contradict the Early
Miocene age suggested by Ravn (1906).

The Geological Survey of Denmark (DGU) performed
two drilling campaigns in 1917 and 1921 under the lead-
ership of V. Milthers, and more brown-coal deposits were
located. Later, on the initiative of K. Milthers, DGU drilled
almost 9000 boreholes during the years between 1941 and
1949 (L.B. Rasmussen 1988). In the last campaign
(1958–1963), more than 2000 boreholes were drilled, mak-
ing a total of approximately 11 000 boreholes (L.B.

Rasmussen 1988). In addition to engineering data, these
extensive programmes also yielded geological results such
as the volume, numbers and extent of brown-coal seams.
The Middle–Upper Miocene succession was not well under-
stood prior to the Second World War but the second drilling
campaign revealed the overall stratigraphy and approxi-
mate thickness of these strata (Milthers 1949; Heller 1960).
These workers proposed the existence of two discrete coal-
bearing units (probably broadly equivalent to the Ribe and
Odderup Formations of later workers, see below) under-
lying c. 100 m of Middle Miocene marine sediments (the
Arnum Formation of later workers).

Previous lithostratigraphic subdivision
Prior to this study, the Upper Oligocene – Miocene suc-
cession of onshore Denmark had been subdivided lithos-
tratigraphically into a number of formal and informal units.
The origin of these terms is discussed briefly below to pro-
vide the background to the lithostratigraphic revision pre-
sented in this bulletin.

Vejle Fjord Formation

The mixed Oligocene–Miocene fauna reported by Ravn
(1907) from the Lillebælt region (Fig. 1) impelled Eriksen
(1937) to study the same succession in this region for fos-
sils; he found a sparse mollusc fauna in the Brejning expo-
sure on the south coast of Vejle Fjord and in neighbouring
cliffs. The fauna in the lower, glauconitic strata was of
Oligocene age, but the sparse fauna in the overlying black,
micaceous clay was suggested to be of Early Miocene age.
The uppermost beds of the succession, comprising mica-
ceous, grey sand, were barren of fossils. Larsen & Dinesen
(1959) studied the same strata in two exposures and for-
mally established the Vejle Fjord Formation which con-
sisted of the glauconitic Brejning Clay and the overlying,
black to grey, micaceous clay and sand of the Vejle Fjord
Clay and Vejle Fjord Sand, respectively. Analysis of the
foraminifer fauna in the Brejning Clay clearly indicated an
Upper Oligocene affinity whereas a contrasting foraminifer
fauna in the overlying, basal Vejle Fjord Clay was suggested
to indicate an Early Miocene age (Larsen & Dinesen 1959).
These data supported the results based on the mollusc
fauna, indicating that most of the formation, i.e. the Vejle

Previous studies
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Fjord Clay and Vejle Fjord Sand”, should be referred to the
Lower Miocene. The Oligocene–Miocene transition was
thus placed near the shift from the glauconitic Brejning
Clay to the black pyritic clay of the Vejle Fjord Clay.

In the following years, the Vejle Fjord Clay and Vejle
Fjord Sand were systematically excluded from most Mio -
cene stratigraphic schemes (e.g. L.B. Rasmussen 1961). It
was not until much later that Danish stratigraphers incor-
porated the Vejle Fjord Formation and the foraminifer
stratigraphy in a Miocene stratigraphic scheme, although
maintaining the Vejle Fjord Formation and Klintinghoved
Formation (see below) as separate geographic entities
(Buchardt-Larsen & Heilmann-Clausen 1988).

Farther north in Jylland, Christensen & Ulleberg (1973)
defined the Sofienlund Formation which was divided into
four members: the Ulstrup Clay, the Sofienlund Clay, the
Sofienlund Silt and the Sofienlund Sand. The foraminifer
content of the Sofienlund Formation suggested a Chattian
age for the two lower members and a post-Chattian age for
the upper two members (Christensen & Ulleberg 1973).
The lithology and biostratigraphy clearly indicate that these
sediments should have been referred to the previously estab-
lished Vejle Fjord Formation. A similar view was stated by
Larsen & Kronborg (1994), according to whom the lower
two members are equivalent to the Brejning Clay whereas
the upper two members equate to the Vejle Fjord Clay and
Vejle Fjord Sand. The Sofienlund Formation is abandoned
herein.

The Sydklint Member was erected in north-west Jylland
and provisionally referred to the basal Vejle Fjord Formation
by Heilmann-Clausen (1997); this member is re-assigned
to the Brejning Formation in this bulletin.

Klintinghoved, Ribe and Arnum Formations

The fossil mollusc fauna of the Lower and Middle Miocene,
exemplified by fauna from the coastal cliff at Klintinghoved
and seven deep wells in southern Jylland, was studied by
Sorgenfrei (1940, 1958). The Klintinghoved Formation
(of present usage) was not defined formally, but arose from
extensive palaeontological work on the outcrop of a glacial,
dislocated and folded raft of sediments that was considered
to be of Early Miocene age (Sorgenfrei 1940). Sorgenfrei
(1957) included the ‘Klintinghoved Mica Clay’ as a formal
formation in his ‘Formations of Denmark’ in Lexique
Stratigraphique. Two new formations were defined on the
basis of the deep wells, the Ribe and Arnum Formations;
the marine clay of the Arnum Formation was referred to
the Middle Miocene on the basis of the fauna (Sorgenfrei
1958). The faunally barren Ribe Formation, composed of

quartzitic sand, was recorded below the fossiliferous Arnum
Formation in one well near the town of Ribe. In the Danish
American Prospecting Company (DAPCO) well at Arnum,
Sorgenfrei (1958) tentatively referred quartz-rich gravel
and sand, below mud and sand of the Arnum Formation,
to the Ribe Formation and underlying clays to the
Klintinghoved Formation based solely on the lithological
succession, in the absence of a mollusc fauna. 

Arnum, Hodde, Gram and Sæd Formations

In the comprehensive stratigraphic work by L.B. Rasmussen
(1958, 1961, 1966, 1968), focus was on the upper Arnum
Formation, and the Hodde and Gram Formations; the lat-
ter two formations were formally erected (L.B. Rasmussen
1961). He continued and extended Sorgenfrei’s work, pro-
ducing a biostratigraphic zonation of this stratigraphic
interval. L.B. Rasmussen (1966) referred the Gram
Formation (including the silt interval encountered in the
borehole at Sæd) to the Upper Miocene and the Hodde
Formation to the Middle Miocene (Fig. 5), assignments that
have been largely confirmed by later work. 

L.B. Rasmussen (1961; see also Laursen et al. 1998)
suggested that sandy strata overlying the Gram Clay in
south-west Jylland could be of Messinian (latest Miocene)
age based on a mollusc fauna that was considered to be
incompatible with the upper Gram Clay faunas; the Sæd
Formation, overlying the Gram Formation, was thus pro-
posed. Hinsch (1990) re-evaluated this mollusc fauna, how-
ever, demonstrating equivalence to the Tortonian fauna in
the uppermost Gram Formation; this is supported by
dinoflagellate floras in the same strata (Piasecki 2005). The
Sæd Formation is therefore abandoned in the present paper.

Odderup Formation (terrestrial Miocene)

The Odderup Formation was erected by L.B. Rasmussen
(1961) as the brown-coal and quartz-sand succession
between the marine clays of the Arnum Formation and the
overlying Hodde Formation. The observation of brown-coal
or coal fragments and quartz sands below the marine Arnum
Formation in certain wells, however, complicated the strati-
graphic concept, but L.B. Rasmussen (1961) envisaged
two major prograding deltaic units (Ribe and Odderup
Formations) subdividing the marine Miocene into three
major units (Klintinghoved Formation, Arnum Formation,
Hodde–Gram Formations, see Fig. 5).

The geology of the Søby–Fasterholt area was published
by Koch (1989) in a comprehensive resumé of palaeo -
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botanical, sedimentological and stratigraphic studies, includ-
ing an analysis of the brown-coal seams. In this area, the
Odderup Formation is bounded by marine strata of the
Arnum Formation beneath and the overlying marine suc-
cession of the Hodde and Gram Formations. That part of
the Odderup Formation containing brown coals was defined
as the Fasterholt Member.

Sequence  stratigraphy and 
onshore–offshore correlation
In a study of the Cenozoic of the Danish North Sea,
Michelsen (1994; Michelsen et al. 1998) divided the late
Palaeogene–Neogene succession into 3 allostratigraphic
units: Units 5 to 7. The succession was further subdivided
into 11 depositional sequences. The unconformities recog-
nised in the offshore geophysical data were not directly
correlated onshore using seismic data, but were correlated
to the onshore lithostratigraphic units based on the bio -
stratigraphic data available at that time. The Danish off-
shore stratigraphy was integrated with the UK and Nor we-
 gian stratigraphy: Units 5 and 6 were correlated with the
upper Hordaland Group (Lark Formation of Schiøler et al.
2007) whilst Unit 7 was correlated with the Nordland Group.

Sequence stratigraphy was applied to the onshore Mio -
cene succession in southernmost Jylland based on the analy-
sis of petrophysical logs from 6 wells combined with seismic
data (E.S. Rasmussen 1996). The succession was divided
into 6 depositional sequences ranging in age from the lat-
est Oligocene to the latest Miocene. Precise dating of these
sequences was precluded by a general lack of biostrati-
graphic data but the sequence stratigraphic framework was
correlated with the existing lithostratigraphy. E.S. Rasmussen
(2004b) introduced a new sequence stratigraphic subdivi-
sion, this time based on 16 new boreholes, outcrops and

multichannel seismic data distributed in central and south-
ern Jylland. This resulted in subdivision of the upper
Oligocene – Miocene succession into 6 depositional
sequences, a framework similar to that of E.S. Rasmussen
(1996), although the ages of the sequences were refined on
the basis of dinoflagellate cyst stratigraphy that was estab-
lished over this period and formalised recently (Piasecki
1980, 2005; Dybkjær & Rasmussen 2000, 2007; Dybkjær
2004a, b; Dybkjær & Piasecki 2008, 2010).  

Fig. 5. Miocene lithostratigraphy of western Denmark as defined by
L.B. Rasmussen (1961).
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(C. au.)

C. galea (C. g.)

D. phosphoritica
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Maximum occurrence First stratigraphic occurrence Last stratigraphic occurrence

Fig. 6. Dinocyst zonation for the upper-
most Oligocene – Miocene succession
onshore Denmark, from Dybkjær &
Piasecki (2010). The ages of the stage
boundaries are from Gradstein et al.
(2004), the nannoplankton zonation from
Martini (1971). NN:  Neogene nanno-
plankton zone. NP: Palaeogene nanno-
plankton zone. Dinoflagellate events
indicated in black define zone boundaries,
those indicated in grey are additional diag-
nostic events. 

Twenty-five outcrops, one cored borehole at Sdr. Vium
(DGU no. 102.948) and c. 50 boreholes, drilled using the
airlift drilling technique, were available for the study (Fig.
1). Most of the boreholes were drilled in order to solve
stratigraphic problems, but some were drilled in order to

test seismic facies interpretations. All boreholes are identi-
fied by their DGU borehole numbers, whereas outcrops are
referred to by the nearest locality name.

All 25 outcrops and the cored borehole were described
sedimentologically and samples taken for biostratigraphy.
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The grain size and mineralogy of the airlift borehole sam-
ples, each representing one metre, were described. In addi-
tion, c. 40 samples per borehole were taken for bio- 
 stratigraphic (dinocyst) analysis. The description of the
Fasterholt Member, including the sedimentary logs, is based
on Koch (1989). 

In boreholes drilled using the airlift drilling technique,
problems are experienced in retrieving fine-grained sand to
the surface, and thus the recovery is commonly low or even
zero in such intervals. As an aid to lithological identifica-
tion, however, a gamma-ray log was obtained from all 50
boreholes. This petrophysical log is typically used to dif-
ferentiate between sand and clay in siliciclastic sections,
although sands rich in heavy minerals, glaucony and mica

can give anomalous readings. In the correlation panels pre-
sented in this study (see Plates 1–9), the borehole litholo-
gies were described by the first author, with the following
exceptions: Fjand (DGU no. 76.635), Fjelstervang (DGU
no. 84.2649), Lindved (DGU no. 116.1569), Løgumkloster
(DGU no. 159.739), Ribe (DGU no. 140.42), Rømø
(DGU no. 148.52), Tinglev (DGU no. 168.1378), Uldum
(DGU no. 1444), Ulfborg (DGU no. 73.971),Vester Sottrup
(DGU no. 169.799) and Vollerup (DGU no. 160.1378).
Lithological descriptions of the latter boreholes are from
the ‘Jupiter’ well database at the Geological Survey of
Denmark and Greenland (GEUS). All sample depths from
boreholes are adjusted using the gamma-ray log in order
to get true depths of the samples. Thus there may be a dis-

Fig. 7. Revised lithostratigraphic framework of the uppermost Oligocene – Miocene of onshore Denmark, as presented here. R.: Resen. Plio.:
Pliocene.
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crepancy (usually less than 4 m) between depths indicated
in the Jupiter database (measured depth: MD) and the
depths assigned to the lithostratigraphic units in this study.
The measured depth of cuttings samples is, however, indi-
cated in the text.   

Approximately 1000 km of 2D high-resolution seismic
data have been used to correlate between boreholes and to

investigate the overall architecture of the Miocene succes-
sion. The correlations are also guided by dinocyst studies
of most of the boreholes included here. These studies have
resulted in a detailed dinocyst zonation (Fig. 6; Dybkjær
& Piasecki 2008, 2010). The geological age assigned to
each lithostratigraphic unit is based primarily on this
dinocyst stratigraphy (Fig. 7). 

The lithostratigraphy of the uppermost Oligocene – Mio -
cene succession of onshore Denmark is herein formally
revised according to the guidelines presented by Salvador
(1994). Nine lithostratigraphic units are revised and/or
elevated in rank, 13 new lithostratigraphic units are erected.

The Oligocene to lowermost Miocene Brejning Clay
Member, previously referred to the Vejle Fjord Formation,
is elevated to formation status; it includes the Sydklint
Member and the Øksenrade Member. The Miocene suc-
cession is subdivided into two groups, the Ribe and Måde
Groups. The Ribe Group consists of the Vejle Fjord, Billund,
Klintinghoved, Bastrup, Arnum, and Odderup Formations.
The Vejle Fjord Formation includes the Skansebakke
Member, the Billund Formation includes the Hvidbjerg and
Addit Members, the Klintinghoved Formation includes
the Kolding Fjord Member, the Bastrup Formation includes
the Resen Member, the Arnum Formation includes the
Vandel Member and the Odderup Formation includes the
Stauning and Fasterholt Members. The Måde Group com-
prises the Hodde, Ørnhøj, Gram, and Marbæk Formations
(Fig. 7). It should be noted that particularly distinctive
portions of individual formations are defined as members,
but the formations are not subdivided at member level in
their entirety.

Lithostratigraphic definition of units in complex inter-
digitating lithologies requires clear recognition of the litho-
logical (or petrophysical in subsurface data) bounding
criteria for formations and members. In this study, the fol-
lowing criteria were adopted. The sand-rich formations
(e.g. Billund, Bastrup, Odderup Formations) possess over
75% sand and have a minimum thickness of 5 m; inter-
calated mudstone packets over 5 m thick are referred to the
coeval marine, mud-rich formation (i.e. the Vejle Fjord
Formation in the case of the sand-rich Billund Formation).
Similarly, the marine, mud-dominated formations may
contain subordinate sands; sand-rich intervals (with over

75% sand) that exceed 5 m in thickness are referred to the
coeval sand formation.

Salvador (1994) and subsequent lithostratigraphic guide-
lines (NACSN 2005) discourage the use of stratigraphically
alternating formations in interdigitating depositional sys-
tems; the practical disadvantages in outcropping terranes
are clear. In subsurface lithostratigraphy, however, this prac-
tise is adopted on occasion (e.g. Johnson & Lott 1993)
and is utilised here to emphasise the genetic integrity of the
deltaic sandy systems.

Brejning Formation
new formation

History.The Brejning Formation corresponds to the Brejning
Clay Member of the Vejle Fjord Formation of Larsen &
Dinesen (1959).

Name. After the town of Brejning, south of Vejle Fjord
(Fig. 1).

Type and reference sections. The exposure at Skansebakke,
Brejning (55°40´19.74´´N, 9°41´33.84´´E) forms the type
section for the Brejning Formation (Larsen & Dinesen
1959, fig. 12). At low tide, the Brejning Formation is
exposed in the basal, south-eastern part of the Skansebakke
profile at Brejning. A borehole at Brejning encountered a
c. 4 m thick (–0.4 to –4.65 m) section referred to the
Brejning Formation (Larsen & Dinesen 1959). The refer-
ence section is the outcrop at Dykær, Juelsminde (Fig. 8).
Other exposures of the formation are found at Sanatoriet
and Fakkegrav in the Vejle Fjord area, and at Jensgård at
the mouth of Horsens Fjord. In central Jylland, the for-
mation crops out at the Sofienlund clay pit; in the Lim-

Revised lithostratigraphy
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fjorden area, the formation is exposed at Lyby and
Mogenstrup. Periodically, the formation is exposed at
Søvind, Sønder Vissing, and in the Ølst and Hinge clay pits.
The reference borehole section is the interval from 100.90
to 96.50 m (101–97 m MD) in the Andkær borehole
(DGU no. 125.2017; Fig. 8).

Thickness.The Brejning Formation is normally 2–4 m thick,
but is over 20 m thick in a number of wells (Plates 2, 5), and
a 50 m thick succession referred to the Brejning Formation
was encountered in the Borg-1 borehole (Plate 9).

Lithology. The Brejning Formation consists of greenish to
brown, glaucony-rich clay with scattered pebbles (Fig. 9).
In the upper part, there is an increased content of organic
matter, silt and sand. Siderite concretions are also com-
mon in the upper part of the formation. The clay mine -
ralogy is dominated by illite, but smectite, kaolinite and
gibbsite are also present (Friis 1994; E.S. Rasmussen 1995).
Mica is common in the upper part of the formation. 

Log characteristics. High gamma-ray readings characterise
the Brejning Formation (Fig. 8); the lower part, in partic-
ular, may show extremely high gamma-ray values due to

17

Fig. 8. Reference sections for the Brejning Formation. The primary reference section is the Dykær outcrop located south-west of Juelsminde
and the secondary reference section is the interval from 100.9 to  96.5 m in the Andkær borehole. The accompanying legend is applicable to
all outcrop and borehole logs shown in this study. Vejle Fj.: Vejle Fjord.
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the high content of glaucony (e.g. Rødding borehole, Plate
8), although expanded sections (e.g. Borg borehole, Plate
9) may show uniform intermediate values.

Fossils. The marine clay of the Brejning Formation contains
a rich mollusc fauna (Ravn 1907; Eriksen 1937; Schnetler
& Beyer 1987, 1990). Marine microfossils, such as
foraminifers (Larsen & Dinesen 1959; Ulleberg 1987,
1994; Laursen & Kristoffersen 1999), calcareous nanno-
fossils (von Salis Perch-Nielsen 1994) and dinocysts
(Dybkjær 2004a, b; Rasmussen & Dybkjær 2005), are rep-
resented, and foraminifers and dinocysts are abundant and
diverse. In the upper part of the formation, a gradual
change/detoriation in the mollusc fauna was interpreted to
reflect a shallowing-upward trend. Similarly, in the Dykær
and Jensgård exposures, the abundance and diversity of
foraminifers (Larsen & Dinesen 1959) and dinocysts
decrease in the upper part of the formation whereas the abun-
dance and diversity of spores, pollen and freshwater algae
increase (Dybkjær 2004a, b; Rasmussen & Dybkjær 2005).
Echinoids, crinoids, asteroids, anthozoans, otoliths, sharks’
teeth, brachiopods, crustaceans and bryozoans have also
been found.

Depositional environment. The Brejning Formation was
deposited in a fully marine, sediment-starved environment
(Larsen & Dinesen 1959; Schnetler & Beyer 1990; E.S.
Rasmussen 1995; Rasmussen & Dybkjær 2005). The water
depth was probably more than 200 m in the Norwe-
gian–Danish Basin based on otoliths (Schnetler & Beyer
1990) and benthic foraminifera (C. Morigi, personal com-
munication 2009). The heights of clinoforms (offshore
Denmark) associated with early Oligocene delta progradation
indicate a minimum water depth of 200 m (Danielsen et
al. 1997), and since the Late Oligocene was warmer than
the Early Oligocene (Zachos et al. 2001), relatively deep
water probably prevailed within the Norwegian–Danish
Basin during deposition of the Brejning Formation. Schnetler
& Beyer (1990) reported a mixed mollusc fauna, some ele-
ments indicating deep marine conditions and some indica-
tive of shallow water; the shallow marine fauna is most
likely reworked, i.e. transported down the delta or shelf slope
to the basin floor. On the Ringkøbing–Fyn High, shal-
lower water prevailed. The upward increase in silt and sand
indicates progradation of the shoreline in the latest Oligocene
associated with a relative sea-level fall (Rasmussen & Dybkjær
2005). 

Boundaries. In southern and western Jylland, the Brejning
Formation rests with a sharp and erosional boundary on
the Eocene Søvind Marl Formation (Fig. 9; Heilmann-
Clausen et al. 1985). In this area, the boundary is marked
by a distinct change in colour and grain size from the green-
ish grey clay of the Søvind Marl Formation to the green-
ish brown and commonly silty Brejning Formation. The
boundary may locally be intensively bioturbated and con-
sequently more gradational. In central and northern Jylland,
the boundary is defined where dark brown clay of the
Branden Formation (lower Upper Oligocene) is overlain
by greenish glaucony-rich clay of the Brejning Formation.
The base of the Brejning Formation is marked by a promi-
nent shift to higher values on the gamma-ray log in the
Andkær borehole, but may locally be more gradational due
to glaucony-filled burrows in the upper part of the Søvind
Marl Formation. 

The upper boundary is typically sharp and characterised
by a change from greenish, dark brown, glaucony-rich
clayey silt of the Brejning Formation to dark brown clayey
silt of the overlying Vejle Fjord Formation. A change in the
degree of consolidation is also observed at the boundary
in most parts of Jylland from the well-consolidated sedi-
ments of the Brejning Formation to the relatively loose
sediments of the Vejle Fjord Formation. A gravel layer com-
monly occurs immediately above the upper boundary. At
the type locality, the upper boundary is recognised by a dis-

Fig. 9. The Brejning Formation at Øksenrade showing the lower
part of the formation and the lower boundary with the underlying,
light greenish-grey Middle Eocene Søvind Marl Formation (photo-
graph courtesy of Peter Warna-Moors). Red penknife for scale, c. 10
cm long.

Brejning FmBrejning Fm

Søvind Marl FmSøvind Marl Fm
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tinct decrease in the content of glaucony passing from the
Brejning Formation to the Vejle Fjord Formation (Larsen
& Dinesen 1959). The scattered glaucony grains found in
the Vejle Fjord Formation are reworked (E.S. Rasmussen

1987). In central east Jylland, the boundary is commonly
characterised by a marked change from the sand deposits
of the Øksenrade Member to the dark brown, clayey silt
of the Vejle Fjord Formation.
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Distribution. The Brejning Formation is present in much
of central and southern Jylland but is typically absent on
the Ringkøbing–Fyn High (Fig. 10A). Due to the diachro-
nous nature of the upper boundary (see below), the youngest
beds referred to the Brejning Formation are only present in
southern and western Jylland. The northern and eastern
limit closely follows that of the Miocene deposits (Fig. 3).

Biostratigraphy. The Deflandrea phosphoritica Dinocyst Zone
of Dybkjær & Piasecki (2010) is recorded in the Brejning
Formation. In addition, the Chiropteridium galea Zone is
recorded in the upper part of the formation in the south-
ern parts of Jylland. 

Geological age. The Brejning Formation is of late Chattian
to early Aquitanian (latest Late Oligocene to earliest Early
Miocene) age. The dinocyst stratigraphy indicates that the
upper boundary of the Brejning Formation is diachro-
neous. In central parts of Jylland, the boundary broadly cor-
relates with the Oligocene –Miocene boundary (E.S.
Rasmussen 2004b; Rasmussen & Dybkjær 2005; Dybkjær
& Rasmussen 2007). In the southern part of Jylland, depo-
sition of the glaucony-rich clay of the Brejning Formation
apparently continued into the early Aquitanian.

Subdivision. The Brejning Formation includes the Sydklint
Member and the new Øksenrade Member.

Sydklint Member

History. A thin diatomite layer of Oligocene age, uncon-
formably overlying the Lower Eocene Fur Formation and

overlain by Upper Oligocene micaceous clay, was observed
in the cliff section at Silstrup, near Thisted, by Heilmann-
Clausen (1982). Although noted by Bøggild (1918), he
apparently considered the layer to represent a glaciotec-
tonically derived slice of the Fur Formation (see Heilmann-
Clausen 1997). The silicoflagellate assemblage in the
diatomite layer was described by von Salis (1993). The
lithology of the Oligocene diatomite layer and the contact
to the underlying Fur Formation were described in more
detail by Heilmann-Clausen (1997) who also proposed a
model for the genesis of the diatomite. Heilmann-Clausen
(1997) formally defined the unit as the Sydklint Member,
which he provisionally referred to the Vejle Fjord Formation.
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Fig. 11. Type section of the Sydklint Member. Modified after Heil-
mann-Clausen (1997); for legend, see Fig. 8, p. 17. S.: Sydklint.

Fig. 12. Contact between the light grey Lower Eocene Fur For -
mation and the brown Upper Oligocene Sydklint Member at
Silstrup Sydklint. A thin glauconitic layer occurs at the boundary
between the two units. Thalassinoides burrows extend from the
glauconitic layer down into the topmost Fur Formation. Knife for
scale.

GlauconyGlaucony

Fig. 13. Photomicrograph of a vertical thin-section through the
diatomaceous Sydklint Member.

100 μm
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Name. After the coastal cliff of Silstrup Sydklint, south of
Thisted (Fig. 1).

Type section. The type section is the coastal cliff of Silstrup
Sydklint (56°55´15.49´´N, 8°39´20.76´´E; Fig. 11). 

Thickness. The member is up to 28 cm thick. 

Lithology. The Sydklint Member includes a basal 1–8 cm
thick clay layer rich in coarse-grained glaucony and reworked
clasts of the Fur Formation (Figs 11, 12). Sporadic extra-
basinal pebbles and a single 25 cm large, partly glauconi-
tised gneiss clast have been found in the basal layer. The
glaucony-rich basal layer is succeeded by 20 cm of brown,
clayey diatomite (Fig. 13).

Log characteristics. The member is only recognised at out-
crop, and log data are not available.

Fossils. The Sydklint Member contains well-preserved sili-
ceous and organic-walled microfossils, including diatoms,
silicoflagellates, sponge spicules, dinocysts, pollen and spores
(Fig. 13).

Depositional environment. The Sydklint Member was
deposited in a marine, probably shelf environment.

Boundaries. The Sydklint Member has a sharp lower bound-
ary separating the glaucony-rich basal layer from the under-
lying Fur Formation. An omission suite of shallow
Thalassinoides burrows extends 5–8 cm down into the top-
most Fur Formation. The upper boundary is gradational
over a few centimetres.  

Distribution.The Sydklint Member is only known from out-
crops at Silstrup Sydklint and nearby Klovbakker at Sundby,
Mors.

Biostratigraphy. The member is referred to the silicoflagel-
late Distephanus speculum haliomma Subzone of Bukry
(1981) by von Salis (1993) and to the Deflandrea phos-
phoritica Dinocyst Zone of Dybkjær & Piasecki (2010) by
Heilmann-Clausen (C. Heilmann-Clausen, personal com-
munication 2010). 

Geological age. The Sydklint Member is of late Chattian (lat-
est Late Oligocene) age. 

Øksenrade Member

new member

History. The succession defined here as the Øksenrade
Member was termed ‘Middelfart malm’ by L.B. Rasmussen
(1975). Equivalent oolitic ironstones cropping out at
Jensgård at the mouth of Horsens Fjord were described by
Friis et al. (1998). 

Name. After Øksenrade Skov, just north of the coastal type
locality (Fig. 1).

Type and reference sections. The type section is the coastal
cliff facing Fænø Sund, south of Øksenrade Skov, Middel-
fart (55°29´39.61´´N, 9°42´47.29´´E; Fig. 14). The ref-
erence section is the interval from 212 to 210 m (214–212
m MD) in the borehole at Gadbjerg (Fig. 14; DGU no.
115.1474).

Fig. 14. Type and reference sections of the Øksenrade Member (Ø.).
The type section is the Øksenrade outcrop located south-west of
Middelfart; the top of the member is not seen. The reference section
is the interval from 212 to 210 m in the Gadbjerg borehole; for
legend, see Fig. 8, p. 17. 
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Thickness. The member is c. 1 m thick at the type locality
(Fig. 14), but the top is not seen; boreholes indicate a max-
imum thickness of 5 m (Fig. 14; Plate 8). 

Lithology. The Øksenrade Member is composed of reddish
ooids and grey, well-sorted, fine-grained quartz sand (Figs
15, 16) and ranges lithologically from a sand with dis-
persed ooids to a sandy ooid grainstone. At Jensgård, the
Øksenrade Member consists of planar cross-bedded sand,
sets are up to 40 cm thick and typically show asymptotic
toesets. The foresets are inclined towards the north. The
ooids are composed of concentric layers of goethite, com-
monly with a core of glaucony grains or pellets (H. Friis,
personal communication 2010); at the type section, shells
or quartz grains also form ooid cores. The cement consists
of siderite with some calcite; the iron content of the sedi-
ment is up to 30% (E.S. Rasmussen 1987). Moulds of
mollusc shells are common. 

Log characteristics. The Øksenrade Member is typified by
relatively low gamma-ray readings (Fig. 14) but distinct
spikes may occur due to horizons rich in glaucony.

Fossils. The Øksenrade Member is characterised by abun-
dant moulds of mollusc shells (L.B. Rasmussen 1975;
Gravesen 1990).

Depositional environment. The Øksenrade Member was
deposited above storm wave base as indicated by cross-bed-
ding (Rasmussen & Dybkjær 2005). The bivalve and gas-
tropod faunas (L.B. Rasmussen 1975) also indicate a
shallow-water depositional environment. The transgressive
lag that is locally found on the Ringkøbing–Fyn High at
the base of the Vejle Fjord Formation is indicative of expo-
sure and terrestrial sedimentation prior to transgressive
reworking (Rasmussen & Dybkjær 2005). Such a shal-
lowing and local emergence at the transition from the
Oligocene to the Miocene is also indicated by the presence
of freshwater algae in the upper part of the Brejning
Formation (Rasmussen & Dybkjær 2005).

Boundaries. The Øksenrade Member rests with a sharp ero-
sional boundary on the undifferentiated Brejning Forma-
tion beneath (Figs 15, 16). The lower boundary is also
marked by a change from dark brown, clayey silt with scat-

Fig. 15. Brejning Formation and the Øksenrade Member in the coastal cliff at Øksenrade Skov, south-west of Middelfart. This outcrop consti-
tutes the type section of the Øksenrade Member; spade for scale (c. 1.3 m long).

Øksenrade Mb

Brejning Fm

Øksenrade Mb

Brejning Fm
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tered sand lenses to fine-grained, reddish sand; on the
gamma-ray log, this facies shift is reflected by a shift towards
lower values. The upper boundary is characterised by a
marked change from the sand deposits of the Øksenrade
Member to dark brown, clayey silts of the Vejle Fjord
Formation; this boundary is marked by a prominent shift
on the gamma-ray log from low to high values. 

Distribution. The Øksenrade Member is present in east
Jylland and the extreme western part of Fyn, from Horsens
in the north to Middelfart in the south (Fig. 10A). The west-
ernmost limit is defined by exposures at Gadbjerg near
Give where the member occurs on a footwall crest at the
boundary fault of the Brande Trough.

Biostratigraphy. No samples from this member have been
analysed for palynology; the mollusc fauna is non-specific.

Geological age. Based on stratigraphic context, the Øksenrade
Member is considered of latest Chattian (latest Late
Oligocene) age. 

Fig. 16. Boundary between the Brejning Formation and the Øksen -
rade Member, marked by a distinct colour change from dark brown
clayey silt to red sand. Lens cap for scale.
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History. Non-fossiliferous sand and gravel encountered
below 125.6 m in a borehole at Ribe were defined as the
Ribe Formation by Sorgenfrei (1958). The borehole ter-
minated at a depth of 127 m and thus the base of the for-
mation was never defined. L.B. Rasmussen (1961) suggested
that a succession of quartz gravel and sand with some lig-
nite between 255.7 and 144.5 m in the Arnum-1 borehole
should be referred to the Ribe Formation. He further indi-
cated that the fluvio-deltaic, brown-coal-bearing succes-
sion around Silkeborg and Skanderborg may be correlative
with the Ribe Formation. In this stratigraphic revision,
however, the fluvio-deltaic deposits at Silkeborg are referred
to the Vejle Fjord and Billund Formations.

The Ribe Formation was included in the stratigraphic
chart of L.B. Rasmussen (1961) where it was suggested to
encompass the fluvio-deltaic deposits below the Odderup
Formation. The age of the formation was indicated as Early
to early Middle Miocene (Fig. 4). 

During the last decade, detailed biostratigraphic and
sequence stratigraphic studies of the Lower Miocene suc-
cession have been carried out (E.S. Rasmussen 2004b;
Dybkjær 2004a; Rasmussen & Dybkjær 2005; E.S.
Rasmussen et al. 2006; Dybkjær & Piasecki 2010). These
studies have revealed that the stratigraphy of the Lower
Miocene deposits is more complicated than formerly
believed. The fluvio-deltaic sediments that are so charac-
teristic of the Lower Miocene – lower Middle Miocene
succession are thus here defined as the Ribe Group. The
introduction of the Bastrup Formation, which replaces the
Ribe Formation in southern Jylland, is also consistent with
the new lithostratigraphy of Schleswig-Holstein, northern
Germany (Rasser et al. 2008; Knox et al. 2010). Here the
Bastrup Formation was adopted to represent Lower Miocene
fluvio-deltaic sands of Burdigalian age, based on a study of
the Kasseburg cored borehole near Hamburg (K. Gürs,
personal communication 2006; Rasser et al. 2008; Knox
et al. 2010). 

The Ribe Group correlates with the upper part of the
Hordaland Group as applied in the North Sea region,
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including offshore Denmark in the Norwegian–Danish
Basin (Deegan & Scull 1977; Hardt et al. 1989; Schiøler
et al. 2007). 

Name. After the town of Ribe (Fig. 1).

Type area. The type area of the Ribe Group is central and
east Jylland. In the gravel pit at Voervadsbro in central
Jylland (Fig. 1), both marine sand and fluvial sand and
gravel of the Ribe Group are exposed. In the Store Vorslunde
borehole (Fig. 17; DGU no. 104.2325) a complete section
through the group is represented in the interval from 219
to 1 m (220–1 m MD). The group crops out at
Klintinghoved in southern Jylland, at Rønshoved, Hagenør,
Børup, Hindsgavl, Galsklint, Hvidbjerg, Brejning,
Sanatoriet, Fakkegrav, Dykær and Jensgård in eastern Jylland,
at Addit, Salten, Isenvad and Abildå in central Jylland and
at Gyldendal, Søndbjerg, Lyby, Skyum Bjerge, Skanderup
and Lodbjerg in the Limfjorden area. 

Thickness. The group is 218 m thick in the Store Vorslunde
borehole. A thickness of c. 200 m is common in the
Norwegian–Danish Basin and in most places on the
Ringkøbing–Fyn High. In the Tinglev borehole, located in
the Tønder Graben, more than 200 m has been penetrated
without reaching the lower boundary of the group (Plate
1). Reduced thicknesses are seen in the eastern part of
Jylland, partly due to erosion during the Pleistocene. 

Lithology. The group consists of three cycles of alternating
mud-rich and sand-rich units with some intercalation of
coal beds, especially in the upper cycle (Odderup Forma-
tion); each cycle, 50 to 100 m thick, represents a coarsen-
ing-upward cycle. The sands are typically medium- to
coarse-grained, quartz-rich with a variable mica content.
Various types of cross-bedding, including tabular, trough,
hummocky and swaley cross-stratification, characterise the
sand-rich units. The sand grains are normally sub- to well-
rounded. Well-rounded pebbles of quartz, quartzite and

Fig. 18. Quartz-rich sand and pebbles from the Miocene fluvio-deltaic deposits; photographs courtesy of P. Warna-Moors. A: Pebbles of
quartz, quartzite and chert; these are commonly found near sequence boundaries, associated with transgressive lags or within fluvial channels.
Note that the clasts are up to 3 cm in diameter. B: Granules and coarse-grained sand of the Billund Formation. C: Fine- and medium-grained
sand of the Billund Formation.

A

B C
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chert up to 4 cm in size (Fig. 18) commonly occur in the
upper part of the units near sequence boundaries (in trans-
gressive lags or fluvial channels). Fossils occur only spo-
radically in the sand-rich units.

The micaceous, mud-rich portions of the group are typ-
ically homogeneous, with some intercalation of laminated
mud intervals as well as discrete sand layers. The sand lay-
ers are commonly hummocky cross-stratified or represent
tidal rhythmites. The clay mineral association is dominated
by illite, kaolinite and gibbsite (Fig. 19); pyrite is a very com-
mon authigenic mineral.

The coal beds are found associated with cross-stratified
fluvial sands and muds, and also cap shoreface/beach sands
and lagoonal muds. The coal beds are limited to the

Norwegian–Danish Basin where they typically reach thick-
nesses of 2–3 m; the thickest succession has been recorded
in the Fasterholt area, where there is a cumulative thick-
ness of about 9 m of coal. Lithological details of the respec-
tive formations of the Ribe Group are given below under
the individual formation descriptions.

Log characteristics. The typical log pattern shows three cycles
of decreasing-upward gamma-ray values (Fig. 17). The
gamma-ray log is generally characterised by a serrated pat-
tern, but distinct gamma-ray spikes are common in the
lower part of each cycle; in the upper cycle (the Arnum and
Odderup Formations), high gamma-ray spikes occur
throughout the succession. In the northern part and also
locally in the southern part, decreasing gamma-ray values
are commonly observed in the upper part of each cycle. For
more detailed descriptions, see the individual units below.

Fossils. Molluscs occur abundantly in the marine and near-
shore deposits and plant fossils are locally abundant in the
terrestrial deposits. More detailed descriptions of the
fauna/flora are given below in the definitions of the for-
mations and members.

Depositional environment. The Ribe Group was deposited
by delta systems prograding from the north and north-east
towards the south and south-west. Deposition of the first
cycle (Billund Formation) was strongly controlled by the
topography formed during Early Miocene inversion tec-
tonism (Rasmussen & Dybkjær 2005; Hansen & Rasmus-
sen 2008; E.S. Rasmussen 2009a). During the deposition
of this cycle, the so-called Ringkøbing and Brande lobes
were focussed particularly within structural lows, the Brande
Trough and the Rødding Graben (Hansen & Rasmussen
2008). East of the main delta lobes, spit and barrier-com-
plexes developed due to shore-parallel transport of sand
that was delivered from the river mouths of the delta sys-
tems (Rasmussen & Dybkjær 2005; Hansen & Rasmusen
2008). Fluvial sands interpreted as braided river system
deposits (Hansen 1985; Jesse 1995; E.S. Rasmussen et al.
2006) dominate in the northern part. 

The second cycle (Bastrup Formation) shows a more
evenly distributed progradational pattern across Jylland.
Due to the lack of outcrops of this part of the Miocene suc-
cession, detailed sedimentology has not been carried out.
Judging from borehole data, there are no indications of
widespread spit and barrier complexes. As for the first cycle,
fluvial systems dominate the upper part of the succession.
Log and seismic data (E.S. Rasmussen et al. 2007; E.S.
Rasmussen 2009b) indicate that a meandering fluvial sys-

Fig. 19. X-ray diffractogram of the clay fraction from muds of the
Vejle Fjord Formation (Ribe Group). Note that gibbsite is present
indicating that the source area was heavily weathered. Full line =
untreated samples, dotted line = glycolated samples and dashed line
= samples heated to 500°C. Modified from E.S. Rasmussen (1995).
dA: lattice separation (in angstrom).
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tem was widespread, although local or periodic develop-
ment of braided fluvial systems may have taken place. 

The third and final cycle (the Odderup Formation) was
deposited in a prograding coastal plain with widespread
coal formation within the Norwegian–Danish Basin, whereas
clean fluvial sand dominates the Ringkøbing–Fyn High
area.

Boundaries. The lower boundary is commonly sharp, being
defined where greenish to brownish, glaucony-rich clay
and silt is overlain by dark brown, organic-rich mud. Over
much of Jylland, the boundary is also marked by a change
in the degree of consolidation, from the well-consolidated
sediments of the Oligocene Brejning and Branden
Formations to poorly consolidated Ribe Group sediments.
The boundary may be marked by a gravel lag or sand bed.
Due to intense bioturbation, the boundary may be locally
blurred. In central east Jylland, the boundary is charac-
terised by a marked change from the sand deposits of the
Øksenrade Member to dark brown clayey silt of the Vejle
Fjord Formation of the Ribe Group. The upper boundary
is sharp, being marked by a thin gravel layer that separates
the white, fine-grained sand of the uppermost Ribe Group
(Odderup Formation) from the dark brown mud of the suc-
ceeding Måde Group. This is reflected by a prominent shift
on the gamma-ray log towards high gamma-ray values.

Distribution.The Ribe Group is present over most of Jylland.
The northern and eastern limits of the group closely fol-
low the lower boundary of the Miocene deposits (Fig. 4)

Geological age. The Ribe Group is of Aquitanian – early
Langhian (Early Miocene – earliest Middle Miocene) age. 

Subdivision. The Ribe Group is divided into six forma-
tions: the Aquitanian Vejle Fjord and Billund Formations,
the uppermost Aquitanian – lower Burdigalian Klin -
tinghoved and Bastrup Formations and the upper
Burdigalian – lower Langhian Arnum and Odderup For -
mations (Fig. 7).

Vejle Fjord Formation
redefined formation

General. The marine, clay-dominated Vejle Fjord Formation
interdigitates north-eastwards with the fluvio-deltaic, sand-
rich Billund Formation. These two formations thus alter-
nate up-section in some boreholes (e.g. Plates 2–8).

Fig. 20. Type section of the Vejle Fjord Formation and the
Skansebakke Member at Skansebakke, Brejning; for legend, see
Fig. 8, p. 17.
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Fig. 21. Primary reference section of the
Vejle Fjord Formation at Dykær, south-west
of Juelsminde; for legend, see Fig. 8, p. 17.
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History. The Vejle Fjord Formation was defined by Larsen
& Dinesen (1959). The formation was originally defined
as the succession from the base of the Brejning Clay Member
to the top of the Vejle Fjord Sand Member. For strati-
graphic and practical reasons, the Brejning Clay Member
is herein removed from the Vejle Fjord Formation and ele-
vated to the status of formation (see above); redefinition
of the Vejle Fjord Formation is therefore necessary. Revision
is also needed because of the large amount of data acquired
during the last decade, which has shed new light on the depo-
sitional system (Dybkjær & Rasmussen 2000; Rasmussen
& Dybkjær 2005). Sediments referred by Christensen &
Ulleberg (1973) to the upper Sofienlund Formation are
assigned here to the Vejle Fjord Formation; the Sofienlund
Formation is abandoned.

Name. After Vejle Fjord in east Jylland (Fig. 1).

Type and reference sections. The type section is the Skanse-
bakke outcrop at Brejning 55°40´19.74´´N, 9°41´33.84´´E;
Figs 1, 20). The outcrop reference section is defined at
Dykær near Juelsminde (Figs 1, 21). Other exposures in
the Vejle Fjord area are Brejning Hoved, Sanatoriet,
Fakkegrav and Jensgård. It is further exposed at Hindsgavl
near Middelfart, and the formation crops out at Skyum
Bjerge, Lyby, Mogenstrup and Skanderup (Mors) in the
Limfjorden area (Fig. 1). The secondary reference section
is the Store Vorslunde borehole (DGU no. 104.2325) (Fig.
22), in the interval from 219 to 160 m (220–161 m MD).

Thickness. The formation is c. 20 m thick at the type local-
ity though neither the base nor the top are seen; the for-
mation is about 18 m thick in the nearby Andkær borehole
(see Plate 1). In the western part of Jylland, it may reach a
thickness of up to c. 100 m, as exemplified by the Holstebro
borehole (Plate 4).  

Lithology. The Vejle Fjord Formation consists mainly of
dark brown clayey silt (Fig. 23). In some areas, it is dom-
inated by laminated, greenish-grey sand and dark brown,
clayey silt. Sand stringers up to a few centimetres thick
may occur. Locally, the formation is composed of wave-
influenced heterolithic mud and sand showing hum mocky
cross-stratification (Figs 24, 25); the heterolithic succes-
sion is commonly characterised by double clay layers and
climbing ripples. Soft-sediment deformation structures
occur locally. Trace fossils occur in places in the Vejle Fjord
Formation. 

Log characteristics. The formation is characterised by inter-
mediate gamma-ray values (Fig. 22). The log pattern is ser-

rated and shows both decreasing- and increasing-upward
trends throughout the succession.  

Fossils. The Vejle Fjord Formation contains an impoverished
mollusc fauna (Ravn 1907; Eriksen 1937; Schnetler &

Fig. 22. Secondary reference section of the Vejle Fjord Formation:
the interval from 219 to 160 m in the Store Vorslunde borehole,
north-east of Vejle; for legend, see Fig. 8, p. 17.
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Beyer 1987, 1990). The foraminifer fauna (Larsen &
Dinesen 1959; Laursen & Kristoffersen 1999) and the
dinocyst flora (Dybkjær 2004 a, b; Rasmussen & Dybkjær
2005) are similarly impoverished within this formation,
although the abundance of dinocysts is locally very high,
albeit restricted to a few species.

Depositional environment. The Vejle Fjord Formation was
deposited in a brackish to fully marine depositional envi-
ronment. Brackish-water conditions predominated within
the Norwegian–Danish Basin in the early phase of depo-
sition as a consequence of the elevated Ringkøbing–Fyn
High (Rasmussen & Dybkjær 2005; E.S. Rasmussen 2009a).
As sea level rose during the Early Miocene, fully marine con-
ditions were re-established and the water depth was c. 100
m in the Norwegian–Danish Basin and probably less than
30 m on the Ringkøbing–Fyn High. Most of the Vejle
Fjord Formation was deposited in a prodelta environment.
The thickest developments of the formation are associated
with inter-lobe depositional environments.      

Boundaries. The lower boundary is typically sharp, being
characterised by a change from greenish dark brown, glau-

cony-rich, clayey silt to dark brown, clayey silt. A change
in the degree of consolidation is observed at the boundary
over much of Jylland, relatively loose sediments of the Vejle
Fjord Formation overlying well-consolidated sediments of
the Brejning Formation. A gravel layer is commonly found
at the lower boundary. At the type locality, the lower bound-
ary is marked by a distinct decrease in the content of glau-
cony (Larsen & Dinesen 1959); the scattered glaucony
grains found in the Vejle Fjord Formation are reworked (E.S.
Rasmussen 1987). In central east Jylland, the boundary is
commonly characterised by a marked change from the sand
deposits of the Øksenrade Member (upper Brejning
Formation) to dark brown, clayey silt of the Vejle Fjord
Formation. Recognition of the lower boundary of the for-
mation in subsurface data is based on both lithological and
petrophysical data. The gamma-ray response at the bound-
ary is variable. Where the upper Brejning Formation is
mud-rich, as in the reference section for the formation (Fig.
8), gamma-ray values fall at the boundary to intermediate
levels. In contrast, where the upper Brejning Formation is
sand-rich (e.g. Fig. 14), or where the Vejle Fjord Formation
overlies deltaic sands referred to the Billund Formation
(e.g. Stakroge and Assing Mølleby boreholes, Plate 3), the

Fig. 23. Type section of the Vejle Fjord Formation at Skansebakke, Brejning; spade for scale (c. 1.3 m long).
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lower boundary is defined by an abrupt increase in gamma-
ray values. Although in a number of wells the boundary
can be difficult to position based on log data alone, litho-
logical evidence (e.g. the presence of a gravel layer, glau-
cony content, clay colour and consolidation) can aid
identification (e.g. Resen and Mausvig boreholes, Plate 5).

The upper boundary is typically defined where clayey,
organic-rich silty sediments of the Vejle Fjord Formation
are succeeded by sand-rich deposits (> 75% sand) with a
minimum thickness of 5 m; the overlying sands are referred
either to the Billund Formation or to the Kolding Fjord
Member of the Klintinghoved Formation (e.g. Plate 6).
On the gamma-ray log, this boundary may show a marked
decrease in gamma-ray readings where overlain by a dis-

crete sand unit, or a gradual but steady decrease in gamma-
ray readings reflecting a transitional, interbedded, sand-
rich unit at the base of the overlying formation. Where the
Billund Formation is absent in south and west Jylland, the
Vejle Fjord Formation is succeeded by the clay-rich
Klintinghoved Formation, and the boundary can be diffi-
cult to locate in detail. In the Rødding and Føvling bore-
holes (Plate 8), for example, the two formations are
lithologically very similar although the clayey silts of the
Vejle Fjord Formation may be slightly more consolidated.
The boundary can typically be picked on the gamma-ray
log, however, at a minor or moderate upward increase in
values, commonly capping a weak coarsening-upward suc-
cession (decreasing-upward gamma-ray values).

Fig. 24. Hummocky cross-stratified sand
in the upper part of the Vejle Fjord
Formation at Jensgård, east of Horsens
(Fig. 1); the dipping, weakly deformed
attitude of these strata is due to glaciotec-
tonics.

Fig 25. Hummocky cross-stratified sand
with burrows (Scolicia isp.) from the Vejle
Fjord Formation at Skyum (Fig. 1). Note
that the sand layer is only burrowed in the
upper part. Most of the Vejle Fjord
Formation was deposited as alternating
sand and clayey, silt layers, but due to
bioturbation any stratification was later
destroyed and only the thicker storm sand
layers were preserved. Knife blade for
scale. 
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Distribution. The formation is present over much of Jylland
with the exception of the southern and westernmost parts
(Fig. 10B). The northern and eastern limit closely follows
the overall outcrop pattern of the Miocene deposits (Fig. 4).

Biostratigraphy. The Chiropteridium galea and the Homo-
tryblium spp. Dinocyst Zones of Dybkjær & Piasecki (2010)
are recorded in the Vejle Fjord Formation. 

Geological age. The Vejle Fjord Formation is of Aquitanian
(earliest Early Miocene) age.

Subdivision. The Vejle Fjord Formation includes the
Skansebakke Member.

Skansebakke Member

revised member

History. Sediments referred here to the Skansebakke Member
were formerly assigned to the Vejle Fjord Sand Member by
Larsen & Dinesen (1959); the member is renamed here in
accordance with modern lithostratigraphic guidelines.

Name. After the outcrop of the type section at Skansebakke,
Brejning, on the south coast of Vejle Fjord.

Type and reference sections. The type section is the outcrop
at Skansebakke (55°40´19.74´´N, 9°41´33.84´´E; Fig. 1).
It is also exposed at Brejning Hoved, Sanatoriet, Fakkegrav
and Dykær. The reference section is the interval from 91.10
to 79 m (92–79 m MD) in the Andkær borehole (DGU
no. 125.2017; Fig. 26).

Thickness. At the type locality, the member is c. 7 m thick
(top not seen); the member is c. 12 m thick at Brejning
Hoved and 7 m thick at Sanatoriet.  

Lithology. The Skansebakke Member consists of alternat-
ing layers of fine-grained, well-sorted, yellowish sand and
brownish clay (Fig. 27). The sand beds are sharp-based and
homogenous to evenly laminated. The sand beds are com-
monly capped by wave- and current-ripples. The trace fos-
sils Arenicolites isp. and Macaronichnus isp. are common,
and Ophiomorpha isp. is sporadically distributed (Friis et
al. 1998). The pyrite content is relatively high compared
to the overlying Billund Formation, resulting in the yellowish
colour in exposed sections (M. Olivarius, personal com-
munication 2010).  

Log characteristics. The member is characterised by low
gamma-ray readings with a serrated pattern (Fig. 26), reflect-
ing the alternation of sand and mud beds.

Fossils. The Skansebakke Member contains an impover-
ished mollusc fauna (Ravn 1907; Eriksen 1937). The
foraminifer fauna (Larsen & Dinesen 1959) and the dinocyst
flora (Dybkjær 2004 a, b; Rasmussen & Dybkjær 2005)
are also impoverished within this member.

Depositional environment. The Skansebakke Member is
interpreted as having been deposited in a lagoonal deposi-
tional environment (Larsen & Dinesen 1959; Friis et al.
1998; Rasmussen & Dybkjær 2005). The sand beds were
deposited as washover fans on a backbarrier flat during the
main degradation of minor spit and barrier systems formed
along elevated parts of the Ringkøbing–Fyn High.

Boundaries. The lower boundary is placed at the base of the
first significant sand layer separating dark brown, clayey silt
from a succession dominated by interbedded yellowish
fine-grained sand and dark brown to brown, silty clay. On
the gamma-ray log, the lower boundary is placed at a minor,
but distinct decrease in gamma-ray readings. The upper
boundary is defined by the distinct change from yellow-
ish, fine-grained sand to white, fine- to medium-grained
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sand of the Hvidbjerg Member (Billund Formation). This
boundary is only documented in the Andkær borehole
where the gamma-ray log changes from serrated, low–inter-
mediate gamma-ray readings of the Skansebakke Member
to more consistently low gamma-ray values of the Hvidbjerg
Member.

Distribution. The Skansebakke Member is restricted to cen-
tral east Jylland and is exposed along the coast of Vejle

Fjord (Fig. 10B). In the subsurface, this member is only
recognised in the Andkær borehole.

Biostratigraphy. The Chiropteridium galea and the Homo-
tryblium spp. Dinocyst Zones of Dybkjær & Piasecki (2010)
are recorded in the Skansebakke Member. 

Geological age. The Skansebakke Member is of Aquitanian
(earliest Early Miocene) age.

Fig. 27. Alternating fine-grained sand and
clay of the Skansebakke Member at
Skansebakke. The clay was deposited in a
lagoon and the sand was deposited as
washover fans during the degradation of a
barrier island associated with an Early
Miocene transgression. Spade for scale
(c. 1.3 m long). 
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Billund Formation
new formation 

Name. After the town of Billund (Fig. 1). 

Type and reference sections. The type section of the Billund
Formation is the interval from 235 m to 184 m (235–185
m MD) in the Billund borehole (DGU no. 114.1857,
55°43´08.53´´N, 9°08´33.98´´E; Fig. 28). The reference
section is the interval from 160 to 126 m (161–128 m
MD) in the Store Vorslunde borehole (DGU no. 104.2325;
Fig. 28).

Thickness. In the type section, the formation is 51 m thick;
the maximum thickness of 77 m has been found in the
Hammerum borehole (Plate 6). 

Lithology. The Billund Formation is primarily known from
the subsurface but is exposed at a number of localities. In
the Lillebælt area, the formation is exposed at Børup,
Galsklint, Hindsgavl, Røjle and Rønshoved and in the Vejle
Fjord region at Dykær, Fakkegrav and Hvidbjerg. In cen-
tral Jylland, the formation can be observed at Addit, Salten
and Voervadsbro, and at Søndbjerg and Lyby in northern
Jylland. It is composed of fine- to coarse-grained sand with
some gravel or pebble-rich beds (Fig. 29). The formation
consists of almost pure quartz sand and includes clasts of
quartzitic sandstone with subordinate mica and heavy min-
erals. Clasts of well-rounded chert occur locally. Pebbly
horisons are common in the upper part and at the base of
fluvial channels; clasts up to 4 cm occur in erosional scours
within steep clinoform units. The formation is charac-
terised by both coarsening-upward and fining-upward depo-
sitional patterns. Fine-grained sand units which are
commonly hummocky cross-stratified, occur in the lower
part of the formation and in eastern sections. The upper
part is commonly dominated by swaley cross-stratified sand
or sharp-based sand with a homogeneous or laminated
lower part capped by wave ripples. The trace fossils
Ophiomorpha isp. and Skolithos isp. are common (Fig. 29;
Friis et al. 1998; Rasmussen & Dybkjær 2005).

In the northern area, the formation is dominantly com-
posed of cross-bedded sand with a range of set thicknesses.
Soft sediment deformation structures are commonly seen.
Some sections show an interval of interbedded, fine-grained,
wave-rippled sands, muds and coals, sandwiched between
two sand bodies with an overall sheet geometry. Root hori-
zons and tree stumps are locally present (Weibel 1996; E.S.
Rasmussen et al. 2007). In the eastern area, where the for-
mation crops out, the sands are characterised by hum-

mocky and swaley cross-stratification and homogeneous
to laminated sand beds commonly capped by wave rip-
ples; tidal bundles are also present (Fig. 30). The interbed-
ded muds and heteroliths are dark brown in the northern
part due to a high content of organic matter. In the south-
ern area, the mud is light brown and typically thinner bed-
ded, occurring interbedded with storm sand beds.

Log characteristics. The formation is generally characterised
by low gamma-ray values. In some boreholes, the lower
part is characterised by a serrated lower part with gener-

Fig. 28. Type and reference sections of the Billund Formation. The
type section is the interval from 235  to 184 m in the Billund bore-
hole and the reference section is the interval from 160 to 126 m in
the Store Vorslunde borehole; for legend, see Fig. 8, p. 17. Bra.:
Brande. Olig.: Oligocene.
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ally higher gamma-ray values (e.g. Hammerum borehole,
Plate 6). In the type borehole, the Billund Formation shows
consistently low gamma-ray readings (Fig. 28). 

Fossils. The Billund Formation contains fossil wood (Weibel
1996), leaves and seeds (Ravn 1907) but also marine mol-
luscs (e.g. in the ‘Brøndum Blokke’; Friis 1995). Foraminifers
and dinocysts are present locally (Laursen & Kristoffersen
1999; E.S. Rasmussen et al. 2006).

Depositional environment. The Billund Formation was
deposited as a delta system prograding from the north and
north-east towards the south and south-east. The well-con-
strained palaeogeographical setting is based on high-reso-
lution seismic data and facies distribution (Rasmussen &
Dybkjær 2005; Hansen & Rasmussen 2008). Progradation
took place in association with an Early Miocene inversion
phase (E.S. Rasmussen 2009a), and the distribution of the
delta lobes was consequently strongly controlled by the
antecedent topography. Two major lobes, the Ringkøbing

and Brande lobes, were mapped by Hansen & Rasmussen
(2008). The Billund delta complex was deposited as wave-
dominated deltas (Rasmussen & Dybkjær 2005; Hansen
& Rasmussen 2008; E.S. Rasmussen 2009b). The south-
eastward longshore currents that prevailed during the Early
Miocene resulted in deposition of spit and barrier complexes
south-east of the main delta lobes (Hvidbjerg Member). The
most coarse-grained part was deposited in steeply dipping
clinoformal packages deposited during falling sea-level
(Hansen & Rasmussen 2008; E.S. Rasmussen 2009b) and
within incised valleys (Addit Member).

Boundaries. The lower boundary is defined by a change
from clayey, organic-rich silty sediments of the Vejle Fjord
Formation to sand-rich deposits; as noted earlier, recogni-
tion of the Billund Formation requires a minimum sand
thickness of 5 m and a sand–mud ratio of over 75%. Locally,
for example in the type section at Billund, sand referred to
the Billund Formation overlies the Eocene Søvind Marl;
in such sections, the base of the formation is a significant

Fig. 29. Marine sand and fluvial gravel and sand of the Billund Formation exposed at Voervadsbro. Note the Skolithos burrows (centre) indi-
cating a marine depositional environment. The lower boundary of the fluvial deposits (Addit Member) is at the base of the gravel layer (dashed
line). The illustrated section is 2 m high.
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hiatal surface. On the gamma-ray log, the lower boundary
is identified by a marked decrease in gamma-ray readings.
In some sections (e.g. Store Vorslunde, Fasterholt bore-
holes, Plate 2), the shift from mud- to sand-rich deposits
is gradational and reflected by a gradual but steady decrease
in gamma-ray readings; the boundary is placed according
to the criteria described above.

The upper boundary is placed at the change from sand-
rich deposits of the Billund Formation to the predomi-
nantly dark brown, silty clays of the Klintinghoved
Formation or the Vejle Fjord Formation. At outcrop, the
boundary is often erosive and overlain by a gravel lag or
sand layer showing a fining-upward trend; the base of the
gravel lag or sand layer forms the upper boundary. On the
gamma-ray log, the upper boundary shows a variety of
motifs. In boreholes where the sandy Billund Formation
is succeeded by mud-dominated facies of the Klintinghoved
Formation, the boundary is defined at an abrupt increase
in values. Where the lower Klintinghoved Formation
includes gravel and sand layers succeeded by mud-rich
facies (e.g. Egtved borehole, Plate 7), the boundary is placed
at the base of a prominent shift to lower gamma-ray val-
ues that is succeeded by a general upward increase in val-
ues. Where gamma-ray readings are strongly serrated, the
boundary is placed at the base of the most coarse-grained
sand or gravel layer found in the lithological descriptions.

Distribution. The Billund Formation is distributed in cen-
tral Jylland (Fig. 10C). Although beyond the formal bound-
aries of the formation, a sand-rich succession reported from
the subsurface of the North Sea may represent the west-
ernmost lobe of the Billund delta complex (Hansen &
Rasmussen 2008). 

Biostratigraphy. The Chiropteridium galea and the Homo-
tryblium spp. Dinocyst Zones of Dybkjær & Piasecki (2010)
are recorded in the Billund Formation.

Geological age. The Billund Formation is of Aquitanian
(earliest Early Miocene) age.

Subdivision. The Billund Formation includes two mem-
bers: the Hvidbjerg Member and the Addit Member.

Hvidbjerg Member

new member

General. The new Hvidbjerg Member represents a partic-
ular facies variant of the Billund Formation, dominated by
spit deposits. The diagnostic features are only convincingly
recognised at outcrop; the member is thus only recognised
in the Vejle Fjord area in outcrops and closely adjacent
boreholes. The member also crops out at Søndbjerg and
Lyby in the Limfjorden area (Fig. 1).

History. The succession of white sands at Hvidbjerg Strand
was studied by Larsen & Dinesen (1959); these authors
refrained from including the ‘Hvidbjerg Sand’ in the Vejle
Fjord Formation due to contrasting heavy mineral suites
in these two units. 

Name. After the outcrop at Hvidbjerg Strand on the south
coast of Vejle Fjord (Fig. 1). 

Type and reference sections. The type section of the Hvidbjerg
Member is the coastal exposure at Hvidbjerg Strand on
the south coast of Vejle Fjord (55°38´24.58´´N,
9°44´39.22´´E; Figs 31, 33). Other exposures are at
Sanatoriet, Fakkegrav and Dykær in the Vejle Fjord area,
at Pjedsted north-west of Fredericia and at Hindsgavl,
Galsklint, Børup and Rønshoved in the Lillebælt area. The
sand crops out at two localities in the Limfjorden area, at
Søndbjerg and Lyby. The reference section is the interval
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from 79 to 58 m (79–58 m MD) in the Andkær borehole
(DGU no. 125.2017; Fig. 32).

Thickness. The member is 28 m thick in the type section
at Hvidbjerg (Fig. 31). In the outcrops of the Lillebælt
area, it can attain 13 m but is rarely thicker than 6 m. In
the subsurface, the member is recognised in the Andkær
borehole (reference section, 21 m thick) and the Lillebælt
borehole (c. 11 m).  

Lithology. The Hvidbjerg Member consists of white, fine-
to medium-grained sand with a few pebble layers (Fig. 33).
The sand beds are dominated by sharp-based, structureless
to evenly laminated sand capped by wave ripples.
Hummocky and swaley cross-stratification are common in
the southern area, near Lillebælt (Fig. 34). Trough and tab-
ular cross-stratified sand beds occur locally as well as tidal
bundles. The cross-bedding indicates bipolar current direc-
tions towards the north-east and south-west. Thin, light
brown clay layers are common in the southern part. North
of Hvidbjerg, a dark brown, mud-dominated unit up to 3
m thick is recognised, locally capped by wood debris. The
trace fossils Ophiomopha isp. and Skolithos isp. occur locally.
The Hvidbjerg Member differs from the remainder of the
Billund Formation in relation to its better sorting and its
dominantly aggradational stacking pattern (e.g. Rasmussen
& Dybkjær 2005).

Log characteristics. The member is characterised by low
gamma-ray readings (Fig. 32). High gamma-ray readings
may be recorded where clay-rich, lagoonal deposits occur.  

Fossils. A relatively rich dinocyst assemblage occurs in the
Hvidbjerg Member (Dybkjær 2004a; Rasmussen & Dyb-
kjær 2005). 

Depositional environment. Deposition took place in a storm-
dominated shoreface environment associated with spit
development, south-east of the main Billund delta lobes.
The core of a spit system crops out at Hvidbjerg. North of
Hvidbjerg, shoreface sands alternate with mud-rich lagoon-
al deposits (Fig. 21). Tidal inlet deposits are observed at
Dykær and Pjedsted where flood- and ebb-dominated sys-
tems, respectively, are recorded (Fig. 30).

Boundaries.The member overlies the Vejle Fjord Formation;
the lower boundary is marked by a change from black,
organic-rich, clayey silt to white sand. At Hvidbjerg, the
lower boundary is erosional (Fig. 31). Where the member
is superimposed on the Skansebakke Member of the Vejle
Fjord Formation, the lower boundary is identified by a
change from yellowish sands of the Skansebakke Member
to white sands of the Hvidbjerg Member. On the gamma-
ray log, the boundary is characterised by a distinct shift
towards low gamma-ray readings.

The upper boundary is placed at the change from sand-
rich deposits of the Hvidbjerg Member to the predominantly
dark brown, silty clay of the Klintinghoved Formation.
The boundary is often erosional and overlain by a gravel
lag or sand layer showing a fining-upward trend; the gravel
lag commonly contains of clasts up to 4 cm in diameter.
The base of the gravel lag forms the upper boundary of the
member. The gamma-ray readings may be characterised
by an abrupt increase followed by a gradual decrease in
values or a marked decrease in gamma-ray readings suc-

Fig. 30. Tidal bundles in the Hvidbjerg Member exposed at Pjedsted, north-west of Fredericia (Fig. 1). The cross-bedding dips towards the
south-west and thus reflects ebb current flow. Note the clay drapes and preserved bottom sets (arrows) recording sedimentation during neap
tides. The cross-bedded section thus represents a neap–spring–neap cycle (i.e. c. one and a half months). The section is 1.5 m high.
Photograph courtesy of Ole Rønø Clausen.
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Fig. 31. Type section of the Hvidbjerg
Member from the coastal exposures at
Hvidbjerg, south-east of Vejle (Fig. 1); 
for legend, see Fig. 8, p. 17.
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ceeded by a gradual increase (e.g. Andkær borehole, Fig.
32); the boundary is placed at the lowest gamma-ray
response. 

Distribution. The Hvidbjerg Member is present in east
Jylland and has also been found at Søndbjerg in north-
west Jylland (Fig. 10C). 

Biostratigraphy. The Chiropteridium galea and the Homo -
tryblium spp. Dinocyst Zones of Dybkjær & Piasecki (2010)
are recorded in the Hvidbjerg Member.

Geological age. The Hvidbjerg Member is of Aquitanian
(earliest Early Miocene) age.

Fig. 33. The c. 27 m of white sand exposed at Hvidbjerg represents deposition on a spit system east of the main delta lobe of the Billund
Formation. Note the stratification defined by the most bioturbated parts of the succession; photograph illustrates the upper levels of the
Hvidbjerg Member shown in Fig. 31.
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Fig. 32. Reference section of the Hvidbjerg Member in the Andkær
borehole (79–58 m); for legend, see Fig. 8, p. 17.
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Addit Member

new member

History. Sand-rich fluvial and coal-bearing deposits in the
Silkeborg area were first studied by Hartz (1909). He cor-
related the succession with Lower Miocene coal-bearing
deposits in Schleswig-Holstein. L.B. Rasmussen (1961)
indicated that the fluvio-deltaic sediments of the
Silkeborg–Skanderborg area could be of similar age to the
Ribe Formation as defined from the Arnum-1 well in south-
ern Jylland. Studies of the succession in gravel pits south
of Silkeborg were carried out during the 1970s and 1980s,
focusing on the depositional environment and diagenesis
(Friis 1976, 1995; Hansen 1985; Hansen 1995; Jesse 1995).
These studies referred the deposits to the Middle Miocene
Odderup Formation, although Friis (1995) was aware of
the problems inherent in this correlation. Re-investigation
of the Salten inland cliff and the gravel pits at Addit and
Voervadsbro, including biostratigraphic analysis based on
dinocysts, revealed that the succession is Early Miocene in
age and should be correlated with the Vejle Fjord Formation
– Billund Formation depositional phase (E.S.Rasmussen
et al. 2006).

Name. After the village of Addit, south-south-west of Århus
(Fig. 1).

Type and reference sections. The type section of the Addit
Member is defined as the Dansand gravel pit at Addit
(56°02´26.33´´N, 9°37´59.62´´E; Fig. 35). The member
is also exposed in the Voervadsbro gravel pit which forms
the primary reference section (Fig. 36), and in the inland 

cliff at Salten. The secondary reference section is the inter-
val from 117 to 55 m (119–55 m MD) in the Addit Mark
borehole (DGU no. 97.928; Fig. 37). 

Thickness. In the type section, the Addit Member is over
33 m thick; neither top nor base are seen. In the Addit
borehole nearby (Fig. 1), the member is 50 m thick (Plate
6) and 62 m was penetrated in the borehole at Addit Mark
(Fig. 37; Plate 6). Where well developed in central and
north-east Jylland, the member is typically 20–50 m thick
(see Plates 1, 2, 5, 6).

Lithology. The succession is typically composed of two sand-
and gravel-rich units separated by fine-grained, sandy and
clayey sediments, commonly with intercalated coal layers
(Figs 35, 36, 38; Plates 1, 6), though the middle hetero-
geneous unit may be absent or poorly developed. The sands
consist almost solely of quartz and quartzitic sandstone
lithic grains, with minor content of mica and heavy min-
erals; clasts of well-rounded chert may occur. The two sand-
rich units are characterised by fining-upward trends and
possess sheet geometry. The lower part of each unit con-
sists of trough cross-stratified, coarse-grained sand and
gravel alternating with large-scale cross-stratified sand (Figs
35, 36, 39). Upwards, these sand-rich units are progressively
dominated by tabular co-sets of cross-stratified sand. The
sand-rich succession may be capped by fine-grained, cross-
bedded sand showing lateral accretion structures. The coal-
bearing, fine-grained sand and clay layer, sandwiched
between the coarser units, consists of cross-bedded sand and
alternating thin, rippled, fine-grained sand and clay layers.
Bioturbation is observed rarely. Wood fragments are abun-

40

Fig. 34. Hummocky cross-stratified sand of
the Billund Formation (Hvidbjerg Mem-
ber) overlying interbedded, hummocky
cross-stratified sands and clays of the Vejle
Fjord Formation; Hindsgavl, near
Middlefart (Fig. 1).
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Fig. 35. Type section of the
Addit Member in the Addit
gravel pit, south-east of Silke-
borg (Fig. 1); for legend, see
Fig. 8, p. 17.
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Fig. 36. Primary reference section of the
Addit Member in the Voervadsbro gravel
pit, south-east of Silkeborg (Fig. 1), where
the lower part of the member is exposed;
for legend, see Fig. 8, p. 17.
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dant at certain horizons and petrified wood is common at
Voervadsbro (Weibel 1996). 

Log characteristics. The member is characterised by low
gamma-ray readings, especially in the lower part (Fig. 37).

The sand-rich part is commonly characterised by a slight
upward increase in gamma-ray values. A moderate–high
gamma-ray response commonly characterises the middle
part of the member, reflecting the clay-rich and coal-bear-
ing deposits at this level.   

Fossils. The Addit Member contains fossil wood (Weibel
1996), leaves and seeds (Ravn 1907). Dinocysts occur very
sporadically in the Addit Member (Dybkjær 2004a, b; E.S.
Rasmussen et al. 2006). 

Depositional environment. The lower sands of the member
were deposited as migrating three-dimensional dunes (main
channel) and migrating unit and compound bars in a
braided fluvial system (Hansen 1985; Hansen 1995; E.S.
Rasmussen et al. 2006). The upper part of the member
was deposited as migrating two-dimensional dunes; sedi-
mentary structures such as cross-bedded sand beds with
preserved bottomsets and normally graded foresets indicate
tidal influence (Pontén & Plink-Björklund 2007). The
upper part of the sand succession, showing lateral accre-
tion, was laid down in a point bar of a meandering fluvial
system. The fine-grained middle part of the member was
deposited in a flood plain and lake environment that was
occasionally flooded by the sea as indicated by the rare
presence of dinocysts and Ophiomorpha trace fossils.

Boundaries. Where the Addit Member directly overlies the
Vejle Fjord Formation, the lower boundary is marked by
an abrupt change from dark brown, silty clay or clayey silt
to grey, coarse-grained sand and gravel (Fig. 37; Plates 1,
2, 6). Where the Addit Member overlies the Hvidbjerg
Member, the boundary is marked by an erosional bound-
ary where white, fine- to medium-grained sand is overlain
by gravel (Fig. 29). On the gamma-ray log, the lower bound-
ary is shown as a prominent shift on the gamma-ray log
where the Addit Member overlies the Vejle Fjord Formation.
Where the member overlies the Hvidbjerg Member, the
lower boundary is placed at the change of gamma-ray read-
ing from a gradual upward decrease in gamma-ray readings
to consistently low or decreasing-upward gamma-ray read-
ings.

The upper boundary is placed at the change from sand-
rich deposits of the Addit Member to predominantly dark
brown, silty clays of the Klintinghoved Formation. The
boundary may be erosional, being overlain by a gravel lag
or sand layer showing a fining-upward trend; the gravel lag
commonly contains clasts up to 4 cm in diameter. The
base of the gravel lag or sand layer forms the upper bound-
ary of the member. The gamma-ray log is commonly char-
acterised by an abrupt increase in gamma-ray values (e.g.
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Fig. 37. Secondary reference section of the Addit Member in the
Addit Mark borehole (117–55 m); for legend, see Fig. 8, p. 17. K.:
Klintinghoved.
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Resen, Plate 5; Isenvad, Plate 6). Locally, a decrease in
gamma-ray readings is succeeded by a gradual increase in
gamma-ray values (e.g. Hammerum, Sunds, Plate 2). Here
the boundary is placed at the lowest gamma-ray readings.

Distribution. The Addit Member is found in the central and
northern parts of Jylland. It is especially well developed in
the area south of Silkeborg, in an elongate zone striking

from Resen (south-west of Viborg) to the area between
Herning and Ikast (Figs 1, 10C). 

Biostratigraphy. The Homotryblium spp. Dinocyst Zone of
Dybkjær & Piasecki (2010) is recorded in the Addit Member.

Geological age. The Addit Member is of Aquitanian (earli-
est Early Miocene) age.

44

Fig38

Coal bedCoal bed

QuaternaryQuaternary

Fig. 38. Addit Member at the Addit
gravel pit showing the two fining-
upward sand- and gravel-rich units and
the intercalated coal unit. The height of
the section is 40 m.

Fig. 39. Cross-bedded sand and gravel of the Addit Member in the Addit gravel pit deposited as a mid-channel bar in a braided fluvial system.
The height of the section is 3 m.
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Klintinghoved Formation
redefined formation

General. The marine clay-rich deposits of the Klintinghoved
Formation interdigitate towards the north-east with the
more proximal sand-rich deltaic sediments of the Bastrup
Formation. These formations thus alternate up-section in
certain boreholes (e.g. Plates 1, 2, 6).

History. The mollusc fauna of marine clay-rich deposits at
Klintinghoved was described by Sorgenfrei (1940). The
deposits were defined as the Klintinghoved Formation in
a later publication (Sorgenfrei 1958). The Klintinghoved
Formation was included in the stratigraphy of L.B.
Rasmussen (1961).

Name. After Klintinghoved cliff, Flensborg Fjord (Figs 1,
42).

Type and reference sections. Following Sorgenfrei (1958),
the type section is the outcrop at Klintinghoved cliff
(54°53´23.15´´N, 9°49´43.62´´E; Figs 40, 42). The ref-
erence section is designated in the cored Sdr. Vium bore-
hole (DGU no. 102.948; 54°53´23.18´´N, 9°49´43.94´´E)
from 288 to 132 m (Figs 40, 41). 

Thickness. At Klintinghoved, the exposed section is 3.5 m
thick; neither base nor top of the formation is seen. In the

subsurface, the formation is 10–50 m thick in central
Jylland, thickening to over 125 m in the west and south-
west (e.g. Sdr. Vium, Fig. 40).  

Lithology. The formation consists of dark brown, silty clay
with subordinate intercalated sand beds (Figs 43, 44). The
sand beds are sharp based and homogenous to finely lam-
inated; double clay layers are recognised locally. In the
cored borehole at Sdr. Vium, the formation is dominated
by dark brown mud with intercalated sand beds (Figs 40,
41, 45). The sand beds typically show sharp lower bound-
aries, and are commonly structureless in the lower part
passing upward into laminated sand. 

Log characteristics. The formation is characterised by mod-
erate to high gamma-ray values (Fig. 40). The log pattern
is highly serrated, reflecting interbedded muds and sands
at various levels, and shows a general decrease in gamma-
ray response upwards.   

Fossils. The Klintinghoved Formation contains a rich mol-
lusc fauna (Sorgenfrei 1958). Shark teeth also occur and
marine microfossils such as foraminifers (Laursen &
Kristoffersen 1999) and dinocysts (Dybkjær & Rasmussen
2000; Dybkjær 2004a; Rasmussen & Dybkjær 2005) are
abundant and diverse. 
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Fig. 40. Type and reference sections of the
Klintinghoved Formation. The type section is
defined at Klintinghoved, east of Sønderborg,
where 3.5 m of the formation is exposed. The
reference section is the interval from 288 to
132 m in the Sdr. Vium borehole. The inter-
vals outlined in red are shown in detail in Fig.
41; for legend, see Fig. 8, p. 17.
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Depositional environment.The Klintinghoved Formation was
deposited in shelf, delta slope and lower shoreface envi-
ronments. Water depths were in the order of 15 to 60 m,
but locally up to 100 m based on the height of clinoforms
seen on seismic data. The depositional environment was
strongly influenced by storms and tidal processes.

Boundaries. The lower boundary is, in the northern part,
characterised by a change from sand-rich deposits of the
Billund Formation to the predominantly dark brown, silty
clay of the Klintinghoved Formation (e.g. Store Vorslunde,
Fasterholt, Sunds and Resen boreholes, Plate 2). In the
southern part where the Klintinghoved Formation overlies
the Vejle Fjord Formation, the boundary is not marked by
significant changes in lithology, although the Vejle Fjord
Formation tends to be slightly more consolidated. On the
gamma-ray log, a weak to marked shift to higher gamma-
ray values defines the boundary, especially where the Klin-
tinghoved Formation overlies the Billund Formation (e.g.
Rødding, Almstok, Store Vorslunde, Fasterholt, Sunds and
Resen boreholes, Plate 2). At outcrop, the lower boundary
is often erosional and overlain by a gravel lag, as seen at
Rønshoved and Børup (Rasmussen & Dybkjær 2005); the
gravel lag commonly contains clasts up to 4 cm in di ameter. 

The upper boundary is either sharp, exemplified by the
Bastrup borehole (Fig. 52; Plate 8), or gradational as in the
Almstok borehole (Fig. 52; Plate 2). In the Bastrup bore-
hole, the upper boundary is placed where grey mud is
sharply overlain by grey, medium-grained sand. In bore-
holes where a more gradational development occurs, the
boundary is marked by a change from alternating beds of
sand and mud to a clean sand unit at least 5 m thick and
comprising at least 75% sand. On the gamma-ray log, the
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Fig. 41. Detailed sedimentological logs of representative intervals
of the Klintinghoved Formation in the reference section (for loca-
tion, see Fig. 40; for legend, see Fig. 8 on page 17).
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Double clay layersDouble clay layers

Fig. 42. The Klintinghoved cliff, viewed
from the east (cliff is c. 10 m high). The
location of the type section of the
Klintinghoved Formation is arrowed. 

Fig. 43. Alternating clay and bioturbated
and laminated sand of the Klintinghoved
Formation at the type locality. Note the
double clay layers in the sand indicating
tidal influence on deposition.

Fig. 44. Interlaminated, dark brown clayey
silt and thin, fine-grained sand of the
Klintinghoved Formation at the type 
locality.
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boundary is generally characterised by a minor decrease in
gamma-ray values followed by a consistent decrease in val-
ues upwards, as seen in the Almstok borehole (Fig. 52;
Plate 2) and in the Holstebro and Klosterhede boreholes
(Plate 4). In the Bastrup borehole, the upper boundary is
characterised by a distinct decrease in gamma-ray values.
In western Jylland where Klintinghoved Formation is over-
lain by the Arnum Formation (e.g. Kvong, Sdr. Vium bore-
holes, Plate 4), the boundary is placed at a distinct increase
in gamma-ray readings separating coarsening-upward units
of the Klintinghoved and Arnum Formations.  

Distribution. The Klintinghoved Formation is distributed
in the northern part of central Jylland and in western and
southern Jylland (Fig. 10D).

Biostratigraphy. The Thalassiphora pelagica and Sumatra-
dinium hamulatum Dinocyst Zones of Dybkjær & Piasecki
(2010) are recognised in the Klintinghoved Formation.

Geological age. The Klintinghoved Formation is of late
Aquitanian to early Burdigalian (Early Miocene) age. 

Subdivision. The Klintinghoved Formation includes the
new Kolding Fjord Member. 
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Fig. 45. Core sections from the Sdr. Vium borehole, illustrating
interbedded, dark brown silty clays and sharp-based sands of the
Klintinghoved Formation. A: 272.70 m (base of illustrated sec-
tion); B: 250.45 m (base). The sand beds are normally graded and
homogenous to weakly laminated in the lower part. Note the
double clay layers (B, arrow) indicating tidal influence on sedi-
mentation. 
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Kolding Fjord Member

new member

History. Sand and organic-rich clayey sediments exposed at
Lillebælt were studied by Radwanski et al. (1975), E.S.
Rasmussen (1995) and Friis et al. (1998). In these studies,
the sediments were referred tentatively to the Vejle Fjord
Formation of previous usage. However, a biostratigraphic
study by Dybkjær & Rasmussen (2000) revealed that the
sediments were significantly younger than the Vejle Fjord
Formation (as recognised here) and equivalent in age to the
Klintinghoved Formation (L.B. Rasmussen 1961).  

Name. The Kolding Fjord Member crops out at a number
of localities along Lillebælt and Kolding Fjord. It is named
after Kolding Fjord, where the type locality of Rønshoved
is situated.

Type and reference sections. The type section is the exposure
at Rønshoved on the southern side of Kolding Fjord
(55°29´26.90´´N, 9°38´36.10´´E; Figs 1, 46). Other local-
ities where the member is exposed are Hagenør, Børup,
Galsklint and Fænø in the Lillebælt and Kolding Fjord
area (Fig. 1). A minor outcrop is also recognised at
Gyldendal, Limfjorden. The reference section is the out-
crop at Hagenør (Figs 1, 47).

Thickness. The Kolding Fjord Member is 11 m thick at
Rønshoved and c. 8 m at Hagenør (Figs 46, 47). Although
rarely exceeding 10 m, developments up to 20 m thick are
recognised locally (e.g. Vonsild and Vind boreholes, Plates
1, 8).   

Lithology. The member is composed of white to yellow,
fine- to medium-grained sand with a few thin, brown clay
layers. At the type section, the basal unit is a gravel layer
c. 10 cm thick that contains clasts up to 4 cm in diameter.
The clasts consist of almost pure quartz and quartzitic sand-
stone. The succeeding sandy part of the member in the
type section is dominated by hummocky and swaley cross-
stratified silt and fine-grained sand (Figs 46, 48). The more
clayey part is dominated by heterolithic mud which shows
hummocky cross-stratification and clear rhythmicity i.e.
double clay layers and alternating sand- and mud-rich units.
Layers up to 2 m thick of dark brown, organic-rich, clayey
silt may be intercalated in the sand (Figs 49, 50). Homo-
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Fig. 46. Type section of the Kolding Fjord Member at Rønshoved,
east of Kolding; for legend, see Fig. 8, p. 17.
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geneous sand beds capped by wave-ripples are also com-
mon on top of lagoonal deposits (Fig. 51); wave-ripple
crests are oriented north-west–south-east. Trace fossils,
including Macaronichnus isp., Ophiomorpha nodosa and

echinoid burrows, are common in the Kolding Fjord
Member (Radwanski et al. 1975).

Log characteristics. The member is characterised by low to
moderate gamma-ray values. The log pattern is serrated; high
gamma-ray values are registered where lagoonal, clay-rich
deposits dominate.  

Fossils. The Kolding Fjord Member contains a dinocyst
assemblage of variable richness (Dybkjær & Rasmussen
2000; Rasmussen & Dybkjær 2005).

Depositional environment. Deposition took place on a storm-
dominated coast in a lower and upper shoreface environ-
ment (Friis et al. 1998; Rasmussen & Dybkjær 2005). The
fine-grained, heterolithic part was deposited in a lagoonal
environment with some tidal influence. The upper part of
the member was deposited as washover fans on the back-bar-
rier flat during the final degradation of the barrier complex.  

Boundaries. In the type section, the lower boundary is ero-
sional and, as in other exposures (e.g. Børup, Galsklint) and
borehole sections (e.g. Stakroge, Plate 3), is defined by a
distinct change from the sandy deposits of the Billund
Formation to gravel-dominated layers of the lowermost
Kolding Fjord Member. In such cases, the gamma-ray log
shows a marked decrease in values at the boundary (Plate
3). In the Vonsild borehole, however, located near the type
and reference sections, the lower boundary is recognised
by a prominent increase in gamma-ray readings, due to
the presence of fine-grained, lagoonal sediments in the
lower part of the member (Plates 1, 8). It is acknowledged
that identification of this boundary may be difficult on the
gamma-ray log where shoreface sands occur both beneath
and above the boundary and the transgressive lag is thin. 

The upper boundary is characterised by a change from
the sand-dominated succession of the Kolding Fjord
Member to dark brown, clayey silts of the Klintinghoved
Formation. The gamma-ray log shows a distinct increase
in gamma-ray values.   

Distribution. The member is recognised in east Jylland and
south-west of Holstebro in west Jylland (Fig. 10D).

Biostratigraphy. The Thalassiphora pelagica and Sumatra-
dinium hamulatum Dinocyst Zones of Dybkjær & Piasecki
(2010) occur in the Kolding Fjord Member.

Geological age. The Kolding Fjord Member is of late
Aquitanian to early Burdigalian (Early Miocene) age. 
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Fig. 47. Reference section of the Kolding Fjord Member at Hage-
nør; for legend, see Fig. 8, p. 17. Quat.: Quaternary.
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Fig. 48. Heterolithic deposits of the Kolding Fjord Member sharply overlain (at 5.3 m in Fig. 46) by hummocky cross-stratified sand at
Rønshoved in the type section. The heterolithic succession is characterised by alternating hummocky cross-stratified sand and sandy clay and
various types of ripple-laminated sand. About 3 m of the section is shown.

Fig. 49. Exposure of the Kolding Fjord Member in the reference section at Hagenør. The lower part of the Hagenør outcrop is characterised
by two organic-rich, clayey silt deposits separated by bioturbated sand (see Fig. 47). The upper part of the exposure is dominated by alter-
nating sand and clay layers; the sand beds are typically sharp based, homogenous to weakly laminated in the lower part and capped by wave-
or current-ripples.
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Bastrup Formation
new formation 

General. The new Bastrup Formation is recognised pri-
marily in the subsurface. This fluvio-deltaic, sand-domi-
nated formation interdigitates in a complex manner with
the more distal, marine, mud-rich Klintinghoved Formation.
These formations thus alternate up-section in certain bore-
holes (e.g. Plates 1, 2, 6).

Name. After Bastrup village, south-west of Kolding (Fig. 1).

Type and reference sections. The type section is the interval
from 108 to 84 m (110–84 m MD) in the Bastrup bore-
hole (DGU no. 133.1298; 55°24´21.58´´N, 9°14´47.40´´E;
Fig. 52). The reference section is the interval from 160 to
111 m (160–111 m MD) in the borehole at Almstok (DGU
no. 114.1858; Fig. 52). 

Thickness. The thickness of the Bastrup Formation is 24
m in the type section, but the formation is commonly c.
50 m thick (see reference section, Fig. 52 and Plates 2, 3).
A maximum thickness of 100 m was penetrated in the
borehole at Løgumkloster (Plate 3).

Lithology. The Bastrup Formation consists predominantly
of grey, medium- to coarse-grained sand with intercalated
gravel layers; the diameter of gravel clasts rarely exceeds 2
cm. Petrologically, the sand is dominated by quartz and
quartzite lithic grains with minor content of mica and
heavy minerals. In a few boreholes, however, a high con-
centration of mica has been recorded (e.g. Estrup). Dark
brown, organic-rich, silty clay is locally present. The for-
mation is characterised by both coarsening-upward and
fining-upward depositional patterns. The upper part of the
formation is commonly characterised by a 15–30 m thick
fining-upward succession consisting of coarse-grained to fine-
grained sand. In the north, gravel commonly forms the
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Fig. 50. Close-up of lagoonal facies in the
Kolding Fjord Member at Hagenør. The
light brown deposits that are capped by
sand ripples and sandwiched between dark
lagoonal clays contain marine paly-
nomorphs and represent a short marine
incursion; the strike of the ripple crests is
NW–SE. The illustrated section is c. 2 m
high.

Fig. 51. Close-up of the alternating sand
and clay layers of the Kolding Fjord
Member exposed in the upper part of the
Hagenør reference section. Spade handle
for scale.
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base of the fining-upward units. Clay-rich sediments with
subordinate intercalations of coal are often sandwiched
between sand-rich units. 

Log characteristics. The formation is characterised by low
gamma-ray values (Fig. 52). The log pattern is serrated and
shows both decreasing- and increasing-upward trends
through the succession. The decreasing trend is associated
with delta progradation and the increasing-upward trend
is associated with channel-fill deposits (i.e. point bars)
which are common in the upper levels of the formation,
and can locally be demonstrated on seismic data (E.S.
Rasmussen et al. 2007).

Fossils. A sparse foraminifer assemblage occurs in the dis-
tal part of the Bastrup Formation (Laursen & Kristoffersen
1999). The dinocyst flora is variable overall, being rich at
some levels and very sparse/impoverished at other levels
(Dybkjær 2004a; Dybkjær & Piasecki 2010).

Depositional environment. Deposition took place in deltaic
and fluvial environments. Well developed point bars and
fluvial channels are common in the upper part (E.S.
Rasmussen et al. 2007; E.S. Rasmussen 2009b). The inter-
calated mud represents floodplain deposition.

Boundaries. The lower boundary is either sharp, for exam-
ple in the type section of the Bastrup borehole or grada-
tional as in the Almstok reference section (Fig. 52). In the
type section, the lower boundary is placed where grey mud
is sharply overlain by grey, medium-grained sand; on the
gamma-ray log, this lower boundary is defined at a marked
decrease in gamma-ray values. A gravel layer is commonly
present at the base of the Bastrup Formation. In grada-
tional sections showing interbedded sands and muds,
becoming sandier upwards, the boundary is defined at the
base of the first significant sand interval (at least 5 m thick)
in which the sand to mud ratio is greater than 75%. In such
gradational sections, the log response reflects the transi-
tional nature of the boundary, showing a minor decrease
in gamma-ray values followed by a consistent overall decrease
upwards (e.g. the Almstok borehole, Fig. 52).

The upper boundary is defined by a sharp transition
from grey and white sand of the Bastrup Formation to dark
brown, silty clay of the Arnum Formation. In central Jylland,
the Arnum Formation is developed as a grey to white silt,
which rests with a sharp boundary on the sand-rich Bastrup
Formation. On the gamma-ray log, this upper boundary
is typically identified by a prominent shift to higher values. 

Distribution. The formation is present in southern and cen-
tral Jylland. Towards the north-east, the formation is trun-
cated and it pinches out towards the south-west (Fig. 10E).

Biostratigraphy. The Sumatradinium hamulatum and Cordo-
sphaeridium cantharellus Dinocyst Zones of Dybkjær &
Piasecki (2010) occur in the Bastrup Formation.

Geological age. The Bastrup Formation is of early Burdigalian
(Early Miocene) age. 

Subdivision. The Bastrup Formation includes the new Resen
Member.
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Fig. 52. Type and reference sections
of the Bastrup Formation. The type
section is from 108 to 84 m in the
Bastrup borehole. The reference  sec -
tion is from 160 to 111 m in the
Almstok borehole; for legend, see
Fig. 8 on page 17. Ar.: Arnum.
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Resen Member

new member 

General. This member is recognised widely in the Bastrup
Formation, representing fluvial-dominated facies that com-
monly are inferred to be incised into the undifferentiated
Bastrup Formation deltaic facies. It is mainly recognised
in the subsurface, but coal was formerly mined in a pit
near Resen, south of Skive (Fig. 1).

Name. After the village of Resen, south of Skive, where a
brown-coal pit was mined (Fig. 1).

Type and reference sections. The type section is the com-
posite interval from 124 to 112 m  and from 97 to 70 m
(125–113 m  MD, 97–71 m MD) in the borehole at
Hammerum, east of Herning (DGU no. 85. 2429;
56°07´55.45´´N, 9°05´33.52´´E; Figs 1, 53). The reference
section is the interval from 104 to 67 m (105– 67 m MD)
in the Egtved borehole, south-west of Vejle (DGU no.
124.1159; Figs 1, 53). 

Thickness. The member is 39 m thick in the type section
(Fig. 53) and is typically in the range 10–40 m thick (Plates
2, 3, 6, 7). 

Lithology. The member consists of grey, medium- to coarse-
grained sand with intercalated gravel layers. Dark brown,
organic-rich, silty clay with some coal is present locally.
The member is typically characterised by 10–30 m thick
fining-upward successions; a number of boreholes show
stacked, fining-upward cycles that may be separated by
intervals referred to the Bastrup Formation (undifferenti-
ated). 

Log characteristics. The member is characterised by low
gamma-ray readings. The log pattern is serrated and, where
simply developed (e.g. Billund, Plate 2), shows an increas-
ing trend upwards, reflecting the origin of these sand-rich
units as channel fill deposits. In some boreholes, such chan-
nel sands are separated by finer-grained deposits showing
moderate–high gamma-ray values (Fig. 53).

Fossils. The dinocyst flora is variable overall, being rich at
some levels and very sparse/impoverished at other levels
(Dybkjær 2004a; Dybkjær & Piasecki 2010).

Depositional environment. Deposition took place in fluvial
environments, and well-developed point bars and fluvial
channels are common (E.S. Rasmussen et al. 2007; E.S.
Rasmussen 2009b). The intercalated mud represents flood-

plain deposition and some marine influence has also been
recognised, especially in the southern part. The most exten-
sive coal formation was within freshwater lakes and mires
developed in the rim synclines around salt diapirs, e.g. the
Sevel and Mønsted salt structures south of Skive (Japsen
& Langtofte 1991).

Boundaries. The Resen Member is bounded both by sand-
rich units (e.g. Bastrup Formation beneath, Vandel Member
above) and by mud-rich units (Klintinghoved Formation
beneath, Arnum Formation above). Where succeeding the
Klintinghoved Formation, the boundary is sharp and placed
where dark brown, clayey silts of the Klintinghoved
Formation are sharply overlain by grey, medium- to coarse-
grained sands, locally with a basal gravel layer. On the
gamma-ray log, this relationship is recorded by an abrupt
shift to lower values (Fig. 53). In sections where the Resen
Member succeeds the undifferentiated Bastrup Formation,
the boundary is defined at the base of coarser sand/gravel
deposits at a shift from decreasing-upward gamma-ray val-
ues (Bastrup Formation) to increasing-upward gamma-ray
values (Resen Member channel sands). 
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Fig. 53. Type and reference sections of the Resen Member. The
composite section (124–112 m, 97–70 m) in the Hammerum bore-
hole is designated as the type section. The reference section is the
interval from 104 to 67 m in the Egtved borehole; for legend, see
Fig. 8, p. 17. A.: Arnum. Klint.: Klintinghoved. Od.: Odderup.
Res.: Resen.
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The upper boundary is typically defined by a sharp tran-
sition from grey and white sands of the Resen Member to
dark brown, silty clay of the Arnum Formation; on the
gamma-ray log this is reflected by an abrupt increase in
values. In central Jylland, the upper boundary is charac-
terised by a sharp change from grey and white sand to grey
and white silt of the Vandel Member. On the gamma-ray
log, this facies transition is reflected by an increase in
gamma-ray values that continues up through the Vandel
Member.   

Distribution. The member is present in southern and cen-
tral Jylland (Fig. 10E; Plates 1, 2, 6). Towards the north-
east, the member is truncated and it pinches out towards
the south-west.

Biostratigraphy. The Sumatradinium hamulatum and Cordo-
sphaeridium cantharellus Dinocyst Zones of Dybkjær &
Piasecki (2010) occur in the Resen Member.

Geological age. The Resen Member is of early Burdigalian
(Early Miocene) age. 

Arnum Formation
revised formation

General. The marine clay-dominated Arnum Formation is
only recognised in the subsurface where it shows complex
interdigitation with the nearshore sand-rich Odderup
Formation. These two formations thus altenate up-section
in some boreholes (Plates 1–9).

History. The Arnum Formation was defined by Sorgenfrei
(1958) to encompass the dark micaceous marine clays
occurring stratigraphically above the Ribe Formation (of
previous usage). 

Name. After Arnum village in southern Jylland (Fig. 1).

Type and reference sections. The Arnum Formation was pen-
etrated in two boreholes at Arnum (DGU no.150.13, DGU
no.150.25b; both at 55°14´48.07´´N, 8°58´18.48´´E)
from 107 to 40 m and from 107.5 to 40 m respectively
(Sorgenfrei 1958); together these sections form the type sec-
tion. The composite interval 132–111 m and 98–51 m in
the cored borehole, Sdr. Vium (DGU no. 102.948) is des-
ignated as the reference section (Fig. 54). A secondary ref-
erence section is defined as the interval from 55 to 37 m

(56–39 m MD) in the Store Vorslunde borehole (DGU no.
104.2325; Fig. 55).

Thickness. The formation is c. 93 m thick in the type bore-
hole (Sorgenfrei 1958). The formation is commonly only
a few tens of metres thick in the north-east of the area but
thickens west and south (Plates 4, 7, 9); about 130–150
m were encountered in the Borg-1 and Rømø boreholes
and nearly 200 m in the Forumlund borehole (Plate 4). 

Lithology. The Arnum Formation consists of dark brown,
silty clay with occasional shell beds. Thin laminated, fine-
grained sand beds are common. The sand beds commonly
display a sharp lower boundary succeeded by laminated
and low-angle cross-bedded sand capped by wave lami-
nated sand. Micro-hummocky cross-stratification is com-
mon. Some of the wave-rippled sand beds have sharp erosive
upper boundaries overlain by mud (Fig. 56A–C). Thin
sand beds and silt layers may have a high content of heavy
minerals; glaucony is present and locally forms discrete
lamina (Fig. 56D).

Log characteristics. The formation is characterised by mod-
erate–high gamma-ray values (Figs 54, 55). The log pat-
tern is serrated (reflecting subordinate interbedded sands)
and commonly shows an overall decreasing trend upwards.
Discrete gamma-ray peaks may be related to silt and sand
beds rich in heavy minerals.  

Fossils. The Arnum Formation contains a rich assemblage
of marine molluscs (Sorgenfrei 1958; L.B. Rasmussen
1961). Rich foraminifer and dinocyst assemblages also
occur in this formation (Laursen & Kristoffersen 1999;
Dybkjær & Piasecki 2010). 

Depositional environment. The Arnum Formation was
deposited in a fully marine shelf environment. The water
depth is unknown, but the concentration of heavy miner-
als and the presence of scours and wave-rippled sand may
indicate rather shallow water with frequent reworking and
sorting of sediments.

Boundaries. The Arnum Formation is typically bounded by
sand-rich formations, the Bastrup Formation or Vandel
Member beneath and the Odderup Formation, both beneath
and above. In the former case, the lower boundary is defined
by a sharp transition from grey and white sand of the
Bastrup Formation to dark brown, silty clay of the Arnum
Formation, recorded on the gamma-ray log as an abrupt
increase in values. In central Jylland, the lower boundary
is defined at the change from grey and white sand to grey
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and white silt of the Vandel Member. In western and south-
ern sections, the Bastrup Formation is absent and the clay-
rich Arnum Formation succeeds silty clays of the
Klintinghoved Formation (Fig. 54). This boundary may be
difficult to locate but is typically placed where the consis-
tently decreasing-upward gamma-ray trend of the upper-
most Klintinghoved Formation is succeeded by the ‘noisy’,
serrated pattern of the Arnum Formation (e.g. Fig. 54;
Kvong borehole, Plate 4).

The upper boundary is placed at the base of the first sig-
nificant occurrence of grey fine-grained sand, commonly
with a high content of heavy minerals, that is thicker than
5 m with a sand/mud ratio of at least 75%. On the gamma-
ray log, the upper boundary with the Stauning Member may
be difficult to recognise but is marked by a shift from ser-
rated and moderate–high gamma-ray values to low–mod-
erate values, albeit still serrated in nature (e.g. Stauning
borehole, Plate 6). At Rømø, in the far south-west (Plate
9), the Odderup Formation is absent and the Arnum
Formation is overlain by the Hodde Formation (Måde
Group); the boundary is placed at the shift from consis-
tent moderate–high gamma-ray values to increasing-upward
values.
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Fig. 55. The secondary reference section for the Arnum Formation
is the interval from 55 to 37 m in the Store Vorslunde borehole; for
legend, see Fig. 8, p. 17. Bas.: Bastrup.

Fig. 54. The primary reference section of the Arnum Formation is
the composite interval (132–111 m, 98–51 m) in the cored Sdr.
Vium borehole; for legend, see Fig. 8, p. 17. 
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Distribution. The formation is recognised in Jylland, south-
west of a line from Struer to Horsens (Figs 1, 10F).

Biostratigraphy. The Cordosphaeridium cantharellus, Exocho-
sphaeridium insigne, Cousteaudinium aubryae and Labyrin-
thodinium truncatum Dinocyst Zones of Dybkjær & Piasecki
(2010) occur in the Arnum Formation.

Geological age. The Arnum Formation is of Burdigalian to
early Langhian (Early – early Middle Miocene) age. 

Subdivision. The Arnum Formation includes the new Vandel
Member.

Vandel Member

new member

General. The lack of exposure of this member precludes
detailed description and environmental interpretation. It
is defined as a discrete member of the Arnum Formation

since it forms a recognisable marker interval between the
coarse siliciclastics of the Bastrup Formation beneath and
the mud-rich facies of the Arnum Formation above. 

Name. After the village of Vandel, east of Billund (Fig. 1).  

Type and reference sections. The type section is the inter-
val from 114 to 102 m (112–102 m MD) in the Vandel
Mark borehole (DGU no.115.1371; 55°42´47.99´´N,
9°10´54.82´´E; Figs 1, 57). The reference section is the
interval from 100 to 97 m (100–97 m MD) in the Grindsted
borehole (DGU no. 114.2038; Fig. 57).

Thickness. The thickness of the member rarely exceeds the
12 m recorded in the borehole at Vandel Mark (Plate 7).

Lithology. In both the Vandel and the Grinsted boreholes,
log and/or cuttings data indicate a lowermost sand or gravel
layer, fining upwards into mud-rich deposits. The diag-
nostic feature of the Vandel Member, however, is the occur-
rence of grey to white silt with a high content of heavy min-
e rals; clasts of reworked reddish Eocene clay may be present.
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Fig. 56. Slabbed core sections from the Sdr. Vium borehole showing typical lithologies of the Arnum Formation. A: Dark brown clayey silt
interbedded with hummocky cross-stratified sand; 59.20 m (base of illustrated core). B: Hummocky cross-stratified sand bed bounded by
dark brown silty clays; 73.40 m (base). C: Heterolithic deposits showing double clay layers (arrows); 95.60 m (base). Note the small-scale
faults cutting the succession, possibly due to contemporaneous seismic activity. D: Bioturbated clay with a 1 mm lamina rich in glaucony;
125.00 m (base).
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Log characteristics. The member shows intermediate gam-
ma-ray readings overall with subordinate low values near
the base (sandy beds) and localised high peaks (? heavy
mineral sands). 

Fossils. No fossils have been recorded.

Depositional environment.The depositional setting is unclear
but the member caps fluvio-deltaic deposits (Resen Member)
of the Bastrup Formation. The absence of fossils could
point towards a floodplain depositional environment.  

Boundaries. The lower boundary is defined by a lithologi-
cal shift from grey sand to grey and white silt as observed
in borehole cuttings samples. This boundary is difficult to
position on the gamma-ray log alone; a minor increase in
values is observed in the type section (Fig. 57), followed
by a weak increasing-upward trend. 

The upper boundary is placed at the top of the interval
of white to grey silt. A slight, but distinct decrease in
gamma-ray values is recognised at the upper boundary in
the type section.

Distribution. The member is recognised in central Jylland
(Fig. 10F).

Biostratigraphy. The Vandel Member is barren of dinocysts,
but the Cordosphaeridium cantharellus Dinocyst Zone
(Dybkjær & Piasecki 2010) occurs in the lithostratigraphic
units below and above. 

Geological age. The Vandel Member is of Burdigalian (late
Early Miocene) age. 

Odderup Formation
redefined formation

History. The Odderup Formation was defined by L.B.
Rasmussen (1961), from the borehole at Odderup
Brickworks where the succession of brown coal and quartz
sand from 40.3 to 28.2 m was defined as the type section.
Koch (1989) subsequently erected the Fasterholt Member
and included this in the Odderup Formation. The forma-
tion is redefined here, based on the more extensive subsurface
database now available, to include the marine sand-dom-
inated succession, commonly rich in heavy minerals, that
is associated with the largely terrestrial sediments recognised
in the early work. 

Name. After Odderup village in western Jylland (Fig. 1).

Type and reference sections. Following L.B. Rasmussen (1961),
the type section is the borehole at Odderup (DGU no.
103.150; 55°52´19.05´´N, 8°37´42.28´´E) from 40.3 to
28.2 m. The formation is exposed at the Abildaa Brown
Coal Museum near Ørnhøj but only the brown-coal-bear-
ing Fasterholt Member is present here. The primary refer-
ence section is the interval from 37 to 1 m (39–1 m MD)
in the borehole at Store Vorslunde (DGU no. 104.2325).
The secondary reference section illustrates the alternation
of the Odderup and Arnum Formations that is observed
in a number of boreholes (Plates 2–9); the Odderup
Formation is represented in the intervals from 118 to 110
m (118–111 m MD) and 90 to 41 m (90– 42 m MD) in
the Rødding borehole (DGU no. 141.1141; Fig. 58).

Thickness. The formation is c. 12 m thick at the type sec-
tion and about 36 m thick in the primary reference sec-
tion. In central Jylland, it commonly exceeds 40 m (Plates
2, 7) and an exceptionally thick development was recorded
in the Tinglev borehole (c. 165 m; Plates 1, 9).   

Lithology. The formation consists of fine- to coarse-grained
sand with some intercalation of clay beds and brown coal.
The formation consists of quartz and clast of quartzites
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Fig. 57. Type and reference sections of the Vandel Member. The
type section is the interval from 114 to 102 m in the Vandel Mark
borehole. The reference section is the interval from 100 to 97 m in
the Grindsted borehole; for legend, see Fig. 8, p. 17. Odd.:
Odderup. St.: Stauning. Va.: Vandel Mb.
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with minor content of mica. Heavy minerals are locally
very common. The sand is characterised by low-angle cross-
bedding dipping towards the south-west, and is enriched
in heavy minerals (Fig. 59). The fine-grained part of the
formation is dominated by hummocky cross-stratified sand
and homogenous to laminated sand.

The Odderup Formation is characterised by a succes-
sion of sand with subordinate clay layers; the Odderup
Formation is differentiated from the Arnum Formation in
being sand-dominated with a sand/mud ratio of at least 75%
and a minimum thickness of 5 m.  

Log characteristics. The formation is characterised by low
to moderate gamma-ray values (Fig. 58); an overall decreas-
ing-upward gamma-ray trend is typical. High gamma-ray
values are associated with beds rich in heavy minerals.

Fossils. Marine molluscs as well as dinocysts occur in the
south-western sections of the Odderup Formation (Stauning
Member; Piasecki 1980; Dybkjær & Piasecki 2010).
Foraminifers reported from coarser-grained (more proxi-
mal) intervals (Laursen & Kristoffersen 1999) may be the
result of caving from higher strata. Fossil seeds, leaves and
wood are abundant in coal beds and lacustrine sands and
muds of the terrestrial Fasterholt Member.

Depositional environment. The Odderup Formation was
deposited in the lower to upper shoreface and swash zone
of a prograding coastal-plain (Odderup Formation undif-
ferentiated and Stauning Member). The coals and associ-
ated sediments are the deposits of freshwater lakes, lagoonal
swamps  and mires (Fasterholt Member; Koch 1989). 

Boundaries. The lower boundary is placed where fossilifer-
ous, dark brown, silty clays with subordinate, fine-grained
sand layers referred to the Arnum Formation are overlain
by a significant thickness (> 5 m) of grey fine-grained sand
(sand: mud > 75%), commonly with a high content of
heavy minerals. On the gamma-ray log, the lower bound-
ary may be an abrupt shift to lower values, particularly
where the Fasterholt Member directly overlies the Arnum
Formation.  This boundary may be more difficult to locate
where the Stauning Member forms the lowermost Odderup
Formation but the increase in the proportion of sand at this
level is generally reflected by a fall in the gamma-ray val-
ues (e.g Ulfborg borehole, Plate 5). 

The upper boundary is a marked change in lithology from
the white, fine- to medium-grained sand of the Odderup
Formation to the dark brown, clayey silt of the Hodde
Formation. The boundary is typically sharp but locally is
marked by a gravel layer, the base of which defines the

boundary. The gamma-ray log typically shows a promi-
nent shift (to higher values) at the boundary.
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Fig. 58. Reference sections of the Odderup Formation; for legend,
see Fig. 8, p. 17. The primary reference section is the interval from
37 to 1 m in the Store Vorslunde borehole. The secondary reference
section is the composite interval (118–110 m, 90–41 m) in the
Rødding borehole. A.: Arnum. Fa.: Fasterholt Mb. 
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Distribution. The Odderup Formation is distributed in
west, central and southern Jylland (Fig. 10G).

Biostratigraphy. The Cordosphaeridium cantharellus, Exocho-
sphaeridium insigne, Cousteaudinium aubryae and Labyrin-
thodinium truncatum Dinocyst Zones of Dybkjær & Piasecki
(2010) occur in the marine parts of the Odderup Formation. 

Geological age. The Odderup Formation is of Burdigalien
to early Langhian (Early to earliest Middle Miocene) age. 

Subdivision. The Odderup Formation includes the new
Stauning Member and the Fasterholt Member (Koch 1989).

Stauning Member

new member

History. Knudsen et al. (2005) recognised that fine-grained
sand layers with a high content of heavy minerals occurred
in the Arnum Formation in a number of boreholes in south
and central Jylland; these sand layers were informally referred
to as the ‘Stauning Sand’. On gamma-ray logs, the sand beds
are characterised by extremely high gamma-ray values.
Exploration for these heavy mineral sands was intensive
during the latter part of the 1990s in the Stauning and
Give areas.  

Name. After the village of Stauning (Fig. 1) where the mem-
ber subcrops Quaternary deposits at relatively shallow
depths.

Type and reference sections. The type section of the Stauning
Member is defined in the interval from 95 to 76 m (95–76
m MD) in the Vandel Mark borehole (DGU no. 115.1371;
55°42´47.99´´N, 9°10´54.82´´E; Fig. 60). The reference
section is the intervals from 118 to 110 m (118–111 m MD)
and 90 to 63 m (90–64 m MD) in the Rødding borehole
(DGU no. 141.1141; Fig. 60).

Thickness. Intervals referred to the Stauning Member com-
monly range from 10 to 40 m in thickness (e.g. Plates 2,
3), but over 100 m has been found in the extreme south-
ern part of the study area, for example in the Tinglev bore-
hole (Plate 9).   

Lithology. Intervals assigned to the Stauning Member, by
definition, have a sand/mud ratio of at least 75% and are
more than 5 m thick. The member is typically composed
of grey to white, fine-grained sand, with a high content of
heavy minerals, intercalated with dark brown, clayey silt
(Fig. 61). 

Log characteristics. The member typically shows a highly ser-
rated gamma-ray log (e.g. Plate 6, Stauning borehole)
although some sections show more stable low gamma-ray
values (e.g. Tinglev borehole, Plate 9). Extremely high
gamma-ray readings (e.g. Kvong borehole, Plate 4; Løvlund
borehole, Plate 7) are found in association with concen-
trations of heavy minerals.

Fossils. Marine molluscs occur in the Stauning Member
(Knudsen 1998) as well as foraminifers and dinocysts
(Laursen & Kristoffersen 1999; Dybkjær & Piasecki 2010). 

61

Fig. 59. Exposure (Isenvad gravel pit) of
the Odderup Formation showing low-
angle cross-bedded sand with concen-
trations of dark heavy minerals; the sand
was deposited in the swash zone of a
beach. The height of the illustrated 
section is 0.4 m.
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Depositional environment. The Stauning Member was
deposited as storm sand layers on the inner shelf, the sands
being primarily of storm origin.

Boundaries.The lower boundary is placed at the base of sand-
dominated (>75% sand) successions at least 5 m thick,

overlying the mud-rich Arnum Formation. In some wells,
this boundary is marked by a general upward decrease in
the background gamma-ray values (e.g. Hellevad borehole,
Plate 1; Føvling borehole, Plate 3) but anomalous exam-

62

Vandel Mark
borehole

DGU no. 115.1371

100

90

80

70

60

50

40

30

m.b.s.

Rødding
borehole

DGU no. 141.1141

120
0 150

110

100

90

80

70

60

50

40
m.b.s. GRGR

O
d
d
er

u
p
 F

m
H

.

O
d
d
er

u
p
 F

m
O

d
d
er

u
p
 F

m

O
d
d
er

u
p
 F

m
St

au
n
in

g 
M

b
St

au
n
in

g 
M

b

St
au

n
in

g 
M

b

A
rn

u
m

 F
m

A
r. 

Fm
A

rn
u
m

 F
m

M
id

d
le

 M
io

ce
n
e

L
o
w

er
 M

io
ce

n
e

L
o
w

er
 M

io
ce

n
e

0 60
cps

cps

120

Fig. 60. Type and reference sections of the Stauning Member; for
legend, see Fig. 8, p. 17. The type section is the interval from 95 to
76 m in the Vandel Mark Borehole. The reference section is the
composite interval (118–110 m, 90–63 m) in the Rødding bore-
hole. Ar.: Arnum. H.: Hodde Fm.

10 cm

A B CA B C

Fig. 61. Cores of the Stauning Member showing homogenous to
laminated, grey sand with some intercalated dark brown muds.
Note the high content of shells in C (arrows), especially in the lower
part of the sand beds. A: 15.72 m (base of illustrated core); B: 23.73
m (base); C: 26.94 m (base). Cores from a shallow borehole to
investigate the heavy mineral potential of Stauning Member sands;
2 km due west of Skjern.
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ples are also observed (e.g. Rødding borehole, Fig. 60),
possibly due to the heavy mineral content of the sands. 

The upper boundary is defined where the fine-grained
sand-rich succession is overlain by dark brown, silty clay
of the Arnum Formation or medium- to coarse-grained
sand of the Odderup Formation. Where the Odderup
Formation succeeds the Stauning Member, the upper bound-
ary is commonly reflected by a shift from a dominantly ser-
rated gamma-ray log pattern to a steady and gradually
decreasing gamma-ray log pattern (e.g. Plates 1, 2).

Distribution. The Stauning Member is found in southern,
central and western Jylland (Fig. 10G). 

Biostratigraphy. The Cordosphaeridium cantharellus, Exocho
sphaeridium insigne, Cousteaudinium aubryae and Labyrin-
thodinium truncatum Dinocyst Zones of Dybkjær & Piasecki
(2010) are recognised in the Stauning Member. 

Geological age. The Stauning Member is of Burdigalian to
early Langhian (Early to earliest Middle Miocene) age. 

Fasterholt Member

History. The Fasterholt Member was defined by Koch
(1989). Brown-coal-bearing layers were mentioned by
Forchhammer (1835) and brown-coal beds that crop out
in the banks of the Skjern Å (river) were reported by Dalgas
(1868) and Hartz (1909). Extensive mining of brown coal
occurred during the two world wars and large prospecting
programs were carried out in connection with the demands
for local energy resources (Milthers 1939; Milthers 1949).
Name. After the village of Fasterholt (Fig. 1). 

Type and reference sections.The formation has previously been
exposed in several brown-coal pits in central and western
Jylland and the Fasterholt brown-coal pit (56°00´52.60´´N,
9°06´16.05´´E) is the type locality of Koch (1989; Figs 1,
62). The member is only exposed today in a small pit at
Abildå near Ørnhøj (Fig. 1). The reference section is defined
in the Store Vorslunde borehole (DGU no. 104.2325) from
15 to 13 m (15–13 m MD; Fig. 62). 

Thickness. The member is c. 8.5 m thick in the type sec-
tion and is commonly about 10 m thick elsewhere in cen-
tral Jylland (Plate 2). It is not recognised in south-west
Jylland (Fig. 10G).  

Lithology. The Fasterholt Member consists of interbedded
sands, clays and brown coals. In the type section, it con-
sists of three sedimentary units, each typically showing a
fining-upward trend from a basal sandy lower part passing
upward into silty clay and capped by a brown-coal layer (Fig.
62). 

Fossils. Marine fossils are absent but spores and pollen, fos-
sil seeds, leaves and wood occur abundantly (Christensen
1975, 1976; Friis 1975, 1979; Koch 1977, 1989; Koch &
Friedrich 1970; Koch et al. 1973; Wagner & Koch 1974).

Depositional environment. The member is interpreted to
represent deposition in a terrestrial setting that included
lacustrine and mire environments (Koch 1989). The con-
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Fig. 62. Type and reference sections of the Fasterholt Member; for
legend, see Fig. 8, p. 17. The type section is the Fasterholt Brown
Coal Pit, north-west of Brande; this section is no longer exposed.
The log is redrawn from Koch (1989). The reference section is the
interval from 15 to 13 m in the Store Vorslunde borehole. A.:
Arnum Fm. Fa.: Fasterholt Mb.
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centration of brown coals in the depocentre of the
Norwegian–Danish Basin, particularly adjacent to pre-
existing faults indicates a structural control on the deposi-
tion. 

Boundaries. The lower boundary is sharp, being placed
where white sands are overlain by a succession dominated
by silty clay and brown coal, with intercalated sands. The
lower boundary may be marked by a dense root horizon
with tree stumps. On the gamma-ray log, the boundary is
characterised by a prominent shift towards high gamma-
ray values.

The upper boundary is also sharp, being typically marked
by the incoming of the sand-rich upper part of the Odderup
Formation; this lithological change is indicated on the
gamma-ray log by a distinct shift to lower readings. Where
overlain by clay-rich sediments of the Arnum Formation
(e.g. Vind borehole, Plate 4) or the Hodde Formation (e.g.

Fjelstervang borehole, Plate 3), the gamma-log values show
an abrupt increase. 

Distribution. The Fasterholt Member is restricted to cen-
tral Jylland (Fig. 10G).

Biostratigraphy. In the absence of marine fossils, the Faster-
holt Member is stratigraphically constrained by the pres-
ence of the C. aubryae Dinocyst Zone below (in the marine
Odderup or Arnum Formations) and the L. truncatum
Dinocyst Zone above (in the overlying Arnum Formation)
(Dybkjær & Piasecki 2010). 

Geological age. Due to the absence of marine fossils, the
Fasterholt Member is dated indirectly by the biostratigra-
phy of the under- and overlying marine strata. The age of
the Fasterholt Member is thus constrained to Burdigalian
to early Langhian (Early to earliest Middle Miocene). 

64
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History.The succession defined here as the Måde Group was
referred by L.B. Rasmussen (1961) to the ‘Måde serien’; this
encompassed the marine, clay-dominated younger Miocene
deposits. As described by L.B. Rasmussen (1961), the suc-
cession is characterised by a basal gravel layer which is over-
lain by black, mica-rich mud followed by a thin green ish,
glaucony-rich clay, grey clay and finally by fine- to medium-
grained sand. Relative to the North Sea litho stratigraphy,
the Måde Group correlates with the Nordland Group (Deegan
& Scull 1977; Hardt et al. 1989; Schiøler et al. 2007).

Name. After a local area west of Esbjerg (Fig. 1) that was
renowned for its brickworks based on Upper Miocene clays;
the last brick factories were closed in the 1970s. 

Type area. The type area of the Måde Group is south-west
Jylland. The group is exposed at the Gram clay-pit (Fig. 1)
where both the Gram and Marbæk Formations can be seen.
At Ørnhøj (Lille Spåbæk), the Hodde and Ørnhøj For-
mations are exposed and the Marbæk Formation crops out
in coastal cliffs at Sjelborg and Marbæk, north-west of
Esbjerg (Fig. 1). The full development of the group is illus-
trated by the cored borehole Sdr. Vium (DGU no. 102.948;
51–24 m, Fig. 63) and the Tinglev borehole (DGU no.
168.1378) from 197 to 50 m (197– 49 m MD; Fig. 63).  

Thickness. The group is typically about 25 m thick in the
western part of Jylland, but in  southernmost Jylland, for
example in the Tinglev borehole, nearly 150 m has been
penetrated (Fig. 63; Plate 9). 

Lithology. The Måde Group is dominated by dark brown,
organic-rich mud (Fig. 64). The lower part is composed of
alternating fine-grained sand and silty clay with a basal
gravel layer (Hodde Formation). Upwards, the succession
becomes more fine-grained with scattered incursions of
glaucony. This is succeeded by greenish brown, glaucony-
rich clay, typically 3 m thick (Ørnhøj Formation). In the
upper part of the glaucony-rich section, goethification of
glaucony grains is common (Dinesen 1976). This is over-
lain by a succession of brown clays rich in pyrite that
becomes siltier upwards with thin (c. 5 cm thick), fine-
grained storm sand beds occurring in the upper part. The
uppermost Måde Group consists of fine- to medium-
grained sand. 

Log characteristics. The group is characterised by moderate
to high gamma-ray readings (Fig. 63). Extremely high
gamma-ray values may be recorded in the lower levels of
the group, the upper part showing a gradual decrease in
gamma-ray readings (see Fig. 63).
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Fig. 63. The full development of the Måde Group is illustrated by
the interval from 51 to 24 m in the cored Sdr. Vium borehole and
the interval from 197 to 50 m in the Tinglev borehole; for legend,
see Fig. 8, p. 17. Hod.: Hodde. L. Mio.: Lower Miocene. Ø and *:
Ørnhøj Fm.
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Fossils. The Måde Group contains rich and diverse mollusc
faunas, crustaceans and vertebrates. Shark teeth are com-
mon. Foraminifers and dinocysts are abundant (see details
below in the description of the individual formations).

Depositional environment. The Måde Group was deposited
on a marine shelf. When the flooding of the land was at
its maximum, during the deposition of the glaucony-rich
Ørnhøj Formation and the lower part of the Gram
Formation, the water depth was over 100 m (Laursen &
Kristoffersen 1999). The upper part of the group was
deposited in front of a prograding coastline in an offshore
to shoreface setting.  

Boundaries. The lower boundary is sharp, being marked by
a thin gravel layer separating the white, fine-grained sand
of the Ribe Group from the dark brown mud of the Måde
Group. The upper boundary is a sharp erosional bound-
ary separating mud and fine-grained sand of the Måde
Group from Quaternary deposits, the boundary commonly
being characterised by a distinct change in lithology and
colour of the deposits. 

Distribution. The Måde Group is restricted to the western
and southern part of Jylland (Fig. 10H) and is found locally
around Herning and in the Brande–Give area (Fig. 1).

Geological age. The Måde Group is of early Langhian to lat-
est Tortonian (early Middle to Late Miocene) age.

Subdivision. The Måde Group is divided into four forma-
tions: the Hodde, Ørnhøj, Gram and Marbæk Formations.

Hodde Formation

History. The Hodde Formation was defined by L.B.
Rasmussen (1961) from the Hodde-1 borehole; it was
exposed during the construction (1941–43) of the
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Fig. 65. Reference sections of the Hodde Formation; for legend, see
Fig. 8, p. 17. The primary reference section is the interval from 51
to 44.9 m in the cored Sdr. Vium borehole. The secondary reference
section is the interval from 50 to 39 m in the Føvling borehole. G.:
Gram Fm. Hod.: Hodde. L. Mio.: Lower Miocene. U.: Upper
Miocene. Ør. and Ørn.: Ørnhøj. 
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Fig. 64. The open pit at Lille Spåbæk,
Ørnhøj (Fig. 1) where the Hodde, Ørnhøj
and Gram Formations were exposed in the
late 1970s. These three formations, togeth-
er with the Marbæk Formation, constitute
the Måde Group. The cliff is c. 10 m high.
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Karlsgårde channel, near Hodde, but this exposure does not
exist today. 

Name. After the village of Hodde in south-west Jylland
(Fig. 1). 

Type and reference sections. The type section was defined by
L.B. Rasmussen (1961) as the interval from 23.4 to 13.8
m in the Hodde-1 borehole (DGU no. 113.33;
55°41´04.11´´N, 8°40´14.27´´E). The formation is exposed
at Lille Spåbæk near Ørnhøj, south of Holstebro (Fig. 1).
The primary reference section is the interval from 51 to
44.90 m in the cored borehole at Sdr. Vium (DGU no.
102.948; Fig. 65). A secondary reference section is the
Føvling borehole (DGU no. 132.1835) from 50 to 39 m
(Fig. 65).

Thickness. The formation is 9.6 m thick (23.4–13.8 m) in
the type section and is typically 5–10 m thick where pre-

sent, but thickens in southernmost Jylland; more than 40
m was penetrated in the Rømø borehole (Plate 9).  

Lithology. The Hodde Formation consists of dark brown,
organic-rich, bioturbated silty clay with thin sand lenses
(Figs 66, 67); the pyrite content is high. The basal part of
the formation is composed of a thin gravel layer. In the upper
part of the formation, laminated, silty clay is common and
glaucony may occur. Trace fossils are common in the Hodde
Formation (Asgaard & Bromley 1974). 

Log characteristics. The formation is typified by moderate
to high gamma-ray values (Fig. 65); a gradual upward
increase in gamma-ray response is characteristic. Locally,
the upper part shows low gamma-ray readings, for exam-
ple in the Føvling borehole (Plate 8).

Fossils. The Hodde Formation typically contains a limited
fauna of marine molluscs (L.B. Rasmussen 1966) but a

67

Fig. 66. The upper part of the Hodde Formation at Lille Spåbæk,
Ørnhøj, dominated by dark brown silty clay.

Fig. 67. Close-up of the Hodde Formation at Lille Spåbæk, Ørnhøj.
The Hodde Formation is composed of dark brown silty clay; the
yellowish stripes are due to weathering of pyrite. The illustrated
section is 0.5 m high.
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richer fauna occurs locally in shell-beds associated with the
basal gravel bed. Marine microfossils, such as foraminifers
and dinocysts, occur abundantly (Laursen & Kristoffersen
1999; Piasecki 1980, 2005; Dybkjær & Piasecki 2010).

Depositional environment. The depositional environment is
interpreted as fully marine (L.B. Rasmussen 1961). The basal
coarse-grained transgressive lag indicates deposition on a
marine shoreface during the initial transgressive phase. The
increase in glaucony in the upper part indicates a near ces-
sation of sediment influx to this part of the North Sea in
the Serravallian.

Boundaries. There is a marked change in lithology from
the white, fine- to medium-grained sand of the Odderup
Formation to the overlying dark brown, clayey silt of the
Hodde Formation. The boundary is sharp and is commonly
characterised by a gravel layer, the base of which (where
present) defines the boundary. The gamma-ray log shows a
prominent shift to high values at the lower boundary. 

The upper boundary is defined by an abrupt change
from dark brown, clayey silt of the Hodde Formation to
greenish brown clay of the Ørnhøj Formation. On the
gamma-ray log, this is reflected by a distinct shift towards
higher gamma-ray values.

Distribution. The Hodde Formation is recognised in south-
ern and western Jylland (Fig. 10H). The formation occurs
locally as far east as Bording and Give in central Jylland in
depressions associated with salt structures.

Biostratigraphy. The upper part of the Labyrinthodinium
truncatum Dinocyst Zone and the Unipontidinium aquae-
ductum Dinocyst Zone (Dybkjær & Piasecki 2010) are
recorded in the Hodde Formation. 

Geological age. The Hodde Formation is of early Langhian
to mid-Serravallian (Middle Miocene) age. 

Ørnhøj Formation
new formation

History. Formerly referred to as the ‘Glauconitic Clay mem-
ber’ of the lower Gram Formation of previous usage (L.B.
Rasmussen 1956, 1961). 

Name. After the village of Ørnhøj (Fig. 1) where the for-
mation is still exposed in some of the old brown-coal pits
in the neighbourhood.

Type and reference sections. The formation is partly exposed
at Lille Spåbæk, west of Ørnhøj (Figs 1, 64). The type sec-
tion is the interval from 44.90 to 40 m in the cored bore-
hole at Sdr. Vium (DGU no. 102.948; 55°49´04.02´´N,
8°24´46.52´´E; Fig. 68). The reference section is the inter-
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Fig. 68. The type and reference sections of the Ørnhøj Formation;
for legend, see Fig. 8, p. 17. The type section is the interval from
44.9 to 40 m in the cored Sdr. Vium borehole. The reference section
is the interval from 39 to 36 m in the Føvling borehole. G: Gram
Fm. Ho.: Hodde. L. Mio.: Lower Miocene. M.: Middle. Odd.:
Odderup. Ø.: Ørnhøj Fm. *: Upper Miocene.
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val from 39 to 36 m (39–36 m MD) in the Føvling bore-
hole (DGU no. 132.1835; Fig. 68). 

Thickness. The formation is 4–5 m thick in the type and
reference boreholes, but in general it rarely exceeds more
than 2 m in thickness (Plates 4, 8, 9).  

Lithology. The Ørnhøj Formation is composed of green
and brown clay (Fig. 69). High concentrations of green
glaucony pellets of fine sand grade occur commonly. In
the upper part of the formation, goethification of glau-
cony is common.

Log characteristics. The formation is characterised by high
gamma-ray values.  

Fossils. The Ørnhøj Formation is barren of macro- and
microscopic calcareous fossils but a diverse assemblage of
dinocysts is present (Piasecki 1980, 2005; Dybkjær &
Piasecki 2010).

Depositional environment. The Ørnhøj Formation was
deposited in a fully marine, sediment-starved depositional
setting that favoured the formation of glaucony. The water
depth was probably more than 100 m, based on the esti-
mates of water depth during deposition of the Gram
Formation (see below). The Ørnhøj Formation represents
the most widespread transgression during the Miocene
(E.S. Rasmussen 2004b; Knox et al. 2010). The goethifi-
cation of glaucony in the upper part is interpreted as a
result of a sea-level fall (Dinesen 1976; Eder et al. 2007)

with associated wave action at the sea floor. Concentration
of glaucony in depositional bars at Ørnhøj (J. Frederiksen,
personal communication 2009) supports the interpreta-
tion of wave action at the sea floor. 

Boundaries. The lower boundary is characterised by an
abrupt change from the dark brown, clayey silts of the
Hodde Formation to greenish brown clays of the Ørnhøj
Formation (Fig. 69). The gamma-ray log shows a promi-
nent shift in gamma-ray response towards high values. 

The upper boundary is defined by the change from
greenish brown or brown, glaucony-rich clay to dark brown
clay. At the boundary there is an abrupt change from glau-
cony-impregnated pellets and shells to pyritised pellets.
On the gamma-ray log, the upper boundary is defined at
a decrease in gamma-ray values; locally a very prominent
decrease is observed, for example in the Stensig borehole
(Plate 4).  

Distribution. The Ørnhøj Formation is recognised in south-
ern and western Jylland. The formation is locally recog-
nised in the subsurface as far east as Bording and Give in
central Jylland, where it occurs in depressions associated with
salt structures (Fig. 10H).

Biostratigraphy. The Achomosphaera andalousiense and Gramo-
cysta verricula Dinocyst Zones of Dybkjær & Piasecki
(2010) are recorded in the Ørnhøj Formation. 

Geological age. The Ørnhøj Formation is of late Serravallian
(late Middle Miocene) age. 
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Ørnhøj Fm

Hodde Fm

Ørnhøj Fm

Hodde Fm

Fig. 69. The Ørnhøj Formation at Lille
Spåbæk, Ørnhøj. The lower boundary
with the Hodde Formation beneath is seen
in the lower part of the section. Knife for
scale, c. 20 cm long.
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Gram Formation
redefined formation

History. The Gram Formation was defined by L.B.
Rasmussen (1956). In the original definition of the Gram
Formation, three members were recognised: the Glauconite
Clay, Gram Clay and Gram Sand members (L.B. Rasmussen
1956). The Glauconite Clay member of previous usage is
herein redefined as the new Ørnhøj Formation and the
Gram Sand member as the Marbæk Formation; the rede-
fined Gram Formation thus equates to the Gram Clay
member of L.B. Rasmussen (1956). 

Name. After the town of Gram (Fig. 1).

Type and reference sections. The type section is at the dis-
used pit of the Gram brickworks (55°18´24.90´´N,
9°03´31.26´´E; Fig. 1), now the Midtsønderjyllands
Museum of Gram, where a 13.1 m thick section of the
Gram Formation is exposed (Figs 70, 71). The reference
section is the interval from 40 to 24 m in the cored bore-
hole Sdr. Vium (DGU no. 102.948; Fig. 71).

Thickness. A 13.1 m section is seen at the type section, but
neither the base nor the top is exposed. In the reference
section, the formation is about 16 m thick. The formation
thickens south-westward and 105 m was penetrated in the
Tinglev borehole (Plate 1). 

Lithology. The Gram Formation consists of dark brown
clay, which becomes more silty upwards. In the upper part,
a few, fine-grained, wave-rippled sand beds, c. 5 cm thick,

are intercalated with the clays (Figs 70, 71). Siderite con-
cretions are common in the lower part of the formation.
Pyrite is common both as pyritised pellets and in trace fos-
sils; the latter include common Trichichnus ispp. (Rasmussen
& Larsen 1989; Bromley 1996).  

Log characteristics. The formation is characterised by mod-
erate gamma-ray values (Fig. 71). The log pattern is ser-
rated and shows a general decreasing-upward trend in
gamma-ray values through the succession (Fig. 63).  

Fossils. The Gram Formation is characterised by abundant
and diverse mollusc faunas, in association with marine ver-
tebrates (whales and sharks) and crustaceans (crabs), the lat-
ter in concretionary nodules (L.B. Rasmussen 1966, 1968;
Bendix-Almgreen 1983; Hoch 2008; Schnetler 2005;
Steeman, 2009). Foraminifers and dinocysts are abundant
(Laursen & Kristoffersen 1999; Piasecki 1980, 2005).

Depositional environment. The Gram Formation was
deposited in a fully marine environment with water depths
of more than 100 m (Laursen & Kristoffersen 1999; C.
Morigi, personal communication 2010). The incoming of
storm beds in the upper part is interpreted to reflect progra-
dation of the shoreline (Rasmussen & Larsen 1989). 

Boundaries. The lower boundary is defined at the change
from greenish brown or brown, glaucony-rich clay to dark
brown clay, associated with an abrupt change from glau-
cony-impregnated pellets and shells to pyritised pellets.
On the gamma-ray log, this is reflected by a decrease in
gamma-ray values. 

70

Fig. 70. Fine-grained, partly bioturbated
sand interbeds in the upper part of the
Gram Formation, Gram clay pit. The sand
beds are commonly wave-rippled. The
illustrated section is 0.30 m high. 

Facing page: 
Fig. 71. Type and reference sections of the
Gram Formation; for legend, see Fig. 8, p.
17. The type section is at the Gram clay
pit near Gram, where 13.1 m of the forma-
tion is exposed. The reference section is the
interval from 40 to 24 m in the cored Sdr.
Vium borehole.
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The upper boundary is placed where interbedded clay
and thin sand layers are succeeded by amalgamated sand
beds. On the gamma-ray log, the upper boundary is identi-
fied by a marked shift to consistently low gamma-ray values.

Distribution. The Gram Formation is recognised in the
subsurface of southern and western Jylland (Fig. 10H).
The formation occurs locally as far east as Bording and
Give in central Jylland in depressions associated with salt
structures.

Biostratigraphy. The Amiculasphaera umbracula and Hystri-
chosphaeropsis obscura Dinocyst Zones of Dybkjær & Piasecki
(2010) are recorded in the Gram Formation.

Geological age. The Gram Formation is of Tortonian (Late
Miocene) age. 

Marbæk Formation
new formation

History. Sands exposed in the cliffs at Sjelborg and Marbæk,
north-west of Esbjerg (Fig. 1), and sandy sediments in the
upper part of the Sæd borehole (DGU no. 167.445) were
tentatively referred to the Pliocene by Jørgensen (1945). New
studies of these sections (Piasecki et al. 2003), however,
indicated that these deposits are Tortonian in age. The sand
was informally named the Gram Sand member (Gram
Formation of previous usage) by L.B. Rasmussen (1956).

Name. After the coastal cliff at Marbæk, north-west of
Esbjerg (Fig. 1).

Type and reference sections. The type section is the exposure
at Marbæk cliff (55°32´56.49´´N, 8°18´57.49´´E; Figs 1,
72). The reference section is the interval from 62 to 50 m
(62–49 m MD) in the Tinglev borehole (DGU
no.168.1378; Fig. 73).

Thickness. The Marbæk Formation is c. 16 m thick in the
Marbæk cliff (Fig. 72); neither the base nor the top is
exposed. In the pit at the Gram brickworks, 1.5 m of the
formation is exposed in the bank of a stream (Fig. 71). In
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Fig. 72. Type section of the Marbæk Formation in the coastal cliff
at Marbæk, north-west of Esbjerg, where c. 16 m of the formation
are exposed; for legend, see Fig. 8, p. 17. Iron-stained fractures are
conspicuous at 7–9 m in this section.
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the Tinglev borehole, the formation is 10 m thick (Fig. 73,
Plate 1), though the top is an unconformity with Quaternary
sediments.  

Lithology. In the type section, the formation is dominated
by white, often reddish, fine- to medium-grained, mica-rich
sand with a few thin intercalated coarse-grained sand or
gravel layers and, in the lower part, subordinate silt-rich
intervals (Figs 72, 74). The sand beds show parallel lami-
nation with subordinate cross-bedding; hummocky cross-
stratification is common (Fig. 75). A silt-rich interval shows
double clay layers. The uppermost white sand at Sjelborg
consists of homogenous sand capped by wave-ripples (Fig.
76). The pyrite content is very high in the Marbæk For-
mation (Olivarius 2009) and the distinctive red colour of
the succession at the Marbæk outcrop is due to oxidation
of the pyrite.

Fossils. Rare, poorly preserved molluscs have been found in
the Marbæk Formation (Jørgensen  1945). Dinocysts occur
in the lower part of the formation but become scarce
upwards (Piasecki et al. 2003).

Depositional environment. The formation was deposited in
a storm-dominated environment within the upper and
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Fig. 73. Reference section for the Marbæk Formation is the inter-
val from 62 to 50 m in the Tinglev borehole; for legend, see Fig. 8,
p. 17.

Fig. 74. Oblique view of the Marbæk Formation at Marbæk, north-west of Esbjerg. Two persons (upper right) for scale.
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lower shoreface. Double clay layers indicate some tidal
influence.

Boundaries. The lower boundary is defined where alter-
nating thin clay and sand layers are overlain by amalgamated
sand beds; this boundary is not observed at outcrop. On
the gamma-ray log, this boundary is identified by a marked
shift to steady low gamma-ray values.

The upper boundary is placed at a distinct, erosional
unconformity separating the mica-rich sands from tills and
yellowish, coarse-grained sands and gravels of Quaternary
age.

Distribution. The formation is limited to the far west and
south of Jylland.

Biostratigraphy. The Hystrichosphaeropsis obscura Dinocyst
Zone of Dybkjær & Piasecki (2010) is recorded in the
lower part of the Marbæk Formation.

Geological age. The lower part of the Marbæk Formation
is of Tortonian (Late Miocene) age, equivalent to the upper-
most part of the Gram Formation. The absence of fossils
in the upper levels of the formation precludes precise dat-
ing of this part. 

Fig. 75. Hummocky cross-stratified sand of
the Marbæk Formation at Marbæk; the
illustrated section is 50 cm high.

Fig. 76. Although deformed by glacial
tectonics, the Marbæk Formation sands
display homogenous and wave-rippled
facies typical of upper shoreface deposits.
The illustrated section is 0.4 m high;
Sjelborg.
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The overall stratigraphic architecture of the Miocene suc-
cession is best revealed by integration of seismic data with
outcrop and borehole data.  Thus, in the grid of correla-
tion panels presented here (Plates 1–9), the borehole and
outcrop data provide the critical, stratigraphic constraints
whilst the sedimentary architecture between wells is based
in large part on the seismic data. 

Inspection of seismic sections (Figs 77–79) reveals that
the lower part of the Miocene succession is composed of
two discrete, progradational successions (Fig. 77). The first
succession includes the Vejle Fjord and Billund Formations
and the second succession includes the Klintinghoved and
Bastrup Formations. These packages are often characterised
by a seismic reflection pattern that shows both oblique–par-
allel and sigmoidal clinoforms. The height of clinoforms
ranges between 60 m and 100 m, and dips of the clino-
forms commonly vary between 3° and 10° (Fig. 77).
Clinoformal packages may alternate with units of more or
less transparent seismic character (Fig. 78). This part of
the succession is interpreted to represent prograding delta
lobes with alternating sand-rich and mud-rich units (E.S.
Rasmussen et al. 2007; Hansen & Rasmussen 2008; E.S.

Rasmussen 2009b; Fig. 80, Plates 1–9). On top of each pro-
grading unit, erosional valleys and channels occur and some
channels are characterised by having a shingled reflection
pattern (E.S. Rasmusssen 2009b). These features were
formed by incision and are commonly filled with sand.
The shingled reflection pattern is interpreted to represent
point bars of meandering river systems (E.S. Rasmussen et
al. 2007; E.S. Rasmussen 2009b). In between these delta
lobes, seismic reflectors are parallel, commonly of low
amplitude (Fig. 78); this seismic character is considered to
reflect the presence of mud-dominated inter-lobe deposits
(Hansen & Rasmussen 2008). In northern and central
Jylland, a successive southward migration of delta lobes
can be demonstrated (e.g. Plate 2), defining an ascending
shoreline trajectory (Fig. 78) indicating progradation dur-
ing rising sea level (e.g. Helland-Hansen & Gjelberg 1994).
In the northern part of the study area, the Lower Miocene
is dominated by a parallel to subparallel reflection pattern
capping the clinoforms (Fig. 79). Boreholes penetrating
this part of the succession indicate alternating mud- and
sand-rich units (Fig. 79). Gravel pits and outcrops around
Silkeborg indicate a dominance of braided fluvial systems

Stratigraphic architecture

0

100

200

T
W

T
 (

m
se

c)

300

(offset 4 km)

NorthSouth

Store
Vorslunde

BillundAlmstok

2 km

5
0
 m

Top delta lobe

Top Bastrup

Top Billund/Vejle

Intra Odderup

Base Miocene

Internal reflector/surface

Clinoforms

Incised valleys

Base Quaternary

Bastrup Delta complexBastrup Delta complex
Resen MbResen Mb

Addit MbAddit Mb

Arnum FmArnum Fm

Arnum Fm

Arnum Fm Arnum FmArnum Fm

Arnum Fm

Billund Delta complexBillund Delta complex

Odderup
coastal plain

Odderup
coastal plain

Odderup FmOdderup Fm

Vejle Fjord FmVejle Fjord Fm

Vejle Fjord
Fm

Vejle Fjord
Fm

Klinting-
hoved

Fm

Klinting-
hoved

Fm

       

Fig. 77. S–N-trending seismic section tieing the Almstok, Billund and Store Vorslunde boreholes (for location, see Fig. 1). Sand-rich delta
lobes characterised by an oblique–parallel reflection pattern are indicated in yellow. Note the alternation of these sand-rich delta deposits and
more clay-rich inter-lobe deposits, a characteristic feature of the Vejle Fjord–Billund Formations and the Klintinghoved–Bastrup Formations.
The upper part of the section is dominated by a parallel to subparallel reflection pattern which is characteristic of the Arnum–Odderup
Formations and indicates a change in sedimentation style. Seismic data courtesy of COWI a/s.  
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Fig. 79. W–E-striking seismic section at Ikast (for location, see Fig. 1). The section shows a cross-section of the Billund and Bastrup delta
systems as indicated by dipping reflectors both towards the west and east. In this area, the fluvial systems of the Addit and Resen Members,
shown in red, are particularly well developed. Seismic courtesy of Rambøll a/s; for legend, see Fig. 77).  

Fig. 78. Detailed seismic section of the Store Vorslunde area (for location, see Fig. 1). Sand-rich parts of the deltas are indicated in yellow,
sand-rich fluvial deposits of the Addit and Resen Members are shown in red. Seismic data courtesy of COWI a/s; for legend see Fig. 77.  
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in this area (Hansen 1985; Hansen 1995; Jesse 1995; E.S.
Rasmussen et al. 2007), and based on subsurface data such
braided fluvial systems dominated in northern Jylland and
parts of central Jylland from Addit to Hammerum (Plate
6). In a narrow NW–SE-striking belt across central Jylland,
the seismic data show an oblique–parallel reflection pattern.
This represents progradation during falling sea level (Hansen
& 2008, E.S. Rasmussen 2009b). In southern Jylland,
there is a tendency towards a combined aggradational–
progradational stacking pattern (Plate 1), reflecting progra-
dation during rising sea level. 

Above these two progradational units of the Billund/Vejle
Fjord system and the Klintinghoved/Bastrup system (i.e.
above the top Bastrup reflector in Figs 77–79), a parallel
to subparallel reflection pattern dominates the Miocene
succession (Fig. 77); this correlates with the Arnum and
Odderup Formations. The change in seismic character
indicates a change in depositional environment from pro-
grading ‘Gilbert-type’ deltas to aggrading shelf and coastal
plain deposits. This is illustrated on correlation panels by
progressive outbuilding of the Odderup Formation towards
the south-west contemporaneously with the accumulation
of the marine Arnum Formation (Fig. 80; Plate 4).
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Fig. 80. Two typical correlation panels showing
the overall architecture of the Miocene succes-
sion in Jylland. A: S–N-trending section from
Løgumkloster to Resen. Note the change in the
depositional style from the forestepping delta
lobes of the markedly progradational Billund
and Bastrup Formations to the more regular,
aggrading – weakly prograding system of the
Odderup Formation. B: W–E-striking section
from Stauning to Morsholt. Note that the
main delta lobes pinch out both to the east and
to the west. The two correlation panels are also
shown in Plates 2 and 6, together with detailed
borehole logs.

Bulletin 22_ GSB191-Indhold  04/03/11  12.41  Side 79



The Late Oligocene was characterised by a warm climate
and thus a period with a high sea level (Utscher et al. 2000,
2009; Zachos et al. 2001; Miller et al. 2005; Larsson et al.
2006; Larsson-Lindgren 2009). The North Sea was located
in the northern westerly wind belt (Galloway 2002) and
consequently the north-eastern part of this sea, which cov-
ered present-day Denmark, was dominated by wave processes
due to the long fetch across the North Sea (Fig. 2). Most
of present-day Denmark was covered by the sea in the Late
Oligocene and the deposition of the fully marine Brejning

Formation took place. There is no evidence for the north-
ern position of the coastline at this time, but structural ele-
ments such as the Sorgenfrei–Tornquist Zone or the
Fennoscandian Shield were probably important features
in controlling the location and trend of the shoreline; the
position of the coastline is conservatively placed in the
fringe area of the Fennoscandian Shield (Fig. 81A). Locally
in northern Jylland, the diatomite of the Sydklint Member
was formed associated with submarine exposure of Eocene
diatomites. Climatic cooling and initial uplift of the
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Palaeogeography

100 km 100 km

A B

Fig. 81. A: Palaeogeographic reconstruction of the latest Late Oligocene (Brejning Formation). The exact location of the shoreline is uncer-
tain, but most of present-day Jylland was submerged at that time. Water depth in northern Jylland was over 200 m and extensive formation
of glaucony indicates some distance to the shoreline. B: Palaeogeographic reconstruction of the earliest Early Miocene (earliest Aquitanian;
Vejle Fjord Formation). Due to Early Miocene inversion (reactivation) of the Ringkøbing–Fyn High and salt structures, a barrier formed
between the eastern part of the Norwegian–Danish Basin and the North Sea Basin. This resulted in brackish water conditions north-east of
the Ringkøbing–Fyn High. Small spit systems developed east of these structures. The degradation of these spit systems during the Early
Miocene transgression resulted in the formation of the Skansebakke Member.
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Norwegian–Danish Basin at the end of the Oligocene (E.S.
Rasmussen 2009a) resulted in a fall in relative sea level at
the Oligocene–Miocene transition. This led to deposition
of the Øksenrade Member which was deposited in shallow
water on the Ringkøbing-Fyn High. At Dykær, subaerial
conditions prevailed for a period (Rasmussen & Dybkjær
2005).

The transition from the Oligocene to the Miocene was
characterised by a short, but marked sea-level fall associ-
ated with ice cap growth on Antarctica (Miller et al. 1996).
Coincident with this, inversion of the Norwegian–Danish
Basin and reactivation of the Sorgenfrei–Tornquist Zone
and the Ringkøbing–Fyn High commenced (E.S. Rasmussen
2009a). This resulted in a marked change in the deposi-

tional regime in the eastern North Sea Basin from deposi-
tion of dominantly fully marine, clay-rich sediments at the
basin floor and toe-of-shelf slope, to sedimentation of
coarse-grained, sand-rich, shallow marine, deltaic deposits
(Larsen & Dinesen 1959; L.B. Rasmussen 1961; Spjeldnæs
1975; Friis et al. 1998; Michelsen et al. 1998; E.S. Rasmussen
1996, 2004a, b).

During the earliest Miocene, the palaeogeography was
controlled by structural highs and lows (Fig. 81B). Elevated
parts of the Ringkøbing–Fyn High formed a barrier across
present-day southern Jylland. Salt diapirs within the
Norwegian–Danish Basin acted as cores of minor islands.
A large silled basin formed north of the Ringkøbing–Fyn
High where brackish water conditions prevailed. During
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Fig. 82. A: Palaeogeographic reconstruction of the Early Miocene (Aquitanian; Billund and Vejle Fjord Formations). The sea level continued
to rise during this phase and flooded the Ringkøbing–Fyn High. Due to high sediment supply to the basin, however, the shoreline prograd-
ed southward. This favoured the formation of spit/barrier complexes south-east of the main delta lobes; represented by the Hvidbjerg Member
of the Billund Formation. The river system during the Early Miocene was dominantly braided in character. B: Palaeogeographic reconstruc-
tion of the Early Miocene (late Aquitanian; Billund Formation). During this period, relative sea level fell and progradation of the shoreline is
reflected by amalgamation of beach ridges along the coast. Distinct incision and formation of broad valleys commenced at the same time.
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the lowstand of sea level, sands were transported along the
structures and deposited as spits and barrier islands east of
the structures (Fig. 81B). In this brackish water basin, the
lower part of the Vejle Fjord Formation was deposited. A
subsequent rise of sea level in the early Aquitanian resulted
in flooding of the Ringkøbing–Fyn High. This led to degra-
dation of the barrier complexes and deposition of the
Skansebakke Member. At the time of maximum flooding,
the shoreline withdrew to a position north of Århus in the
east and near Thisted in the north-west. The high sedi-
ment supply to the North Sea Basin, however, resulted in
progradation of sand-rich delta complexes from the north
and north-east, as recorded by the Billund Formation (Fig.
82A). The sediments were probably conveyed through three

major river systems (Olivarius 2009). The western river
was probably connected to the Setesdal valley in present-
day Norway and was the source for the sediments deposited
in the delta located off the present west coast of Denmark,
the so-called Ringkøbing lobe (Hansen & Rasmussen 2008).
The central river was sourced from the north, probably
from the southern part of present-day Norway and the
northern part of present-day central western Sweden. The
eastern river drained the area covered by the present-day
central Sweden. The central and eastern river system merged
in central Jylland and resulted in the deposition of the
Brande lobe of the Billund Formation (Hansen &
Rasmussen 2008). The river systems were braided and their
deposits constitute the Addit Member. On entering the
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Fig. 83. A: Palaeogeographic reconstruction of the Early Miocene (early Burdigalian; Klintinghoved Formation and Kolding Fjord Member).
Global climatic warming resulted in a relative rise in sea level. The shoreline was characterised by estuaries and associated barrier complexes
and the accumulation of braided fluvial deposits in incised valleys. B: Palaeogeographic reconstruction of the Early Miocene (early
Burdigalian; Klintinghoved Formation). During the most widespread flooding in the early Burdigalian, most of western and central Jylland
was covered by the sea and the clay-rich Klintinghoved Formation was deposited. 
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sea, the sands were deposited in wave-dominated deltas
(Rasmussen & Dybkjær 2005; Hansen & Rasmussen 2008).
Some of the sand at the delta mouth was reworked and trans-
ported eastward by longshore currents to be deposited as
spit and barrier complexes of the Hvidbjerg Member (Fig.
82A). Development of lagoonal environments was common
during this time. Due to a global climatic deterioration in
the late Aquitanian (Zachos et al. 2001), sea level began to
fall and the delta complexes were forced south-westward;
deposition of a coastline characterised by amalgamated
beach ridges took place (Fig. 82B). 

A resumed transgression occurred at the beginning of
the Burdigalian. This transgression was the result of a global
warming (Zachos et al. 2001). According to T. Utescher (per-

sonal communication 2008), the average air temperature
rose 2°C. Widespread barrier-island complexes formed east
of the main delta systems due to strong erosion of the main
delta and eastward transport of erosional materials. These
barrier-island complexes correspond to the Kolding Fjord
Member (Fig. 83A). During maximum flooding of the sea
and associated with the progradation of the succeeding
delta complex, mud was deposited in the Danish area. This
constitutes the Klintinghoved Formation (Fig. 83B). The
succeeding delta complex, the Bastrup Formation, pro-
graded south-westward (Fig. 84A) and periodically this
progradation occurred during a sea-level fall. The coastline
was dominated by beach ridges (Fig. 84B). In mid-
Burdigalian times, the delta complexes of the Bastrup
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Fig. 84. A: Palaeogeographic reconstruction of the Early Miocene (early Burdigalian; Bastrup Formation). Progradation occurred during rising
relative sea level which formed optimal conditions for a shoreline dominated by lagoons and barrier islands. The fluvial system was domi-
nated by meandering river systems. B: Palaeogeographic reconstruction of the Early Miocene (Burdigalian; Bastrup Formation). During this
period, relative sea level fell and the prograding shoreline was characterised by amalgamation of beach ridges parallel to the coast. Distinct
incision on land and formation of broad valleys commenced at the same time.
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Formation reached the southern part of Denmark (Fig.
85A). During sedimentation of the Bastrup Formation,
the fluvial regime changed character, to be dominated by
meandering rivers, especially in the latter phase of progra-
dation. Sand deposits of these rivers are referred to the
Resen Member. 

A distinct global climatic warming, the ‘Mid Miocene
climatic optimum’, occurred at the end of the Early Miocene
(late Burdigalian) (Zachos et al. 2001). This resulted in a
sea-level rise and renewed transgression. The mud laid
down during this transgression and in front of the suc-
ceeding prograding coastline is represented by the Arnum
Formation (Fig. 85B). At the time of maximum flooding,
the coastline was located across the northern part of pre-

sent-day north-west Jylland and continued south-eastwards
through central Jylland. Despite a subtropical climate (Friis
1975), and hence globally high sea levels during the latest
part of Early and early Middle Miocene, progradation
resumed (Fig. 86A). This was due to tectonism and uplift
of the hinterland and consequently increased sediment sup-
ply to the North Sea Basin (E.S. Rasmussen 2004b). Sand
of the prograding coastline is represented by the Odderup
Formation (Fig. 86B). Fine-grained storm-sand layers
deposited in front of the coastline are included in the
Stauning Member. As a consequence of the prograding
coastline of the Odderup Formation and coincident rising
sea level due to the warmer climate, conditions for brown
coal formation were optimal. A preliminary study (T.
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Fig. 85. A: Palaeogeographic reconstruction of the Early Miocene (Burdigalian; Bastrup Formation) when most of Jylland was land; progra-
dation took place during rising sea level. B: Palaeogeographic reconstruction of the late Early Miocene (late Burdigalian; Arnum Formation).
The shoreline was located across the northern part of Jylland at the time of maximum flooding. 
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Utescher, personal communication 2009) indicated that
widespread coal formation was also associated with increased
precipitation in the area. The coal was formed on the coastal
plain especially adjacent to pre-existing faults (Koch 1989)
and predominantly north of the Ringkøbing–Fyn High.
These widespread coal layers are referred to the Fasterholt
Member (Koch 1989).

Due to the overall rising sea level during the Mid Miocene
climatic optimum, and partly also due to ‘auto retreat’ (see
Muto & Steel 2002), a major transgression occurred in the
middle Langhian (early Middle Miocene). The transgres-
sion was further amplified by increased subsidence of the
North Sea Basin during the Middle and Late Miocene
(Koch 1989; Michelsen et al 1998; Clausen et al. 1999; E.S.

Rasmussen 2004b; E.S. Rasmussen et al. 2005). Mud-rich
sediments of the Hodde Formation were deposited during
this transgression. There is no evidence of the formation
of barrier-island complexes during the transgression which
suggests a very rapid flooding of the low relief landscape
represented by the coal-rich Odderup Formation. Despite
major global climatic deterioration (cooling) in the early
Serravallian (Middle Miocene; Zachos et al. 2001), flood-
ing of this part of the North Sea Basin continued as a con-
sequence of the accelerating subsidence of the basin. During
the most widespread flooding of the area, glaucony-rich sedi -
ments of the Ørnhøj Formation accumulated, indicating
a long distance to the coastline. The location of the coast-
line during this maximum transgression is uncertain.
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Fig. 86. A: Palaeogeographic reconstruction of the late Early Miocene (late Burdigalian; Odderup Formation). At this time, the climate
became subtropical and the global sea level continued to rise. High sediment supply, however, forced the shoreline to prograde. These condi-
tions favoured formation of lagoons and swamp lakes which were optimal for the formation of coal-rich deposits. B: Palaeogeographic recon-
struction of the early Middle Miocene (early Langhian; Odderup Formation). During the maximum regression of the shoreline, most of
Jylland was land and only the south-western part was submerged. Lagoonal and swamp conditions prevailed north of the Ringkøbing–Fyn
High, probably favoured by increased subsidence in this area.
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Boreholes in central Jylland do not indicate any influx of
coarse-grained siliciclastic deposits, so at a minimum, the
coastline was displaced to the southern boundary of the
Fennoscandian Shield (Fig. 87A). Parts of the shield may,
however, have been flooded during the highest rate of rel-
ative sea-level rise. Coincident with the subsidence of the
North Sea Basin, the Norwegian mainland was uplifted
(Løseth & Henriksen 2005; Rundberg & Eidvin 2005;
Eidvin & Rundberg 2007; E.S. Rasmussen et al. 2008). This
resulted in enhanced sediment supply to the basin where
progradation took place. Mud of the Gram Formation was
deposited in an open shelf environment (Fig. 87B). Thin
storm-sand layers are intercalated in the upper Gram For -

mation indicating an approaching coastline (Rasmussen
& Larsen 1989). Near the end of the Tortonian (Late Mio -
cene), shoreface sediments of the Marbæk Formation were
deposited in the central–western part of present-day
Denmark (Fig. 88).

Progradation of the coastline continued through the
Late Miocene and a delta/coastline was formed in the cen-
tral part of the Central Graben area (Rasmussen 2005;
Møller et al. 2009). The termination of the Miocene was
characterised by a sea-level fall of c. 90 m, which is indi-
cated by deep incision of equivalent strata in the offshore
Cenozoic record of Denmark (Møller et al. 2009).
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Fig. 87. A: Palaeogeographic reconstruction of the Middle Miocene (Serravallian; Ørnhøj Formation). Despite climatic deterioration in the
Middle Miocene, most of Jylland was flooded and the shoreline was located in the northern part of Jylland. Due to very low sedimentation
rates, optimal conditions existed for the formation of glaucony. B: Palaeogeographic reconstruction of the Late Miocene (Tortonian; Gram
Formation). In the latest part of the Miocene, uplift of Scandinavia and the Alpine mountains resulted in extremely high sediment supply
into the North Sea Basin. This led to marked progradation from both the north and south.
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Fig. 88. Palaeogeographic reconstruction of the Late Miocene
(Tortonian; Marbæk Formation). The marked progradation of the
shoreline during the Late Miocene resulted in subaerial conditions
over most of Jylland and deposition of shoreface deposits only in the
extreme western part of Jylland. At the end of the Miocene, the shore-
line was located c. 250 km west of the present-day west coast of
Jylland.
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Clausen et al. (2012) rule out that regional tectonism was important in the development of the eastern North
Sea Basin during the Miocene. However, detailed study of outcrops, boreholes and high-resolution seismic
data across the eastern North Sea reveals that regional tectonism was important in the development of the
basin. Regional tectonism both resulted in inversion of former basins and in the triggering of salt movements.
Reactivation of older fault systemmay also have occurred. The morphology of the basin created by these pro-
cesses strongly controlled major displacements of the shoreline, in routing the fluvial systems, in shaping
valleys and in transporting very coarse-grained sediments far into the basin. The role of salt tectonism as
indicated by ,Clausen et al. (2012) is in agreement with earlier studies, but the significant salt movements
during the Quaternary onshore Denmark must be clearly separated from only minor movements in the
Miocene.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction 2. Inversion in the Central Graben
Clausen et al.'s (2012) recent publication in Tectonophysics that ex-
cludes regional tectonism as a significant process in the Neogene devel-
opment of the eastern North Sea Basin, seems to be in conflict with
several previous studies (Hillis et al., 2008; Knox et al., 2010; Pharaoh
et al., 2010; Rasmussen, 2009; Ziegler, 1982 and references therein).
These studies indicate that crustal compression forces during the Mio-
cene were transmitted into the plate interior and caused inversion of
former basins in the central and eastern part of the North Sea area
(Esmerode et al., 2008; Rasmussen, 2009), and in the southwestern
part of the North Sea (Hillis et al., 2008; Knox et al., 2010; Ziegler,
1982). The remarkable correlation of unconformities across the North
Sea and with the North Atlantic (Stoker et al., 2010) shows that tecto-
nism played a significant role in the development of the Miocene
North Sea Basin exactly as occurred in the Late Cretaceous and early
Cenozoic (Mogensen and Korstgaard 1993; Ziegler, 1982).

In the present discussion the Tertiary lithostratigraphy of
Rasmussen et al. (2008, 2010) is used (Fig. 1). The database, structural
features and key boreholes are shown in Fig. 2. The discussion will
concentrate on issues raised by Clausen et al. (2012) about Neogene
tectonism in the North Sea Basin, i.e. inversion in the Central Graben,
the role of the Ringkøbing-Fyn High, and Salt tectonism.
rights reserved.
The main issue of Clausen et al.'s (2012) article is to rule out that in-
version tectonism commenced in the Central Graben during the Early
Miocene. In Fig. 3, two seismic sections show the development of the
Cenozoic succession across the Ringkøbing-Fyn High and Central
Graben. The northern seismic section shows that the base of the Cenozoic
succession has a concave upwardmorphologywithin the Central Graben
area (Fig. 3A) which was correctly interpreted to be associated with
compaction-related subsidence within the graben area by Clausen and
Korstgaard (1993). In contrast, the southern section shows a distinctly
different shape with convex upward morphology in the Central Graben
area (Fig. 3B). This convex upward structure includes the entire width
of the southern Danish Central Graben (Fig. 3A). A detailed analysis of
this structure (see Rasmussen, 2009) reveals that it forms a classic inver-
sion structure. The inversion structure (Igor Ridge, Fig. 4) has long been
known and was described by e.g. Vejbæk and Andersen (2002 and
references therein). However, the Miocene evolution of the structure
was not revealed in their study because they did not map the Cenozoic
succession in detail. Similarly, Clausen et al. (2012) only mapped major
Cenozoic surfaces; Upper Oligocene unconformity (UOU) and top Lark
Formation (Middle Miocene) which is at a similar resolution as many
other studies from the North Sea area (e.g. Anell et al., 2012;
Gołędowski et al., 2012; Huuse et al., 2001). However, in order to reveal
the Miocene evolution of the Igor Ridge more detailed subdivision is
necessary, i.e. on the scale of sequenceswhich reveals sedimentary archi-
tectures such as reflector terminations, hiatuses or gradually thinning
of sequences around a structure (Fig. 5). The detailed study of the

http://dx.doi.org/10.1016/j.tecto.2012.10.038
mailto:esr@geus.dk
http://www.sciencedirect.com/science/journal/00401951
http://dx.doi.org/10.1016/j.tecto.2012.10.038
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Cretaceous succession by Vejbæk and Andersen (2002) clearly shows
pinch-out of intra Cretaceous units on the growing inversion structure
(Fig. 4C), but the main up-warping of the Igor structure commenced
after the Cretaceous as seen from the flattened section and the
post-Cretaceous section (Fig. 4B and C). The architecture of the Early
Miocene succession around the inversion structure clearly shows that
the structurewas formedbefore deposition of LowerMiocene sediments,
being characterised by reflector terminations and pinching out of the
lowermostMiocene succession (Fig. 4A)— very similar towhat occurred
during the Cretaceous (Vejbæk and Andersen, 2002). So why should this
not be applicable for the Miocene succession? The location of the inver-
sion structure, mainly confined to the southern part of the Central
Graben, was probably a consequence of the change in fault strike
(dogleg) of the Coffee Soil fault (Fig. 2) where compressional forces
were concentrated during the well known Alpine tectonic event, the
Savian Phase of Late Oligocene–Early Miocene (e.g. Pharaoh et al.,
2010; Ziegler, 1982). An earliest Early Miocene age of the structure is
also consistent with the Oligocene–Miocene hiatus found in the mar-
ginal part of the inversion structure in the Alma-1 well (Schiøler 2005).

The compactional procedure provided in Clausen et al. (2012) is
very selective and represents a narrow part across the Coffee Soil
Fault and does not include the Cenozoic succession across the inverted
Central Graben (Igor Ridge) and the Ringkøbing-Fyn High. The strati-
graphic resolution of the study of Clausen et al. (2012) is very low and
did not consider sedimentary architecture, e.g. pinching out of units
within these major units. As demonstrated in Fig. 4 and the study of
Rasmussen (2009) the stratigraphy is more complex than simple
draping of marine clays across the entire basin. Consequently, the
compactional procedure around narrow selected sections does not pro-
vide new insight into the development of the inversion structure and is
certainly not a methodology to rule out a tectonic origin of the anticline
found in the southern part of the Danish Central Graben. Especially not
in this case as stated by Vejbæk and Andersen (2002); c.f. The early
phases show that inversion movements are mainly confined to narrow
zones and controlled by pre-existing faults, whereas the late phases are
less directly fault controlled and are more expressed as gentle folding
and upwarping of the basins.

That inversion commenced in the Central Graben during the Early
Miocene is not a special phenomenon. The entire southwestern North
Sea was subject to inversion tectonism at that time, i.e. the Artois
Swell in Belgium (Knox et al., 2010; Van Vliet-Lanoë, 2002) and the
Sole Pit area (Hillis et al., 2008; Knox et al., 2010). According to
Blundell (2002) there is also evidence for uplift of the Weald Basin at
the LateOligocene–EarlyMioceneboundarywhich is actually coincident
with the described inversion in the Central Graben (Rasmussen, 2009).
The inversion structure in the Danish area is located c. 1000 km from
the Alpine Deformation Front which is quite similar to the c. 850 km
of the Sole Pit structure. Consequently, why should the Central Graben
not have been influenced by compression during this period as it was
during the Late Cretaceous and early Cenozoic?

3. The Ringkøbing-Fyn High and Norwegian–Danish Basin

Rasmussen (2009) did not interpret the Ringkøbing-Fyn High as
an inversion structure, but demonstrated that reactivation occurred
e.g. along the Brande Trough and perhaps the southern boundary
fault. The topography of this trough and other structural elements on
the high was very important in controlling the depositional system (dis-
tribution of reservoir rocks) during the EarlyMiocene (Rasmussen, 2009;
Rasmussen and Dybkjær, 2005).
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What is more interesting, is the inversion of the southern part of the
Norwegian–Danish Basin. Here it is very difficult to reveal the timing
of the tectonic evolution (similar to inversion in southern England and
Belgium) because Neogene erosion has removed the overburden. De-
tailed studies by Japsen et al. (2007) and Nielsen (2011) have revealed
that 500 m has been eroded in the late Neogene. Consequently, direct
timing and obvious evidence for inversion is not available. However,
there are 9more or less independent lines of evidence for EarlyMiocene
inversion of the Norwegian–Danish Basin and uplift of the Norwegian
margin fringing the northern boundary of the basin:

1) The margins of southern Scandinavia were uplifted and eroded at
the Oligocene–Miocene transition according to results based on ap-
atite fission-track analysis data fromdeepwells (Japsen et al., 2007).

2) An Early Miocene inversion would be associated with the well
known tectonic phase (Savian) that has been recognised in Central
Europe (e.g. Pharaoh et al., 2010; Ziegler, 1982) and in the Northern
North Sea and North Atlantic (e.g. Doré et al., 2008; Stoker et al.,
2010).

3) Savian inversion structures are common within the entire North
Sea Basin (e.g. Pharaoh et al., 2010; Ziegler, 1982).

4) Syndepositional fault activity is recognised around the Ringkøbing-
Fyn High around the time of deposition of the Lower Vejle Fjord
and Billund Formations.

5) Early Miocene shallow marine and fluvial deposits overlie deep-
marine Paleogene deposits (Fig. 6). This configuration cannot be
explained by sea-level changes of more than 100 m from the
Oligocene to the Miocene (Miller et al., 2005).

6) Braided river systems are restricted to the Billund Formation
whereas meandering river systems dominate the overlying forma-
tions implying that the depositional setting was different in the
earliest Early Miocene, e.g. tilting of the landscape (Rasmussen
et al., 2010).

7) Incised valley systems deepening upstream in the Billund Forma-
tion, implying uplift of the hinterland (Posamentier and Allen,
1999; Rasmussen et al., 2010).

8) Clast size of up to 4 cm in diameter found in the Billund Formation
were transported more than 300 km (Rasmussen et al., 2010) and
this indicates a significant gradient of the landscape.

9) Seismites (Fig. 7) occur within the Early Miocene Vejle Fjord
Formation, but not in the succeeding Klintinghoved Formation de-
spite similar depositional setting.

All these 9 points provide consistent evidence for EarlyMiocene tec-
tonism. Some of the sedimentary structures may form under the influ-
ence of other processes. Nielsen et al. (2010) indicate that braided
rivers may form under different climatic conditions; e.g. seasonal pre-
cipitation or glacial areas. However, the climate during the Early
Miocene was warm with mean annual temperatures in the order of
20 °C (Larsson et al., 2006). Temporal decreases of up to 5 °C around
periods of glacial maximum have been recorded (Mi-events; Miller
1996). The annual precipitation during the Early Miocene was in the
order of 1200–1500 mm without any dramatic changes (Larson et al.,
2006, 2010). The warm climate that existed in the Early Miocene rules
out the interpretation of an outwash fan. The change in river system
is not associated with the temporal temperature changes recognised
in the climate study, but is restricted to the Billund Formation — the
fluvio-deltaic system formed immediately after the inversion phase.
Almost all modern braided rivers are associated with young, uplifted
and rapidly eroding areas. This is consistent with AFTA data that indi-
cate uplift at this time and thus elevation of the highly weathered and
easily erodible Fennoscandia around the Oligocene–Miocene boundary
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(Japsen et al., 2007; Rasmussen et al., 2010). Convolute bedding and
dewatering structures may form in association with storms, quick load-
ing of sediments or instabilities on point bars (e.g. Friis et al., 1998),
but these structures are only present in the Vejle Fjord Formation and
do not occur in the succeeding Klintinghoved Formation which was
deposited in a similar depositional setting. This suggests an external
force, e.g. tectonism.

Active EarlyMiocene tectonism and uplift of Fennoscandia has also
been recognised outside the Danish area. Tectonism in the northern
North Sea was described by Jordt et al. (1995) and Rundberg and
Eidvin (2005), and Neogene accelerated uplift of onshore Norway is
described by Rohrmann et al. (1995), Løseth and Henriksen (2005)
and Gabrielsen (2009). The Miocene tectonic phases (Phases 2, 3
and 4) identified by Rasmussen (2004a) show a remarkable correla-
tion to tectonic phases in the North Atlantic (Stoker et al., 2010).
Well established phases of Alpine tectonism such as the Savian and
the Betic events clearly affected the Danish sedimentary succession
(Rasmussen, 2004a; Rasmussen et al., 2005). The tectonic influence
on the Miocene in the North Sea Basin is thus broadly acknowledged
in the geological community.

4. Acknowledgement of Miocene salt tectonism

The study of Clausen et al. (2012) recognised the importance of salt
movements in controlling the depositional systems during theMiocene
in the North Sea area and onshore Denmark. This has, however, been
demonstrated in several previous papers, including Rasmussen (1996,
2004a, b, 2009); and Rasmussen et al. (2005). The cause of salt move-
ments was the result of complex interaction between sediment loading
and Alpine tectonism. During the Early Miocene, minor topographic
anomalies associated with salt structures controlled the routing of
rivers and themorphology of incised valleys (Fig. 8). But the topography
was only on a meter scale and only weakly recognisable on seismic
data (Fig. 8). More marked salt movements characterised the Middle
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Miocene succession in many places in the North Sea Basin (10s of
metres). In central Jylland, the deposition of the brown coal bearing
Odderup Formation is renowned to have been influenced by salt with-
drawal at the flank of the Ringkøbing-Fyn High (Koch, 1989). Active
salt tectonism also influenced the deposition of theArnumandOdderup
formations in southern Jylland (Rasmussen et al., 2010). The equivalent
Briske Formation in Germany was also exposed to salt movements
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phase (Knox et al., 2010; Pharaoh et al., 2010; Rasmussen, 1996;
Ziegler, 1982). This phase is also known in southwestern Europe as
the Betic Event (e.g. Ribeiro, 1990). The modelling results that form
SeismiteSeismite

A BBA

Fig. 7. Alternating hummocky cross-stratified sand and mud from the Vejle Fjord Formation
convolute bedding are very common in the Vejle Fjord Formation, but have never been seen
that these deposits most likely can be interpreted as seismites and not the result of storm p
the Glueckstadt Graben in northern Germany, indicate a good correla-
tion between phases of salt movements and tectonic events also in
the Cenozoic (Maystrenko et al., 2006). Therefore, this may also have
been the case in the Danish area. The delta deposits of the Billund and
Bastrup formations probably made the salt meta-stabile, but the trig-
gering process wasmost likely regional tectonism. A basin-scale coinci-
dence of so many salt structures scattered around the North Sea Basin,
some of which in sediment starved areas, is most likely explained by a
common external force and not by loading of sediments.

It must, however, be stressed here that the salt tectonism shown in
Fig. 7 in Clausen et al. (2012)wasmainly formed during the Quaternary
which was a period with strong salt withdrawal in many places in
Jylland as evidenced on high resolution seismic data (Fig. 8) and in
fault displacement of Quaternary deposits in gravel pits (personal com-
munication, Stig A.S. Pedersen 2012).
(A) and the Klintinghoved Formation (B). Not only water escape structures (A), but also
in the Klintinghoved Formation despite similar depositional setting (B). This indicates
rocesses or loading of sediments (photo courtesy of A, Morten Bjerager).
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Finally, Clausen et al. (2012) mention that detailed studies are nec-
essary in order to unravel the Miocene geology of the North Sea Basin.
The basis for this statement is that Clausen et al. (2012), similar to
almost all other studies on the Cenozoic in the North Sea Basin only
mapped major unconformities relative to the Miocene succession,
e.g. Near Top Oligocene and Mid Miocene unconformity (e.g. Anell
et al., 2012; Clausen et al., 2012; Gołędowski et al., 2012; Huuse et al.,
2001). In contrast to the lack of stratigraphic resolution in these
studies, Rasmussen (2009) presented a detailed stratigraphic frame-
work for the Upper Oligocene–Miocene succession on- and offshore
Denmark (e.g. Dybkjær and Piasecki, 2010; Rasmussen, 2004a, 2004b;
Rasmussen and Dybkjær, 2005; Rasmussen et al., 2005, 2010). This
framework includes units or sequences representing timespans of
2–3 Myr, which is significantly a better resolution than the normal
range of 8–10 Myr of the major unconformity bounded units.

Finally, it should be noted that the study of outcrops that Clausen
et al. (2012) refer to in their abstract is not documented in the paper.
See Rasmussen et al. (2010 and references therein) for a detailed
documentation of Miocene outcrops in Denmark.

5. Conclusions

Clausen et al. (2012) denied the importance of Early Miocene tec-
tonism in the eastern North Sea Basin and attributed everything to
reactivation of Zechstein salt. According to them, salt movements
were related with differential loading by prograding Cenozoic se-
quences acting on salt structures and salt deposits of varying thick-
ness and this was controlled by Permian structural elements.

However, high-resolution studies of the Neogene succession in the
eastern North Sea show a more complex interaction between salt
movements and sediment loading and regional tectonism.

The architecture of the Cenozoic cover across the Ringkøbing-Fyn
High and the Central Graben varies laterally across the Danish North Sea
area. The base of the Cenozoic succession is characterised byhaving a con-
cave downward morphology within the Central Graben in the northern
part and a convex upward morphology in the southern part (Igor Struc-
ture). The northern part seems to have been exposed for differential com-
paction during subsidence whereas the southern part was influenced by
classic inversion tectonism associatedwith thewell known Alpine Savian
phase. A main phase in this inversion is elucidated by Early Miocene
pinch-out on the Igor Structure and a hiatus in a nearby well (Alma-1).

The Norwegian–Danish Basin was also inverted during the Savian
Phase which promoted a major change in the depositional environ-
ment. The dominantly deep marine depositional environment was
for a time overtaken by fluvio-deltaic systems despite a generally
warmer climate in the Early Miocene compared to the Late Oligocene.
Fluvial deposition is dominated by braided river systems and laid
down in incised valleys that deepen upstream and this indicates ac-
tive tectonism. All these features are characteristic of a young uplifted
area with an easy erodible source area (weathered basement).

There seems to be some agreement about the influence of salt tecto-
nism, but salt movements result from a complex interaction between
sediment loading and regional tectonism. During the Early Miocene
only minor salt withdrawal commenced. Onshore Denmark the most
significant salt movements commenced associated with the Middle
Miocene tectonic phase (Betic Event) as the Odderup and Arnum for-
mations clearly thickens near salt structures. However, significant qua-
ternary salt tectonism onshore Denmark should not be mixed with
Miocene salt movements.
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ABSTRACT

The recent paper by Gołezdowski et al. (2012) is a contribution to the ongoing debate regarding the
possible processes involved in the geological evolution of the North Sea basin and adjacent hinter-

lands during the Cenozoic. Their major conclusions state (1) that the prominent seismic feature

called the ‘mid-Miocene unconformity’ (MMU) is a diachroneous surface in the North Sea basin

and forms a regional hiatus and (2) that sediment flux from western Scandinavia was primarily con-

trolled by climate and vegetation cover from the Late Eocene and onwards. We believe, however,

that regarding the eastern North Sea basin, which was the depocentre for sediments sourced from

southwestern Scandinavia, these conclusions are not supported by the geological record. The so-

called ‘mid-Miocene unconformity’ is not a regional hiatus in the Danish and Norwegian sectors of

the North Sea basin, but represents a distinct shift from prograding delta/slope systems to deposi-

tion of deeper marine hemipelagic mud, and thus provides a distinct seismic marker horizon. How-

ever, detailed studies show that there is a continuous sedimentation dominated by glacony-rich mud

where a ca. 3 m thick mudlayer spans several millions years and thus are below seismic resolution.

Consequently, seismic stratigraphy is not applicable for this condensed section. (1) Warm climate

and dense vegetation cover in southern Scandinavia during the mid-Miocene Climatic Optimum

were not able to hinder the progradation of a major siliciclastic wedge from Scandinavia into the

North Sea basin. (2) The distinct temperature decrease in the Serravallian does not correlate with

the aforementioned progradation, but on the contrary, correlate with the culmination of a major

flooding event and deposition of a condensed succession of marine glaucony-rich clay.

INTRODUCTION

The study by Gołezdowski et al. (2012) presents a regional
mapping of the North Sea basin and the southern Norwe-

gian Atlantic Margin, of major unconformity bounded

units each representing up to 15 Myr and with thickness-

es in some cases up to more than 1000 m. In addition to

the regional mapping, a literature study was performed to

discuss possible processes controlling the geological

development of the North Sea basin, e.g. climate and tec-

tonism.

Gołezdowski et al. (2012) conclude that from the

Eocene onwards, climatic change was the main mecha-

nism controlling erosion rates/sediment flux, and thus

sedimentation patterns within their study area. They

argue that there are close relationships between cold cli-

mate and progradation of siliciclastic wedges from the

hinterland, and warm climate, flooding and sediment star-

vation.

In the following, we will discuss the nature of the ‘mid-

Miocene unconformity’ and the overlying condensed sec-

tion within the eastern North Sea basin (Fig. 1a), and

outline why we find it problematic to exclusively use seis-

mic data for detailed correlation between climatic signals

and sediment flux.

We agree that climatic changes influenced the sedimen-

tation patterns in the North Sea basin during the Ceno-

zoic. The influence of climatic variations is especially

dectectable in areas characterized by fluvio-deltaic sys-

tems, as exemplified by e.g. Rasmussen (2004a), Rasmus-

sen & Dybkjær (2005), Standke (2006) and Donders et al.
(2009). However, other processes also influence the depo-

sitional history, as for example in the Middle Miocene.

From the preserved geological record of the late

Early–Middle Miocene succession, it is evident that pro-

gradation of siliciclastic deposits occurred during the mid

Miocene Climatic Optimum, while sediment starvation in

the basin commenced during the Serravallian cooling

phase (Rasmussen, 2004a; Rasmussen et al., 2010).
The present discussion will show how important

detailed stratigraphic correlation is, to correlate between

sedimentation patterns and climatic variations.

THE MID-MIOCENEUNCONFORMITY

The ‘mid-Miocene Unconformity’ represents a key sur-

face of the postulated link between climate and basin fill

Correspondence: E. S. Rasmussen, Geological Survey of
Denmark and Greenland (GEUS), Copenhagen, Denmark.
E-mail: esr@geus.dk
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in the study of Gołezdowski et al. (2012; Fig. 1a). A

detailed understanding of the nature and the age of this

seismic feature is essential for the present discussion.

According to Gołezdowski et al. (2012), ‘The mid-Mio-

cene unconformity is a widespread hiatus distinguished in

most of the offshore study area…’ (page 8). They define

the mid-Miocene unconformity (MMU) as the top of the

Hordaland Group (page 9).

It must be stressed that the so-called ‘mid-Miocene

Unconformity’ in the present discussion refers to the

top of the Hordaland Group (the base of the Nordland

Group) sensu Eidvin & Rundberg (2007),

corresponding to the base of the fully marine Hodde

Formation, see Rasmussen et al. (2008, 2010) and

Dybkjær & Piasecki (2010) which provide the first con-

sistent correlation and dating (ca. 15 Ma) of this part

of the Miocene succession both onshore and offshore

Denmark and Norway, see below (Figs 1b and 2).

However, in the western part of the Danish offshore

sector, the Top Hordaland Group is dated to be

slightly younger, ca. 13 Ma (Schiøler et al., 2007).
The age of the ‘mid-Miocene Unconformity’ within

the North Sea basin has been discussed by several

authors. Sørensen et al. (1997) placed the MMU in Den-

mark at the lower boundary of sequence 7 of Michelsen

et al. (1995, 1998), which lies in the early Serravallian.

According to Gradstein et al. (2012), the base of the Ser-
ravallian is 13.82 Ma. The age assignments of Sørensen

et al. (1997) and Michelsen et al. (1995, 1998) were fol-

lowed by Huuse & Clausen (2001) and Huuse (2002), the

latter stating that the MMU appears to correlate with the

Hodde transgression. The study of K€othe (2007) dated

the MMU within the German sector to the latest Early

Miocene, in between 19.4 and 15.97 Ma. In the Dutch

North Sea Sector, the sediments below the MMU are

around 14.8 Ma, while the deposits above could not be
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dated more precisely than Middle to Late Miocene

(Kuhlmann et al., 2006; K€othe, 2007).
To avoid the use of time transgressive lithostratigraphic

units, the top of L. truncatum dinoflagellat cyst Zone of

Dybkjær & Piasecki (2010) is used for correlation in our

geological model. The top of the zone is defined by the

first occurrence of Unipontodinium aquaductus, which is

known as a high confidence stratigraphic marker across

the North Atlantic (de Verteuil & Norris, 1996; Powell &

Brinkhuis, 2004; Dybkjær & Piasecki, 2010). According to

Powell & Brinkhuis (2004), this event is 14.8 Ma. As the

base of the Hodde Formation correlates with the upper-

most part of the L. truncatum dinoflagellat cyst Zone, the

base of the Hodde Formation, it is a bit older than

14.8 Ma, approximately 15 Ma, intra Langhian (Dybkjær

& Piasecki, 2010). In the study of Eidvin & Rundberg

(2007), the base of the Nordland Group was dated with Sr

isotope analyses to 15.3–14.6 Ma in well 24/12–1, and to

16.7–14.7 Ma in well 16/4–1. These ages thus support an
age of the base Hodde Formation close to 15 Ma.

It is correct that the MMU corresponds to a hiatus in

the UK, German and Dutch sectors of the North Sea.

However, the study by Gołezdowski et al. (2012) focuses
on the connection between climate and sediment flux

from Scandinavia, and as the area within the North Sea

basin that received the sediments from Scandinavia dur-

ing the Early and Middle Miocene is mainly the Danish

sector (Rasmussen et al., 2005; Eidvin & Rundberg,

2007), it is the depositional history of this area that is rele-

vant for revealing this possible connection.

The top Hordaland Group does not represent a bio-

stratigraphic hiatus in most of the Danish and Norwegian

sectors (Eidvin & Rundberg, 2007; Rasmussen et al.,
2008, 2010; Fig. 1b). A major hiatus is only found in the

northernmost part of the Norwegian North Sea, north of

59°N. Local hiatuses may exist near salt structures and

along slope failures (Fig. 3), but otherwise they only rep-

resent minor erosional surfaces formed by transgressions

and they are below the resolution of the known biostratig-

raphy (Piasecki, 1980; Dybkjær & Piasecki, 2010). This

type of erosion (ravinement surfaces) is also well known

above the major regressive successions in the Lower Mio-

cene succession in Denmark, e.g. the Billund and Bastrup

formations (Rasmussen & Dybkjær, 2005; Rasmussen

et al., 2005, 2010; Fig. 1b) and is very common in the

geological record elsewhere (Bhattacharya, 2011). In spite

of biostratigraphic limitations, thin (<5 m) condensed

sections that are below seismic resolution can still be sub-

divided and dated allowing a differentiation between

apparent hiatuses and condensed sections.

As stated above, the so-called ‘mid-Miocene unconfor-

mity’ is not a regional hiatus in the Danish and Norwe-

gian sectors south of 59°N of the North Sea basin, but

represents a distinct shift from prograding delta/slope

systems (the Ribe Group of Rasmussen et al., 2010) to
deposition of deeper marine hemipelagic mud (the M�ade
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Group of Rasmussen et al., 2010) and thus provides a dis-
tinct seismic marker horizon. However, detailed studies

show that there is a continuous sedimentation. The lower-

most part of the M�ade Group is dominated by glaucony-

rich, fully marine mud where ca. 3 m thick glaucony-rich

muds spans several million years and thus are below seis-

mic resolution. Consequently, seismic stratigraphy is not

applicable to this condensed section.

THEMIDDLEMIOCENEONSHORE
DENMARK AND POSSIBLE LINK TO
CLIMATE

A possible hiatus was introduced by Michelsen (1996)

and Michelsen et al. (1998) within the Serravalian

(Middle Miocene) succession (Fig. 4a), although the

detailed study of Piasecki (1980) did not find any hia-

tuses in the same succession more than a decade

before. It must, however, be stressed that Michelsen

et al. (1998) indicated this hiatus with a question

mark. They were thus aware of the uncertainty of the

hiatus. The possible ‘hiatus’ was by Huuse et al.
(2001) correlated with the Serravallian global cooling

(ca. 13 Ma; Fig 4a) and thus suggested to be associ-

ated with climatic deterioration. They also postulated

that it is coincident with increased sediment flux to

the North Sea basin (Huuse et al., 2001 and their

Fig. 2). Although Huuse et al. (2001) discussed a mis-

fit between the dating of the hiatus (MMU) and the

distinct cooling phase within the Serravallian, this

problem seems to have been ignored in later literature

(e.g. Nielsen et al., 2009; Gołezdowski et al., 2012).

However, as shown in Figs 4b and 5, the Serravallian

cooling phase does not correlate with increased sedi-

ment flux; on the contrary, this time was character-

ized by sediment starvation in Norway, Denmark

and northern Germany (Eidvin & Rundberg, 2007;

Rasmussen et al., 2010) and dominated by the forma-

tion of glaucony-rich mud.

The ‘hiatus’ was probably the result of dissolution of

calcareous microfossils (foraminifera) due to acidic pore

water (high amount of pyrite) and consequently post-

depositional (see also Laursen & Kristoffersen, 1999,

p. 87). The study of Michelsen et al. (1998), which was

mainly based on foraminifera, thereby incorrectly intro-

duced a hiatus in the Middle Miocene succession in Den-

mark. The barren interval corresponds to the newly

defined Ørnhøj Formation (Rasmussen et al., 2010). Bio-
stratigraphy of the same interval based on dinoflagellate

cysts indicates a continuous sedimentary succession. A

high diversity of dinoflagellate cysts in this part of the

succession strongly indicates a fully marine depositional

setting (Piasecki, 1980; Dybkjær & Piasecki, 2010). The

sedimentary succession is composed of clay and glaucony,

which is in line with a marine distal setting as indicated by

the palynomorphs. In addition, detailed measurements of

the sediments do not show any hiatuses, i.e. erosional

boundaries, in this part of the Miocene of Denmark (Ras-

mussen et al., 2010).

CLIMATE AND SEDIMENT SUPPLY

The simple correlation between climate and variation in

sediment input as suggested by Gołezdowski et al. (2012)
cannot be documented in the data from the North Sea

basin. These authors propose that

During the mid-Miocene, the climate became

warmer and sea level rose….This should result in

lower depositional rates due to low erosion in war-

mer climates and sediment starvation due to trans-

gression, and indeed the so-called ‘mid-Miocene
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unconformity’ represents an interval of condensed

sedimentation and transgression.

This, however, is not in line with the known stra-

tigraphy in the eastern North Sea basin (Rasmussen

et al., 2005, 2010; Dybkjær & Piasecki, 2008, 2010).

In the eastern North Sea basin, a high sediment sup-

ply from Scandinavia resulted in progradation of the

sand-rich coastal plain deposits referred to the Odd-

erup Formation (Rasmussen, 1961; Rasmussen et al.,
2010) during the mid-Miocene Climatic Optimum ca.
17–14 Ma (late Burdigalian to Langhian; Zachos et al.,
2001; Figs 4b and 6). The deposition of the Odderup

Formation during a warm climate is further docu-

mented by vegetational studies, e.g. Friis (1975) and

Larsson et al. (2011).
The condensed section of fully marine clay, repre-

sented by the upper part of the Hodde Formation and

the Ørnhøj Formation was deposited during the distinct

climatic cooling initiated in the Serravalian (ca. 13 Ma;

Figs 4b and 5). The deposition of the condensed sec-

tion was consequently not the result of a warm climate

and dense vegetation cover on the Scandinavian Shield

as suggested by Gołezdowski et al. (2012). There is thus

a mismatch between the ‘Global Neogene signature’ of

Bartek et al. (1991) and the stratigraphic architecture

off southern Scandinavia evidences in the missing Mid-

dle Miocene progradational system in the eastern North

Sea basin. On the contrary, sediment starvation charac-

terized this area. This is commonly attributed to

increased subsidence of the North Sea basin (Ziegler,

1982; Koch, 1989; Rasmussen, 2004a; Knox et al.,
2010). In fact, the upper Middle and Upper Miocene

succession of the eastern North Sea basin is character-

ized by shelf deposits and the condensed section reflects

more than 3 Myr dominated by sediment starvation in

the basin in spite of the late Middle and Late Miocene

overall cooling (Fig. 4). Due to this starvation in most

parts of the North Sea basin, the increased subsidence

of the basin in the Middle Miocene cannot be attrib-

uted to loading-induced subsidence e.g. due to the

deposition of the Baltic River Systems (Bijlsma, 1981)

as suggested by Gołezdowski et al. (2012, page 392).

There is no evidence for increased sediment influx in

northern Germany and Denmark during the Middle

Miocene (Fig. 6) and consequently, no indication of

changes in sediment supply, i.e. simple delta lobe

switching, from the geological record. The mainly flu-

vial deposits from Vorvadsbro and Silkeborg studied by

Bijlsma (1981) was formerly referred to the Middle
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Miocene Odderup Formation (Rasmussen, 1961), while

new palynological studies of marine incursions within

the fluvial system has shown that these deposits are of

earliest Early Miocene age (Rasmussen et al., 2006; Dy-

bkjær & Piasecki, 2010). The first sign of major progra-

dational units, e.g. the Baltic river systems, major river

systems in southern Europe and the Utsira Formation

in the northern North Sea, did not commence until the

Late Miocene (Eidvin & Rundberg, 2007; Knox et al.,
2010; and references therein; Eidvin et al., 2013).

CLIMATE ANDVEGETATION

Gołezdowski et al. (2012) propose that changes in the veg-

etation cover of Scandinavia – related to climatic changes
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– should account for (at least part of) the variations in sed-
iment flux. Widespread vegetation cover during warm

periods should have hindered erosion of the hinterland,

while less dense vegetation cover increased erosion during

cold periods. However, the vegetational changes regis-

tered by e.g. Mosbrugger et al. (2005) and Utescher et al.
(2009), do not correlate in this way with the sediment flux.

The vegetation covering southern Scandinavia during the

mid-Miocene Climatic Optimum did not hinder the

progradation of the Odderup Formation, and the deterio-

ration of climate in the Serravallian did not lead to

increased progradation, but instead, deposition of a

condensed, fully marine succession (the Hodde and

Ørnhøj formations and the lower part of the Gram

Formation) occurred (Fig. 2).

We do not see the relevance of suggesting a protecting

vegetation cover during warm periods as an important

factor influencing the sediment flux. According to Bruns-

tad et al. (2008), high sediment flux from southern Nor-

way commenced west of Norway during the early

Paleogene. This was associated with uplift during the

opening of the northern Atlantic (e.g. Gołezdowski et al.,
2012). Consequently, sediment flux occurred during the

warm early Paleogene, but only west of Norway. High

sediment flux in warm humid climates is a common phe-

nomenon. The fluvio-deltaic system of present-day

south-west India, e.g. the Godavari delta, is of similar size

to the Miocene systems of the eastern North Sea basin,

which were formed during the mid-Miocene Climatic

Optimum. The prograding Miocene systems of the east-

ern North Sea basin merely indicate newly uplifted

weathered basement (Rasmussen, 1995; Lidmar-Bergs-

tr€om, 1996; Rasmussen et al., 2010). Furthermore, there

are no indications of glacial processes in the hinterland as

suggested by Gołezdowski et al. (2012) e.g. clasts with gla-

cial facets or common occurrences of immature rocks in

the otherwise highly mature quartz-rich sands of the Mio-

cene succession in Denmark.

CONCLUSIONS

The present contribution discusses the proposed correla-

tion between global climatic variations and sediment flux

from western Scandinavia during the Miocene. As the

Danish sector of the North Sea basin was the main

depocentre for sediments from the southwestern Scandi-

navia at that time, the focus is on this area. In this area,

the so-called ‘mid-Miocene unconformity’ does not rep-

resent a marked hiatus.

A close inspection of the Middle Miocene strati-

graphic record of the eastern North Sea basin based on

chronostratigraphic surfaces shows that there is no sim-

ple correlation between climate and the development of

the Miocene succession. Marked progradation of a

sand-rich coastal plain from Scandinavia (the Odderup

Fm) occurred during most of the mid-Miocene Cli-

matic Optimum (17–14 Ma). The culmination of the

Middle Miocene flooding event, represented by the

upper part of the Hodde Fm and the Ørnhøj Fm,

occurred during the marked climatic cooling initiated

in the Serravallian. During the next 3 Myr or more,

sediment starvation characterized the North Sea basin.

The flooding was thus most likely related to increased

subsidence of the basin, which was not controlled by

load-induced subsidence. The relationship between

vegetation cover in Fennoscandia and sediment supply

into the North Sea basin is not documented in the data
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Fig. 6. Correlation panel of the late Early Miocene to Pliocene, from the northern North Sea off Norway to northern Germany. Note

that sandrich progradational systems are only found in the Lower Miocene and the Upper Miocene. The Middle Miocene is thin and

a substantial part of the Middle Miocene is composed of glaucony-rich mud. The Middle Miocene is therefore below seismic resolu-

tion in most parts of the North Sea basin (see also Fig. 5). The sandrich units in the northern North Sea was mainly sourced from the

Shetland Platform and are therefore not of relevance in the discussion on the sediment flux from Scandinavia. Partly based on Eidvin

& Rundberg (2007) and Knox et al. (2010).
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provided by Gołezdowski et al. (2012) or references

therein and contradicts the detailed stratigraphy of the

eastern North Sea basin. Modern analogues to the

Danish Miocene river systems are known from present-

day south-west India and are thus well known from

warm climates.

The following questions must be raised:

(1) Do Gołezdowski et al. (2012) interpret the MMU

as a hiatus/diachronous surface in the Norwe-

gian part of the North Sea basin, south of 58°

north, and in the eastern part of the North Sea

basin (the Danish offshore area)? If so, based on

which type of data?

(2) Is it reasonable to correlate a diachronous

surface, as the MMU is said to be, with distinct

climatic events?

(3) Are there any data confirming a change in the veg-

etational cover in Scandinavia that could be

responsible for the variations in sediment influx as

suggested for the late Early andMiddle Miocene?

(4) Why do we have continental conditions along the

margins of the North Sea basin during the warm

Early to early Middle Miocene and marine condi-

tions during the cold, late Middle Miocene–what
is the effect of the Serravallian cooling phase?

Why do we not find the progradation during the

Serravallian in the eastern North Sea basin,

which otherwise is characteristic of this time

interval in most other areas of the world (‘global

Neogene signature’ sensu Bartek et al., 1991)?
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ABSTRACT: Sequence stratigraphic concepts for making predictive lithologic models are based on relative sea-level changes,
which for lower-rank cycles of 1 Ma or 400 ka are considered to be driven by eustasy. This study of an incised-valley fill of the
lower Miocene Addit Member, Billund Formation, Denmark, shows that this is an oversimplification and that the distribution
of lithology differs from that commonly used in sequence stratigraphic models.

The incised-valley fill is composed of up to 60 m of fluvial deposits with intercalated lacustrine and marine sand and mud. A
regional subaerial erosional surface separates the incised-valley fill into two distinct units that together constitute a compound
fill. This second boundary clearly shows a stepped erosional pattern characteristic for a regional composite scoured surface
(RCS). The scouring shows a systematic migration towards the east. The main incision and the twofold development of the
valley fill are interpreted to be strongly influenced by the eustatic sea-level changes that occurred during the end of the
Aquitanian (early Miocene), the so-called Mi1a glacial event. The development of systems tracts also follows the standard
sequence stratigraphic model. However, inversion tectonism and continued uplift of the hinterland resulted in the upstream
widening of the valley morphology and the systematic eastward migration of incision of at least the second regional composite
scour surface. The presence of gravel clasts (, 5 cm) indicates a relatively steep dip for the fluvial system. As only minor local
climatic changes have been detected during the incision and filling of the valley, local climate is not considered to have been
important.

INTRODUCTION

Models of incised-valley fills assume a sea-level control only, but here I
document a system where tectonic inversion played a significant role.

The braided–meandering fluvial system of the Addit Member, Den-
mark (Rasmussen et al. 2010) was deposited in an incised valley during
the Aquitanian, early Miocene. Knowledge of the climate and glacio-
eustatic sea-level changes during the Miocene is among the best in the
geologic record. The climate in NW Europe during the Neogene has been
reconstructed in detail by studies of floral changes (Mai 1967; Friis 1975;
Larsson-Lindgren 2009; Utescher et al. 2009). Intensive studies of the
Neogene succession off New Jersey (Miller et al. 2005) and ODP sites
worldwide (Zachos et al. 2001) have revealed changes in global climate
and polar ice-sheet configurations for the Neogene, notably in Antarctica.
Studies of the Neogene succession in a number of basins (Bartek et al.
1991; Eberli et al. 1997; Belopolsky and Droxler 2003, 2004; Tcherepanov
et al. 2008) confirm the global sea-level curve. The high density of seismic
data and numerous boreholes available in the North Sea basin have made
it possible to recognize distinct tectonic phases in the studied area
(Rundberg and Eidvin 2005; Rasmussen et al. 2005; Rasmussen 2004a,
2009a, 2013). The tectonic phases found within the North Sea Basin seem
to be closely associated with the Alpine–Carpathian Orogeny and with
the opening of the North Atlantic.

Sedimentation of the studied succession started in the early Miocene as
a consequence of an inversion phase (the Savian Phase). The sediment
influx to the basin was high after the tectonic phase, and the Billund

Formation prograded c. 300 km into the basin within less than 2 Myr. Sea
level fell and rose c. 25 m (Miller et al. 2005) during the formation of the
Billund Formation. Therefore the Billund Formation can act as a natural
laboratory for studying delta complexes (Rasmussen and Dybkjær 2005;
Hansen and Rasmussen 2008; Rasmussen 2009b; Rasmussen and Bruun-
Petersen 2010) and incised-valley fills (this study).

During the last 10 years, the counties located in Jylland and the
Geological Survey of Denmark and Greenland have carried out an
intensive study of the sand-prone lower Miocene succession. High-
resolution seismic data have been acquired across the valley system, and
c. 40 boreholes have penetrated the lower Miocene Billund Formation, of
which ten have encountered fluvial sand deposited in an incised valley.
The valley fill is referred to as the Addit Member of the Billund
Formation (Rasmussen et al. 2010). The fluvial deposits crop out at three
locations, and allow for detailed study of the sedimentary structures and a
robust biostratigraphic framework of the valley fill (Dybkjær and
Piasecki 2010).

The aim of this paper is to demonstrate the sedimentological and
morphological development of an incised-valley fill formed under the
influence of inversion tectonism and a true eustatic sea-level fall and rise
of the order of 25 m.

GEOLOGICAL SETTING

The main structural elements of the eastern North Sea Basin were
formed during late Paleozoic and Mesozoic rifting (e.g., Ziegler 1982,
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1990; Møller and Rasmussen 2003; Nielsen 2003; Japsen et al. 2007).
Some of these Mesozoic basins were inverted during the Cretaceous and
Cenozoic (Mogensen and Korstgaard 1993; Mogensen and Jensen 1994;
Vejbæk and Andersen 2002; Rasmussen 2009a, 2013), and inversion was
associated with the Alpine Orogeny.

The inversion tectonism in the Oligocene–Miocene strongly influenced
the study area. Inversion occurred along the Sorgenfrei–Tornquist Zone
(Fig. 1) and within the Central Graben (Rasmussen 2009a; Rasmussen
2013). Associated reactivation of structural elements and salt structures
on the Ringkøbing–Fyn High and within the Norwegian–Danish Basin
took place. Apatite fission-track analysis also indicates that the
Fennoscandian Shield was uplifted around the Oligocene–Miocene
boundary (Japsen et al. 2007). Marked uplift of present-day Norway
commenced in the late Tertiary (Gabrielsen et al. 2010), which thus
formed an important sediment source area for the eastern North Sea
Basin during the Miocene. Gabrielsen et al. (2010) estimated the elevation
of present-day Norway to have been between 300 and 1500 m. A study of
the early Miocene flora in Denmark (Larsson-Lindgren 2009) indicates
that the relief of the source area was on the order of 500 m. The source
area was composed of highly weathered basement (Rasmussen 1995;
Lidmar-Bergstrøm 1996), PreCambrian sandstones, and possibly also
unweathered basement, as indicated by locally immature sediments

(Larsen and Dinesen 1959; Rasmussen 1995). Sediments were shed
southward from the topographically elevated Fennoscandian Shield into
the eastern North Sea Basin, especially towards the area of the Mesozoic
Norwegian–Danish Basin (Fig. 1). Outbuilding of deltaic deposits
resulted in the deposition of the lower Miocene Billund, Bastrup, and
Odderup formations (Fig. 2; Rasmussen et al. 2010). The lowermost unit,
the Billund Formation, was deposited predominantly as a wave-
dominated delta (Fig. 3A–C) in two depositional lobes named the
Ringkøbing and Brande lobes (Hansen and Rasmussen 2008). Spits and
barrier complexes formed east of the main lobes due to wave-dominated
sediment transport caused by dominantly westerly winds that prevailed in
the Miocene North Sea. The marine Miocene deposits are dominated by
storm-generated deposits, e.g., hummocky cross-stratified and swaly
cross-stratified sediments and washover fans (Friis et al. 1998; Rasmussen
and Dybkjær 2005). However, tidal rhythmites and tidal bundles are also
common. The tidal range was most likely microtidal to mesotidal.

The climate during the early Miocene was generally warm, temperate,
and humid (Larsson et al. 2006; Larsson et al. 2010; Utescher et al. 2009).
The annual precipitation was on the order of 1200–1500 mm per year in
the lowland area.

METHODOLOGY

Three outcrops, Voervadsbro, Addit, and Salten (Figs. 4, 5), were
measured sedimentologically at selected vertical sections. Outcrop
descriptions of sedimentary structures, erosion surfaces, grain-size trends,
and paleocurrent measurements were also carried out. The measured
vertical sections were superimposed on photomosaics of the outcrops in
order to trace major boundaries and the overall architecture of the
measured successions. Cuttings samples from the Resen, Mausing, Ry,
Addit, Dauding, Hjøllund, Isenvad, Hammerum, and Sunds boreholes
(Fig. 4) that penetrated fluvial sediments were described, and changes in
lithology were compared to gamma-ray readings measured in the
boreholes. More than 60 boreholes that penetrated the entire delta
system were also described. Selected high-resolution seismic data were
included in order to constrain the overall architecture of the succession. A
small survey using ground-penetrating radar from the Addit Gravel pit
was made available for the study by Niels Skytte Christensen. The dating
of the succession is based on Rasmussen et al. (2006) and Dybkjær and
Piasecki (2010).

FACIES ASSOCIATIONS

The outcrop correlation shown in Figure 5 is supported by adjacent
deep boreholes having a regionally distributed lignite layer as datum
(Fig. 6). Analysis of this section led to the recognition of ten facies
associations (Figs. 6, 7, 8) in the Addit Member of the Billund
Formation. The facies associations represent depositional systems
ranging from terrestrial to marine.

Facies Association A: Channel Thalweg

Description.—Facies association A has a sharp and often erosional
irregular basal surface (Fig. 9). The thickness is 0.5–1 m. The facies
association is composed of gray, medium- to coarse-grained sand and
gravel. Clasts up to 4 cm in diameter are common. The clasts are
subrounded to well-rounded and consist of quartz or quartzite and more
rarely of chert. Intraformational mud clasts, up to decimeters in size,
occur commonly in the basal lags. The facies association comprises
trough, low-angle cross-stratified, and plane-laminated sand. The trough
cross-stratified beds consist of medium- to coarse-grained, pebbly sand
with thicknesses of 10 to 40 cm. The fine- to medium-grained low-angle
and plane-laminated sand beds are 20 to 30 cm thick. Paleocurrent

FIG. 1.—Study area and main structural elements. The outline of the incised
valley and the location of the coastline during maximum regression are indicated.
The location of outcrops is also shown. Modified from Bertelsen (1978).
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directions are towards the S and SSW with subordinate current directions
towards the SW and SE (Fig. 10A). No trace fossils have been found.
This facies association forms the basal part of an overall fining-upward
succession that is capped by lignite.

Interpretation.—The overall fining-upward succession and the close
relationship to facies associations B and C and the absence of trace fossils
indicates a fluvial depositional environment. The sharp erosional base
and the occurrence of clasts up to 4 cm in diameter suggests deposition in

a channel thalweg. The gravel and pebbles and the common occurrence of
intraformational mud clasts that originate from resistant mud-bank
deposits or mud drapes formed during low stages in the bar lee (Best et al.
2003) indicate periodic energetic flood events. Current flows over 1.5 m/s
may have existed under such events (e.g., Allen 1983). The trough cross-
stratified deposits were formed by migrating 3D dunes within the main
channel. The deposition of low-angle cross-stratified and plane-laminated
fine- to medium-grained sand took place close to the upper plane and
upper flow regimes respectively. The consistent paleoflow direction

FIG. 2.—Lithostratigraphy of the lower Mio-
cene in Denmark. Modified from Rasmussen
et al. (2010).

FIG. 3.—Paleogeographic reconstruction of the eastern North Sea during the Aquitanian, early Miocene: A) progradation during the highstand systems tract, B)
progradation during the forced regressive wedge systems tract, and C) retrogradation during the transgressive systems tract of sequence C. Modified from Rasmussen
et al. (2010).
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FIG. 4.—Map of the study area showing the location of boreholes, outcrops, seismic data, location of the correlation panel shown in Figure 5, and the areal extent of
the fence diagram shown in Figure 17.

FIG. 5.—Correlation panel showing the measured sections and deep boreholes near the outcrops.
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FIG. 6.—Log sections of the outcrops at Voervadsbro, Addit, and Salten. Datum is a lignite bed found at all sections. Interpreted depositional environments and
correlations are indicated.
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FIG. 7.—Photograph of the Voervadsbro outcrop with inserted sedimentological log (log is c. 25 high). The interpreted depositional environments are indicated.
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FIG. 8.—Photograph of the Addit outcrop
(outcrop is c. 40 m high). The interpreted
depositional environments are indicated.

FIG. 9.—Photograph of shoreface deposits
overlain by cross-bedded fluvial sand. The lower
part represents shoreface association (FAI). The
section above the stippled line represents channel
thalweg association (FAA). Note the trace fossils
in the shoreface sand indicated by arrows.
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towards the S and SSW, measured at different locations in active gravel
pits, is similar to that found by Hansen (1995) and indicates uniform flow
directions that are diagnostic of a low-sinuosity river.

Facies Association B: Channel Fill

Description.—This facies association consists of white to reddish
(secondary Fe oxide coating), fine- to medium-grained sand (Fig. 11).
The facies association is dominated by planar, cross-stratified sand, but
trough cross-stratified and parallel-laminated sand beds are commonly
seen in the lower part. Cross-stratified beds, on average 30 to 60 cm thick,
are stacked as fining- and thinning-upward successions. The paleocurrent
directions are towards the SW (Fig. 10B). No trace fossils were found.
The facies association is 3–4 m thick.

Interpretation.—The dominance of planar cross-stratified sand indi-
cates deposition from dominantly migrating 2D dunes, but 3D dunes are
also found, especially in the lowermost part. The 2D and 3D dunes were
deposited in the lower flow regime. The fining- and thinning-upward
trends indicate deposition in a progressively shallower and low-energy
environment. The plane-laminated sand beds were deposited under upper
flow regime in the deeper part of the channel. The close similarity to facies
association A and the absence of trace fossils suggest a fluvial
depositional setting, and the dominance of unidirectional current
directions suggests that the fluvial environment was low sinuosity.

Facies Association C: Mid-Channel Bar

Description.—This facies association is characterized by large foresets
consisting of white, fine- to medium-grained sand and gravel (Fig. 12).
The height of the foresets is commonly 2 m, but heights of up to 5 m
occur (Figs. 6, 7, 8, 12, 13). The lateral extent of the foresets is in the
order of 10 cm to a few meters, and the foresets dip in various directions
(SW, NE, SE; Figs. 7, 8, 13). Individual foresets are c. 3 cm thick and may
consist of ungraded or weakly inverse-graded gravel or show normal
grading from gravel to fine-grained sand. Backflow ripples may be
present at the foreset toes (Fig. 12B). The bedding surfaces dip 25–30u,
but pass laterally into progressively more gently dipping sets of master
bedding, which typically dip at 10–15u, but rarely at less than 5u (Fig. 12).

FIG. 10.—Rose diagrams showing measured paleocurrent directions at Addit
and Voervadsbro: A) measurements of trough cross-stratified beds, B) planar
cross-beds, and C) planar cross-beds formed on the slope of the mid-channel bar.

FIG. 11.—Photograph of the channel-fill as-
sociation (FAB; Addit gravel pit).
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The dip direction of the master bedding is similar to the dip of the foresets
(Fig. 12). Paleocurrent directions are predominantly toward the W and
SW, but a few NW and E current directions have been measured.
Paleocurrent direction measurements on the superimposed foresets that
climb down the master bedding surfaces are toward the NNW. Soft-
sediment deformation structures, such as overturned cross-strata, are
common (Fig. 12C). The association is capped by trough cross-stratified
sand with bed thicknesses from 25 to 50 cm. The basal erosional surface is
concave up. Some beds show a lateral transition from tangential foresets
with preserved bottom sets to foresets lacking bottomsets. The facies
association is 6 m thick.

Interpretation.—Cross-bedding up to 5 m high, dips commonly up to
the angle of repose, low lateral extent, and the close association with

facies association A all indicate deposition of a mid-channel bar (Bristow
1987; Ashworth et al. 2000; Best et al. 2003; Sambrook Smith et al. 2006;
Allen et al. 2013). The steeply dipping foresets were formed by
avalanching down the slip face of the bar, causing bar migration. The
different paleoflow directions towards the SW, SE, and NE, compared to
the S–SSW directions measured in the channel thalweg facies association,
indicate migration direction oblique to the main flow direction, as is
commonly seen in mid-channel bars (Sambrook Smith et al. 2006).
Alternatively, these steeply dipping foresets could be interpreted as bank-
attached bars, but the relatively low development of lateral-accretion
surfaces and common change in dip direction (Figs. 7, 13) make an
interpretation of mid-channel bars more likely. The countercurrent
ripples at the bases of the foresets are the result of backflows on the lee
sides of the bedforms (Collinson 1970; Bristow 1993). Alternatively, they

FIG. 12.—Photograph of facies association C. A) Mid-channel bar association (Addit gravel pit). The scale is indicated by the spade in the lower right corner. B)
Backflow ripples at the toe of foresets. C) Slumped foresets.
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might have been formed by subordinate tidal currents (see below).
However, there are no structures in the succession that indicate flow
reversals, such as reactivation surfaces or herringbone structures (Nio and
Yang 1991). Flow separation is therefore interpreted to be the cause of
these backflow ripples. The soft sediment structures were developed as the
result of rapid deposition and consequent escape of pore water (Bristow
1993). The concave erosional features at the top of the large 2D dunes
were formed by channel (chute) cutting and successive filling by migrating
3D and 2D dunes (Sambrook Smith et al. 2006). The gently dipping
master bedding is interpreted to be the result of downstream accretion,
commonly seen where overflow is absent (Best et al. 2003; Sambrook
Smith et al. 2006).

Facies Association D: Point Bar

Description.—Facies association D consists of white, fine-grained sand
and is 3–5 m thick (Fig. 14). The facies is best developed at Voervadsbro
and correlates laterally with facies F (floodplain). The facies is
characterized by sets of fine-grained planar cross-stratified, plane-
parallel-laminated sand and finally capped by ripple-laminated sand
(Fig. 6). The thickness of the planar and plane-parallel-laminated sands is
5–30 cm. Clasts of lignite may occur in the cross-bedded sand. The sand
beds are arranged in gently dipping master beds with a dip of up to 15u
(Figs. 7, 14). Some of the master beds are draped from top to bottom by a
dark brown, mud layer 2–5 cm thick. The master beds dip towards the SE
at Voervadsbro and S at Addit (Figs. 1, 4).

Interpretation.—The planar cross-stratified and ripple-laminated sand
was deposited by traction currents in a low-energy environment. Scattered
occurrences of lignite fragments indicate weak erosion of floodplain deposits.
The gently dipping master bedding is suggestive of point-bar deposition in a

meandering fluvial system (Jordan and Pryor 1992; Miall 1996). This
interpretation is supported by the coexistence of the gently dipping master
bedding surrounded by laterally extensive fine-grained deposits (Allen 1965).
The mud drapes on some master bedding surfaces may be associated with
major floods or seasonal fluctuations, or alternatively may suggest tidal
influence (Thomas et al. 1987; Schwarz et al. 2006).

Facies Association E: Abandoned Channel Fill

Description.—Facies association E is composed of 6 m of gray mud
with intercalated sand beds and is restricted to the Salten section (Fig. 6).
The sand beds are homogeneous and vary in thickness from a few cm to
15 centimeters. The bases of the sand beds are sharp. Folding or slumping
of the succession is seen in the uppermost part. Facies association E
overlies facies association A, channel thalweg deposits.

Interpretation.—The dominance of mud indicates deposition in slack
water, e.g., a lake or an abandoned channel. The abandoned-channel
interpretation is preferred here, because the facies has been found only at
one locality and is not seen on any seismic sections (see seismic facies
below). Furthermore, the facies association is superimposed on channel
thalweg deposits (Facies association A) and thus was most likely deposited
in an abandoned channel (i.e., oxbow lake). The homogeneous, sharp-
based sand beds were deposited from overbank events during major floods.

Facies Association F: Floodplain

Description.—Facies association F consists of dark brown mud with
intercalations of thin, gray sand beds (Fig. 15A) and is 6 m thick. The
sand beds are sharp based, 2–10 cm thick, and are ripple laminated to
massive. The tops of the sand beds are commonly wavy. Rootlets occur

FIG. 13.—Georadar section from Addit gravel
pit. The channel-fill association is imaged by a
parallel to subparallel pattern and the lateral
migration of a mid-channel bar is imaged by a
clinoformal pattern (arrows). Note that lateral
migration occurred both toward the SW and NE
within relatively short distances. The height of
the bar is c. 4 m, very similar to the height of the
foresets shown in Figure 12.
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sporadically in the upper part of some of the sand beds (Fig. 15A).
Lignite is commonly found.

Interpretation.—The dominance of mud indicates a low-energy
depositional environment. The occurrence of rootlets and lignite indicates
a terrestrial environment (see also Rasmussen et al. 2006). The close
association with facies association D, point-bar deposits, indicates a
floodplain depositional environment. The sharp-based sand beds
intercalated with muddy intervals are interpreted as crevasse splays.
Alternatively, this part represents marginal levees of a channel. However,
the limited sizes of the outcrops hinder a conclusive interpretation.

Facies Association G: Lake Association

Description.—Facies association G is composed of alternating dark
brown and brown mud with some white fine-grained sand (Fig. 15B, C).
The facies association is 1–4 m thick. The sand beds are predominantly
ripple laminated with some incursions of thin planar cross-bedded sand.
Symmetrical-ripple cross-lamination is common at Addit (Fig. 15C). The
symmetrical ripples consists of well sorted fine-grained sand and occur in
irregularly based beds up to 5 cm thick. The planar cross-stratified sands
are c. 10 cm thick. The alternating sand and mud succession is capped by
a lignite layer at the Addit and Voervadsbro outcrops (Fig. 15B).
Significant variations in the thickness of the lignite layers occur over a
scale of tens of meters, but rarely are they more than 1 m thick.

Interpretation.—The fine-grained deposits of facies association G
indicates an overall calm depositional environment. The occurrence of
symmetrical ripple cross-lamination indicates wave-generated structures.
The facies association G is therefore interpreted as a lake. The thin cross-
stratified sand was deposited by migrating 2D dunes, associated with
deposition in a distal splay (Fisher et al. 2008). The lignite at the top is
interpreted as the final bog vegetation of the lake once it was filled.

Facies Association H: Tidally Influenced Delta Plain

Description.—Facies association H consists of white, medium-grained,
planar cross-stratified sand beds from 5 to 20 cm thick. They are
intercalated with heterolithic lenticular-bedded sand (Fig. 15D). Sporadic
gray gravel beds are found. The foresets dip towards the SW. Mud drapes
are commonly found on the cross-bedding, and scattered mud clasts are
commonly seen in the cross-bedded sand. The basal boundary is placed at
the first significant occurrence of cross-bedded sand with mud drapes.
The facies is found at the Salten section and is there 2.5 m thick (Fig. 6)
where it overlies floodplain deposits (FA D) and underlies fine-grained

bay deposits (FA D). Dinoflagellates have been found in samples from
this facies association (Rasmussen et al. 2006).

Interpretation.—The alternation of cross-bedded sand beds with mud
drapes on foresets and heterolitic lenticular-bedded sand possibly
indicates deposition in a tidally influenced depositional environment
(Nio and Yang 1991; Plint and Wadsworth 2003). Alternatively, the mud
drapes were deposited during waning flow stage (Reesink and Bridge
2011). The occurrence of marine dinoflagellates indicates some marine
influence (see also Tesson et al. 2011). The planar cross-stratified sand
was formed by migrating 2D dunes in the lower flow regime. The
unidirectional paleocurrent direction suggests that a fluvial process was
dominant or that the facies was deposited in an ebb-dominated tidal
channel. The strong marine influence, as indicated above, the gradual
transition from floodplain deposits (FA D), and lateral correlation with
lake association (FA G) suggest a delta-plain setting.

Facies Association I: Shoreface

Description.—Facies I is composed of trough and planar cross-
stratified, white, fine- to medium-grained sand (Figs. 9, 16A) with a
few mud layers. The facies association is 4 m thick. Current-ripple-
laminated, fine-grained sands cap some of the sand beds. The thickness of
sets is between 20 to 50 cm. Paleocurrents indicate a SE direction of
trough cross-stratified strata and the dominance of NE-dipping foresets
of planar cross-stratified sand. Trace fossils of Skolithos and Ophiomor-
pha occur sporadically at certain horizons (Figs. 9, 16A, B).

Interpretation.—The trough cross-stratified sand beds were deposited
by migrating 3D dunes and the planar cross-stratified sand by migrating
2D dunes. The occurrence of trough and planar cross-stratified sand with
Skolithos and Ophiomorpha indicates deposition in a shallow marine
environment that probably represents ridges and runnels of an upper-
shoreface depositional setting. The northeastward dip of cross-stratified
sand is interpreted as a landward migration of shoal bars (e.g., Clifton
et al. 1971; Hunter et al. 1979). The thin mud beds were deposited in calm
water of a tidally influenced shoreline (Rasmussen and Dybkjær 2005).
Apart from the trace fossils found in this facies association, the
correlation with marine deposits of facies association J (Figs. 5, 6)
supports a marine origin of facies association I.

Facies Association J: Bay

Description.—Facies association J is composed of dark brown
mud with a regular intercalation of laminated, weakly normally graded,

FIG. 14.—Photograph of pointbar association
(FAD; Voervadsbro gravel pit).
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fine-grained sand beds (Fig. 16C) less than 0.5 cm thick. The spacing
between the sand beds is c. 5 cm. The lower boundary is placed at the first
occurrences of laminated sand above homogeneous, dark brown mud. A
palynological study of samples from this facies association reveals a high
content of dinoflagellates (Rasmussen et al. 2006). The facies association
is 2 m thick.

FIG. 15.—A) Floodplain association (FAF; Salten section). Note the rootlets in
the sand, interpreted as a crevasse splay. Pencil for scale. B) Lake association
dominated by dark brown and brown mud and lignite deposits (FAG; Addit gravel

r

pit). Spade for scale. C) Lake association showing rippled laminated sand
alternating with thin mud layers (FAC; Addit gravel pit). Pencil for scale. D)
Tidally influenced delta-plain association (FAH; Salten section). Note the
rhythmic alteration of sand and mud beds and mud drapes on foresets of the
cross-stratified sand bed.

FIG. 16.—A) Shoreface association (FAI; Addit gravel pit). Note the trace
fossils Ophiomorpha, in the cross-bedded sand. Height of photo is c. 75 cm. B)
Close-up of Ophiomorpha. C) Bay association (FAJ; Salten section). Note the
laminated fine-grained sand interbeds in the marine mud. Knife is c. 15 cm.
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Interpretation.—The fine-grained nature of facies association J
indicates deposition in a low-energy environment. The relative abundance
of dinoflagellates indicates a marine environment, such as a bay between
delta lobes. The laminated, weakly normal-graded sand beds indicate
sedimentation by fallout from a suspension cloud associated with storms.

SEQUENCE STRATIGRAPHY

To establish a sequence stratigraphic framework for the succession,
detailed measurements of the outcrops are combined with borehole data
(Figs. 17, 18). A few seismic lines that cover the succession are also
included (Fig. 19). The sedimentological study showed that the succession
consists of both marine and fluvial deposits. The change from marine to
fluvial deposits is always characterized by a sharp erosional surface and a
marked change in grain size, from fine- to medium-grained sand to gravel
and pebbles (Figs. 6, 9). Two of these boundaries are found in the
succession described here. These surfaces are interpreted as sequence
boundaries (e.g., Posamentier and Allen 1999) and are named SB1 and
SB2 respectively (Fig. 17). The good exposure of SB2 in outcrops and the
development between the Sunds and Isenvad boreholes (Fig. 17) reveals
an overall downstepping pattern (progressively deeper erosion toward the
east) and thus should be interpreted as a regional composite scour surface
(RCS; Holbrook and Bhattacharya 2012; Li and Bhattacharya 2013). The
data available for this study do not reveal similar details of SB1. The
vertical trend of the succession above SB1 is characterized by deposits of
a system interpreted as having a braided channel pattern followed by a
meandering system and lake or swamp deposits and clearly forms a

fining-upward trend. This fining-upward succession is capped by either
marine mud (Salten section) or sand-rich shoreface deposits (Addit
section; Fig. 17).

The fining-upward trends seen in the outcrop sections can also be
recognized in the two adjacent boreholes, the Addit gravel pit borehole
and Addit Mark borehole (Fig. 17). In a number of boreholes a similar
fining-upward trend characterizes the valley fill (e.g., Isenvad, Ham-
merum, and Sunds; Fig. 17). In other boreholes (e.g., Morsholt, Sorring,
Hjøllund, and Holstebro; Figs. 17, 18) the log pattern is different and is
characterized by coarsening-upward successions. This is especially evident
in the Sorring borehole, where a series of stacked coarsening-upward
units are clearly seen on the gamma-ray log (Fig. 18). The deposits in
these boreholes are strongly influenced by marine fauna, especially in the
lower part, and are therefore interpreted to represent delta progradation
of the Billund Formation (Rasmussen and Dybkjær 2005; Dybkjær and
Piasecki 2010; Rasmussen et al. 2010). Consequently, the fining-upward
succession is interpreted to represent dominantly fluvial deposits
associated with deltaic progradation of the lower Miocene Billund
Formation. The formative channel depth of these fluvial systems (up to
12 m deep, see below) is significantly less than the thickness of the
succession considered here (up to 60 m thick, Fig. 17), and in
combination with the occurrence of fluvial channels resting erosionally
upon fully marine muds and sands indicates that the studied succession
forms an incised-valley fill (Dalrymple et al. 1992). The two surfaces (SB1
and 2) found in the succession record multiple stages of incision and
deposition, and thus the valley fill constitutes a compound fill according
to Zaitlin et al. (1994). From seismic data it is evident that SB1 erodes

FIG. 17.—E–W striking correlation panel across the incised valley-fill. The overall coarsening- and fining-upward trends are shown. Note that clear incision by the SU
can be seen between Sunds and Isenvad boreholes and between Addit and Voervadsbro outcrops. The stepwise deeper incision of the SU was eastward. The nomenclature
of sequence stratigraphic interpretation is based on Holbrook and Bhattacharya (2012), and therefore the SB2 is placed at the lowest SU located at Voervadsbro. Note
also the higher elevation of the SB1, MFS, and SU in the western branch, due to postdepositional inversion.
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FIG. 18.—Fence diagrams of the Billund Formation. A) Distribution of delta lobe and incised valley. Note that the incised-valley system is deepening upstream,
towards the north. B) Enlargement of the incised-valley system with gamma logs. Note that log trends (i.e., fining- or coarsening-upwards trends) are indicated by thin
arrows. C) A simplified log correlation panel (from Fig. 5) indicating important sequence stratigraphic surfaces. The boreholes are located in A. Abbreviations: SB,
sequence boundary; MFS, maximum flooding surface; FS, flooding surface; TS, Transgressive surface; SES, subaerial erosion surface (see Fig. 6 for legend).
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from the top of the Billund Formation (Fig. 19) and forms a regional
boundary.

Boundaries and Systems Tracts of Sequence 1

In the Addit gravel pit and Addit Mark boreholes, SB1 is expressed by
a distinct shift in gamma-ray readings from high gamma-ray response to
very low gamma-ray readings (Fig. 17). This is coincident with a change
from mud to sand and gravel in both boreholes. The boundary can be
readily picked in the western branch of the valley system at the Sunds and
Isenvad boreholes (Fig. 17). The section above the boundary at the
Voervadsbro and Addit outcrops is characterized by deposits of a braided
river system (FAA, B, and C). In the boreholes, the section that is
characterized by low gamma-ray readings correlates with this system. In
both outcrops, a change from braided to meandering fluvial system
(FAA, FAB, FAC to FAD) is interpreted (Fig. 6). This change is
commonly associated with a transgressive surface (TS) or maximum
regressive surface (MRS; Catuneanu 2006; see also Amorosi and
Colalongo 2005). Therefore the braided fluvial system is interpreted as

a lowstand systems tract. In boreholes, the transgressive surface is placed
where a shift from low gamma-ray response is succeeded by a gradual
increase in gamma-ray readings, as seen for example in the Addit gravel
pit borehole. The succession above the TS surface is characterized by an
overall fining-upward succession and shows a vertical development from
a meandering river system (FAA and D, Fig. 6) to alternating floodplain,
lake, and tidally influenced delta-plain deposits ( FAF, G, and H). This
indicates an increasing marine influence in the upper part of this
succession (Rasmussen et al. 2006) and is interpreted as the transgressive
systems tract of sequence 1. The lake deposits are overlain by fully marine
deposits (FAI and J) at the Addit and Salten outcrops (Fig. 6). The base
of these marine deposits forms the maximum flooding surface of sequence
1. The maximum flooding surface is commonly placed on top of a coal
layer (Gibling and Bird 1994; Heckel et al 1998), but the occurrence of
fully marine deposits a few meters above the coal layer makes the base of
these marine deposits a better candidate. The MFS is tentatively placed at
the transition from mud to sand in the nearby Addit Mark borehole (only
cuttings available; Fig. 17). In the western branch, the maximum flooding
surface is placed at high gamma-ray readings in the Sunds borehole.

FIG. 19.—A) West–east seismic section across the delta complex. Note the bidirectional dip of the clinoformal package of the Billund Formation and parallel reflection
pattern of the fluvial deposits of the Addit Member. B) West–east seismic section across the western part of the incised valley. See Figure 4 for location.
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Above this surface, mud with high contents of marine dinoflagellates
indicates fully marine conditions at this location (Karen Dybkjær,
personal communication 2011). The highstand systems tract (FAI and J)
is thin or absent in the study area except in the Sunds borehole, where c.
10 m of a prograding unit, indicated by upwardly decreasing gamma-ray
readings, were deposited upon marine mud (Fig. 17). The boundary is
placed at a distinct shift in gamma-ray response to very low and steady
gamma-ray readings in the Addit Mark and Isenvad boreholes (Fig. 17).
The marine deposits of the highstand systems tract are overlain by coarse-
grained fluvial deposits of a braided fluvial system (FAA and B) at the
Salten and Addit sections (Fig. 6). The boundary is erosional and shows
progressively deeper erosion toward the east, as evidenced by the
preservation of a relatively thick highstand systems tract at Sunds and
erosion of both highstand and transgressive systems tracts between Addit
and Voervadsbro (Fig. 17). This surface (SU) was formed in association
with a falling base level, because fluvial deposits are found in the entire
valley system. A similar subaerial unconformity can also form during

transgression (Zecchin and Catuneanu 2013; Catuneanu and Zecchin
2013) due to autogenic avulsion of the system, but if so, one would expect
transgressive deposits in other portions of the valley system, and this has
not been recognized. Thus, at least part of the succession above should be
interpreted as a falling-stage systems tract (forced regressive wedge
systems tract; Holbrook and Bhattacharya 2012; Li and Bhattacharya
2013).

Boundaries and Systems Tracts of Sequence 2

At Voervadsbro a strongly erosional surface cuts down to the coal layer
(Fig. 6). The sediment below this surface is strongly weathered (Friis and
Johannesen 1974; Friis 1976), indicating a period with prolonged
subaerial conditions. Therefore, this surface probably represents a second
sequence boundary (SB2) in the succession considered here. Alternatively,
this boundary represents successively deeper erosion at an RCS surface
associated with the falling stage of sequence 1, but the limited number of

FIG. 20.—Conceptual model for the tectonic
influence on incised-valley formation. A) Uplift
of the hinterland and resulting high sediment
flux and higher gradient of floodplain. B) The
increased gradient upstream resulted in deeper
incision upstream because the gradient of the
uplifted area is steeper than the fluvial equilib-
rium profile. C) Upstream widening and reverse
V-shape of the valley morphology due to strong
control of structural elements in the area. D)
Lateral migration of incision due to overall uplift
and tilting.
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outcrops hinders a conclusive interpretation. The succession above the
boundary is dominated by a braided fluvial system (FAA and C; Fig. 6)
and is thus interpreted as the lowstand systems tract of sequence 2. A
further subdivision is difficult to assess precisely due to limitations of the
exposure at the outcrops. From log correlations (Rasmussen et al. 2010) it
is evident that the fluvial succession of sequence 2 is overlain by marine
mud or by a gravel layer, the base of which forms the transgressive
surface of the succeeding transgressive systems tract of sequence C
(Rasmussen 2004b). Sequence 2 of the present study is restricted to the
valley system and thus is not regional in extent.

MORPHOLOGY AND ARCHITECTURE

The fluvially dominated succession interpreted here as a compound
incised-valley fill is restricted to central Jylland (Fig. 1) and can be traced
for 65 km toward the north, where it is truncated by erosion due to later
tilting of the Miocene succession (Japsen 1993). The northern extension of
the valley must have been longer, probably at least 300 km in length and
reached as far as present-day Norway and central Sweden, which formed
the source area (Olivarius 2009). It must, however, be stated that incision
may have been stepwise, with incision alternating with deposition (e.g.,
Strong and Paola 2008; Martin et al. 2011; Holbrook and Bhattacharya
2012), and thus the size of the open valley(s) may have been smaller.
However, as seen on seismic data (see below), the width of the open
valleys must have been substantial.

The deltaic succession penetrated at Hjøllund (Fig. 18B) and the
similar deltaic succession found in the Engesvang borehole located 10 km
north of Hjøllund (Fig. 4) indicates that there are two separate incised
valleys (See Fig. 1 and correlation panel in Fig. 18A) that are 50 and
75 km wide respectively. The thickness penetrated by the Mausing and
Resen boreholes (Fig. 18A, B) indicate that the valleys are more than 60 m
deep in the north. Toward the south, no boreholes have penetrated the
valley fill, but from seismic data, erosional features up to 20 m deep and
3 km wide are seen on top of the Billund Formation (Rasmussen 2009b;
Rasmussen et al. 2010; Fig. 18A). The valley fill thus widens upstream, to
display an inverse V-shape morphology toward the north in plan view.
The valley system also deepens in that direction from 20 m in the south to
c. 60 m in the north. The correlation panel (Fig. 17) shows that the
eastern branch incises deeper than the western branch. However, this may
be due to later tilting (see discussion) so that the incision was originally at
the same level.

The outcrops at Voervadsbro and Addit indicate that a substantial part
of the sand-dominated section was deposited in braided river systems.
The thickness of the thalweg deposits and the overlying in-channel dune
deposits indicate a channel depth of 3 to 7.5 m. However, since no
floodplain deposits have been preserved in this part of the succession, this
is only an estimate of the minimum depth of the channels. A paleowater
depth of 7.15–11.92 m (n 5 12) is indicated by the average cross-set
thickness of the large channels (using the method of Leclair and Bridge
2001), which is fairly consistent with the first estimate. A paleo-depth of
1.83–3.06 m (n 5 20) is estimated for the smaller channels. Bridge and
Mackey’s (1993) empirical regression equation suggests that the
maximum widths on the channels are of the order of 318–807 m. The
point bars exposed at Addit and Voervadsbro have a maximum thickness
of 8 m (Fig. 7), indicating a minimum formative depth of 8 m for the
meandering channels.

The grain-size distribution in the valley complex decreases over 50 km
from north to south. The Resen borehole (Fig. 18A, B) in the north
penetrated coarse-grained sand and gravel whereas the south is
dominated by medium- and coarse-grained sand. The high sand/mud
ratio found in the succession indicates frequent lateral avulsion of channel
belts. The well-preserved thalweg and dune section indicates that avulsion
was regional (McLaurin and Steel 2007), which in this study means at a

lateral scale of tens of kilometers. The presence of thin channel thalweg
and mid-channel bar sections only in the upper part of the Addit and
Voervadsbro sections indicates more rapid channel avulsion there
(Fig. 6). This tendency of rapid channel avulsion may also explain the
well-preserved tree trunks found in growth position at Voervadsbro
(Weibel 1996), where the vegetated floodplain was suddenly occupied by
coarse-grained channel deposits.

The seismic expression of the valley fill is characterized by a parallel to
sub-parallel reflection pattern with varying amplitude (Fig. 19A, B). This
is consistent with the interpretation of a dominantly braided fluvial
system (Rasmussen 2009b): The resolution of the seismic data (, 5 m) is
sufficiently high that point bars would have been imaged by a shingled
reflection pattern (Rasmussen 2009b). It also supports the interpretation
that abandoned channels are rare in this system, as indicated in the
interpretation of facies association E. The seismic section shown in
Figure 19A shows delta-front clinoforms with superimposed plane-
parallel seismic reflection patterns which are interpreted to be fluvial
braided-river deposits. The plane-parallel seismic facies can be followed
over a distance of 8 km, providing a minimum width for these sand-rich
systems. The valley wall is expressed by a gently dipping surface of
approximately 0.6u (Fig. 19B) and shows a relief of c. 50 m from the top
of the delta succession. The seismic character of the valley fill near the
valley wall is characterised by a parallel and continuous reflection pattern
and shows clear onlap on the western wall.

DISCUSSION

The incised-valley fill studied here is dominated by a braided fluvial
system. The fluvial system also evolved into a meandering system for a
short period and floodplain, delta-plain, and shoreface deposits lie above
that. How this system evolved in response to tectonism, eustasy, and
climate is discussed below.

Tectonism

In the succession considered here, many pieces of evidence point
toward a tectonic influence on the development of the incised valley and
the valley fill (Fig. 20). These include high sediment supply and
deposition of braided river systems, transport of large clasts, inverse V-
shape of the incised valley, lateral migration of valley incision and fill, and
postdepositional tilting and erosion of the valley fill shortly after
formation.

FIG. 21.—Global sea-level curve for the early Miocene, modified from Miller
et al. (2005). The timing of the Billund delta complex and the filling of the incised
valley is indicated.
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During the Paleogene, the depositional environment of the study area
was relatively deep marine, in c. 300–500 m of water. In the Neogene, a
marked change occurred and fluvio-deltaic deposition dominated
throughout the early Miocene. The development of early Miocene
inversion structures in the study area (Rasmussen 2009a) is coincident
with thrusting along the Alpine–Carpathian Deformation Front during
the late Oligocene–early Miocene (Oszczypko 2006) and the jump in the
North Atlantic spreading center from the Kolbeinsey to the Aegir ridge
(e.g. Doré et al. 2008). As there was no significant change in climate
during the late Oligocene–early Miocene (Larsson et al. 2010) nor any
dramatic change in vegetation, which would have changed the erodibility in
the source area, the increased sedimentation from the Fennoscandian
Shield in the Early Miocene is therefore inferred to have been caused by
tectonism (Rasmussen 2004a; Rasmussen et al. 2005, 2008). The uplift of
the Fennoscandian Shield was particularly important. A similar evolution
is seen from the Shetland Platform, where uplift caused a major influx of
sediment to the northern North Sea, the Skade Formation (Rundberg and
Eidvin 2005; Eidvin and Rundberg 2007). The source area in the
southeastern part of the Fennoscandian Shield, which corresponds to
present-day South Norway and central Sweden, was most likely composed
of heavily weathered basement (Rasmussen 1995; Lidmar-Bergstrøm 1996)
and outliers of Precambrian quartzites. These gave rise to a supply of
sediments that was almost pure quartz and prone to large clasts. The
regular onlap of the lower Miocene Vejle Fjord Formation and Billund
Formation onto inversion structures (Rasmussen 2009a) indicates that the
initial early Miocene tectonic pulse was short-lived. One impact of
tectonism on the fluvial system was therefore the production of a high
sediment supply (Fig. 20A).

A relationship between tectonism and high sediment input from the
Fennoscandian Shield has been reported for many periods (Erlstrøm
1994; Gabrielsen et al. 2010). Deltas built out from the southern part of
the Fennoscandian Shield (Erlstrøm 1994) during inversion in the Late
Cretaceous. These formed a delta complex characterized by steeply
dipping clinoforms and very similar to the Miocene Billund Formation.
Siliciclastic systems were deposited off west Norway during the Paleocene
(Martinsen et al. 1999; Gabrielsen et al. 2010) associated with rift-
shoulder uplift. The deposition of the Oligocene sand-rich Dufa Member
(Schiøler et al. 2007) south of Norway also commenced due to the uplift
of Fennoscandian Shield. Tectonism during the early Oligocene also
caused a change in the drainage pattern on the Fennoscandian Shield,
resulting in marked sediment progradation into the eastern North Sea
Basin (Michelsen et al. 1998). All of these phases of siliciclastic
progradation systems, other than the lower Oligocene Dufa Member,
occurred during a warm climate. All the progradational phases correlate
with well-known tectonic phases associated with the development of the
Alpine Orogeny and changes in sea-floor spreading of the North Atlantic
(Knox et al. 2010).

The sea-level fall in the Aquitanian has been estimated to be on the
order of 25 m (Miller et al. 2005), so it cannot explain the thickness of up
to 60 m of the incised-valley fill (see Fig. 18B). Incision controlled solely
by sea level can be ruled out because normally the amount of incision
decreases away from the highstand shoreline (Talling 1998), and the
valley narrows upstream to give a normal V-shaped morphology towards
the basin in plan view (Schumm and Ethridge 1994). The studied incised
valley shows an inverse V-shape and upstream deepening of c. 60 m, 20 to
30 km from the highstand shoreline (Figs. 1, 20B, C). If the amplitude of
the sea-level fall was 25 m and the water depth of the fluvial system up to
10 m, changes in base level cannot, therefore, be due solely to eustasy.
Although the estimate of the sea-level variation is uncertain, especially
during the lowstand period (see below), minor uplift of the basin would
explain the relatively deep incision of the upstream valleys (Posamentier
and Allen 1999; Schwarz et al. 2006). An increased gradient of the fluvial
system, created by minor inversion, would also provide a simpler

explanation for the transport of clasts with a diameter of 4 cm for more
than 300 km and the braided nature of the fluvial system. Minor inversion
may also explain the upsteam widening of the valleys (Figs. 1, 20C).
Minor reactivation of structural elements, such as the Brande Trough
(Fig. 1) and faults and salt structures in the Norwegian–Danish Basin,
may have guided the shape and location of the valleys. Structural control
on the routes of delta lobes has previously been shown for the Billund
Formation (Rasmussen and Dybkjær 2005; Hansen and Rasmussen 2008)
and therefore was probably also important in the shaping of the incised
valleys studied here.

A study of lateral migration of compound, Quaternary valley fill on the
continental shelf of western gulf of Lion, France, is interpreted to have
resulted from tectonic tilting (Tesson et al. 2011). In the succession here a
similar migration can be seen (Fig. 17). In the western branch, a better
preservation of sequence 1 is recorded in the occurrence of lowstand
systems, transgressive systems, and highstand systems tracts (Sunds
borehole; Fig. 17). Toward the east, successively deeper erosion can be
seen, especially between the Addit and Voervadsbro outcrops (Fig. 17).
The resulting erosion surface was formed at least in part during forced
regression.

Finally, the section considered here also shows postdepositional
inversion. The higher elevation of the succession in the western branch
as indicated by the displacement of the maximum flooding surface and
the regional composite scour surface (MFS1 and RCS; Fig. 17) and
probably erosion of the upper part of the valley fill (western part) strongly
suggest postdepositional tilting. This is in line with the occurrence of
minor anticlines along the margin of the Norwegian–Danish Basin on
correlation panels of the Miocene succession and in seismic data
(Rasmussen 2009b; Rasmussen et al. 2010).

Eustasy

The dating of the Miocene succession in Denmark is based on
palynology combined by Sr dating (Dybkjær and Piasecki 2010). The
same methodology has been applied to the Miocene (Neogene) succession
off New Jersey, which has resulted in the current best attempt to
construct a eustatic sea-level curve (Miller et al. 2005). The correlation
between Miller et al.’s (2005) curve and the deposition of the Billund
Formation shows a remarkable agreement (Fig. 21). A direct comparison
cannot be made, however, because it involves decompaction and proper
constraints on the subsidence pattern in the Billund Formation area,
which is beyond the scope of this study. The overall pattern of Miller
et al.’s (2005) eustatic sea-level curve is typical for a glacio-eustatic sea-
level change in that it shows a rapid sea-level rise succeeded by a gradual
fall. The estimation of lowest sea level in the Miller et al. (2005) curve is,
however, inferred, because lowstand deposits were not properly sampled
from the boreholes that form the basis for their study. Caution must
therefore be exercised about the absolute amount of sea-level change.
Miller et al. (2005) show a sea-level change on the order of 25 m during
the Aquitanian. The early part of the Aquitanian was characterized by a
rapid sea-level rise, which was succeeded by a general fall that culminated
in the middle Aquitanian, c. 21.5 Ma (Fig. 21). This sea-level lowstand,
the so-called Mi1a event (Miller et al. 1987), may have been responsible
for the incision on top of the Billund delta complex. The succeeding
sediments were then deposited during the early part of the rise of sea level
that forms the lowstand systems tract. A relatively large increase in
accommodation space may be reflected by the development of an almost
complete channel section, i.e., thalweg, channel-fill, and (partly) overbank
deposits. A close inspection of the Miller et al. (2005) sea-level curve
reveals that the early sea-level rise was punctuated by a minor fall
(Fig. 21), which may be visible in the upper fluvial system of this study,
where the base forms a subaerial erosion surface, SU and SB2 (Fig. 17).
However, as deposition took place shortly after a tectonic phase in
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Europe, as discussed previously, a tectonic origin for the relative sea-level
change cannot be excluded.

Climate

As discussed above, local climate is not believed to have significantly
influenced the development of the incised-valley fill. A change from a
humid warm-temperate climate to a semiarid climate, and vice versa,
would have altered the vegetation cover of the hinterland and thus
controlled the discharge and sediment flux (e.g., Briant et al. 2005). An
increase in seasonality would also have changed the fluvial processes
acting on the depositional system. The lack of desiccation cracks,
calcretes, and evaporates, and high preservation of low-flow stage dunes
indicate a perennial river system (Allen et al. 2013) pointing toward a
stable humid climate during deposition. A detailed study of fully marine
correlatable lowstand and transgressive deposits (Rasmussen et al. 2013)
indicates a local temperature change of 5 uC around the Mi1a event and a
tendency towards more even distribution of precipitation during the cold

period, but still a humid climate prevailed. Therefore, as this is perhaps
one of the best studied areas in the world with respect to climate (Mai
1967; Friis 1975; Larsson-Lindgren 2009; Utescher et al. 2009; Rasmussen
et al. 2013), and as these studies have not reported any significant change
in climate during the Aquitanian, early Miocene, the valley fill is
interpreted to have been controlled by eustatic sea-level change
accompanied by inversion tectonism.

Implication for Prediction of the Lithology of the Incised-Valley Fill and
Associated Basin Fill

The interplay between tectonism and eustatic sea-level change has
consequences for the morphology and lithology of the valley fill, which is
different from what is commonly found in well-established sequence
stratigraphic models. Incised valleys usually increase in size both laterally
and vertically downstream (Schumm and Ethridge 1994). This morphol-
ogy has been recognized in many studies of sub-recent shelf areas and in
analogue modelling studies (e.g., van Heijst and Postma 2001; Nordfjord

FIG. 22.—Block diagrams showing the main stages in the development and filling of the incised valley. The outcrops studied are shown to the right, and the
sedimentary section representing the specific depositional setting is highlighted. A) Highstand progradation of the Billund Formation delta. B) Incision on the delta and
progradation of the shoreline into the marine realm during the forced regressive wedge systems tract. The fluvial system was dominated by braided rivers that were
responsible for deposition during the early part of the lowstand systems tract. C) Initial transgression and change of the fluvial environment to meandering. D) Complete
flooding of the valleys and deposition of marine sands and mud. E) Resumed incision and development of terraces.
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FIG. 22.—Continued.
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et al. 2006). Variation in morphology upstream may also depend on the
bedrock into which the river incises (Schumm and Ethridge 1994). Active
fault movements can also cause both deepening and/or widening of
incised valleys (Ardies et al. 2002). Tectonic movements may also result in
variation in flow speed, depending on the gradient or narrowing of the
channels, which influences the distribution of depositional lithology
(Holbrook and Schumm 1999).

The incision of the valley described here commenced during climate
cooling in the study area that was coincident with the Mi1a glaciation in
Antarctica (Miller et al. 1987). A eustatic sea-level fall was thus important
in the timing of the incision. However, the tectonic uplift of parts of the
Norwegian–Danish Basin associated with early Miocene inversion
tectonism resulted in deeper incision away from the former highstand
shoreline. An inverse V-shaped morphology of the valleys also evolved
due to the influence of older structural elements that were reactivated
during the inversion (Fig. 22A, B). The expected high sediment supply
means that a substantial part of the sediments were transported by bed
load in a braided river system (Fig. 22B), so that the overdeepened and
widened valleys were filled with sand and gravel during the lowstand
systems tract. This resulted in widespread and voluminous coarse-grained
deposits in the upstream direction. Similar widespread coarse-grained
fluvial lowstand deposits associated with inversion have been described
for the Lower Cretaceous Mulichinco Formation, Neuquén Basin,
Argentina (Schwarz et al. 2006). The Mulichinco Formation differs,
however, from the succession studied here by being deposited without
preceding incision, because the low gradient of the inverted sea floor in
the Neuquén Basin was similar to the fluvial equilibrium profile.

The development of the succession shows a change from a dominantly
braided fluvial system to a meandering fluvial system (Fig. 22C). This
change is interpreted to indicate cessation of progradation and to be
correlated with beginning of flooding of the incised valley and the
formation of a transgressive systems tract. The low relief of the valley and
high ground-water table that was a consequence of rising sea level
permitted expansion of lakes and mires. Therefore extensive lignite
formation occurred. Continued sea-level rise resulted in flooding of the
valley system, and shoreface deposits were laid down in the area
(Fig. 22D). A total flooding of the study area is likely, because the
shoreface deposits which are characterized by well-developed ridges and
runnels and Skolithos ichnofacies normally indicate a high-energy
environment (Pemberton et al. 1992), which is unlikely in a protected
valley that trends normal to the prevailing wind direction. During this
time, thicker, well sorted fine-grained shoreface sand was deposited in the
area within the highstand systems tract. A subsequent relative fall in sea
level resulted in resumed incision and development of terraces (Fig. 22E),
regardless of whether its origin was tectonism or eustasy. Terraces may
also have formed during the first incision phase, but there are no outcrop
data to document this. The resumed deposition of gravel and sand during
the succeeding falling-stage and lowstand systems tracts and the
amalgamation of braided river deposits caused the valley fill to be
dominated by coarse-grained sediments, especially in the up-dip portion
of the valleys. The amalgamated sand and gravel thickness is c. 50 m, e.g.,
at the Resen Borehole (Fig. 18).

CONCLUSIONS

The incised-valley fill of the Addit Member of the Billund Formation is
composed of fluvial, lacustrine, and marine deposits and is up to 60 m
thick. Two types of fluvial systems have been found: 1) a braided system
that is dominated by channel thalweg, channel fill, and mid-channel bars
deposited in channels up to 12 m deep and 800 m wide; 2) a meandering
system that is dominated by channel thalweg, point bar, and floodplain
deposits. The formative flow depth of the meandering system was up to
8 m. The valley fill is punctuated by a major subaerial erosion surface,

and is thus compound in character. Based on the position of basal and
internal erosional unconformities, the succession has been subdivided into
two unconformity-bounded sequences. The two major erosional surfaces
are each succeeded by coarse-grained sand and gravel laid down in
braided fluvial systems that are interpreted as belonging to the falling-
stage and lowstand systems tract.

In the lower sequence (sequence 1), the braided system is overlain by a
meandering fluvial system, the base of which is interpreted as the
transgressive surface (TS). The meandering fluvial system is distinctly
more fine grained and is dominated by fine-grained sand. Lacustrine and
marine sand and mud overlies the fluvial deposits of the lower sequence.
The maximum flooding surface is placed at the base of the fully marine
succession. The meandering fluvial and lacustrine deposits thus form the
transgressive systems tract. The marine shoreface sand and mud is
interpreted as the highstand systems tract. The succeeding boundary is
clearly irregular across the extent of the incised valley, and where stepwise
erosion is recognized the overlying braided fluvial system is interpreted as
the falling-stage systems tract. The systems tract development of the
upper sequence (sequence 2) is not fully mapped due to poor exposure,
but the basal boundary is located at the deepest erosional surface found in
the eastern part of the valley system. The coarse-grained deposits of the
braided fluvial system above this boundary are interpreted as the
lowstand systems tract of sequence 2.

The formation of the lower sequence boundary correlates with the
Mi1a glacial event and was thus controlled by a eustatic sea-level fall.
However, the timing of the valley development was also contemporane-
ous with regional tectonism, which had a significant influence on the
morphological and lithological development of the valley fill. The tilting
of the area resulted in upstream widening and deepening of the valley
(giving an inverse V-shape in plan view), which resulted in thicker and
more widespread sand and gravel deposits upstream. The systematic
eastward migration of the upper subaerial surface was also controlled by
superimposed eastward tilting of the area. The high sediment supply to
the eastern North Sea area and transport of large clasts during the lower
Miocene was a result of uplifted hinterland and high gradient of the
floodplain. Climatic influence was minimal in as much as no distinct
changes in annual mean temperature, days of frost during the coldest
month, or humidity have been recognized.
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ABSTRACT: Clay-mineral compositions have been analyzed in samples from the Danish, Norwegian, British, and Dutch North
Sea sectors and from onshore Denmark and Germany, comprising both wells and outcrops (clay pits and cliff sections). The
time slices investigated comprise from the Paleogene, the post-Ekofisk Fm. interval of the Paleocene, the entire Eocene, and
the entire Oligocene. The Neogene time slices investigated comprise the following Miocene intervals: the Vejle Fjord Fm., the
Klintinghoved Fm., the Arnum Fm., and the Gram Fm. There were not enough samples from offshore wells to make a detailed
stratigraphic subdivision of the Paleogene. It was, however, possible to refer Miocene samples to specific lithostratigraphic
units. The onshore Danish nomenclature was applied, and seismic sections were used to correlate between wells and outcrops.
Existing biostratigraphic data were used to control the stratigraphic interpretation. The distribution of the most dominant clay
minerals—smectite, chlorite, kaolinite and illite—are shown on maps comprising the Paleocene, Eocene, Oligocene, and the
formations Vejle Fjord Fm., Klintinghoved Fm., Arnum Fm., and Gram Fm. from the Miocene.

The investigation has shown that the source-rock composition plays an important role in the clay-mineral content of the
sediments. For example, smectite makes up a higher proportion in periods with substantial supply of volcanic material,
especially in the Paleocene and early Eocene. In source areas, where metamorphic rocks dominate, chlorite is present in the
sediment adjacent to these areas. The illite content in sediments increases where the source area is dominated by granites and/or
gneisses. Sorting of the supplied suspended material generally controls the depositional area for the minerals. For example, the
larger particles of kaolinite are generally more abundant in nearshore areas, whereas the relatively small smectite particles
normally dominate in the central parts of the sedimentary basins. Illite and chlorite are relatively abundant in areas between
those rich in smectite, present in the central part of the basin, and those rich in kaolinite, present in the marginal parts of the
basin. Climatic conditions during erosion and deposition seem to play an important role, especially in the distribution of
chlorite, which is rather sensitive to chemical weathering. This means that chlorite makes up a greater proportion of the
sediment in periods with colder climate, such as in the Oligocene and late Miocene. The uplift of surrounding areas seems to be
an important factor for the amount of detrital material transported to the North Sea. The elevation of marginal areas also
played an important role in the reworking of Paleogene sediments during the Neogene. Mass flows, including turbidity currents,
have redistributed marginal kaolinite-rich sediments, deposited in marginal areas of the basin, to more basin-central locations,
especially in the Paleocene Viking Graben. Diagenetic modification of the originally supplied clay minerals seems to be minor
since the highest contents of smectite occur in the oldest and deepest areas with more than 3 km of overburden. The reason for
this is believed to be the extremely low permeability of the very fine-grained smectite-dominated clays hindering water from
being expelled from the sediments, combined with low contents of K-bearing minerals necessary for the formation of illite from
smectite.

INTRODUCTION

The distribution of clay minerals in the Paleogene and Neogene North

Sea Basin has previously been dealt with in a less comprehensive way by

Nielsen (1974, 1980, 1988, 1994, 1997, 1998), Nielsen et al. (1986), Thiede

et al. (1980), Heilmann-Clausen et al. (1985), Huggett and Knox (2006),

Nielsen and Heilmann-Clausen (1988), and Thomsen et al. (2012).

Thyberg et al. (2000) and Marcussen et al. (2009) published clay-mineral

data for the northern North Sea. Clay minerals are formed by the

weathering of silicate minerals, and the clay-mineral assemblage is

therefore highly dependent on the character of the host rock and the

climate during weathering. In the basinal areas the distribution of the clay

minerals is controlled by depositional properties, including settling

properties like differential settling, which commonly results in different

clay-mineral assemblages in basins. Clay-rich layers are important in

many processes that operate during burial, such as the development of

overpressure, migration of hydrocarbons, and sealing properties, and can

even cause variations in seismic velocity. Thus their role is vital during

hydrocarbon exploration.
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The Cenozoic succession in the North Sea has been penetrated by
a large number of wells. Cutting samples have routinely been taken and
made available to the scientific community, although most of the
succession has not been a target for oil and gas exploration. Figure 1
shows the study area and major tectonic elements in the surrounding
areas. The Cenozoic is characterized by extreme climatic variations. It
was, for example, warm in the Eocene and early Miocene, and distinctly
cooler during the Oligocene and late Miocene (King 2006; Larsson et al.
2011). The general geology of the source areas for the North Sea Basin is
well known (Ziegler 1982, 1990). The Paleogene and Neogene sequence of
the North Sea Basin may therefore represent an ideal scenario for the
study of clay-mineral geology.

Here we provide the first coherent study of clay minerals in the
Norwegian and Danish sectors. The aims of the study are to unravel the
relative proportions of clay minerals in well-defined stratigraphic units
and to discuss their origin.

GEOLOGICAL SETTING

During the Cenozoic, two major geological events—the Alpine
Orogeny and the opening of the North Atlantic—had major conse-
quences for the evolution of the North Sea Basin (Fig. 2) and adjacent
areas (Jensen and Schmidt 1993; Rohrmann et al. 1995; Cloetingh and
van Wees 2005; Pharaoh et al. 2010). Figure 3 shows a paleogeographical
reconstruction in four selected time slices.

The Alpine Orogeny resulted in the inversion of former Mesozoic basins,
especially during three distinct phases: the Laramide phase in the late early to
early middle Paleocene, the Pyrenean phase in the latest Eocene, and the
Savian phase in the latest Oligocene to mid Miocene (Ziegler 1982, 1990;
Ziegler et al. 1995; Liboriussen et al. 1987; Mogensen and Korstgård 1993;
Mogensen and Jensen 1994; Vejbæk and Andersen 2002; Rasmussen 2009).
Minor phases of uplift occurred locally between these phases, such as the late

middle Eocene uplift of western Britain and France (Knox et al. 2010).
Increased subsidence of former basinal areas and uplift of marginal areas
followed termination of the Alpine Orogeny in the middle Miocene (Japsen
and Chalmers 2000). This change during the Neogene has been suggested to
be due to a new tectonic regime dominated by thermal perturbations from
a mantle plume and stress-induced intraplate deformation that resulted in
lithospheric folding, especially in the Paleozoic massif areas (Cloetingh and
van Wees 2005; Cloetingh et al. 2008). Evidence for this is seen in distinct
uplift of present-day Norway, the south Swedish Dome, Scotland, and parts
of Central Europe, as well as subsidence of areas offshore western Ireland,
the North Sea Basin, and the northern Baltic Sea.

The opening of the North Atlantic was accompanied by uplift of marginal
areas such as the Shetland High in the late Paleocene. The elevated land
areas were the result of thermal buoyancy from the Icelandic mantle plume
combined with compressional stress directed towards the northwest (Ziegler
et al. 1995; Mackay et al. 2005; Hillis et al. 2008; Knox et al. 2010). A new
phase of regional uplift in the earliest Eocene preceded the onset of sea-floor
spreading between Greenland and Scotland. After the initiation of North
Atlantic sea-floor spreading, thermal subsidence took place in the North Sea
contemporaneously with continued uplift of the Scottish marginal highs
(Knox et al. 2010). Initial growth of compressional structures, such as
Ormen Lange and the Helland–Hansen Arch, took place in the middle
Eocene (Lundin and Doré 2002). Clausen et al. (2000) argued for middle
Eocene uplift of the eastern margin resulting in the reworking of Paleocene
sediments. At the Eocene–Oligocene boundary, reorganization of the North
Atlantic spreading centers resulted in opening of the Norwegian Sea (Faleide
et al. 1993; Faleide et al. 2002; Doré et al. 2008) and led to uplift of the
Shetland High and the western part of the Fennoscandian Shield (Michelsen
and Nielsen 1993; Japsen et al. 2007; Knox et al. 2010). In the early Miocene,
the Aegir Ridge spreading axis was abandoned in favor of the Kolbeinsey
Ridge (Doré et al. 2008) and an increase in spreading rate during the early
Miocene was reported by Mosar et al. (2002). Coincident uplift of the
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FIG. 1.—Study area and location of important
tectonic structures.
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Shetland High and southern Norway was suggested by Rundberg and
Eidvin (2005) and Rasmussen (2009). The late middle Miocene was
characterized by a marked change in the tectonic regime with accelerated
uplift of the Paleozoic massif areas around the North Sea and increased
subsidence of the North Sea Basin (Ziegler 1990; Vejbæk 1992; Cloetingh et
al. 2008). The Fram Strait in the North Atlantic opened at this time. Uplift
of the Faeroe Islands and Rockall resulted from compressional stresses
(Boldreel and Andersen 1993; Lundin and Doré 2002; Johnson et al. 2005).
Iceland emerged above sea level during the middle Miocene (Grimsson et al.
2006). The development of the Icelandic Plateau is believed to have
generated sufficient horizontal stress to generate compressional features
(Doré et al. 2008). A marked middle to late Miocene compressional phase
was documented in the area between 62u N and 68u N west of Norway
(Løseth and Henriksen 2005). Early Pliocene uplift that seems to predate
massive glaciation of the northern hemisphere was documented in the
Atlantic realm by Stoker et al. (2005a, 2005b).

Climate

The climatic conditions of the land areas around the North Sea (Fig. 4)
are known from data from Germany (Mai 1967; Lotsch 1968; Utescher et

al. 2000), Denmark (Friis 1975; Friis et al. 1980; Larsson et al. 2006;
Larsson-Lindgren 2009; Larsson et al. 2011), and the United Kingdom
(King 2006). The early Paleocene was characterized by a temperate
climate. Warmer, probably subtropical, climate prevailed during the
middle and late Paleocene. At the end of the Paleocene a minor climatic
cooling took place. The Eocene was dominated by a warm, subtropical
climate peaking in the early Eocene with extremely high temperatures, the
so-called Paleocene–Eocene thermal maximum (PETM). In southern
England a tropical rain forest dominated the landscape (Collinson 2000).
In northern Germany the mid Eocene was characterized by an average
cold monthly temperature of 17–20u C and fell to 10–14u C in the late
Eocene. Climatic cooling and increased seasonality occurred at the end of
the Eocene when a warm temperate climate prevailed. In the North
Atlantic the mean cold-month temperature was 6–9u C during most of the
Eocene (Eldrett et al. 2009). A marked decrease in the average cold
monthly temperature characterized the end of the Eocene when it fell to
0–5u C. Eldrett et al. (2009) estimated the mean annual precipitation to
have been ca. 1200 mm. During the Oligocene an alternating cool and
warm temperate climate prevailed. According to Mosbrugger et al. (2005)
the average cold month temperature was around 5u C. At the end of the
Oligocene, subtropical conditions dominated again (Utescher et al. 2000;
Mosbrugger et al. 2005; De Man 2006; Larsson et al. 2010). A few
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FIG. 2.—Lithostratigraphy of the eastern
North Sea basin. Modified from Rasmussen
et al. (2008).
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samples from the early Oligocene indicate a mean annual precipitation
rate of 1000–1200 mm (Eldrett et al. 2009) in the North Atlantic.
The Oligocene–Miocene boundary is marked by a transient cooling
(Mosbrugger et al. 2005) that correlates with the Mi-1 event of Miller et al.
(1991, 1998). The early Miocene was characterized by a warm temperate
climate with a mean cold month temperature of 5–7u C. At the end of the
early Miocene and during the early part of the middle Miocene

subtropical conditions prevailed in northern Europe (Friis 1975; Utescher
et al. 2009; Larsson-Lindgren 2009). The average cold-month tempera-
ture increased to ca. 10u C. This correlates with the so-called mid-
Miocene climatic optimum, including the early and middle Miocene
(Zachos et al. 2001). During the late middle Miocene there was cooling
on a global scale (Miller et al. 1996; Zachos et al. 2001). In central
Europe this is marked by a drop in the average cold-month temperature
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FIG. 3.—Paleogeographical reconstructions of the North Sea. A) Danian, B) late Eocene, C) early Miocene, D) late Miocene. Modified from Rasmussen et al. (2008).
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which was 3–7u C for the rest of the Miocene (Mosbrugger et al. 2005).
Humid conditions prevailed during the Miocene with over 1000 mm
annual rainfall (Larsson et al. 2011). In the late Miocene the general
cooling was accompanied by an increasing seasonal variation and a more
seasonal rainfall pattern (Fig. 4).

General Stratigraphy

The North Sea Basin was filled by carbonate mud in the earliest
Paleocene. This was a continuation of the sedimentation pattern that
dominated during the Late Cretaceous and probably in part a result
of a low clastic input from the low-relief Fennoscandian Shield (e.g.,
Gabrielsen et al. 2009; Sømme et al. 2013) and older Paleozoic
massifs around the North Sea. Carbonate deposition ceased in the
late Paleocene and was succeeded by deposition from delta systems
and associated submarine fans in the marginal areas due to uplift of
the Shetland High. Deposition of hemipelagic clays dominated most
of the North Sea Basin during the late Paleocene–Eocene (Knox and
Holloway 1992; Knox et al. 2010). The incursion of clastic sediments
from the Fennoscandian Shield was limited during this time
(Michelsen et al. 1998; Schiøler et al. 2007) except for minor influx
of glauconite-rich turbidites in the late Paleocene–early Eocene
(Hamberg et al. 2005; Schiøler et al. 2007). Some submarine fans

developed during the late Paleocene–Eocene, west of Norway near
Sognefjorden (Martinsen et al. 1999). Deltas continued to prograde
from the Shetland High during the Oligocene, but there was a change
in clastic input from Scandinavia. Sediment supply to the west of
Norway that characterized the Paleocene–Eocene became restricted
(Martinsen et al. 1999), and was directed towards the south, where
a delta-shelf system developed in the eastern North Sea Basin south
of present-day Norway (Danielsen et al. 1997; Michelsen et al. 1998;
Clausen et al. 1999; Schiøler et al. 2007). Clays with a dominance
(more than 50%) of clay-size particles, often up to 80%, were

deposited in the northern North Sea adjacent to Scandinavia,

indicating a very low input of coarse sediments to this area.

Deposition of sand derived from the Shetland High characterized

the northern North Sea in the early Miocene (Rundberg and Eidvin

2005; Eidvin and Rundberg 2007). Marked progradation of a delta

system, emanating from southern Norway and central Sweden,

commenced in the eastern North Sea Basin (Olivarius et al. 2014).

During the middle Miocene, deposition of marine mud dominated the

early phase of sedimentation but was soon succeeded by deposition of

sand in the northern North Sea while deposition of marine mud

continued in the eastern North Sea Basin. At the end of the Miocene,

marked progradation characterized all margins of the North Sea area

and deltas reached the central part of the basin (Overeem et al. 2001;
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FIG. 4.—Cenozoic global and local climate
changes and important tectonic phases in NW
Europe. Modified from Utescher et al. (2009),
Knox et al. (2010), Larsson et al. (2011),
Rasmussen et al. (2013), Sliwinska et al. (2014),
and Sliwinska (personal communication). O18/
O16 ratios are from Zachos et al. (2001). The two
curves in column 2 represent Temperature and
Precipitation respectively.
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Rasmussen et al. 2005; Møller et al. 2009). During the early Pliocene,

resumed transgression resulted in deposition of mud in most of the

North Sea area. This was succeeded by progradation of delta systems

that reached even farther into the North Sea Basin than during the

Miocene. The first indication of glacially influenced deposits is found

in the latest Pliocene (Eidvin and Rundberg 2007), which might be

included in the lowermost Quaternary after lowering of the base of

the Quaternary to 2.59 Ma in 2011. Massive input of mud, sand, and

gravel characterized the North Sea Basin during the Pleistocene.

METHODS

Equipment: Panalytical X’pert PRO MPD PW3040/x0, with alpha-1
monochromator, spinner, programmable divergence slit, and X’celerator
detector.

Bulk mineralogy: 10 gm of the original sample was weighed and dried
in an oven at 105o C for 16 hours. The dried sample was crushed in
a mortar and the powder was mounted in a sample holder with random
orientation. X-ray diffraction was carried out using Cu Ka-1 radiation
with a wavelength of 1.5418 Å at 45 kV and 40 mA from 2–65u 2H.

Clay mineralogy of the , 2 mm size fraction: 10–15 gm of the original
sample was weighed and brought into suspension in distilled water by
shaking for 72 hours. The . 63 mm fraction was removed by wet sieving.
The clay fraction was separated from the silt fraction by repeated
decantation in distilled water. Oriented preparations were obtained by
smearing on glass plates. The preparations were dried at 20u C. X-ray
diffraction was performed as described above. The preparations were
subsequently treated with ethyleneglycol vapor at 60u C for at least 18
hours, followed by X-ray diffraction from 2–35u 2H under the same
conditions as described above. The preparations were then heated for one
hour to 500u C, and X-ray diffraction was performed as described for the
glycolated preparation.

The minerals present were identified and their proportions calculated,
both of bulk samples and of clay fractions. The percentages of the
individual clay minerals in each sample were obtained by measuring the
area of the 17 Å, 10 Å, 7 Å, and 4.75 Å peaks on the glycolated
diffractogram, representing smectite, illite, kaolinite, and chlorite re-
spectively. The areas were recalculated to percentages following the
principles of Johns et al. (1954). The calculation was done so that the sum
of the four minerals gave 100%. For each of the time slices used here
an average value was calculated and written at the position of the well or
outcrop in question. Linear interpolations between each of the locations
were performed in order to get the 10% classes.

Wireline logs (mostly gamma-ray) and sonic logs from selected wells
were studied and combined with seismic profiles between the selected
wells in order to define and correlate the different time slices used here.
Biostratigraphic information such as foraminifera, coccoliths, dinofla-
gellates, and occasionally diatoms, has been used to control the ages of
the log and seismic markers (Dybkjær and Piasecki 2008, 2010;
Heilmann-Clausen et al. 1985; King 1994; Fenner 1994; Thiede et al.
1980; Nielsen 1980; Sørensen and Nielsen 1981a, 1981b, 1981c; Nielsen et
al. 1986; Nielsen et al. 1994).

RESULTS

Figure 5 shows two examples of X-ray diffractograms, showing
smectite, heulandite, illite, kaolinite, and gibbsite. Figure 6 shows the
area investigated and the locations and names of the boreholes used in
this study. A series of maps showing the distribution of kaolinite, illite,
chlorite, and smectite in clay fractions of samples from different time
slices and formations of the Paleogene and Neogene sediments from the
North Sea Basin are presented in Figures 7–13. The time slices
investigated comprise the post-Ekofisk Fm. part of the Paleocene, the

entire Eocene and the entire Oligocene. From the Neogene the time slices
investigated comprise the Miocene formations: the Vejle Fjord Fm., the
Klintinghoved Fm., the Arnum Fm., and the Gram Fm. A series of
contour maps and isopach maps of the same area were previously
published by Bjørslev Nielsen et al. (1986).

Regional Large-Scale Distribution

Paleocene.—The Paleocene clay-mineral distribution (Fig. 7) comprises
only the post-Danian (post-Ekofisk Fm.) deposits—the Våle Fm., the
Lista Fm., and the Sele Fm. of the Danish North Sea, which are more or
less equivalent to the onshore formations—the Lellinge Greensand, the
Kerteminde Marl, the Æbelø Fm., the Holmehus Fm., the Østerrende
Clay, and the Stolle Klint Clay (Schiøler et al. 2007). The Våle Fm.
correlates with the marly facies of the Maureen Fm. in the United
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FIG. 5.—X-ray diffractograms of the A) glycolated and B) untreated clay
fraction showing clay minerals and trace minerals with A) dominance of smectite
and traces of heulandite and with B) dominance of kaolinite and illite and traces of
gibbsite. Part A is from well LB38, 146.9 m below surface from the Paleocene
Æbelø Fm. (Lista Fm. equivalent). Part B is from well Hjøllund, 222 m below
surface from the Oligocene Branden Fm.
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Kingdom and Norwegian sectors of the Central and Viking grabens
(Knox and Holloway 1992). Smectite is the dominant clay mineral in the
central parts of the Danish Norwegian Subbasin (. 90%) in the
Paleocene (Fig. 7), generally showing a trend to be more abundant
basinwards. In the southern part of the Viking Graben the content of illite
is higher (. 60%) with decreasing tendencies basinwards (to , 10%). The
same trend is observed for kaolinite, with values from ca. 40% decreasing
basinwards to , 10%, except for somewhat higher values (generally 30–
40%) in the southern part of the Viking Graben. The content of kaolinite
seems to be greater (30–40%) just outside some of the large fjords off
western Norway, such as Sogne Fjord. Chlorite is present mostly in the
northern part of the Viking Graben, occasionally with values . 30%, but
mostly between 10 and 20%.

Interpretation

The southern part of the Viking Graben was influenced by a relatively
large supply of illite (up to . 60%) from the Precambrian rocks of
southern Norway, generally with decreasing tendencies basinwards. The
same tendency is observed for kaolinite, except for somewhat higher
values in the southern part of the Viking Graben, where turbidites have
been described. These may have transported shallow-water kaolinite-rich
sediments to the basin center. The kaolinite content is greater in the area
just outside some of the major fjords in western Norway. This might
indicate a supply of kaolinite from these fjords. Chlorite, which is present
mostly in the northern part of the Viking Graben, was probably supplied

from the Caledonides, both in Norway to the east and on the Shetland
High and Scotland to the west. The high concentrations of smectite
(. 80%) in the central parts of the basin probably represent a sorting
effect, resulting in increasing amounts of the smaller smectite particles
compared to kaolinite and illite particles, which are larger and
consequently dominate in marginal parts of the basin. A similar setting
was described by Porrenga (1966) in recent sediments of the Niger delta.

Eocene.—The onshore Eocene deposits in Denmark comprise the
upper part of the Ølst- and Fur Fms, the Røsnæs Clay Fm., the Lillebælt
Clay Fm., and the Søvind Marl Fm. The same tendencies present in the
Paleocene are also observed in the Eocene (Fig. 8). Noteworthy
differences are that the size of the area for chlorite is smaller and the
content of chlorite is lower (, 20%), the content of kaolinite is larger in
coastal areas and decreases basinwards, the illite content off southern
Norway is lower (, 40%) and like the kaolinite, decreases basinwards.
Smectite is not so dominant in central parts of the basin, especially in the
Danish–Norwegian subbasin, where values are below 80%.

Interpretation

Deposition of volcanic ash layers in Denmark and the southern part of the
North Sea ceased during the Eocene, and the content of smectite decreases
upwards in many localities (Nielsen 1980, 1988). The smectite content
increases basinwards, as in all other periods, but in contrast to the Paleocene
there is no distinct evidence of supply of shallow-water kaolinite-rich deposits
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FIG. 6.—Map of the investigated area (North
Sea and surroundings) showing the locations and
names of the boreholes used.
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to the central parts of the basin by turbidity currents. The higher content of
kaolinite than in the Paleocene reflects an increasing supply of detrital material
and is seen in most marginal parts of the basin. The tendency to higher and
higher kaolinite percentages in younger and younger sediments coincides with

simultaneous decreasing supply of volcanic material. Chlorite is believed to
have come from Caledonian metamorphic rocks in Norway and Scotland.
Illite is interpreted as having originated from the weathering of igneous rocks
in southern Norway.
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FIG. 7.—Distribution of clay minerals in the Paleocene succession. The following features are noteworthy: kaolinite input from Norwegian fjords and the kaolinite
abundance in the Central Graben. Smectite dominance in the Danish North Sea. Illite supplied from SW Norway. Chlorite present to the north, absent to the south.
Values are in %.
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Oligocene.—The onshore Oligocene deposits in Denmark comprise the
Viborg Fm., the Branden Fm., and the Brejning Fm. In the Oligocene the
kaolinite content off southern Norway is somewhat increased (up to .

50%) in contrast to , 10% in the central parts of the Viking Graben
(Fig. 9). The area with maximum smectite contents (. 80%) is shifted
towards the west with basinwards-increasing values. The illite
distribution off southern Norway is similar to that in the Paleocene,

with basinwards-decreasing values from . 40% to , 10%. Chlorite is
still almost restricted to the Viking Graben, and the values are
low (, 20%).

Interpretation

The distribution of illite suggests a substantial transport of weathering
products from the Precambrian gneisses and similar rocks in southern
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FIG. 8.—Distribution of clay minerals in the Eocene succession. Note: only small amounts of chlorite are present, and it is present only to the north. Smectite
dominance in central parts of the basin. Kaolinite dominance in basin margins. Values are in %.
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Norway. The smectite content is generally lower than in the Paleocene
and Eocene, reflecting a decrease in supply of volcanic ash from the
widening Norwegian–Greenland Sea. The increased supply of kaolinite
probably reflects the fact that accumulation of weathering products from
rocks other than volcanic ash gradually made up an increasing amount of

the detrital material. The chlorite content is similar to that in the

Paleocene and Eocene, with highest concentrations towards the north,

mainly due to supply from the nearby Caledonian rocks. The sporadic
presence in more southern locations of the North Sea is probably due to
a less severe chemical weathering intensity in the cooler Oligocene as
compared to the warmer climate in the Paleocene and especially most of
the Eocene.
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FIG. 9.—Distribution of clay minerals in the Oligocene succession. Note: higher amounts of chlorite to the north supplied from the Shetland area and its sporadic
presence to the south. Kaolinite supplied from Norway. Substantial illite supplied from SW Norway. Smectite dominance in central parts of the basin. Values are in %.

0 O.B. NIELSEN ET AL. J S R



Detailed Miocene Distribution

Vejle Fjord Formation.—The distribution of the clay minerals in the
Vejle Fjord Fm. (Fig. 10) shows an overall undulating pattern. The
kaolinite content is low in the northern and central part of the North Sea (,
20%). The highest contents are found in the eastern North Sea with up to
70%. The highest contents of smectite occur in the northern and south-
central parts of the study area, where up to 80% has been found. Illite

dominates the southern part of the study area, where 50–60% is present
south of Norway. The illite content decreases gradually to the south and
west. Minor amounts of chlorite have been detected in a few wells.

Interpretation

The relatively high content of kaolinite trending N–S across present-
day Jutland demonstrates a new pattern in the distribution of clay
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FIG. 10.—Distribution of clay minerals in the lower Miocene, Vejle Fjord Fm. Note: smectite is generally lower than in the Paleogene but still dominates in central
parts. Kaolinite is generally higher, especially in Denmark. Chlorite is only very sporadically present. Illite supplied from SW Norway. Values are in %.
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minerals in the North Sea basin compared to the Paleogene
successions. The high values of kaolinite coincide with the lower
Miocene delta lobe of the Billund Fm. (Rasmussen et al. 2010) and
therefore reflect the main sediment input to the basin in this part of the
North Sea. The clay-mineral variation adjacent to the D-1 and 7/8-3
wells probably reflects the route of Miocene drainage systems (incised-

valley systems, Rasmussen et al. 2005) formed on top of the Paleogene
succession. However, the major hiatus that formed on top of the
Paleogene succession in this area (Sliwinska et al. 2014) indicates that
major erosion commenced in this part of the North Sea basin between
the Oligocene (top Paleogene) and the Miocene. This basinward shift
of high concentrations of kaolinite therefore also represents resorting
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FIG. 11.—Distribution of clay minerals in the lower Miocene, Klintinghoved Fm. Note: smectite lower than in the Vejle Fjord Fm. Kaolinite high off Norway, and is
particularly abundant in southern Denmark. Chlorite is sporadically present. Values are in %.
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of the clay-mineral assemblage. In the northern part of the North Sea
basin the lower kaolinite content mirrors low sediment influx from
Norway at this time. The highest concentration of smectite in the
central parts of the basin reflects differential sorting of the clay
minerals in marine environments (Biscaye 1965). The distribution of
smectite in the northern part, with highest values towards the east,
indicates main sediment supply from the Shetland High in the early

Miocene (see also Eidvin and Rundberg 2007). The northern limit of
the Vejle Fjord Fm. is controlled by onlap on a topographic high.

Klintinghoved Formation.—The overall trend of the clay-mineral
association follows the outline of the Fennoscandian Shield with a minor
displacement southwest of the southern coast of present-day Norway
(Fig. 11). The kaolinite content is highest near the eastern boundary of the
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FIG. 12.—Distribution of clay minerals in the lower Miocene, Arnum Fm. Note: low values of smectite. Chlorite is more widespread to the south, but only in small
amounts. Values are in %.
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Klintinghoved Fm. (generally 40–60%), and the content decreases gradually
towards the southwest. In the extreme southeastern part of the study area

there is up to 80% of kaolinite. The highest content of smectite

(approximately 70%) occurs around the Karl and A18-01 wells, and

relatively high values are present to the southeast. The content of illite is

between 20 and 50% and closely follows the outline of the Fennoscandian

Shield with some variation in the extreme southeast. The chlorite content is

low (, 10%) and shows an uneven distribution (Fig. 11).

Interpretation

The quite regular pattern of clay-mineral distribution compared to the
Vejle Fjord Fm. mirrors a change in depositional setting. During

deposition of the Vejle Fjord Fm., sand-rich delta lobes (Billund Fm.)

were strongly controlled by the existing topography (Rasmussen and

Dybkjær 2005; Hansen and Rasmussen 2008) and thus dominated by

isolated deltas. During the deposition of the Klintinghoved Fm. and the
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FIG. 13.—Distribution of clay minerals in the upper Miocene, Gram Fm. Note: very low values of smectite. Chlorite is still more widespread in small quantities. Values are in %.
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equivalent sand-rich Bastrup Fm., this pattern became dominated by
a uniform, widespread delta system deposited on a smooth basin floor
(Rasmussen 2009). The undulating pattern in the central part of the
North Sea may reflect minor delta systems. The consistently higher
content of kaolinite towards the Fennoscandian Shield is interpreted as
reflecting the influx of fine-grained sediments from Scandinavia, despite
the absence of large drainage systems west of present-day Norway, which
has been recognized during this part of the Miocene (Eidvin and
Rundberg 2007).

Arnum Formation.—The trend of the clay-mineral distribution more or
less follows the outline of the Fennoscandian Shield. Kaolinite has its
highest concentrations adjacent to the eastern limit of the Arnum Fm.,
with up to . 50%. The content decreases regularly towards the center of
North Sea Basin. The content of smectite is highest in the central part of
the basin, around the Karl-1 and B-1X wells, with approximately 60%.
South of this area the amount decreases again. Illite follows the trend of
the Fennoscandian Shield in the northern and eastern part of the basin
and bends towards the west in the southern part of the area. The illite
content is approximately 50% close to the eastern margin of the Arnum
Fm., but in general the illite content is 20–40% in the study area. Minor
chlorite (Fig. 12) occurs in the southeastern part of the basin.

Interpretation

The regular distribution of clay minerals during deposition of the
Arnum Fm. and equivalent sand-rich Odderup Fm. reflects the
widespread progradation of a coastal plain during the late early
Miocene–earliest middle Miocene (Rasmussen et al. 2010). The overall
distribution of high contents of kaolinite towards the Fennoscandian
Shield and high contents of smectite basinwards is interpreted as
reflecting sorting of the clay minerals when entering the sea (Biscaye
1965). This trend can be followed in the northern North Sea basin,
indicating that at least some fine-grained sediment was shed into the
northern North Sea during the early Miocene from the southern Scandes
despite the overall termination of fan-delta progradation west of present-
day Norway during the Miocene. The persistent content of chlorite in the
southern part of the study area has not been observed at lower levels and
is therefore a new phenomenon. Chlorite is normally associated with
distinct source areas, representing weathering of metamorphic rocks or
with erosion in a cold climate (Rateev et al. 1969). During the deposition
of the Arnum Fm. the climate was subtropical during the so-called mid
Miocene climatic optimum (Zachos et al. 2001) and should thus rule out
climatic control. However, continued uplift of the Scandes during the
Neogene (Løseth and Henriksen 2005; Gabrielsen et al. 2009) may have
resulted in less chemical weathering in the source area (present-day
southern Norway). Consequently we conclude that, despite the overall
warm climate, a cold climate prevailed in the newly uplifted source area.
Therefore chemical weathering was limited in the elevated mountains of
the southern Scandes. The result of this was accumulation of widespread
chlorite in the southern North Sea basin for the first time in the Miocene.

Gram Formation.—The trend of the clay-mineral distribution more or
less follows the outline of the Fennoscandian Shield, with a distinct bend
around the 7/8-3 well and a clear bend in the extreme southern part of the
study area (Fig. 13). The kaolinite content is high near the eastern and
northeastern limit of the Gram Fm., with up to 60%. The content of
kaolinite gradually decreases towards the central part of the basin. The
content of smectite is highest in the south-central part of the basin, where
it reaches 60%. The concentration of smectite quickly decreases towards
the Fennoscandian Shield in the northeast part of the study area and also
towards the south. The content of illite is relatively high, with up to 60%
near the northeastern limit of the Gram Fm., and high values are also

present in the southern part of the study area. The chlorite content is low
and it is quite evenly distributed throughout the study area.

Interpretation

The high contents of kaolinite and illite compared to smectite, and the
overall distribution with the highest concentrations of smectite in the
central part of the basin, indicate that the Fennoscandian Shield was
the main source area and that sorting of clay occurred in the marine
setting. The marked increase in illite in the southern part reflects late
Miocene abrupt supply from southern Europe associated with the uplift
of the Carpathian and Rhenish Massifs (Schäfer et al. 2005; Stanke 2006).
The widespread distribution of chlorite in the North Sea basin is
consistent with the global cooling that started in late middle Miocene.

DISCUSSION

After burial, clay minerals are exposed to a variety of diagenetic
processes (Dunoyer de Segonzac 1970). These processes change the clay-
mineral assemblages, which will therefore not directly represent the
depositional environment and source areas as assumed above. However,
studies of the diagenetic evolution of the Cenozoic succession in the study
area (e.g., Kazerouni et al. 2013a, 2013b) have shown that alteration of
clay minerals is limited. According to Nielsen (1974, 1980) the smectites
of the Paleogene sediments in the North Sea are a mixture of smectite
formed directly in the depositional environment and detrital smectite
supplied from the surrounding land areas. The former is a product of
the transformation of volcanic ash particles to smectite, zeolites, and free
silica, and the smectite is almost entirely of the Na type. The detrital
smectite is a more Ca-rich type. In the Neogene sediments all smectites
are detrital or reworked Paleogene material. From onshore localities
(Fig. 14 shows photographs of a selection of different lithologies from
some of these localities), where sample quality is better, we have observed
that authigenic smectites in the clay fraction from ash layers (e.g.,
Fig. 14G) have sharp reflections and the 001 dimension is at 11.5Å.
In other onshore sediments the reflections are broader but fall into two
groups, one with 001 reflections between 11.5–12.5Å and one with 001
reflections between 13.5–14.5Å. Analyses of the nature of exchangeable
cations indicate that the first group is dominated by monovalent ions
(e.g., Na+), whereas the other group has a variety of double-charged
cations (e.g., Ca2+, Mg2+, and Fe2+). We have not yet been able to provide
these observations and measurements with a reasonable geological
explanation. Analyses of the offshore cuttings gave similar variations in
the 001 spacing, but also without an obvious geological explanation.
There might be a relationship between the 11.5–12.5Å group of smectites
and an origin from authigenic smectites formed onshore by trans-
formation of the numerous late Paleocene–early Eocene ashlayers
(Fig. 14C, D), which may be mixed with smectites formed by trans-
formation of ash material deposited in the sea, but so far we have not
documented this.

The present-day mineral composition of the clays is believed to be
rather close to the original composition, although the oldest sediments
are now at a depth of more than 3 km in the central parts of the
basin. Generally the temperature increases by 25–35uC/km, i.e., the
temperatures are 30u, 60u, and 90u C at depths of 1, 2, and 3 km
respectively. In other sedimentary basins a geothermal gradient of 25–
35uC/km has been sufficient to initiate transformation of smectite to
illite, or in some cases to chlorite. As the smectite contents are so
large, close to 100% in some cases, in the deeper sediments and
decreasing upwards, diagenetic transformation does not seem to have
been effective in the North Sea. The reason could be that the sediment
pile is so fine-grained and thick that the necessary export of water
from the illitization process is impossible because of low permeability.
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Overpressured water today creates drilling problems, especially in
Eocene sediments in central parts of the basin. Another explanation
for the stability of smectites under high temperatures could be the lack
of sufficient potassium for the illitization process. Potassium is
commonly supplied by decomposition of K-feldspar, but K-feldspar
grains were either deposited in nearshore and shallower parts and not
transported into the central parts of the basin, or the highly weathered

basement in the source area (Lidmar-Bergstrøm 1996) did not provide
feldspar to the depositional areas.

The distribution of clay minerals in the Cenozoic sediments of the
North Sea Basin predominantly reflects the geology of the source area
and depositional processes involved in the settling of clay minerals such as
differential flocculation, coating of clay minerals, grain size, etc. (Biscaye
1965; Gibbs 1977).
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FIG. 14.—Photographs of selected lithologies from Danish onshore outcrops of Paleogene and Neogene marine sediments. A) Upper Paleocene clays of the Æbelø Fm.
(Lista Fm. equivalent). Dark gray layers are 10 cm thick. B) Lower left: upper Paleocene brownish clay of the Holmehus Fm. (Lista Fm. equivalent). Upper right: lower
Eocene greenish clays of the Ølst Fm. (Balder Fm. equivalent). C) Lower Eocene Ølst Fm. (Balder Fm. equivalent) showing gray clay layers alternating with black layers
of volcanic ash. Length of footprint at the bottom is 40 cm. D) Detail of lower Eocene Ølst Fm. (Balder Fm. equivalent) with black graded layers of volcanic ash and gray
laminated clay layers. Lowermost ash layer is 1.1 cm thick. E) Lower Eocene brownish, orange and gray clays and marls of the Røsnæs Clay Fm. (London Clay
equivalent). The pale gray layer in upper part is 16 cm thick. F) Lower Eocene brownish and greenish clays of the Lillebælt Clay Fm. (Overlying the Røsnæs Clay Fm. G)
Detail of the pale brownish marl of the lower Eocene Røsnæs Clay Fm. (London Clay equivalent) containing a 1-cm-thick volcanic ash layer in upper part. H) Lower
Miocene Klintinghoved Fm. with layers of silty clay and sand. The yellowish gray sand layer in the central part is 20 cm thick and contains ripples interpreted as formed
by tidal currents. I) Cliff section with lower Miocene silty and sandy clays of the Klintinghoved Fm.
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Kaolinite

There is generally a low content of kaolinite in the Paleocene and

Eocene successions. The highest contents of kaolinite, however, always

occur near the Fennoscandian Shield and, given the settling properties of

kaolinite (short transport distance in marine environments), the main

source area must have been the Fennoscandian Shield. The warm climate

that prevailed during the Paleocene, Eocene, and early Miocene may have
been optimal for the formation of kaolinite (Gilg et al. 2013). In addition
to this, it is well documented that the Fennoscandian Shield was
characterized by an etched basement surface formed during the Mesozoic
(e.g., Lidmar-Bergstrøm 1996) and thus provided a rich source of strongly
weathered minerals, particularly kaolinite and gibbsite. The highest
concentrations and the very irregular distribution of kaolinite off the
Norwegian fjords indicate that the main influx was to the west of
Norway, especially associated with Sognefjord and Nordfjord in the
northernmost part of the study area. The elevated contents in the
southeastern part of the study area (Germany) reflect Paleocene–Eocene
deltas in the southern North Sea (Knox et al. 2010) that were sourced
from the Variscan Massif in Central Europe. The elevated contents in the
central part of the North Sea Basin are probably a result of mass flow and
consequently represent reworked basin-margin deposits (Fyfe et al. 2003;
Knox et al. 2010).

The most significant change in clay-mineral assemblage in the North
Sea succession occurs at the Eocene–Oligocene boundary, where there are
high contents of kaolinite and illite, and chlorite is recognized for the first
time in the eastern part of the North Sea basin. This change correlates
with both the proposed uplift of Norway (Rundberg and Eidvin 2005;
Gabrielsen et al. 2009; Anell et al. 2012) and climatic cooling in the early
Oligocene (Zachos et al. 2001; De Man 2006). Exclusive climatic control
of this change (e.g., Nielsen et al. 2009) can be ruled out because it would
have produced persistently high kaolinite content just off west Norway.
The formation of kaolinite is climate dependent, and also took place in
the Paleogene and Neogene in this region (Gilg et al. 2013), but the supply
of kaolinite (and other minerals) also depends strongly on the rate of
erosion. A similar combination of processes, involving an increase in the
rate of erosion (because of uplift) and climatic variation, has been
suggested as the reason for a distinct change in clay mineralogy in
Belgium (Sayes et al. 2004). A change in drainage systems in the
Oligocene succession is clearly indicated by high kaolinite contents south
of Norway (Fig. 9), and it correlates with the occurrence of newly
established delta-slope systems off southern Norway in the Oligocene
(Danielsen et al. 1997; Jarsve et al. 2014). The high content of kaolinite
south of Norway, seen for the first time in the eastern North Sea Basin,
can be followed into the Miocene. There seems to be a general shift of
high kaolinite content towards the east which is associated with eastwards
displacement of the delta-slope systems from the Oligocene to the
Miocene (Jarsve et al. 2014; Rasmussen et al. 2010). The irregular
distribution of kaolinite that particularly characterizes the Vejle Fjord
Fm. reflects depositional control of delta lobes that followed an
antecedent basin topography formed in association with early Miocene
inversion tectonism (Hansen and Rasmussen 2008; Rasmussen 2009).
This inversion tectonism ceased during the early Miocene, so that a more
regular pattern characterizes the Klintinghoved and Arnum Fms.

Smectite

Smectite is formed by the weathering of basalts and volcanic ash. It
might be formed both as a result of the chemical weathering of shore-
deposited ash and by halmyrolytic processes acting upon ash particles
during their settling in sea water. Only minor amounts of smectite are
formed by the very early diagenetic transformation of ash particles in ash
layers deposited on the sea floor, since ash particles in ash layers in both

cores and outcrops are almost unaltered. The ash was supplied by
volcanoes in the North Atlantic area and were related to the opening of
the Norwegian–Greenland Sea at the Paleocene–Eocene transition (Knox
and Morton 1988).

Smectite is deposited in distal locations and is directly derived from
continental areas. In periods with low sea level and tectonic uplift of
marginal areas, reworking of Paleocene–Eocene successions with high
smectite contents resulted in deposition of smectite in more central
basinal areas in the Oligocene and Miocene. The proportion of smectite is
not very high, but the rate of deposition increased considerably in these
periods due to uplift of margins and increased subsidence of especially the
Central Graben. This resulted also in the supply of other clay minerals.

Zeolites of the clinoptilolite–heulandite type, and occasionally poorly
crystalline cristobalite, are present as accessory minerals in smectite-
dominated Paleogene clays. Together they represent a mineral assemblage
that is commonly recognized in basaltic areas, and also results from
present-day surface weathering of Icelandic basalts (Crovisier et al. 1992;
Stefanson and Gislason 2001).

Chlorite

Chlorite in the Paleocene and Eocene succession is concentrated in the
northern part of the North Sea Basin and seems to be associated with the
Caledonian mountains on both sides of the sea. Especially, the Shetland
High seems to be the main sediment source area. Despite the warm
climate during the Paleocene and Eocene, the concentration of chlorite
sourced from the Shetland High was so high that substantial chlorite
survived chemical degradation because of the relatively short distance of
transport.

The first occurrence of chlorite south of Norway found in the
Oligocene succession may indicate a cold climate in the hinterland
because chlorite is chemically rather unstable and thus its survival
requires rapid erosion, transport, and deposition from high-relief areas
during wet periods. The simple interpretation for the presence of chlorite
is early Oligocene cooling (Zachos et al. 2001; Miller et al. 2005), thereby
supporting climatic control. However, the uplift of Norway also resulted
in a colder climate in the hinterland, so that there is no unequivocal
explanation. The decreasing sediment supply west of Norway during the
Eocene and Oligocene (Brunstad et al. 2013), combined with the marked
increase of clastic sediments south of Norway and the tilted Paleocene–
Eocene succession west of Norway (Anell et al. 2012), clearly indicate that
tectonism was also involved. If the distribution of chlorite was controlled
solely by climate, one would not expect this change in distribution from
north to south, but just increased contents in the original areas of
deposition that was concentrated to the west of Norway. The chlorite
content therefore probably represents a combination of uplift and global
cooling during the Oligocene. At the end of the Oligocene a warmer
climate was re-established in the North Sea area. This prevailed until the
middle Miocene. Chlorite is also very sporadic in the lower part of the
lower Miocene Vejle Fjord and Klintinghoved Fms, but it is present again
in the Arnum Fm., which was deposited in the warm late early–early
middle Miocene (mid Miocene Climatic Optimum). This most likely
indicates the continued uplift of Norway during the Miocene, permitting
cool-climate weathering in the mountainous areas. Neogene elevation of
Norway is in agreement with geological models of Rohrmann and Van
der Beek (1996), Løseth and Henriksen (2005), and Gabrielsen et al.
(2009). During the late Miocene, chlorite remained stable in the southern
North Sea, and it reappears in the northern North Sea. This most likely
reflects overall cooling during the middle–late Miocene.

Illite

Illite is derived mostly from mica and K-feldspars in Precambrian
gneisses in southern Norway. It is especially present in Paleocene and
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Oligocene deposits in nearshore areas off southern Norway. Illite is quite
stable in marine environments and during diagenesis. Its average particle
size typically lies between that of smectite and kaolinite (Grim 1968;
Tucker 1991), and its distribution area in marine environments should
therefore be basinwards in relation to kaolinite but landwards in relation
to smectite, as is evident in all the relative maps. Formation of illite
during diagenesis should lead to a down-hole increase in illite content, but
in fact the opposite trend is found. This leads to the conclusion that
progressive diagenetic transformation of smectites has been hindered as
a result of the insufficient supply of K+ ions and high pore-water pressure.

Gibbsite

Gibbsite occurs in upper Oligocene and Miocene formations in the
Danish area (Friis 1994; Rasmussen 1995). It was formed by intense
chemical weathering, probably of rocks belonging to the Fennoscandian
Shield during the Mesozoic. The gibbsite is associated with kaolinite and
is found only in nearshore deposits at the eastern margin of the North
Sea. The reason for it first being present in the upper Oligocene and
Miocene successions is that it is unstable in fresh water and thus can
survive only short transport distances on continents (Velde 1985). It is
therefore found only in fluvial and nearshore shallow marine deposits,
which dominate this period.

CONCLUSIONS

The present study shows that the distribution of clay minerals in the
Paleogene and Neogene North Sea Basin is controlled by the types of
rocks in the source areas, the timing of uplift of the hinterland, climatic
conditions, and the settling properties of the clay minerals in marine
environments.

Kaolinite was derived mainly from the Fennoscandian Shield and is
concentrated in the marginal areas of the basin. Kaolinite may have been
formed in the hinterland during warm periods in the Eocene and middle
Miocene, but a substantial proportion of the kaolinite in the North Sea
basin was derived from erosion of an etched basement that had been
formed during the Mesozoic.

Smectite was derived from the North Atlantic Volcanic Province either
by weathering of volcanic ash in the hinterland or by halmyrolytic
processes in sea water during the Paleocene and Eocene. In Oligocene and
younger sediments in the North Sea basin the dominant part of the
smectite originates from reworking of Paleocene and Eocene deposits,
most notably associated with the uplift of basin margins.

Chlorite was derived mainly from the Shetland High, where metamorphic
rocks of Caledonian age were exposed. A minor part was sourced from
Norway. As chlorite is found mainly off the Shetland High, the short
transport distance is believed to have hindered chemical degradation even
during the warm and humid climatic intervals in the Paleocene, Eocene, and
late early to early middle Miocene. The chlorite sourced from metamorphic
Caledonian rocks in Norway and deposited in the southeastern part of the
North Sea Basin was more sensitive to chemical weathering and is seen only
in the Oligocene and late Miocene because of the combination of a cold
climate and uplift of the source area. In the late early Miocene the continued
Neogene elevation of the Norwegian mountains resulted in deposition of
chlorite, despite the warm climate.

Illite is interpreted as having originated from decomposition of igneous
rocks in southern Norway and is therefore concentrated adjacent to the
Fennoscandian Shield.
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FALEIDE, J.I., VÅGNES, E., AND GUDLAUGSON, S.T., 1993, Late Mesozoic–Cenozoic
evolution of the south-western Barents Sea in a regional rift-shear tectonic setting:
Marine and Petroleum Geology, v. 10, p. 186–214.

FALEIDE, J.I., KYRKJEBØ, R., KJENNERUD, T., GABRIELSEN, R.H., JORDT, H., FANAVOLL,
S., AND BJERKE, M.D., 2002, Tectonic impact on sedimentary processes during
Cenozoic evolution of the northern North Sea and surrounding areas, in Doré, A.G.,
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A.G., and Vining, B.A., eds., Petroleum Geology: North-West Europe and Global
Perspective: 6th Petroleum Geology Conferences, Geological Society of London,
Proceedings, p. 1185–1198.

HANSEN, J.P.V., AND RASMUSSEN, E.S., 2008, Structural, sedimentologic, and sea-level
controls on sand distribution in a steep-clinoform asymmetric wave-dominated delta:
Miocene Billund sand, eastern Danish North Sea and Jylland: Journal of Sedimentary
Research, v. 78, p. 130–146.

HEILMANN-CLAUSEN, C., NIELSEN, O.B., AND GERSNER, F., 1985, Lithostratigraphy and
depositional environments in the Upper Paleocene and Eocene of Denmark:
Geological Society of Denmark, Bulletin, v. 33, p. 287–323.

HILLIS, R.R., HOLFORD, S.P., GREEN, P.F., DORÉ, A.G., GATLIFF, R.W., STOKER, M.S.,
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LUNDIN, E.R., AND DORÉ, A.G., 2002, Mid-Cenozoic post-breakup deformation in the
‘‘passive’’ margins bordering the Norwegian–Greenland Sea: Marine and Petroleum
Geology, v. 19, p. 79–93.

LØSETH, H., AND HENRIKSEN, S., 2005, A Middle to Late Miocene compression phase
along the Norwegian passive margin, in Doré, A.G., and Vining, B.A., eds., Petroleum
Geology: North-West Europe and Global Perspectives: 6th Petroleum Geology
Conference, Geological Society of London, Proceedings, p. 845–859.

MACkAY, L.M., TURNER, J., JONES, S.M., AND WHITE, N.J., 2005, Cenozoic vertical
motions in the Moray Firth Basin associated with initiation of the Iceland Plume:
Tectonophysics, v. 24, p. 1–23.

MAI, D.B., 1967, Die Florenzonen, der Florenwechsel und die Vorstellung über den
Klimaablauf im Jungtertiär der DDR: Zentralen Geologischen Institut, Abhandlun-
gen, v. 10, p. 55–81.

MARCUSSEN, Ø., THYBERG, B., PELTONEN, C., JAHREN, J., BJØRLYKKE, K., AND FALEIDE,
J.I., 2009, Physical properties of Cenozoic mudstones from the northern North Sea:
impact of clay mineralogy on compaction trends: American Association of Petroleum
Geologists, Bulletin, v. 93, p. 127–150.

MARTINSEN, O.J., BØEN, F., CHARNOCK, M.A., MANGERUD, G., AND NØTTVEDT, A., 1999,
Cenozoic development of the Norwegian margin 60–64u N: sequences and
sedimentary response to variable basin physiography and tectonic setting, in Fleet,
A.J., and Boldy, S.A.R., eds., Petroleum Geology of Northwest Europe: 5th
Conference, Proceedings: Geological Society of London, London, p. 293–304.

MICHELSEN, O., AND NIELSEN, L.H., 1993, Structural development of the Fennoscandian
Border Zone, offshore Denmark: Marine and Petroleum Geology, v. 10, p. 124–134.

MICHELSEN, O., THOMSEN, E., DANIELSEN, M., HEILMANN-CLAUSEN, C., JORDT, H., AND

LAURSEN, G.V., 1998, Cenozoic sequence stratigraphy in the eastern North Sea, in de
Graciansky, P.C., Jacquin, T., and Vail, P.R., eds., Mesozoic and Cenozoic Sequence
Stratigraphy of European Basins: SEPM, Special Publication 60, p. 91–118.

MILLER, K.G., WRIGHT, J.D., AND FAIRBANKS, R.G., 1991, Unlocking the ice house:
Oligocene–Miocene oxygen isotopes, eustasy and marine erosion: Journal of
Geophysical Research, v. 96, p. 6,829–6,848.

MILLER, K.G., MOUNTAIN, G.S., THE LEG 150 SHIPBOARD PARTY, AND MEMBERS OF THE

NEW JERSEY COASTAL PLAIN DRILLING PROJECT, 1996, Drilling and dating New Jersey
Oligocene–Miocene sequences: ice volume, global sea level and Exxon records:
Science, v. 271, p. 1092–1095.

MILLER, K.G., MOUNTAIN, G.S., BROWNING, J.V., KOMINZ, M.A., SUGARMAN, P.J.,
CHRISTIE-BLICK, N., KATZ, M.E., AND WRIGHT, J.D., 1998, Cenozoic global sea-level,
sequences, and the New Jersey transect: results from coastal plain and slope drilling:
Reviews of Geophysics, v. 36, p. 569–601.

MILLER, K.G., KOMINZ, M.A., BROWNING, J.V., WRIGHT, J.D., MOUNTAIN, G.S., KATZ,
M.E., SUGARMAN, P.J., CRAMER, B.S., CHRISTIE-BLICK, N., STEPHEN, F., AND PEKAR,
S.F., 2005, The Phanerozoic record of global sea-level changes: Science, v. 310,
p. 1293–1298.

MOGENSEN, T.E., AND JENSEN, L.N., 1994, Cretaceous subsidence and inversion along
the Tornquist Zone from Kattegat to Egersund: First Break, v. 12, p. 211–222.
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