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Frontispiece: Upper Maastrichtian -  Danian chalks exposed at Stevns Klint, eastern Denmark. The lighter 
coloured, lower third o f  the c liff  (up to the prominent overhang) is the uppermost Maastrichtian.The KJT boundary 
is gently undulating and the boundary clay layer is only preserved in the depressions. The Danian bryozoan-rich 
succession above shows well-developed mounds. Height o f c liff c. 40  m.
Photo: Finn Surlyk, University o f Copenhagen.
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Abstract

Maastrichtian-Danian chalks of the Danish Central Graben and Danish Basin are significant both as a 

record of latest Cretaceous high latitude palaeoceanographic change, leading up to the K/T boundary 

events, and as hydrocarbon reservoirs. This study focused on the nannofossil biostratigraphy and 

palaeoecology of four offshore wells in the Central Graben and four onshore wells from the Danish 

Basin, the aim being to contribute to improving both the stratigraphic resolution and the understanding 

of the pelagic carbonate system.

The four cored sections in the North Sea collectively span upper Maastrichtian nannofossil subzones 

UC20b-UC20d; the K/T boundary is marked by a stratigraphically complex hardground containing 

mixed Maastrichtian and Danian floras and a hiatus spanning early Danian subzones NNTplA- 

NNTp2C/D. The sampled Cretaceous sections of the Danish Basin wells are largely confined to 

nannofossil subzone UC20d; the K/T boundary interval is essentially complete, in contrast to the 

Central Graben sections, and comparable to the exposed K/T boundary sections in Denmark.

Palaeoecological interpretation of the upper Maastrichtian sections was based on quantitative 

nannofossil analysis (supplemented by diversity indices and other statistical data) focusing on shifts in 

relative abundance of taxa ascribed specific palaeoecological affinities. The study revealed evidence of 

significant palaeoenvironmental fluctuations in overtly homogenous chalks. Of particular note, 

superimposed on an overall generally cool period, is evidence for two short-term warming events in the 

latest Maastrichtian, coinciding with slight surface water fertility fluctuations; these events have been 

well-documented from low latitude Cretaceous sections. A regressive event is also documented at the 

base of the UC20d subzone in the Central Graben wells; this lowstand has been documented 

elsewhere in the North Sea region. Integration of the phytoplankton record with additional datasets 

(sedimentology, geochemistry, palynology, microfossils) from the Danish Central Graben in particular 

reveals a consistent history of palaeoceanographic change.
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1. Introduction

1.1 Introduction/aims

The aim of the PhD project ’Upper Maastrichtian -  Danian nannofossils of the Danish Central Graben 

and the Danish Basin: a combined biostratigraphic -  palaeoecological approach’ was to execute a high 

resolution nannofossil biostratigraphic study on the upper Maastrichtian -  Danian chalk and to attempt 

to increase the palaeoecological understanding of the upper Maastrichtian succession of the Danish 

region.

The primary goals were two-fold: (1) to carry out detailed biostratigraphic studies on four sections 

from the Danish Central Graben and correlate them with four sections studied from the Danish Basin.

(2) to identify locally, potentially regionally significant palaeoenvironmental signals using quantitative 

nannofossil data and applying statistical methods to the quantitative data in order to investigate whether 

such methods provide support or alternative interpretations. These signals will be tied into the high 

resolution nannofossil biostratigraphy, and a previous high resolution, multidisciplinary stratigraphy of 

the upper Maastrichtian.

1.2 Background

Maastrichtian-Danian chalks include the most important hydrocarbon reservoirs in the Danish sector of 

the North Sea (see Geological Setting Chapter, Fig. 3.2) and are responsible for the vast majority of 

present hydrocarbon production. Effective production from existing fields and exploration for subtle 

flank and off-structure chalk fields in the future will be increasingly dependent on an improved high- 

resolution chalk stratigraphy and a more detailed understanding of pelagic carbonate productivity and 

sedimentation processes.

The Energy Research Project (EFP-2001): ‘Genetic high-resolution stratigraphy of the Upper 

Maastrichtian, Danish Central Graben’ included an integration of palaeontology with stable isotopes 

and sedimentology, allowing the recognition of climatic, oceanographic and relative sea-level 

fluctuations recorded in the upper Maastrichtian chalks. Within this overall framework, the sub-project 

forming part of this PhD study aimed to use nannofossils from two Danish Central Graben wells: E-5X 

and M-1 OX from the Tyra SE and Dan Fields respectively (see Geological Setting Chapter, Fig. 3.2), 

as a tool to identify some of the small-scale palaeoecological and palaeoceanographic changes that 

took place in the late Maastrichtian in the Danish North Sea. Results from the EFP project have been 

incorporated into the present PhD project and further work has been carried out on these two wells in 

addition to 6 others.
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Due to extensive exploration and production work executed on the Danish chalk fields, numerous ‘in- 

house’ biostratigraphic studies exist, but due to their confidential nature, these are not widely available. 

These biostratigraphic reports are often produced at ‘well-site’ and are compiled using the first available 

material to hand, i.e. cuttings samples (mixed with potentially corrosive drilling fluid and contaminated 

with cavings). The present study uses only core material, removing the potential for contamination by 

caving and providing an accurate sampling method.

1.3 Study area; the Danish Central Graben and Danish Basin

Upper Maastrichtian -  Danian chalk was sampled from four wells from geographically separate areas of 

the Danish Central Graben and four wells from the Danish Basin (onshore eastern Denmark). Although 

representing adjoining parts of the NW European chalk sea, the chalks of the Danish Central Graben 

and the Danish Basin were deposited in two differing structural and palaeoceanographic settings. A 

comparison of the evolution of the two basins in the late Maastrichtian is attempted in this study, based 

on the nannofossil data.

The study focuses on the cored upper Maastrichtian -  Danian intervals of four wells with significant 

stratigraphic overlap, in order to examine the main hydrocarbon-producing reservoir levels of these 

wells. The E-5X, M-1 OX, N-22X and Nana-1XP wells are located in the Tyra SE, Dan, Gorm and 

Halfdan Fields respectively (see Geological Setting Chapter, Fig. 3.2). The Dan Field lies approximately 

25 km SSE of the Tyra SE field, the Halfdan Field is situated approximately 6 km north-west of the Dan 

Field and the Gorm Field is approximately 12 km from the Halfdan Field.

In addition to the wells from the Central Graben, four cored sections from the Danish Basin have 

been examined. The Tuba-13 well is situated in central Copenhagen, close to the Central Station 

(Kobenhavns Hovedbanegard) and the Solrod-2 well lies in the village of Solrod to the south of the 

capital city, 10 km north of Koge. The Karlslunde-1 and Tune-1 wells were drilled recently, 

approximately 5 km to the north of the Solrod-2 well (see Geological Setting Chapter, Fig. 3.7).

1.4 Thesis structure

The first chapter (Introduction) introduces the aims, background and study area of this PhD project. 

Nannofossils are introduced as a fossil group and their use in biostratigraphic and palaeoecological 

studies is briefly explained.

The second chapter (Methods) introduces the methodology used in this study and describes briefly 

the techniques used for sampling, preparation and analysis. Counting and statistical methods are 

outlined and integration with previous studies is described.
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Chapter 3 (Geological Setting and well introduction) describes the structural and palaeogeographic 

settings of the two regions central to this study: the Danish Central Graben and the Danish Basin. The 

properties, content and facies variations of the key lithology: chalk, are described in some detail. The 

key hydrocarbon fields and the wells relevant to this study are introduced, as are the sections from the 

Danish Basin.

In the Stratigraphy Chapter (chapter 4), the lithostratigraphic and cyclostratigraphic frameworks for 

the chalk are presented. A detailed nannofossil biostratigraphic breakdown is provided and previous 

regional and local nannofossil biostratigraphic zonation schemes are introduced. The current 

nannofossil biostratigraphic breakdown is compared with previous multidisciplinary biostratigraphic 

analyses (nannofossil, foraminifera, palynology) where available. Integrated biostratigraphic 

correlations of the two regions are presented and biostratigraphic enigma are discussed in detail.

Chapter 5 (Late Maastrichtian Palaeoecology), presents the results of a palaeogeographic study of 

the chalk sections. The quantitative approach to the current nannofossil study permits a 

palaeoecological insight into the late Maastrichtian chalk sea of the Danish region. Subtle changes in 

nannofossil assemblages (along with other microfossil proxies), through reference to inferred 

palaeoecological preferences, suggest slight environmental (or other) perturbations (i.e. nutrient 

increase/decrease, temperature, water depth) in an otherwise oligotrophic late Maastrichtian setting. 

Statistical methods are also applied to the nannofossil assemblages and add support to the 

palaeoecological interpretations.

Chapter 6 (Conclusions), presents the key conclusions related to the detailed nannofossil 

biostratigraphy and palaeoceanographic evolution of the upper Maastrichtian chalks in the Danish 

Central Graben and the Danish Basin.

The Taxonomy Chapter (chapter 7) lists all nannofossil species identified in this study. A description 

of a morphometric study on Arkhangelskiella cymbiformis is also detailed in this chapter.

Finally, photographic plates include key Upper Cretaceous and Danian marker species.

1.5 Terminology

In this study the use of ‘FO’ (First evolutionary Occurrence) and ‘LO’ (Last evolutionary Occurrence) is 

used in conjunction with ‘FDO’ (First Downhole Occurrence) and ‘LDO’ (Last Downhole Occurrence); the 

latter two terms are used when drilling downhole. The Cretaceous/Tertiary boundary is referred to herafter 

as the K/T boundary.

The wells drilled in the Danish Central Graben are measured in imperial units (feet and inches). 

Danish Central Graben well data is supplied in well-site reports and on electrical logs as MD RT 

(Measured Depth below Rotary Table) or TVD SS (True Vertical Depth Sub Surface). The sections from 

the Danish Basin are measured in metric units (metres and centimetres), with M.U.T (Metres Under
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Terrain) commonly used. In this study, sample depths are referred to as M.D.f.b.R.L. (Measured Depth, 

feet below Reference Level).

1.6 What are nannofossils?

All calcareous fossils smaller than 30 microns fall under the term ‘calcareous nannofossil’. The 

dominant group are thought to be the remains of the principal calcareous nannoplankton group; the 

haptophyte algae (Bown & Young 1998a).

Haptophyte algae first evolved in the Late Triassic and appear to have been restricted to low 

latitudes. Following a near-catastrophic extinction at the Triassic/Jurassic boundary, nannoplankton 

rapidly diversified and colonised the oceans during the Early Jurassic. The Jurassic and Cretaceous 

saw further increases in diversity, with a diversity peak characterising the Late Cretaceous. At least 

90% of all calcareous nannoplankton became extinct at the K/T event, only to recover once more in the 

Early Palaeocene and to reach a second diversity peak in the mid-Eocene. A decline in diversity into 

the Oligocene was followed by an increase in the Miocene and a decrease once more into the 

Pleistocene.

Living haptophyte algae (which belong to the Phylum Haptophyta and Division Prymnesiophyceae) 

include a sub-group: the coccolithophores, which are marine, unicellular phytoplankton that produce a 

calcareous coccosphere (diameter 10-25 microns) constructed from circular to elliptical plates or 

coccoliths (diameter 1-20 microns) which in turn are composed of tiny crystal units (diameter 0.4-1 

microns). In addition to the coccolithophores, nannoliths comprise other nannofossils with assumed 

algal derivation.

Living coccolithophores secrete a cell wall covering, a coccosphere, which can be fossilised either 

whole, or more commonly as disaggregated plates (coccoliths) and spines. Coccolithophore debris is 

transported rapidly to the sea bed via faecal pellets, and provides a record of life in the photic zone 

_ above the carbonate compensation depth.

1.7 Nannoplankton Ecology

Living coccolithophorid algae demonstrate a widespread oceanic distribution and dwell in the photic 

zone. They are generally found in latitudes of less than 70°, and thrive in warm, oligotrophic, mid-ocean 

environments, though some species have a wide range of ecological tolerances, i.e. temperature, 

salinity, nutrient levels, and are therefore able to live in relatively extreme conditions such as areas of 

coastal upwelling, oceanic gyres and even polluted areas.

Extant coccolithophores demonstrate wide geographic distribution patterns, defined as broad 

latitudinal belts and distinguished by assemblage composition variation. Recent patterns of distribution
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are interpreted as a reflection of surface temperature and nutrient distribution, which are connected to 

characteristics of oceanic circulation, e.g. gyres, upwelling, divergence zones and seasonal mixing.

Oligotrophic conditions (e.g. mid-ocean gyres) generally support high diversity, low abundance 

assemblages, reflecting low rates of reproduction, while eutrophic environments (e.g. upwelling areas) 

are more often characterised by low diversity, high abundance assemblages. In the modern oceans, 

eutrophic conditions are dominated by diatoms and coccolithophorids tend to flourish following silica 

depletion due to the diatom influx. Modern eutrophic environments are also found proximal to the 

continental shelf, where increased continental run-off leads to increased nutrient levels.

Some modern species also demonstrate limited vertical stratification and are able to tolerate 

extreme conditions of low light, low temperature and high nutrients. It is upon such documented recent 

ecological tolerances that palaeoecological limits are based.

1.8 Nannofossils as biostratigraphic tools

The use of nannofossils in biostratigraphy is facilitated by their abundance and rapid evolution, and also 

as they are planktonic and in general cosmopolitan. The fact that they are so minute also allows them 

to be easily prepared from rock chips (approximately finger nail sized) piece of rock. They are used 

extensively in the hydrocarbon industry, within exploration and reservoir development, and since the 

1960s in scientific drilling (e.g. DSDP, ODP, IOPD cruises). Cainozoic nannofossil zonation schemes 

have resolutions of between 60,000 and a million years and are now considered one of the standard 

biochronological references. Mesozoic nannofossil biostratigraphy has developed at a slower rate than 

its Cainozoic counterpart, but essentially over the last 25 years, zonations have become more refined, 

particularly in the Upper Cretaceous.

1.9 Reworking and caving

As core material was utilised in this study, caving is not a problem. Although reworking is potentially a 

complicating factor, the sedimentology indicates that pelagic settling and small-volume dilute density 

flows dominated the depositional system and significant ‘stratigraphic’ redeposition (i.e. by slumps, 

slides and debris flows) was rare or absent in this part of the Danish Central Graben (Ineson 2004). 

Although much of the chalk is thoroughly bioturbated, the scale of biogenic mixing is considered 

negligible with regard to the biozonation.
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2. Methods

2.1 Sampling

When choosing a potential well to be sampled from the Central Graben, the structure of the field also 

had to be taken into consideration; a well drilled on the crest or flank of a field might be prone to 

winnowing or hiatuses. Ideally, for stratigraphic purposes, a well would be situated away from the crest 

of the structure. However, due to the nature of hydrocarbons accumulating towards the top of a 

structure, most cored exploration wells tend to be situated on field crests. Where a choice of cored 

wells was available, structural position was taken into consideration, with respect to stratigraphic 

completeness and potential for local reworking.

It was necessary to choose wells which had as near to complete as possible core recovery over the 

studied interval, i.e. the upper Maastrichtian/Danian, including the K/T boundary. It was also necessary 

to collect samples from complete pieces of core where the exact depths of core could be identified. Due 

to the age of some of the cores and their in-depth examination for previous geo-scientific studies, many 

core sections were reduced to rubble.

Many exploration and most production wells are not cored; necessary wellsite biostratigraphy is 

obtained by use of ditch cutting samples alone. For a high resolution biostratigraphic study such as this, 

core material was necessary to avoid reworking and caving. The use of ditch cuttings and sidewall core 

samples was not considered.

The Tuba-13 and Solrod-2 cores were chosen as they covered the stratigraphic level (latest 

Maastrichtian -  Danian) required for analysis in the aims of the Carlsberg funded Danish Basin project. 

The Tune-1 and Karlslunde-1 wells were chosen as they were recently drilled in conjunction with a 

GEUS-related project, guaranteeing immediate and easy access to samples. Core plugs were sampled 

for nannofossil analyses; unfortunately the time allotted to sample preparation and analysis did not 

allow for the uppermost Maastrichtian of the Karlslunde-1 well to be examined.

Core pieces were chipped from the core or core plugs using a hammer and chisel (cleaned before a 

new sample was taken, to limit contamination). For each collected sample, a record of the well number, 

sample depth, sampling date, biostratigraphic discipline, collectors initials and workplace was taken and 

placed in a plastic sampling bag within the reassembled core. The core chip preserved for nannofossil 

analysis was bagged, and also labelled with the aforementioned information. The remaining core pieces 

(once scraped for smear slide preparation) are stored at GEUS.

In the North Sea cores, sampling was undertaken approximately every 3 feet (or roughly 1 sample 

per core box), apart from at critical levels (e.g. the K/T boundary) where sampling was more closely 

spaced (every 5-6 inches). Samples were taken in clean, uniform chalk, away from clay partings and 

stylolitic horizons.
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62 samples were taken from the E-5X well, 104 from the M-1 OX well, 110 from the Nana-1 XP well 

and 97 from the N-22X well.

28 samples were taken from the Karlslunde-1 well, 19 from the Tune-1 well, 21 from the Tuba-13 

well and 18 from the Solr0d-2 well. Samples were taken approximately every 1 m (10 m in the 

Karlslunde-1 well), where recovery allowed, over the uniform Maastrichtian chalks, and at a higher 

resolution where it was necessary to check a nannofossil zonal boundary, and over the K/T boundary.

In order to avoid zones of excessive diagenetic alteration (e.g. due to stylolitisation), care was taken 

where possible to sample in uniform pelagic chalk, away from solution horizons and mineralised 

fractures.

2.2 Sample preparation

Nannofossil smear slides were prepared using the simple smear slide technique described in Bown & 

Young (1998b), that is, a small amount of chalk was scraped from a freshly broken surface (to minimalise 

diagenetic effects) of the core piece and placed on a glass slide and a drop of water added to make a 

sediment suspension. Water from the cold tap in laboratory 2-331, GEUS, was used to prepare the slides. 

The water was measured as Ph 7.5 (slightly basic), however as smear slides were made where water is 

not in contact with sediment for a long period of time, this was considered not to be a problem. The 

suspension was smeared back and forth over the slide until a uniform rippled effect was obtained and the 

slide quickly dried. An epoxy resin (Norland Optical Adhesive®) was added to a coverslip and this was 

placed face down on the glass slide. The slide was then left to cure under UV light (sunlight) for 24 hours 

before analysis. All slides are stored at GEUS.

As the core from the North Sea wells was drilled in major hydrocarbon reservoir levels, core chips were 

often still saturated in oil when they were processed. As smear slides are prepared using water, ‘clumping’ 

was often a minor problem. This occurs where the mixture of oil and water prevents the chalk from 

disaggregating. To alleviate this, a mild detergent (washing-up liquid) was added to the suspension.

2.3 Light microscopy

The prepared slides were examined using a Leitz Labrolux 8 light microscope with a x100 oil-immersion 

objective lens and a mechanical, rotating stage. Nannofossils were examined under x1250 magnification 

using both plane and cross-polarised light. This method allowed identification of most taxa down to species 

level. Scanning electron microscopy was not used in this study.
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2.4 Quantitative data

Simple relative abundance counting (Bown & Young 1998b) was utilised in this study, i.e. a minimum of 

300 specimens (the number generally regarded as statistically valid, Fatela & Tarborda (2002)) were 

counted from each slide so as to record the presence of rare taxa. At important stratigraphic levels (i.e. 

close to zonational boundaries) extra counting was undertaken when necessary to check for the presence 

of a key zonational marker taxon.

The number of fields of view examined to cover (a minimum of) 300 specimens was also recorded in 

order to acquire a measure of nannofossil abundance (see Palaeoecology Chapter). Samples which upon 

initial examination appeared to be barren of nannofossils were subsequently examined for 10 length- 

traverses to obtain a rough species abundance.

The quantitative data was initially recorded on paper count sheets (stored at GEUS), transferred to the 

StrataBugs biostratigraphic management software and printed as a biostratigraphic range chart for each 

well (see Enclosures 1-8). The main biostratigraphic breakdown and palaeoecological study in this PhD 

are based first and foremost on these quantitative data and range charts.

2.5 Morphometric data

Two forms of morphometric analyses were carried out on the genus Arkhangelskiella. The first study 

was to establish whether there was a size-evolution pattern through the upper Maastrichtian (see 

Taxonomy Chapter). The length, breadth and rim width of specimens from the base, middle and top of 

the Maastrichtian core of one well were recorded and plotted on x-y graphs (see Enclosures 9.1-9.36). 

The results of this preliminary study led to the convention for the remainder of the study where the 

length and rim-width of each recorded Arkhangelskiella specimen was measured. This was considered 

necessary for the subdivision of two major upper Maastrichtian nannofossil subzones, based upon a 

particular species of Arkhangelskiella. These Arkhangelskiella morphometries are found on Stratabugs 

distribution charts in Enclosures 10-14.

2.6 Statistical methods and diversity indices
In order to establish whether palaeoecological trends seen using the quantitative data and on the 

resulting distribution charts (Enclosures 1-8) and Figures 5.3, 5.6, 5.9, 5.12, 5.15, 5.17, 5.19, 5.21 

(Palaeoecology Chapter) were reliable, statistical methods were used to supplement the study (more 

detail is found in the Palaeoecology Chapter). Whether palaeoecological inferences from the 

quantitative data were supported or whether alternative implications could be found was tested.
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Correspondence analysis was carried out on the upper Maastrichtian of the Central Graben 

sections. Correspondence analysis compares associations containing counts of taxa or counted taxa 

across associations. Environmental parameters (e.g. water depth, productivity, temperature) can be 

interpreted from this method which is useful for showing relative trends independent of absolute number 

of species.

Diversity indices were calculated for all sections. The Shannon diversity index includes eveness (a 

measure of relative dominance) and species richness (the number of different species in a community). 

The Simpson diversity index (1-dominance) measures 'evenness' of the community and is a measure of 

diversity. In palaeoecology, it is often used to quantify the biodiversity of a habitat. These two diversity 

indices plot out on graphs (see Palaeoecology Chapter) and are potentially a visual measure of 

palaeoecological perturbations and of preservational impact (see section 2.7 below, and Palaeoecology 

Chapter section 5.3).

2.7 Assessment of preservation

Secondary diagenetic effects must be taken into account when processing and analysing samples. 

Dissolution of a sample’s calcareous component occurs when chemical reactions (due to drilling mud etc.) 

result in an acidic product; nannofossils in smear slide samples may appear faded or as ‘ghosts’ (outlines) 

of the original specimens. Similarly diagenetic overgrowth (due to pore waters oversaturated in CaC03) is 

problematic as secondary calcite obscures a coccoliths original structure, often rendering its identification 

to species level impossible. This is noted particularly in the Danian chalk and within the upper 

Maastrichtian hardground, beneath the K/T boundary.

In the present study, it was noted that the chalk in the M-10X and Nana-1 XP wells had experienced a 

fair amount of overgrowth but the N-22X well in particular suffered from diagenetic effects. In comparison, 

nannofossil assemblages from the E-5X well were extremely well preserved, with even the most delicate 

forms remaining in pristine condition. These overgrowth problems are further discussed in the 

Palaeoecology Chapter and illustrated using the diversity indices described in section 2.6, above.

The cause of the difference in the degree of calcite overgrowth between the wells is not certain. 

However, the fact that the same chalk reservoir levels in four relatively closely spaced wells exhibit 

sometimes extreme differences in preservation could reflect differences in the timing of initial oil invasion 

(Rogen & Fabricius 2004).

2.8 Other methods utilised in integrated project

The EFP project, analysing the cored M-10X and E-5X wells, was a multidisciplinary study, integrating 

several biostratigraphic groups (nannofossils, palynology (and palynofacies) and foraminifera), stable
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isotopes and sedimentology. This approach was attempted in order to contribute to the best possible 

understanding of the upper Maastrichtian chalks. Results of these studies are referred to, and 

correlated with nannofossil data in the Stratigraphy and Palaeoecology Chapters.

2.8.1 Foraminifera

For the EFP project, foraminiferal faunas were analysed in order to develop a biostratigraphic 

breakdown (Lassen & Rasmussen 2004) by which to correlate the M-10X and E-5X wells, and to 

increase the understanding of depositional environments (surface and bottom water conditions) of the 

upper Maastrichtian chalk seas (Rasmussen & Lassen 2004). Planktonic and benthic foraminifera (uni

cellular marine organisms) have often been used as watermass indicators both in the present day 

oceans and in ancient sediments. Recent foraminifera are able to adapt to variations in various 

ecological parameters, e.g. temperature, dissolved oxygen and salinity, and it is inferred that fossil 

faunas possessed similar tolerance levels.

2.8.2 Palynology

Although subordinate in quantity to calcareous microfossils and nannofossils, organic walled 

dinoflagellate cysts usually occur in sufficient numbers in NW European chalks to enable reliable and 

detailed biostratigraphic dating and correlation. A high resolution dinoflagellate biostratigraphy and 

palynofacies characterisation of depositional environments was carried out, with the palynofacies 

analysis focusing on sea-level change and variation in palaeo-watermass productivity (Schioler 2004).

2.8.3 Isotopes

In the Cretaceous, carbon isotope stratigraphy has been successfully applied as a correlation tool and 

can be used as a palaeo-climatic proxy. Although this method had not been attempted before in the 

Danish Central Graben as a correlation tool, these chalks are characterised by a high content of very 

pure (less than 10% non-carbonate content), low magnesium calcite, making them ideal for correlation 

by carbon isotopes (Schovsbo & Buchardt 2004). Previously, isotope work focused on diagenetic 

aspects of chalk, but recently Toft etal. (1996) and Scholle etal. (1998) inferred that the 513C variation 

in North Sea chalks reflects changes in the carbon isotopic composition of sea water. For the EFP 

project a chemostratigraphic correlation between the M-10X and E-5X wells was attempted based on 

513C variation. b180  isotopes were also analysed in order to attempt a palaeo-temperature signal. 

Unfortunately, the primary oxygen isotopic signal was not recognisable due to burial diagenesis and this 

method was disregarded.
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2.8.4 Sedimentology

The aim of the sedimentological study was to provide detailed sedimentological logs from meticulous 

core observations in order to aid interpretation of short and long-term palaeoecological trends. The 

resulting core logs were used to describe the chalks of M-10X and E-5X in terms of lithofacies and 

sedimentological evolution (Ineson 2004).
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3. Geological Setting and well histories

3.1 Structural framework

Although the focus of this study is the upper Maastrichtian -  Danian chalk of the Danish Central Graben 

and the Danish Basin, in order to understand the palaeotopography and depositional setting of the Late 

Cretaceous/Early Palaeocene it is necessary to describe the complex structural development of the 

Central Graben and the Danish Basin.

3.1.1 Danish Central Graben

The Danish sector of the North Sea intersects the Central Graben (Fig. 3.1). The Central Graben is a 

trough structure, subsidence of which is thought to have begun in the Permian and developed by major 

rifting phases in the Mesozoic (Andersen etal. 1982). From the north, the Viking Graben and the Moray 

Firth Basin meet at the northern end of the Central Graben. Further to the south, the Central Graben 

separates the Mid North Sea High and the Ringkobing-Fyn High (east-west trending ridges). Normal 

rotational faults characterise both sides of the graben at this location. Further to the south, the Central 

Graben splits into two in the southern North Sea area, into the Anglo-Dutch Basin and the North West 

German Basin (Fig. 3.1).

In the Danish Central Graben, base Zechstein fault patterns reveal pull-apart tectonics, typical of a 

rift setting (Jacobsen & Larsen 1982). Andersen etal. (1982), updated by Damtoft etal. (1992), divided 

the Danish part of the Central Graben into several structural units (Fig. 3.2), of which the Salt Dome 

Province is of particular relevance to this study. The Salt Dome Province is situated in the southern part 

of the Danish Central Graben and is dominated by salt movement and inversion structures; faulting in 

the area tends to follow a north-south trend. Most Danish chalk hydrocarbon discoveries lie in the Salt 

Dome Province. The Igor-Emma ridge (just to the east of the Dan Field) is an inversion ridge with thin 

chalk development (Vejbaek & Andersen 2002).

Structural development

The Central Graben of the North Sea is a complex trough with a protracted structural history. 

Although following Palaeozoic trends in many cases, the Central Graben is predominantly a 

Mesozoic feature with major rift events in the Triassic and Jurassic (Basset 2003; Jacobsen 1982; 

Koch et at. 1982; Anderson & Doyle 1990).
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In the Early Cretaceous, regional subsidence took over from Late Jurassic extensional rifting. 

Differential subsidence of Late Jurassic graben systems continued into the Early Cretaceous (mid- 

Hauterivian), though subsidence rates were less than in the Jurassic (Ineson 1993), particularly 

following the onset of inversion in the Late Hauterivian. Differential subsidence decreased in the 

mid-Cretaceous and gave way to the regional subsidence pattern that continued into the Late 

Cretaceous.

By the Late Cretaceous, active rifting in the North Sea had ceased, allowing the accumulation of a 

thick, laterally persistent blanket of chalk sediment. The Sub-Hercynian or possible Laramide Orogeny 

resulted in the compressional strike-slip regime of the Late Cretaceous and Early Cainozoic and led to 

inversion tectonics (see below) where the basin sediments were folded, uplifted and eroded. The 

inversion tectonics are believed to have resulted in a series of gentle antiformal and synformal flexures 

arranged in an en echelon pattern (Andersen etal. 1982). Major structures such as the Lindesnaes 

Ridge formed at this time (Anderson 1999; Bramwell et al. 1999). Relief in the central part of the Danish 

Central Graben was relatively high due to basin-bounding faults (Damholt 2003) and lower towards the 

south. This topography was directly related to several modes of sediment depostion thought to have 

taken place (Kennedy 1987; Oakman & Partington 1998; Bramwell et al. 1999). Processes such as 

resedimentation, non-deposition over structurally high areas, erosion and down-slope movement by 

slides, slumps and gravity flows resulted in significant sediment thickness variation (Kennedy 1987; 

Andersen 1995; Farmer & Barkved 1999; Surlyk etal. 2003).

The Dan, Halfdan, Tyra and Gorm Fields are situated between and upon the NW-SE trending 

Gorm-Lola and Igor-Emma inversion ridges (Vejbaek & Andersen 2002), which were periodically active 

in the Late Cretaceous -  Danian but did not notably disturb the low to moderate rates of pelagic chalk 

sedimentation (Klinkby et al. 2005).

Tectonic inversion

Basin inversion is the process by which areas of former subsidence and sedimentation formed in an 

extensional situation, are reactivated and uplifted under the influence of compressive stress, as 

demonstrated by reverse faulting, usually as reactivation of previous normal faults together with folding 

(Vejbaek & Andersen 2002). In addition, areas of subsidence and sediment deposition are created from 

earlier uplifted areas. The geometry of the Late Cretaceous areas of inversion (Fig. 3.2) are mainly 

anticlinal features with NW-SE and N-S trending axes (Vejbaek & Andersen 2002).

Tectonic inversion began in the Late Hauterivian (Vejbaek & Andersen 2002) and culminated in the 

Palaeogene with the strongest periods of activity in the late Santonian, mid-Campanian, late 

Maastrichtian, late Palaeocene and Early Oligocene. The three older inversion stages, thought to be 

connected to the Sub-Hercynian Orogeny are situated along thin reactivation zones (associated with
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reverse faulting) along pre-existing normal lineaments, whereas the two younger events are coupled to 

the Laramide Orogeny and are associated with gentle folding throughout the basin (Vejbask & Andersen

2002).

Inversion is focussed particularly on the main areas of previous Late Jurassic -  Early Cretaceous 

deposition; Triassic depocentres remained unaffected by this type of tectonism. The main cause of the 

inversion is still debated; while strong SE-NW compressional forces from the Eastern Alps and 

Northern Carpathians into the foreland region dominated, NNE-SSW compression is indicated by 

structures in the Danish Area. It is thought that sea-floor spreading during the opening of the north 

Atlantic (Clausen & Huuse 1999) to the south of the Charlie Gibbs fracture zone, south-west of Ireland 

possibly contributed ridge-push forces to the structural geometry taking place due to the Alpine 

Orogeny related events (Vejbaek & Andersen 2002)

Very thin or even non-existent chalk sequences (noted in some areas of the Danish Central Graben, 

to the south-west in the West Netherlands Basin, adjacent to eastern England in the Sole Pit Basin and 

the Sorgenfrei-Tornquist Zone) are often found next to unusually thick chalk packages; these 

differences in thicknesses were caused by inversion tectonics. The zone of inversion extends from the 

Polish Trough through Bornholm and into the Sorgenfrei-Tornquist Zone and the Central Graben 

(Vejbaek & Andersen 2002).

The Laramide event took place in the Early Cainozoic. Following this, the North Sea Basin became 

incorporated into the Northwest European Basin with sediments sourced from the east (Andersen et al. 

1982) and subsided as a single basin unit during the Cainozoic, following Late Cretaceous -  Danian 

chalk deposition (Andersen & Doyle 1990).

3.1.2 Danish Basin

The Danish Basin is a north-west to south-east trending depression bordering the south western part of 

the Precambrian Baltic Shield (Fig. 3.3). The basin is bordered to the north-east by the Fennoscandian 

Border Zone and to the south-west by the Ringkobing-Fyn High. The Fennoscandian Border Zone is a 

complex tectonic belt defining the stable craton known as the Fennoscandic Baltic Shield and the 

Norwegian-Danish Basin (which lies to the north of the Ringkobing-Fyn High) and the Polish Trough. 

The Sorgenfrei-Tornquist Zone is a narrow NW-SE faulted part of the Fennoscandian Border Zone that 

formed the transition from the Baltic Shield to the Norwegian-Danish Basin (Andsbjerg et al. 2001). In 

the Danish area, the Fennoscandian Border Zone can be traced from Skagerrak to the Bornholm area. 

The Fennoscandian Border Zone comprised pull-apart basins filled with Mesozoic sediments and was 

affected by Late Cretaceous -  Early Cainozoic inversion (Andersen & Doyle 1990). During most of the 

Palaeozoic and Mesozoic the Fennoscandian Border Zone was subsiding and thick sediments were
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accumulating (Thomsen 1995) but was periodically technically active in the Late Carboniferous, 

Triassic, Middle Jurassic and Late Cretaceous to Early Cainozoic (Clausen & Huuse 1999).

At the beginning of the Cretaceous, the sedimentation pattern was controlled by minor fault-bounded 

sub-basins, which collected terrigenous sediments. In the Barremian, the sea began to slowly rise over 

existing landmasses, and by the Albian the transgression had accelerated and sea level peaked in the 

Turonian. At this point, 82% of the Earth’s surface was covered in water compared with 71% today. 

During this transgression, deposition shifted gradually in character from being dominated by terrigenous 

clay and sand to biogenic pelagic chalk. The Danish Basin and its margins were included in the area of 

continental Europe flooded by an extensive epeiric sea, caused by eustatic highstand and regional 

subsidence due to thermal contraction (Surlyk 1997).

From the beginning of the Late Cretaceous to the middle of the Palaeocene, the Fennoscandian 

Border Zone was effected by inversion tectonics (Laramide folding close to the Danian-Selandian 

boundary) and previous areas of subsidence were uplifted. Subsidence increased to south of the 

Fennoscandian Border Zone and it was in these basins that a large amount of Upper Cretaceous and 

Danian chalk is found (Liboriussen etal. 1987). Inversion tectonics were until recently thought to have 

influenced sedimentation at this time, especially along the north-eastern margin of the Danish Basin 

(Surlyk & Hakansson 1999). Flowever, this theory was questioned by Lykke-Andersen & Surlyk (2004), 

when a seismic study of the Stevns Klint area indicated a valley system, probably formed by contour 

currents, characterising the topography of the late Maastrichtian sea floor.

Two uplift phases influenced the area in the Cainozoic, the first in the Palaeocene affecting the 

southern part of the Fennoscandian Border Zone, and the second beginning in the Miocene affecting 

the area to the north (Thomsen 1995). The Danish Basin is intracratonic and did not develop a shelf- 

slope-basin system of continental size, instead a faulted shallow-water inner shelf passed seawards via 

a gentle ramp into the basin (Surlyk 1997). The deepest waters occurred over the axis of the Danish 

Basin but depths probably never exceeded a few hundred metres (Surlyk 1997).

3.2 Palaeogeography

3.2.1 Danish Central Graben

In the Early Cretaceous, a general transgressive period reached a maximum in the Turonian 

where only the highlands of Scotland and Norway were emergent land. The Valanginian- 

Hauterivian was characterised by clay deposits of the Valhall Formation due to the continuing 

differential subsidence, but as the sea level rose, thin pelagic coccolith chalks with marlstones 

belonging to the Tuxen, Sola and Rodby Formations were deposited up until the Albian (Ineson 

1993, Copestake et al. 2003).
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During the Late Cretaceous, continued global sea-level rise, in tangent with subsidence, led to 

transgression of marginal areas of north-west Europe (Surlyk 1997). A vast, relatively deep 

epicontinental sea characterised the Late Cretaceous, covering most of the low-lying peneplaned land 

of Northern Europe at that time (Fig. 3.4). The exact positioning of the coastlines is uncertain due to a 

scarcity of shoreline exposures. The climate of the Late Cretaceous is thought to have been warm- 

temperate to subtropical, with relatively warm seas with normal salinity (Surlyk et al. 2003).

The rise in sea level contributed to a large reduction in clastic input, such that carbonate deposition 

predominated. The Chalk succession deposited during this time ranges in thickness from 150 m (500'), 

close to the Ringkobing-Fyn High, to more than 600 m (2000') in the basin centre (Megson 1992). 

Locally these thicknesses were altered due to salt diapirism causing thinning on top of structures, i.e. 

Dan and Kraka.

A relative sea-level lowstand influenced the palaeogeographic setting of the late Maastrichtian 

(Surlyk & Hakansson 1999), with some syn-sedimentary uplift due to halokinesis. This fall in sea level 

may have caused subtle changes in the energy regime which may have resulted in non-deposition in 

shallow areas or triggered density flows or mass flows transporting material towards the centre of the 

basin south-west of the Dan field (Kristensen etal. 1995). Away from areas controlled by salt diapirism, 

the Chalk Group thickness varies from 250 m, in the south, to 1250 m in the northern part of the Danish 

Central Graben. The varying thicknesses of the chalk units demonstrates the depositional complexity in 

the area.

At the end of the Danian, chalk deposition ceased due to uplift of landmasses bordering the 

North Sea, in particular the highlands of Scotland and Norway, resulting in an influx of siliciclastic 

material into the basin (Surlyk etal. 2003).

3.2.2 Danish Basin

Over 35 million years, from the Cenomanian to the Danian, the Danish Basin was part of the 

extensive epicontinental sea where cool water carbonate deposition dominated (Fig. 3.4), interrupted 

only during the Early Campanian and late Maastrichtian by influence from the ‘tethyan’ region (Surlyk 

1997). During the Late Cretaceous, maximum transgression of the area occurred in the Late 

Campanian to early Maastrichtian (Surlyk 1997). The Baltic Shield (Fennoscandian Shield) was low 

lying with an arid climate and little terrigenous clay reached the sea (Hancock 1975). Shallow water 

carbonates were restricted to high areas and the north-eastern basin margin. There was stepwise 

eustaic fall at the end of the Cretaceous and through the Danian. Inversion along the north-eastern 

margin of the basin in the Late Cretaceous and Danian resulted in uplift and erosion and rapid 

regression. The southern and south-west margin of the basin (the Ringkobing-Fyn High) was 

tectonically stable during the Danian (Surlyk 1997).
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The intracratonic Danish Basin was characterised by a faulted shallow water inner shelf passing 

seaward via a gentle ramp into the basin (Fig. 3.5). The sea is thought to have been 100-250 m deep 

(probably never exceeding a few hundreds of metres) during the deposition of most of the Maastrichtian 

chalk and somewhat shallower in the Danian (Surlyk 1997). Maastrichtian-Danian sea-level curves 

(based on the Stevns Klint outcrop) can be seen on Fig. 3.6 (after Surlyk 1997; Surlyk & Hakansson 

1999).

The maximum thickness of these pelagic sediments, deposited in the Late Cretaceous -  Danian, is 

c. 2 km in the Danish Basin with maximum thicknesses of 700 m of Maastrichtian and 350 m of Danian 

strata (Stenestad 1972).

Parallel bands of black nodular flint characterise many onshore chalks (Fig. 3.6), but are also 

common at several levels in North Sea chalk (see section 3.3).

The Upper Cretaceous -  Danian succession seen in Denmark represents part of one of the largest 

and longest lived cool water carbonate platform deposits in the stratigraphic record. As general 

comparison, Jenkyns etal. (2004) estimated early-mid Maastrichtian sea surface temperatures for the 

Arctic Ocean (80°N) to have been 15°C. These authors suggested an equator-to-pole temperature 

gradient of 15°C, inferring low latitude sea surface temperatures of 30°C, and 17°C for the English 

Chalk. See Palaeoecology Chapter, section 5.1.1.1 for discussion of Late Cretaceous climate.

Whereas the outer shelf and basinal coccolith chalks usually seen in offshore sections represent 

relatively deep water (300-600 m is a widely accepted range, Kennedy 1987) deposition, the mid and 

inner shelf chalks comprise bryozoans and other benthic species, passing shorewards into bryozoan 

mounds (Fig. 3.5), packstones and wackestones (Surlyk & Hakansson 1999). Inshore oyster banks 

(Fig. 3.5) are rarely preserved (Surlyk 1997). See Palaeoecology Chapter, sections 5.1.1.2 and 5.1.1.3 

for discussion on depth of chalk deposition.

Marginal ‘tethyan’ influence (reptiles, belemnites, echinoids, benthic foraminifera and ostracods) is 

only seen in the Early Campanian and late Maastrichtian where fauna reach Belgium, south-east 

Holland (Bless etal. 1990), northern Germany (Voigt 1951) and possibly southern Scandinavia.

Chalks were deposited over all of Denmark and much of south Sweden and northern Germany 

(Thomsen 1995). Open marine conditions dominated during the chalk deposition. Chalk distribution 

patterns are affected in the area by folding, salt diapirism, non-deposition and erosion, especially in the 

southern region. Maastrichtian -  Danian chalks seem to be less affected by these processes than 

earlier chalks (Lieberkind et al. 1982).

The skeletal-rich, upper Maastrichtian bryozoan limestone (White Chalk) is considered to have been deposited 

in relatively cold, deep water (though never exceeding a few hundreds of metres, Surlyk & Hakansson (1999)), 

during three small transgressive/regressive pulses. Much of the skeletal material contains uncemented 

microborings, indicating deposition in relatively cold waters that were saturated to undersaturated with respect to 

CaC03. Undulating layers of flint nodules characterise the chalk, indicating an irregular bottom topography. The 

benthic foraminifera indicate a mid-shelf setting (Hart etal. 2004). 513C isotopes suggest a normal
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productivity gradient, a pattern expected in a stratified marine environment where surface waters are 

more enriched in <513C relative to deeper waters (Hart et al. 2004). The Kjelby Gaard Marl (with a high 

content of clay and an unusual fossil floral and faunal content), originally described by Troelsen (1955) 

occurs within the White Chalk of the Danish Basin. Detailed biostratigraphic and palaeoenvironmental 

discussions of the marl and its equivalent in the Central Graben, are found in the Stratigraphy Chapter, 

section 4.1.1.2 and 4.2.4.4 and the Palaeoecology Chapter, section 5.5.

A seawards shift in facies from deep water chalk (where two phosphatised and highly bioturbated 

incipient hardgrounds (Hart et al. 2004) are found near the top) to relatively shallow water bryozoan 

wackestones is noted at the base of the upper Maastrichtian (Grey Chalk) mounded unit and is 

interpreted to record a large eustatic sea-level fall (Surlyk 1997) (Fig. 3.6). The succeeding bryozoan 

mound formation and increasingly diverse benthic faunas indicate a transgression. The mounds show 

signs of growth by vertical accretion and progradation and migrated to the south. These Maastrichtian 

mounds, in contrast to mounds formed in the Danian, have a very high content of coccolith chalk, 

indicating they formed in relatively deep water (see Palaeoecology Chapter, section 5.1.1.3) with low 

current energy. Mound growth was dependant on nutrient-rich currents from the south (Surlyk & 

Hakansson 1999). According to Hart etal. (2004), these mounds were formed in shallower waters than 

the White Chalk (Fig. 3.6). High abundance and diverse benthic faunas represent inner shelf 

environments. A 513C pattern contrastng to that of the White Chalk is seen in the Grey Chalk, partly 

explained by a marked sea-level fall where normal stratified conditions are likely to have become more 

indistinct. 5180  isotope patterns from benthic foraminifera in the upper half of the Grey Chalk have been 

suggested to represent an overall fall in water temperature of around 1 degree centigrade (Keller et al. 

1993, Schmitz etal. 1992) during mound deposition. This coincided with a sea-level fall of 50-100 m, 

as indicated by the incipient hardgrounds below the base of the Grey Chalk, while surface water 

temperatures remained constant. In the Grey Chalk, the 5180  and 613C patterns may be accounted for 

by larger influx of fresh water into the basin, coinciding with the lower sea level (Hart et al. 2004).

A long-term global lowstand occurred in the latest Maastrictian -  Danian, climaxing around the K/T 

boundary (Fig. 3.6), where marine conditions only existed in a narrow channel along the Danish Basin 

connecting the proto-Atlantic Sea to the north-west with the Tethys to the south-east (Surlyk 1997). 

Overlying the Maastrichtian chalk, the Fish Clay is represented at its lower levels by a rust-red clay of 

only a few mm thick, overlain by an organic-rich black laminated clay, rich in fish scales and teeth, and 

dinoflagellate cysts, along with reworked clasts of Maastrichtian chalk (Surlyk & Hakansson, 1999).

The Fish Clay at Stevns Klint displays an iridium anomaly (supporting the impact theory that has 

been used to explain the mass extinctions at the K/T boundary (Macleod et al. 1997, Hansen 2004)). A 

negative 613C excursion within the red layer at the base of the Fish Clay is suggested to indicate a 

major fall in ocean primary productivity (Schmitz et al. 1992, Keller et al. 1993) accompanied by water 

temperatures falling by 3°C then returning to pre-boundary temperatures. At Kulstirenden, close to 

Stevns Klint (see Fig. 3.7), the overlying black laminated unit is characterised by light-dark laminations
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with no indication of bioturbation, suggesting dysaerobic or anaerobic conditions. The foraminifera in 

the Fish Clay should be treated with caution due to dissolution seen in the unit and abundance of 

robust, solution resistant taxa, e.g. Cibicides spp. and Osangularia spp. (Hart et al. 2004). 

Dinoflagellates (very low ‘Gonyaulacean ratio’) suggest low salinity during deposition of the dark 

laminated unit (Hultberg 1986).

The Fish Clay and the overlying Cerithium Limestone are difficult to interpret regarding sea level, but 

the hardground at the top of the Cerithium limestone indicates a eustatic sea- level fall once more (Fig.

3.6). Benthic foraminifera found in the Cerithium Limestone indicate an inner shelf environment (Hart et 

al. 2004). Cerithid gastropods and trace fossils (Ekdale & Bromley 1983) indicate fairly shallow water 

deposition. An upwards increase in foraminifera diversity indicates a mid-shelf depositional 

environment. The sea became restricted to a north-west to south-east trending channel in the Danian, 

following the axis of the Danish Basin.

In the early Danian, the sea transgressed once more giving rise to bryozoan mounds (Surlyk 1997) 

(Fig. 3.6). These formed a belt running along the edges of the Baltic Shield characterising the outer 

shelf, the shelf-slope transition and the upper slope regions. Mound growth was by aggradation and 

progradation indicating continued sea-level rise. Hardgrounds and flint nodules (formed during very 

slow or non-deposition) occur at some levels within the mounds (Surlyk & Hakansson 1999). Benthic 

foraminifera indicate an inner-mid shelf depositional environment (Hart et al. 2004). The Danian of the 

Danish Basin shows an overall transgressive trend separated by two major sea-level falls, and ends 

with a regional regression (Fig. 3.6). Following the lower Danian mound deposition and a subsequent 

sea-level fall, an important regional transgression occurred in the mid-Danian was associated with a 

facies change to a coccolith carbonate mudstone.

A second sea-level fall occurred at the mid-Late Danian boundary, followed by another 

transgression in early Late Danian when then Danian sea reached its greatest extent. Inversion and 

uplift became important in the north-eastern basin margin in the mid and Late Danian, as indicated by 

westward progradation of the Kobenhaven Limestone Formation shallow marine skeletal sands (Surlyk 

1997).
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3.3 Chalk as a sediment
Chalk was originally deposited as a pelagic ooze, and demonstrates a bimodal grain size distribution, 

with most grains comprising micron-sized coccolith debris (nannoplankton thrive in the photic zone and 

upon death settle to the sea bed, often as faecal pellets from copepods or as marine snow 

agglomeration) with the remainder comprising larger components -  foraminifera, calcispheres, 

inoceramids and other bivalves, echinoids, bryozoans, brachiopods and small invertebrates 

(Hakansson etal. 1974; Hancock 1993; Ineson etal. 2005). These components are made of low Mg 

calcite. Other biogenic material incorporated into chalk includes opaline silica sourced from radiolaria, 

sponge spicules or diatoms, though these are usually dissolved, recrystallised or calcitised. The 

recrystallised silica may result in flint especially in chalk deposited in fairly shallow water (Surlyk et al. 

2003). Terrigenous clay is generally scarce but can be locally present, for example in the Ekofisk 

Formation where chalks are interbedded with marls and calcareous mudstones. In addition, glauconite, 

chalcedony and phosphorite occur in small amounts.

The chalk sea floor is thought to have been soft and soup-like (Bromley & Ekdale 1986) with 

depositional rates in the order of 2-2.5 cm per 1000 years, allowing for compaction (Schonfeld et al. 

1996). Bioturbation by burrowing invertebrates was intense, leading to compaction. Ichnofabrics 

resulting from the tiering of trace-fossils provide a record of changing infaunal communities, reflecting 

varying bottom conditions, i.e. soup-like, soft, firm or even a hardground (Bromley & Ekdale 1986, 

Ineson 2004).

Deposition seems always to have taken place beneath the photic zone, with water depths varying 

from c. 100 m to several hundreds of metres in the deepest parts of the Central Graben (Surlyk et al.

2003). However, halokineses is thought to have created more shallow areas of deposition in some 

intra-graben areas (Sikora et al. 1999). Although a modern analogue to the Late Cretaceous North Sea 

Chalk Basin does not exist, palaeobathymetrical parameters of the late Maastrichtian and early Danian 

have been investigated on the Vahall and Hod chalk fields in the southern Norwegian sector. Using 

skeletal debris, Sikora et al. (1999) were able to demonstrate widespread sediment redeposition with 

crestal shoaling and winnowing in the latest Maastrichtian, and Early Danian crestal erosion of 

Cretaceous chalks. Turbidite submarine fans have not been documented (Surlyk et al. 2003).

Surlyk & Christensen (1974) described the chalk exposed onshore Denmark as proximal, 

relatively coarse-grained and shallow marine carbonates. Two main facies types dominate: 1) the 

relatively deep water basinal sediments comprise pelagic chalk which is coccolith rich with many 

foraminifera but sparse benthic fauna, and 2) the shallow marine sediments with faunas which are 

high diversity and belong to the ‘boreal’ realm and are dominated by bryozoans, echinoids, 

bivalves, brachipopds and in the Danian some corals (Surlyk 1997).
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Slumps and debris flows (Fig. 3.5) are fairly common in Central Graben chalk; these redeposited 

units can be identified on seismic, in core and by repeated biostratigraphy. They are seen particularly in 

the Norwegian sector but are scarce from the southern Danish sector and will not be discussed further 

(Surlyk etal. 2003).

Low density turbidity current deposits are thought to contribute to the high porosity layers in the 

laminated-bioturbated cycles (see Stratigraphy Chapter) in the Maastrichtian chalk on the Dan Field 

(Damholt & Surlyk 2001, 2004). These layers form an important reservoir facies. The lamination has 

also been interpreted as the result of winnowing of pelagic chalk over highs and redeposition in deeper 

water (Scholle etal. 1998, Ineson etal. 2004).

Cyclicity on a scale of tens of centimetres to metres is commonly seen in pelagic chalks, defined by 

reflecting variations in marl and chalk, flint and chalk and lamination and bioturbation (Ineson etal. 

2004a). The marl-chalk cycles are thought to represent the orbitally forced 22 ka precession 

Milankovitch cycles which control climatic fluctuations (Toft et al. 1996; Scholle et al. 1998; Stage 1999, 

2001; Damholt & Surlyk 2001). The marly part of the cycle demonstrates well developed primary 

lamination while the chalk is usually intensely bioturbated. Bundles of 5 cycles have been recognised, 

albeit in the Cenomanian (Gale et al. 2002), representing the 100 ka cyclicity and also 400 ka 

eccentricity cycles. The climatic changes induced by these forces are thought to result in long-term 

plankton productivity fluctuations associated with changes in humidity and freshwater run-off and 

increasing terrigenous clay input (Surlyk et al. 2003). Cyclicity is important for subsequent diagenesis 

and porosity/permeability evaluation (Surlyk et al. 2003). Chalk—flint cycles are seen in outcrop where 

bands of flint stand out in the White Chalk. Flint is formed by the precipitation of silica (microcrystalline 

quartz) and represents late diagenesis, but the initial formation of flint requires the dissolution of 

biogenic opaline silica and the reprecipitation of opal CT (cristobalite). Silica typically precipitates in 

Thallassinoides burrows (and the surrounding sediment) that mainly occur where chalk is deposited on 

shelf regions, during periods of slow or non-deposition.

Laminated-bioturbated cycles (Scholle et al. 1998) are common in the Tor Formation (containing 

one of the main chalk reservoirs). Both the laminated and bioturbated chalks have good reservoir 

properties, but the laminated intervals generally posses higher porosities than the bioturbated horizons. 

It is suggested that the laminated chalk was deposited by distal or low density turbidity currents (Toft et 

al. 1996; Scholle etal. 1998). If this interpretation is correct then the cyclicity is not due to Milankovitch 

forcing, but instead slow pelagic settling (bioturbated units) punctuated by rapid influxes of turbidites 

(laminated intervals). An alternative theory, supporting the Milankovitch cyclicity interpretation suggests 

that preservation of laminae (formed by low density turbidity currents (high porosity laminae) 

interrupting slow pelagic rain (low porosity laminae)) was due to periodic anoxic-dysoxic conditions on 

the sea floor preventing bioturbation from destroying sedimentary features (Damholt & Surlyk 2004).
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3.4 Field and well histories

3.4.1 Danish Central Graben

The four wells in this study are from the Dan, Tyra SE, Halfdan and Gorm Fields, located in the 

southern part of the Danish sector of the North Sea, in the so-called ’Salt Dome Province’ (Fig. 3.2).

The structures in this area are controlled by the diapiric nature of the salt and tectonic uplift.

Below, a short history of each hydrocarbon field is presented. This is followed by an overview of the 

relevant part of the well studied in this project. Depths of chalk unit tops, oil water contacts (OWC) and 

gas water contacts (GOC) are given where available, along with core depths and brief lithological 

descriptions. Depths are reported as measured depths (MD) from reference level (Rotary Table or Kelly 

Bushing). For the purpose of this section, the Danian is divided into D1 (youngest, Danian porous) and 

D2 (Danian tight) and the Maastrichtian into M1A (youngest), M1 and M2 where possible. The quality of 

the brief lithological descriptions differ somewhat as they are taken from available well reports, 

comprehensive oil company final well reports and/or mudlogging enclosures.

45



3.4.1.1 Dan Field and M-10X

Discovered in 1971, the Dan Field (Fig. 3.2) is Denmark’s largest producing hydrocarbon field at 121 

km2. Present water depth is 40 m. The Dan structure (block 5505/17) is an anticline (depth to the crest 

of the structure is 1800 m and maximum closure is 200 m), partly formed due to salt movement. It is 

situated between the NW-SE trending Gorm-Lola and Igor-Emma inversion ridges (Vejbaek & 

Andersen 2002). The structure was developed during several phases of growth from the Late Jurassic 

to the Early Neogene (Jorgensen 1992; Klinkby etal. 2005). A large north-west to south-east trending 

normal fault (extension driven by doming) divides the field, down-throwing the north-western A block 

from the south-eastern B block (Kristensen etal. 95). The resulting reservoir blocks are further cut by 

several smaller faults.

The reservoir comprises high porosity, low permeability chalk. Effective porosities are from 20-40%, 

while matrix permeabilitites are 1-2.5 millidarcies (Jorgensen 1992).

The Tor Formation contains mainly oil and little gas (Jorgensen 1992), while a gas cap exists in the 

Ekofisk reservoir (DEA 2004). Dan has a tilted oil water contact due to present day migration of 

hydrocarbons into the area, late structural movements and low chalk permeability resulting in slow re

adjustment to equilibrium and actively flowing aquifer (Surlyk et al. 2003).

Initial recoveries were 10%, but currently, with the help of many horizontal wells (the first horizontal 

well in the North Sea was drilled on Dan Field in 1986 and was 500 m long), water injection and 

fracturing, it has reached 35% (Andersen & Doyle 1990, Megson & Tyggesen 2005).

M-10X

M-10X (Fig. 3.2) was spudded in December 1982 and completed in February 1983 as a vertical 

appraisal well. The following information is taken from Maersk final well report (1983) and Exlog final 

well report (1983). Well data (formation tops, a brief lithological description and core data) are found in 

Tables 3i, 3ii & 3iii below.
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Formation

tops

Depth (MD)

D1 6345.0'

D2 6395.0'

M1 6445.0'

GOC No free gas zone

o w e 6617.0'

M2 6645.0'

Table 3i Measured depth of M-1 OX formation tops

Reservoir horizon Lithological description

D1
Light brown -  brown moderately hard chalk (with cream to white 

chalk bands), massive with no fractures, some argillaceous 
laminae, burrows and chert bands, some fine stylolites.

D2
Buff to brown, moderately hard and tight massive chalk with no 

fractures, some argillaceous laminae, chert nodules and 

burrowing.

M1
Moderately hard, massive and blocky, buff-brown chalk, 
microcrystalline with stylolites and hairline fractures.

M2 Cream -  pure white moderately hard, stylolitic chalk.

Table 3ii Lithological description of M-1 OX reservoir horizons

Core number Core depth % recovery amount recovered

1 6288.00'-6348.00' 98 60.0'

2 6348.00'-6409.00' 100 61.0'

3 6409.00'-6433.00' 100 24.0'

4 6433.00'-6494.00' 98 61.0'

5 6494.00'-6536.00' 98 42.0'

6 6536.00'-6596.50' 100 60.5'

7 6596.50'-6658.00' 100 61.5'

Table 3iii M-1 OX core information



3.4.1.2 Tyra SE Field and E-5X

The Tyra SE hydrocarbon accumulation (block 5504/12) was discovered in 1991 by the E-5X well (Fig. 

3.2). The field is 113 km2 in size. Present water depth is 38 m. The reservoir depth is 2,050 m and 

comprises free gas overlying an oil zone in the south-eastern part of the field (DEA 2004).

The field is an anticlinal structure formed by slight tectonic uplift of the Upper Cretaceous Chalk. A 

north-east to south-west trending fault zone divides the structure into two fault blocks. The relief is less 

pronounced in this formation than in the neighbouring Tyra Field. The structure is part of the major 

north-western to south-eastern uplift zone that also comprises the Roar, Tyra and Sif/lgor Fields. The 

chalk is mainly unfractured but has very high porosities (over 45% in areas), so potential chalk collapse 

is a hazard due to production and depletion.

E-5X

The objective of the E-5X appraisal well (Fig. 3.2) was to investigate the presence of a hydrocarbon 

accumulation with major emphasis on the potential for Danian D1 oil after findings of oil in the Danian 

D2 and Upper Maastrichtian M1 and M2 levels. The following information is taken from Maersk final well 

report (1991). Well data (formation tops, a brief lithological description and core data) is found in Tables 

3iv, 3v & 3vi below.

Formation tops Depth (MD)

Top D1 6737.0'

Top D2 6784.0'

Top M1 6824.0'

GOC 6838.0'

o w e 6945.0'

Top M2 6990.0'

Table 3iv Measured depth of E-5X formation tops
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Reservoir horizon Lithological description

D1 &D2

The chalk units contain thin cherty horizons and nodules. The chalk is 

white to greyish, soft to firm, becoming moderately hard at base, partly 
bioturbated, with some pyrite nodules and is amorphous to blocky, 

sometimes marly, with pale grey, very hard, angular chert.

M1 & M2

The chalks contain traces of chert nodules. The chalk is off-white to 

tan, very soft to hard, crumbly to ‘hackly’, with very good porosities 
and frequent stylolites and is locally bioturbated.

Table 3v Lithological description of E-5X reservoir horizons

Core

number

Core depth % recovery amount recovered

1 6745.0'-6799.0' 96.1 54.0'

2 6799.0'-6859.0* 92.5 60.0'

3 6859.0'-6919.0' 100 60.0'

4 6919.0'-6979.0' 100 60.0'

Table 3vi E-5X core information



3.4.1.3 Halfdan Field and Nana-1XP

The Halfdan Field (Fig. 3.2) is situated to the north-west of the Dan Field and to the east of the Skjold 

Field. It straddles blocks 5505/13 and 5504/16, was discovered in 1998 and is 107 km2 in size. Present 

water depth is 43 m. The Halfdan Field was discovered by a 30,000' horizontal well (MFF-19C) that 

found a continuously dipping free water level (FWL) from the Dan to the Halfdan structure with a 700' 

height difference between the two (Megson & Tygesen 2005). The Halfdan Field went on-stream in 

2000. The reservoir depth is 2,100 m.

Before the Late Miocene, the Halfdan accumulation comprised a structural trap which was still 

closed 10 Ma years ago. The structural closure gradually disappeared over the next 8 Ma. Though the
I

structure was low relief and could have closed due to minimal salt movement, this is thought not to 

have been the case. A more plausible explanation is that weak late inversion movements on the Tyra- 

Igor ridge altered the relatively flat lying Halfdan site to a flank area of the Tyra-lgor Ridge. Within the 

same time frame, water migration in a south-eastern direction evolved. These two phenomena ensured 

the initiation of oil migration from Halfdan into Dan. The Halfdan accumulation continues to feed the 

Dan Field with hydrocarbons (O. Vejbaek, personal communication, 2006).

Despite the lack of structural trap and continued hydrocarbon migration, the nature of the chalk (low 

permeability) dictates that the accumulation remains. The chalk is porous and unfractured and is similar 

to that found on the western flank of the Dan Field. There is a gas cap above the north-eastern part of 

the oil accumulation (DEA 2004).

Nana-1XP

Nana-1 XP (Fig. 3.2) was the first vertical exploration well to be drilled by Maersk Olie og Gas A/S on the 

Halfdan Field after its discovery only 5 months previously by the long reach MFF-19C horizontal well 

from the Dan Field. The main objectives of the well were to investigate whether high porosity chalk with 

hydrocarbons existed in the upper Maastrichtian -  Danian levels. Additional aims were to investigate, 

stratigraphy, fluid contacts, hydrocarbon distribution and aquifer pressure. The following information is 

taken from Maersk final well report (1999). Well data (formation tops, a brief lithological description and 

core data) is found in Tables 3vii, 3viii & 3ix below.
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Formation tops Depth (MD)

Top D1 6928.0'

GOC 6946.0'

Top D2 6968.0’

Top M1A 7009.0'

Top M1 7048.0'

Top M2 7158.0'

o w e 7310.0'

Table 3vii Measured depth of Nana-1 XP formation tops

Reservoir horizon Lithological description

D1
Pale cream, firm to slightly hard, blocky chalk with occasional 

bioclastic remains, hairline fractures, chert and argillaceous laminae.

D2
Off white to pale cream structureless brittle chalk with common 

bioclasts and occasional hairline fractures.

M1A
Medium cream, hard to crumbly, blocky, chalk with low amplitude 

stylolites.

M1
Cream, firm to hard, blocky, brittle chalk with occasional argillaceous 

laminae and stylolites and rare bioclasts.

M2

Cream, blocky, brittle chalk with rare bioturbation and argillaceous 
lamination, rare to common porosity reduction lineations and some 

chert.

Table 3viii Lithological description of Nana-1 XP reservoir horizons

Core number Core depth % recovery amount recovered

1 6918.0'-6942.0' 63.7 15.3'

2 6942.0-7004.0' 99.7 61.8’

3 7004.0-7007.0' 100

oCO

4 7007.0-7066.0' 90 53.1'

5 7066.0-7158.0' 95.7 88.0'

6 7158.0-7250.0' 97.1 89.3'

Table 3ix Nana-1 XP core information



3.4.1.4 Gorm Field and N-22X

The Gorm field (Fig. 3.2) is located on blocks 5504/15 and 5504/16, was discovered in 1971 and is 33 

km2 in size. Present water depth is 39 m. Drilling began on Gorm Field in 1980, with production starting 

in 1981.

The Gorm Field is an anticlinal (domal) structure, formed partly due to salt movements. A large 

north-south trending fault divides the field in two. The western block is intersected by numerous smaller 

faults. There is about 750’ of closure at top chalk level.

The reservoir (found at 2,100 m) comprises Maastrichtian and Danian chalk. On the Gorm Field, 

effective permeability is better than on Dan mainly due to existence of natural fracturing. Stimulation 

techniques are in place to increase production (Andersen & Doyle 1990).

N-22X

N-22X (Fig. 3.2) (also known as Deep Gorm) was drilled in 1987 as a deviated exploration well with 

three objectives: the Middle Jurassic Haldager Sand, the Lower Cretaceous Barremian Limestone and 

Palaeogene -  Upper Cretaceous Chalk. The following information is taken from Maersk final well report 

(1987). Well data (formation tops, a brief lithological description and core data) is found in Tables 3x,

3xi & 3xii below.

Formation tops Depth (MD)

Top D1 6960.0'

Top D2 7030.0'

Top M1 7075.0'

GOC No free gas zone

Top M2 7190.0'

o w e 7350.0'

Table 3x Measured depth of N-22X formation tops
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Reservoir horizon Lithological description

D1 Cream to off white, soft to firm well indurated chalk.

D2
Cream to off white, firm, slightly argillaceous chalk with some chert 

nodules.

M1 Highly porous tan to brown, moderately hard and fractured chalk.

M2
Less porous tan to brown, moderately hard and fractured chalk with 

common stylolites.

Table 3xi Lithological description of N-22X reservoir horizons

Core number Core depth % recovery amount recovered

1 6985.0-7007.0' 99 21.58'

2 7007.0-7066.0' 100 59.0'

3 7066.0-7073.0' 90
COCD

4 7073.0-7133.0' 77 46.3'

5 7133.0-7194.0' 99 60.5'

6 7194.0-7241.0' 96 44.75'

7 7241.0-7302.0' 98 61.0'

8 7302.0-7351.0' 98 47.0'

Table 3xii N-22X core information



3.4.2 Danish Basin

The four onshore wells in this study are located on the eastern side of the large island of Sjaelland (Fig.

3.7). The depositional setting of the chalk differed slightly from that in the Danish Central Graben and 

post-depositional burial (see Palaeoecology Chapter, section 5.3) was not so significant. Outcrops of 

pre-Quaternary strata were affected by tectonic uplift of the Danish Basin in the Neogene.

A short overview of the drilling of each well is presented, followed by an overview of the relevant part 

of the well studied in this project. Depths of chalk unit tops, where available, along with core depths and 

a brief lithological description are given. Depths are reported in metres (under terrain -  MUT). The 

quality of the brief lithological descriptions differ somewhat as they are taken from available well 

reports; engineering reports and palaeontological studies.

3.4.2.1 Tuba-13 well

The Tuba-13 well (DGU number 201.3080) was drilled as a geotechnical well at Kobenhavns 

Hovedbanegarden (Copenhagen Central Station) in 1969 (Fig. 3.7). It was drilled to a depth of 131.4 m 

below surface and drilled upper Maastrichtian, Danian, Selandian and Quaternary sediments 

(Stenestad 1976). The following information is taken from the Danish National well database 

‘JUPITER’, version 2 (www.geus.dk). Well data (formation tops, a brief lithological description and core 

data) is found in Tables 3xiii & 3xiv below.

Formation tops Depth (MUT)

Quaternary moraine 4.3

Lellinge Greensand 8.2

Kobenhavn Limestone 11.2

Danian Bryozoan Limestone 50.3

Maastrichtian Skrivekridt 103.5

Table 3xiii Measured depth of Tuba-13 formation tops
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Chalk horizon Lithological description

Danian Kobenhavn 

Limestone

Bioturbated and bedded calcarenite with some marly layers and flint beds.

Danian Bryozoan 

Limestone

Chalk with flint beds and some clay.

Maastrichtian

Skrivekridt

Soft, white chalk in the upper part, marly lenses soft beneath, then hard, highly 

bioturbated chalk and with some grey or black flint nodules.

Table 3xiv Lithological description of Tuba-13 chalk horizons
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3.4.2.2 Solr0d-2 well

The Solrod-2 well (DGU number 207.3358) was drilled in 1996 as a waterworks well (Fig. 3.7) to a 

depth of 45 m. The well drilled Quaternary moraine overlying Danian and Maastrichtian chalk. The 

following information is taken from the Danish National well database ‘JUPITER’, version 2 

(www.geus.dk) and from J. Rasmussen, personal communication, 1999). Well data (formation tops, 

brief lithological description and core data) is found in Tables 3xv & 3xvi below.

Formation tops Depth (MUT)

Quaternary moraine 0.3

Slamkalk 5.3

Danian bryozokalk 18.0

Maastrichtian Grey Chalk 30.0

Maastrichtian White Chalk 39.0

Table 3xv Measured depth of Solrod-2 formation tops

Chalk horizon Lithological description

Slamkalk Soft, grey-white chalk with flint.

Danian Bryozokalk Grey-white/yellow-white, porous bryozoan chalk with some flint.

Maastrichtian Grey Chalk Grey-white bryozoan chalk with occasional stylolites and flint horizons.

Maastrichtian White Chalk Light grey-brown bryozoan chalk with flint layers.

Table 3xvi Lithological description of Solrod-2 chalk horizons

http://www.geus.dk


3.4.2.3 Karlslunde-1 well

The Karlslunde-1 well (DGU number 207.3850) was drilled in 2003 to the south-east of Roskilde 

between the village of Tune and Koge Bugt, Sjaelland (Fig. 3.7). The well was recently drilled for a 

project entitled ’Saltvandsgraensen I kalkmagasinerne I Nordostsjaelland’, involving the Institutfor Miljo 

& Ressourcer, Danmarks Tekniske Universitet and GEUS. The project was financed by Kobenhavns 

Energi, Kobenhavns Amt, Frederiksborg Amt and Roskilde Amt. The overall goal of the project was to 

gain knowledge on the hydrogeology and groundwater geochemistry in the chalk in north-east 

Sjaelland, in particular to evaluate the possibility of using the deeper and unpolluted part of the 

groundwater accumulation (Larsen etal. 2005). The following information is taken from Larsen et al. 

(2005). Well data (formation tops, a brief lithological description and core data) is found in Tables 3xvii 

& 3xviii below.

Formation tops Depth (MUT)

Glacial and post glacial sediments 0

Maastrichtian Skrivekridt 25.0

Table 3xvii Measured depth of Karlslunde-1 formation tops

Chalk horizon Lithological description

Danian Chalk Not present in this well.

Skrivekridt
Coccolith chalk with variable amounts of clay, massive chert and 

nodular chert layers. High primary porosity (40-50%) but relatively 
low permeability.

I
Table 3xviii Lithological description of Karlslunde-1 chalk horizons
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3.4.2.4 Tune-1 well

The Tune-1 well (DGU number 207.3841) was also drilled in 2003 to the south-east of Roskilde 

between the village of Tune and Koge Bugt, Sjaelland (Fig. 3.7). The well was recently drilled as part of 

the same project as the Tune-1 well, and with the same objectives. The following information is taken 

from Larsen etal. (2005). Well data (formation tops, a brief lithological description and core data) is 

found in Tables 3xix & 3xx below.

Formation tops Depth (MUT)

Quaternary moraine clay and gravel 0

Kobenhavn Limestone 17.0

middle Danian calcirudite 27.0

Cerithiumkalk 84.15

Maastrichtian Skrivekridt 85.2

Table 3xix Measured depth of Tune-1 formation tops

Chalk horizon Lithological description

Danienkalk

Mudstone, wackestone and packstone, with 0.5-1.0 m thick layers of 
chert. The chalk was affected more by diagenesis than the upper 
Maastrichtian chalk, therefore there exists a larger variation in the 
porosity and matrix permeability of the chalk in the Danian.

Skrivekridt
Coccolith chalk with variable amounts of clay, massive chert and nodular 

chert layers. High primary porosity (40-50%) but relatively low 
permeability.

Table 3xx Lithological description of Tune-1 chalk horizons
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4. Stratigraphy

The Stratigraphy chapter is divided into two parts. An introduction to the Upper Cretaceous to Danian 

stratigraphy (lithostratigraphy and cyclostratigraphy) of the study area is given. A detailed nannofossil 

biostratigraphic breakdown of the upper Maastrichtian to Danisn chalk of the 8 wells key to this study is 

then presented.

4.1 Stratigraphic Introduction
A description of the Upper Cretaceous lithostratigraphy of the Danish Central Graben and the Danish 

Basin is detailed in the following section. This is followed by a resume of the cyclostratigraphic 

framework of the upper Maastrichtian of the Danish Central Graben.

4.1.1 Lithostratigraphic framework

The stratigraphy is described in 2 sub-sections. The Upper Cretaceous stratigraphy of the Danish 

Central Graben and the Danish Basin is discussed, as the two areas developed separately.

4.1.1.1 Upper Cretaceous -  Danian stratigraphy of the Danish Central Graben

The Chalk (Cenomanian-Danian) has a widespread distribution in north-west Europe, and is present 

from the southern Viking Graben through the North Sea region to south-east England and the Paris 

Basin.

It is over 1500 m thick in the Central Graben and over 2000 m thick in the northern North Sea. The 

chalk comprises pure chalk and limestone, marly chalk, marl and calcareous shale. Flint nodules are 

present at some horizons. The chalks interfinger with the Shetland Group siliciclastics between 

approximately 58 and 60 degrees north (Fig. 3.4. The present lithostratigraphic subdivision for the North 

Sea chalk (Fig. 4.1) is based on Deegan & Scull (1977) (general North Sea) and Isaksen & Tonstad 

(1989) (Norway). Lieberkind et al. (1982) created 6 informal chalk units for the Danish sector of the 

Central Graben, mainly defined by gamma and sonic log velocity responses. More recently, other 

workers have attempted to subdivide the chalk using multidisciplinary techniques. These 

lithostratigraphic subdivisions will be discussed and some are detailed on Fig. 4.1.

Following Deegan & Scull (1977), the Chalk Group (Fig. 4.1) refers to the carbonate deposits of the 

central North Sea (from the base of the Upper Cretaceous to the top of the Danian) and the Shetland 

Group to the equivalent northern North Sea siliciclastics. Only the Chalk Group will be discussed in 

detail here. The Shetland Group is described in Surlyk et al. (2003). The Lower Cretaceous of the
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southern, central and northern North Sea is known as the Cromer Knoll Group (Fig. 4.1). The Lower 

Cretaceous Rodby Formation (Albian, locally Early Cenomanian) is overlain by the Upper Cretaceous 

Hidra Formation (Cenomanian) followed by the Plenus Marl Formation (Cenomanian-Turonian). In the 

eastern part of the area, relevant to this study, this is succeeded by the Hod Formation (Turonian to 

Campanian) and the Upper Campanian to Maastrichtian Tor Formation. The overlying Danian Ekofisk 

Formation is capped by sandstones with interbedded shales of the North Sea Marl in the Danish 

Central Graben.

The Chalk Group and Shetland Group of Deegan & Scull (1977) were amalgamated into one 

Shetland Group by Isaksen & Tonstad (1989) (Fig. 4.1). In the central North Sea, the Rodby Formation 

refers to the unit underlying the Hidra Formation. The Plenus Marl is renamed the Blodoks Formation 

and is overlain by the Hod, Tor and Ekofisk Formations as previously described. The units overlying the 

Danian Ekofisk Formation are referred to the Lista Formation (brown to grey-brown shales) or the Vale 

Formation (marls and claystones with interbedded limestones and sandstones), depending on their 

carbonate content.

In the Danish Central Graben, Lieberkind etal. (1982) established 6 informal log units (Chalk-1 Unit to 

Chalk-6 Unit, Fig. 4.1) mainly defined by gamma and sonic velocity responses. As previously described, 

the lower boundary of the Chalk Group overlies the Rodby Formation or older deposits and the upper 

chalks are overlain by clastic sediments of the Cainozoic (informal) North Sea Marl unit (Kristoffersen & 

Bang 1982). Where the chalk sequence is incomplete, the succession is often bounded by 2 

unconformities, a large one at the base of the chalk and a smaller one at the K/T boundary. The 

informal chalk units are described below:

The Chalk-1 Unit is correlated with the Hidra Formation and is Cenomanian in age. It is 

characterised by hard to moderately hard, white to light grey, occasionally pinkish chalk which is often 

interbedded with greyish and light green marl and shale. It is slightly dolomitised in places. This unit 

represents a fairly tight reservoir unless fractured. Log characteristics include consistently constant low 

gamma and high sonic readings. In some wells, the base of the chalk is gradational with the top of the 

Rodby Formation and a general upwards decrease in gamma readings is evident, reflecting a gradual 

decrease in clay input with time. An open marine environment with neritic conditions is suggested by 

foraminifera with occasional terrestrial influence as indicated by the presence of shale and marls.

The Turonian shale at the base of the Chalk-2 Unit is equivalent to the lower part of the Plenus Marl 

Formation (the Blodoks Formation of Isaksen & Tonstad 1989). The remainder of the unit seems to 

correlate with the lower part of the Hod Formation and is Turonian to Santonian in age. The chalk is 

white to light grey. Stylolitic seams are common and marly intervals or clay laminae are sometimes 

present. The base of the Chalk-2 Unit (the Turonian shale) is characterised by sonic and gamma log 

peaks while the gamma is constantly low and the sonic constantly high for the rest of the unit. The sonic 

is generally lower than in the Chalk-1 Unit. The Chalk-2 Unit has low reservoir potential. The Turonian

61



shale is thought to have been derived from weathered volcanic detritus due to its high smectite content 

and wide distribution despite relative thinness, or it could have been deposited during a regression 

associated with anaerobic conditions. The Chalk-2 Unit in general was deposited in open marine, neritic 

conditions.

The Chalk-3 Unit is tentatively correlated with the middle part of the Hod Formation (ranging from 

Coniacian to early Maastrichtian in age, but mainly Early Campanian to Late Santonian). It comprises 

white to light grey crypto- to microcrystalline hard chalk with a very low clay content (less than 2%). Log 

patterns are characterised by constantly low gamma and high sonic velocity values. The highest sonic 

values in the entire Chalk Group are often found in this unit. Apart from reservoir potential in fractures 

above salt structures, the low porosity and permeability of the chalk in this unit render it a poor 

reservoir. This chalk was deposited under open marine conditions.

The Chalk-4 Unit, also known as the ‘Maastrichtian tight’, correlates with the lower part of the Tor 

Formation and is Late Campanian to early Maastrichtian in age. The Chalk-4 Unit comprises white to 

light grey chalk, the upper part of which is sometimes referred to as the ‘Calcisphere Chalk’ as 

calcispheres make up 20-30% of its composition. Flint, cherts and clays are unevenly distributed and 

stylolites are common. Log patterns demonstrate a low and fairly constant gamma, and a generally high 

sonic in the lower part decreasing steadily upwards. In the middle of the Chalk-4 Unit a distinct low 

porosity peak represents the ‘Maastrichtian Hard Strike’ -  a 1 foot thick flint bed. Where present this 

makes an excellent marker horizon. Good primary porosity and fair permeability enables this unit to act 

as a reservoir in some areas. The chalk was deposited under open marine conditions with minor 

terrestrial influence. The calcisphere content in the upper part suggests shallowing upwards.

The Chalk-5 Unit is often referred to as the ‘Maastrichtian porous’ in the Danish Central Graben and 

is late Maastrichtian in age. This unit appears to correlate with the upper part of the Tor Formation. 

Clean, white to off-white or tan-coloured biogenic chalk characterises this unit. The clay content is low 

(2-8%). Clay laminae are rare. Flint and chert occur sporadically and stylolites are common. Gamma 

readings generally show consistently low values, and sonic values are highest at the base and 

decrease gradually upwards towards the top of the unit. The upper part usually yields the lowest sonic 

values encountered within the whole of the Chalk Group. Reservoir characteristics are fair due to good 

primary porosity and permeability. The chalk from this unit was deposited in an open marine 

environment with outer shelf conditions. An increase in benthic foraminifera from the bottom to the top 

may indicate a gradual shallowing towards the top of the Chalk-5 Unit. Reduced chalk thicknesses are 

observed on top of salt diapirs. Typically the uppermost, highly porous part is preserved and the lower 

part is missing.

The Chalk-6 Unit comprises the lower ‘Danian tight’ member and upper ‘Danian porous’ member. 

This unit is correlated with the Ekofisk Formation. The lower member of the Chalk-6 Unit comprises 

white to greyish or cream coloured chalk. Flint beds and chert are common and clay content is fairly 

high (15-20%). The upper member is a pure white to cream and buff coloured chalk, with common flint
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and chert. Clay content is generally less than in the lower member. Gamma readings are slightly higher 

in the lower than in the upper part (due to clay content) while the sonic log shows numerous high 

velocity peaks reflecting the common flint beds throughout the entire unit. In the lower member, the 

sonic readings are considerably higher than in the upper member. Fair primary porosity, fairly low 

permeability and fairly high clay content characterise the lower member, resulting in low reservoir 

potential unless the chalk is fractured. The upper member has good reservoir potential. Planktonic 

foraminifera indicate outer neritic marine conditions.

As exploration and production continued on the Danian and Maastrichtian chalk fields, a more detailed 

stratigraphic understanding of the reservoir units was required. Semi-regional or field-wide stratigraphic 

correlations have been attempted (e.g. Nygaard etal. 1990; Kristensen et al. 1995). In their semi- 

regional study, Nygaard etal. (1990) divided the chalk group into 8 units (ChG-A to ChG-H) based on 

wireline logs (gamma and density), biostratigraphy and seismic stratigraphy in order to divide the chalk 

into sequences bounded by key seismic surfaces (truncation, toplap, onlap, downlap). Although these 

units sometimes appear to overlap chronostratigraphically at their lower and upper limits, this is 

probably an artefact due to seismic resolution and problems with biostratigraphic dating the units as a 

result of natural reworking, caving and contamination during drilling. These authors date the main 

pulses of inversion as the end of ChG-B time (pre-Campanian), during ChG-D deposition 

(Campanian), during ChG-G (Maastrichtian) and post-Danian. These phases are referred to as sub

phases of the Sub-Hercynian tectonism for the pre-Danian episodes, and Laramide for the Danian and 

post-Danian (Ziegler 1995, Vejbaek & Andersen 2002).

Detailed chalk subdivision on a field-scale is difficult due to its homogenous nature. Using integrated 

wire-line log, biostratigraphy (first and last occurrence datums of dinoflagellates from 8 wells (Schioler & 

Wilson 1993)) and seismic data, a technique was developed to chronostratigraphically correlate the 

Maastrichtian chalk of the Dan Field, Danish Central Graben. Five main stratigraphic chalk units (I—V), 

bounded by seismic markers, were identified within the Maastrichtian and were further refined by logs 

and seismic data to form 9 (1-9) reservoir units (Kristensen etal. 1995). The upper three reservoir units 

were found to pinch out in a north-easterly direction across the Dan Field. This was thought to reflect a 

relative fall in sea level towards the end of the Maastrichtian, perhaps coinciding with local uplift due to 

halokinesis. The underlying six units are not obviously affected by salt movement, suggesting that 

halokinesis stopped for a while in the early Maastrichtian (Kristensen et al. 1995).

The Joint Chalk Stratigraphic Framework (also known as Joint Chalk Research Phase V), of Fritsen et 

al. (1999) presented a biostratigraphic and lithostratigraphic framework for the chalks in the Central 

Graben, using cored sections from the Norwegian, Danish and British sectors of the North Sea, along 

with seismic data. One of the main proposals of the study was that the Hod Formation might be
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replaced by three new formations: the Narve, Thud and Magne Formations, which are seismic 

sequences (note that these three formations have not been formally defined). The upper chalks are 

described in some detail below and shown on Fig. 4.1.

The Hidra Formation (dated as nannofossil subzones UC1-UC3) is described as a pelagic periodite 

(sequences where most or all depositional fabrics have been destroyed as a result of burrowing 

infaunal activity) chalk with a shell-rich firmground at the top.

The Blodoks Formation (Zones UC4-5) comprises laminated, glauconitic claystones and laminated 

chalks that accumulated under anoxic to sub-oxic conditions. Laminated claystones are sometimes 

kerogenic.

The Narve Fomnation is latest Turonian to earliest Santonian in age (Zones UC4-UC11). The base 

is defined by a downward gamma increase indicating penetration of the Blodoks Formation, the top by 

a seismic onlap surface. The chalks comprise mudstones and wackestones, bioturbated and laminated 

chalks and massive chalks.

The Thud Formation is Early Santonian to earliest Campanian in age (Zone UC12 -  intra Zone 

UC14), and is bounded below by an onlap surface above the Narve Formation and above by an onlap 

surface corresponding to the middle Hod sequence boundary.

The Magne Formation is late Early to early Late Campanian in age (intra Zone UC14 -  intra Zone 

UC16) and is bounded at the base by a seismic onlap surface and at the top by a gamma decrease 

from the Magne Formation to the Tor Formation. The chalks comprise mudstones and wackestones on 

crestal areas, bioturbated chalks or interbedded chalks and claystones in the open marine areas.

The Tor Formation in this study encompasses all of the Maastrichtian (nannofossil zones UC17-20). 

The lower boundary is commonly picked at a decrease in gamma readings; the upper boundary is 

defined by a sharp decrease on velocity logs and an increase on resistivity logs from the Tor to the 

Ekofisk Formation. The Tor Formation comprises very clean, mixed pelagic and allochthonous chalk.

The Ekofisk Formation is Danian in age, (nannofossil zones NNTp1A-NNTp5B). In the Danish 

Sector, the lower levels are influenced by chert and clay, capping the pure chalks of the Tor Formation. 

The upper boundary is based on a lithological change from the chalks of the Ekofisk Formation to marls 

or shales.

Concluding this review of the stratigraphic framework of the Chalk Group in the region, the following 

stratigraphic description is derived from Surlyk etal. (2003) in the Millenium Atlas and is considered to 

represent the most up-to date consensus on this subject.

The Cenomanian Hidra Formation comprises fine-grained white to pale grey strongly bioturbated 

chalk with interbedded dark mudstones. This formation was deposited in open marine environments as 

a pelagic coccolith ooze, and is typically 30-70 m thick.

The Blodoks Formation is Cenomanian to Early Turonian in age and consists of black mudstones 

overlain by moderately calcareous mudstones and argillaceous limestones. It can reach thicknesses of
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up to 120 m in the Norwegian sector of the North Sea. The Plenus Marl Formation is the equivalent in 

the British sector. This formation was deposited in stagnant partly anoxic bottom waters.

The mid-Turonian to Campanian Hod Formation is 200-700 m thick and comprises mainly white to 

pale grey fine-grained argillaceous, chalky limestones. Although high levels of clay are typically present, 

some pure chalk intervals exist. Clean Hod Formation chalks are important reservoirs in the Hod and 

Vahall fields (Norway). In Denmark and Norway, the Hod Formation is divided into the lower, middle 

and upper units, subdivided on its reservoir properties and lithologies. The lower unit is Turonian in age 

and comprises laminated and burrowed chalk with a low clay content. The middle unit is Turonian to 

Santonian in age and is cyclically bedded with a higher clay content and the upper Hod is Santonian to 

Campanian in age, is also cyclically bedded but has a lower clay content.

The Maastrichtian (perhaps locally late Campanian) Tor Formation comprises homogenous white or 

pale grey chalk. It is the most widespread of all the groups and is 150-250 m thick. The Tor Formation 

seems uniform but many facies can be recognised. A lower bioturbated pelagic chalk unit is replaced 

upward by bioturbated-laminated chalks. The upper allochthonous chalks are thought to have been 

formed by mass movement down-slope of primary pelagic or older redeposited chalk (the latter mostly 

in Norway). In some areas where the Tor Formation has been deposited on high areas, hardgrounds 

are developed. In the southern part of the Danish sector, the upper Tor Formation usually exhibits a 

cyclic alternation of laminated and bioturbated intervals, corresponding to a cyclic variation in porosity 

(Damholt & Surlyk 2004; Ineson etal. 2004a). These cycles can be traced for long distances (Scholle et 

al. 1998). A regional unconformity at the K/T boundary is developed as a hardground. The Tor 

Formation is the most important reservoir level in the Chalk Group.

The Danian Ekofisk Formation is up to 180 m thick in basinal areas. The formation includes hard, 

white, pale grey to beige limestones and chalks. Units of reworked chalk appear locally within the 

southern part of the Central Graben. In the Danish and Norwegian sectors, the basal part of the Ekofisk 

Formation comprises a succession of low porosity, argillaceous chalks and grey calcareous mudstones, 

known informally as the ‘Ekofisk tight’ zone (Isaksen & Tonstad 1989). Above the tight zone the ‘Ekofisk 

porous’ zone comprises re-sedimented Maastrichtian chalk with autochthonous Danian chalk.

4.1.1.2 Upper Cretaceous -  Danian Stratigraphy of the Danish Basin

The Late Cretaceous-Danian succession in Denmark, records close to 100% biogenic carbonate 

sedimentation deposited under moderately warm but non-tropical conditions (Surlyk & Hakansson, 

1999). According to Thomsen (1995), the Upper Cretaceous -  Danian chalk varies in thickness from 

500 m in southern Jylland to more than 2000 m along the Fennoscandian Border Zone (Liboriussen et 

al. 1987) see Fig. 3.3. In Maastrichtian to Danian times, the Danish Basin was situated at 44°-46° N 

(Smith et al. 1994). Two main facies types dominate: (1) relatively deep water basinal sediments which 

comprise coccolith-rich pelagic chalk with many foraminifera but sparse benthic fauna, and (2) shallow
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marine chalk with high diversity faunas dominated by bryozoans, echinoids, bivalves and brachiopods, 

with some corals in the Danian succession (Surlyk 1997) (Fig. 3.5). The pure coccolith chalk in basinal 

areas grades into bryozoan wackestones and packstones with a coccolith chalk matrix over high areas 

and parallel to the basin margin. Shorewards, these grade into skeletal carbonate silts and sands (Fig. 

3.5). The Danian carbonates are shallower and more variable than those of the Upper Cretaceous. 

Several authors discuss specific units from the Upper Cretaceous -  Danian, e.g. Stenestad (1976), 

Christensen etal. (1973), Thomsen (1995), Surlyk (1997) and Frykman etal. (2004). A comprehensive 

description of the Upper Cretaceous-Danian chalks of the Danish Basin is summarised below.

The lithostratigraphy of the Chalk Group in the Danish Basin has not been formally defined, 

according to modern lithostratigraphic principles. Thus the succession (primarily from exposed sections) 

is described in terms of a mixture of partly stratigraphic facies terms (‘Skrivekridt’, ‘Slamkalk’, 

‘Bryozokalk’) and informal but well-entrenched local stratigraphic names (‘Cerithiumkalk’, etc.). These 

terms are explained briefly below.

Local facies terms

The ‘Skrivekridt’ (Cenomanian to Maastrichtian) is described by Thomsen (1995) as very fine grained 

white chalk comprising whole or fragments of coccoliths and other pelagic calcareous nannofossils 

{Thoracosphaera spp. calcispheres, nannoconids), with over 80% of the chalk grains being less than 5 

microns in size. Macrofossils (brachiopods, ostracods, corals and foraminifera) can also be present. 

Aragonite has disappeared. Clay abundance is low (0.5-10%). Flint is occasional but never as common 

as in the Danian chalk. This chalk is classified as a micrite (Folk 1962) or a lime mudstone (Dunham 

1962). In the Danish Basin the Skrivekridt is almost 2000 m thick, 1200 m of which is Campanian and 

Maastrichtian in age. According to Hansen & Hakansson (1980), the Skrivekridt is normally referred to 

the Maastrichtian and possibly the Upper Campanian. The Campanian chalk crops out in eastern 

Skane and contains calcareous algae (therefore by inference, must have been deposited within the 

photic zone), bryozoan, brachiopods, bivalves, gastropods and belemnites, indicating a shallow water 

bay orljord depositional environment (Surlyk & Christensen 1974). The Maastrichtian (cropping out for 

example at Mens Klint and Stevns Klint) contains fairly low quantities of benthic organisms, though 

shallow water and coast-near facies such as these can be benthos rich. Bryozoans are also sometimes 

present, as in the Danian bryozoan chalk (also known as the Bryozokalk) (Thomsen 1995).

‘Slamkalk’ is a soft, white or light grey, fine chalk with 50-60% of grains less than 5 microns in size, 

the remainder belonging to the silt and fine sand fraction. The most important fossils are nannofossils, 

including common Prinsius dimorphosus. P. dimorphosus first appeared at the end of the early Danian. 

The coccoliths of this species were less than 3 microns in diameter, and an increase in their presence 

resulted in the deposition of very fine-grained chalks (Thomsen 1995). The fauna includes pelagic 

foraminifera, echinoids and oysters. There are a larger amount of silt sized grains in the Slamkalk than
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in the Skrivekridt. Flint volume can often be over 30%. The chalk is classified as a foraminifera or 

echinoderm biomicrite (Folk 1962) or a wackestone or packstone (Dunham 1962). The Danian 

Cerithiumkalk is a type of Slamkalk.

The ‘Kalksandskalk’ is light grey to yellowish and around 70% of grains belong to the sand fraction. 

Coccoliths are the main component along with foraminifera and echinoderm debris. Diagenetic calcite 

processes play a role. Kalksandskalk is generally coarser than Slamkalk and is rich in flint. The Danian 

Kobenhavn Limestone Formation is Kalksandskalk. This chalk is classified as foraminifera or 

echinoderm biomicrite (Folk 1962) or a packstone or a wackestone (Dunham 1962) depending on 

whether it is grain- or matrix-supported, respectively.

The ‘Bryozokalk’ consists of skeletal remnants of bryozoans (20-40%) in a fine-grained matrix. The 

matrix comprises coccoliths (particularly Thoracosphaera spp.), tiny fragments of bryozoa and 

foraminifera. This chalk is a biomicrite or biosparite (where developed as banks) according to Folk 

(1962) or a wackestone, packstone or grainstone according to Dunham (1962), depending on whether 

the bryozoans are matrix- or grain-supported. Bryozokalk is common from the Upper Cretaceous to the 

top of the Danian.

The Danian chalk is also referred to as the ‘Danienkalk’ and is overlain by the Selandian Kerteminde 

Mergel Formation (Thomsen 1995).

Lithostratigraphy

The stratigraphy of the exposed chalk in the Danish Basin has been described under the following 

categories (Surlyk 1997; Frykman etal. 2004).

White Chalk Formation: The oldest chalk exposed at Stevns Klint is a bryozoan-rich 

wackestone characterised by undulating layers of flint nodules. The coccolith-rich pelagic chalk is 

benthos-poor with common Zoophycos trace fossils and scattered flint nodules (Surlyk & Hakansson 

1999, Surlyk 1997). The chalk with undulose bedding passes upwards into almost flat-lying white 

coccolith chalk (Hart et al. 2004). Two phosphatised and highly bioturbated incipient hardgrounds (Hart 

et al. 2004) separated by 10 cm are present at the top of the White Chalk. A layer of black flint 

(Thomsen 1995), approximately 20 cm below the lower hardground, represents intense silicification of 

Thalassinoides burrows. The incipient hardgrounds mark the end of the White Chalk deposition and 

give way to the overlying Grey Chalk.

The ‘Kjolby Gaard Marl M em berwas originally described from west Jylland (Troelsen 1955) where 

it occurs within the White Chalk. It has been recognised widely in the Danish Basin and a potential 

correlative has been located in this study in a number of Danish Central Graben wells (see discussion, 

sections 4.2.3 and 4.2.4.4, this chapter, and Palaeoecology Chapter, section 5.5). The Kjolby Gaard 

Marl at the type locality (an abandoned shoreline cliff at Kjolby Gaard, 12 km from Thisted, north-west 

Denmark) (see Geological Setting Chapter, Fig. 3.7) is approximately 35 cm thick. At the type locality it

67



lies about 11.5 m below the top of the White Chalk. Troelsen (1955) dated the White Chalk as the 

Belemnella casimirovensis (Jeletzky 1951) Belemnite zone, which correlates with Brachiopod Zone 10, 

(Surlyk 1970), and upper UC20c to UC20d (Burnett 1998).

The marl is light grey-brown with a high calcium carbonate content (75-85% CaC03), a high clay 

content with some minute quartz grains. Initiation of marl deposition occurred gradually and episodically 

as indicated by a microstylolitic fabric resulting from solution-compaction of finely alternating chalk and 

clay laminae (less than 0.2 mm thick) in the basal portion of the bed (Ekdale & Bromley 1983). The marl 

passes gradually upwards and downwards into regular White Chalk (with around 93% CaC03). That 

either boundary is erosional is considered unlikely. Troelsen (1955) suggested that the Kjolby Gaard 

Marl perhaps represented an increase in temperature, leading to more precipitation and an increase in 

terrigenous material, though Ekdale & Bromley (1983) suggested the clay is of pelagic origin. Other 

possible mechanisms for an increase in the relative amount of clay include a localised temporary fall in 

calcareous nannoplankton productivity, a short-term sea-level rise, tectonic subsidence in this part of 

the basin, a sudden increase in airborne terrigenous material entering the pelagic depositional system, 

or any combination of the above (Ekdale & Bromley 1983).

Grey Chalk Formation (‘Grakridt’): This uppermost Maastrichtian chalk, characterised by bryozoan 

mounds, is up to 4 m thick at Stevns Klint and is described as a light grey bryozoan-foraminiferal 

wackestone with a coccolith chalk matrix. The chalk contains serpulids, brachiopods and bivalves with 

common bryozoans. This chalk was deposited in small asymmetric mounds picked out by flint nodules 

forming layers (probably in a shallower setting than the Skrivekridt, Ahlborn, 2005).

Fish Clay: The upper Maastrichtian Grey Chalk is overlain at Stevns Klint by the lowermost Danian 

Fish Clay (Christensen etal. (1973), representing a break in the long-term carbonate sedimentation.

The Fish Clay (Fig. 4.2) was deposited in the troughs between the upper Maastrichtian chalk mounds 

and ranges from 0-35 cm thick (40 cm at Kulstirenden (Geological Setting Chapter, Fig. 3.7), Hart et al. 

2004). It is thickest in the deepest part of the troughs and thins out towards the edges. This distinctive 

K/T succession is recognised throughout the Danish Basin but is more complete in the deeper parts of 

the basin. The base of the Fish Clay at Hojerup (Stevns, where the uppermost Cretaceous mounds 

seem to be at their thickest) is transitional with the underlying chalk (a few wisps of clay are present in 

the underlying chalk). The lowest level of the clay is rust-red in colour and only a few mm thick. It is 

overlain by an organic-rich black laminated clay, rich in fish scales and teeth, and dinoflagellate cysts, 

along with reworked clasts of Maastrichtian chalk (Surlyk & Hakansson, 1999). At Kulstirenden, the 

overlying black laminated unit is 20 cm thick, the upper part of which is characterised by light-dark 

laminations with no indication of bioturbation.

The Danian carbonate succession is termed the Danian Limestone Group. The Fish Clay passes 

gradually and conformably into the Cerithium Limestone (Figs 4.2 & 3.6). This lithology is classified as a 

microsparite and is intensely burrowed by Thalassinoides. The burrows are filled with Bryozoan 

Limestone skeletal remains from the overlying interval. The top of the Cerithium Limestone and the
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protruding crests of upper Maastrichtian mounds were subjected to submarine erosion forming a 

widespread erosion surface followed by cementation, in turn producing a significant hardground. Clasts 

of glauconised limestone are frequently seen in the basal hardground of the overlying Bryozoan 

Limestone (Surlyk & Hakansson, 1999).

Following deposition of the Cerithium Limestone, a sea-level rise coincided with the growth of lower 

Danian Bryozoan Limestone mounds. These formed a belt flanking the edge of the Baltic Shield. 

Hardgrounds and flint nodules (formed by very slow or non-deposition) occur at some levels within the 

mounds (Surlyk & Hakansson, 1999).

The upper part of the Danian Limestone Group comprises the Kobenhavn Limestone Formation 

(Fig. 3.6). The Kobenhavn Limestone is described by Stenestad (1976) as Slamkalk with 20-30% chalk 

sand and fine chalk sand with a small amount of clay, giving the chalk a light grey colour. It is 

characterised by a weakly developed layering and a high flint content defining the layers. Irregular flint 

concretions are also present.

The Kerteminde Marl typically overlies over the Chalk Group (for Chalk Group, see section 4.1.1.2, 

this chapter), (Thomsen 1995, Thomsen & Heilmann-Clausen 1985) except for in the eastern Danish 

Basin where the siliciclastic Lellinge Greensand (Fig. 3.6) was deposited (Thomsen 1995; from Clausen 

& Huuse 1999).
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4.1.2 Cyclostratigraphy of the upper Maastrichtian

The upper Maastrichtian reservoir chalks of the southern Danish Central Graben show a well-defined 

and correctable cyclicity on petrophysical logs, particularly porosity-influenced well logs (e.g. neutron, 

density, sonic logs) (Fig. 4.3). Overt cyclicity in cores is restricted to roughly the lower half of the cored 

sections studied here (see Fig. 4.3), and the broadly synchronous shift from cyclic to non-cyclic chalks 

is considered to reflect an important palaeoceanographic event (Ineson et al. 2004b). In the lower, 

cyclic succession, two orders of cyclicity are recognisable, here described briefly as simple cycles and 

cycle bundles.

Simple cycles

Where well-developed, for example in the Dan Field / Halfdan Field area, the simple cycles are typically 

50-200 cm thick and comprise a laminated half-cycle and a bioturbated half-cycle (Figs 4.4 & 4.5), the 

former commonly showing slightly higher porosities (by up to 8%) than the latter, hence their 

recognition on petrophysical logs (Toft etal. 1996).

The laminated half-cycle exhibits a sub-parallel, horizontal lamination on a mm-scale, defined by 

slight variations in porosity (and thus oil-staining) and in places in the concentration of silt-grade 

skeletal grains (calcispheres, foraminifera) (Fig. 4.4). Burrows locally cut this fabric, demonstrating its 

primary origin, and the boundaries with the bioturbated half-cycles are typically gradational where not 

stylolitic (J. Ineson, personal communication, 2006). Damholt & Surlyk (2004), in a detailed study of this 

facies, concluded that this diffuse chalk lamination represents the alternation of laminae deposited from 

small-volume, dilute turbidity currents and laminae that accumulated by pelagic settling (see also 

Scholle etal. 1998).

The bioturbated half-cycle (Fig. 4.5) rarely shows well-defined laminae, although discontinuous 

truncated lamination is visible locally, and biogenic fabrics dominate (typically including ichnogenera 

such as Chondrites, Planolites and Zoophycos) (J. Ineson, personal communication, 2006). Toft et al. 

(1996) and Scholle etal. (1998) reported that relative to the laminated parts, the bioturbated half-cycles 

are typically more stylolitic, contain nearly twice as much Mg and show contrasting isotopic (5180, 513C) 

values, although this last point was not replicated in a recent study (Schovsbo & Buchardt 2004).

Two interpretations have been proposed for these laminated-bioturbated simple cycles:

a) Toft etal. (1996) and Scholle etal. (1998) suggested that variation in sedimentation rate may be the 

driving force behind the cyclicity. It was suggested that the laminated intervals may have formed due to 

rapid resedimentation resulting from winnowing of sediment from topographic highs and deposition
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Fig. 4.3 Cyclostratigraphic porosity markers ofTofi et al.(1996) in the Central Graben wells. in relation to the nannofossil biostrat
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either from distal turbidites or suspension. The parallel lamination was considered to be the result of 

subtle grain size variation formed during fairly continuous, slow re-sedimentation. Limited bioturbation 

was thought to indicate high sedimentation rates. The burrowed (tighter) intervals were suggested to 

have formed by very slow pelagic deposition, resulting from reduced rates of sea-floor winnowing 

perhaps combined with reduced productivity of planktonic organisms, leading to a thoroughly 

bioturbated firm sediment. The cycles were suggested to have formed in response to external repetitive 

forcing mechanisms (orbital forcing). Scholle etal. (1998) noted that chalks contain a series of internal 

time markers: 21,000, 42,000 and 100,000 year cycles of precession, obliquity and eccentricity.

b) The second hypothesis was proposed by Damholt & Surlyk (2004) who suggested that alternating 

anoxic/oxic conditions on the sea bed were more likely to have caused the cyclic alternation of 

laminated and bioturbated chalks. The gradational boundaries between the laminated and bioturbated 

half-cycles demonstrate that the anoxic-oxic transition (caused by long-term regional oceanographic 

changes) occurred over long time-scales, indicating normal sedimentation rates (the rate of pelagic 

deposition was probably relatively uniform and the same/similar to that known from onshore sections 

(i.e. 2-3 cm ka'1)). The laminae are preserved due to anoxic-dysoxic conditions on the sea floor 

preventing bioturbation from destroying sedimentary features. They concluded that the bioturbated- 

laminated cycles were therefore formed by slow sedimentation during alternating sea floor redox 

conditions, probably on a Milankovitch scale. Spectral analysis and overall sedimentation rate 

considerations suggest that these simple cycles were controlled by the precession cycle (c. 21,000 

years; Damholt & Surlyk 2004). Foraminiferal data (Ineson etal. 2004a) from such simple cycles in the 

M-10X well support the redox interpretation of Damholt & Surlyk (2004).

Cycle bundles

As discussed by Toft etal. (1996), the small-scale cycles as recognised on petrophysical logs show a 

clear stacking into c. 10 m thick bundles -  groups of simple cycles with higher average porosities 

defining higher order peaks on the porosity log (see Fig. 4.3). In the M-10X well, this porosity cycle- 

bundling correlates with a stratigraphic variation in the degree of preservation of the laminated- 

bioturbated simple cycles (Ineson 2004). Thus, at the higher porosity peaks (the cyclostratigraphic 

markers a-h on Fig. 4.3), the laminated half-cycles are markedly thicker and well-developed than in the 

intervening porosity troughs between cyclostratigraphic markers where the laminated half-cycles are 

diffuse, more disrupted by bioturbation and locally difficult to recognise.

It is important to recognise that the well-developed laminated-bioturbated cyclicity is not universally 

developed at this stratigraphic level in the southern Danish Central Graben. As indicated on Fig. 4.3, 

laminated-bioturbated cycles in the N-22X and E-5X wells are only recognised (and here only 

moderately developed) in the uppermost part of the lower chalk section. In the lower levels, lamination
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is rare but a weak cyclicity of comparable thickness may be recognisable in terms of variation in the 

density and diversity of trace fossils (e.g. in E-5X, Ineson 2004). It is also evident, however, that the 

depositional cyclicity (whether laminated-bioturbated or bioturbation intensity) in these lower chalks is 

reflected in the porosity of the resultant chalks and thus that the cyclostratigraphic framework is a 

valuable tool in intra- and inter-field correlation and reservoir subdivision (Toft et al. 1996; Scholle et al. 

1998; Petersen etal. 2003). The main upper Maastrichtian reservoir was divided into units M1 and M1A 

(Petersen et al. 2003). The main target reservoir unit on many fields is a thin (10’), highly porous 

interval called M1b1 (Fig. 4.3), first identified in the M-10X well (with cyclostratigraphic marker b, most 

often exhibiting the highest porosity within this unit), constrained by the cyclostratigraphic framework. 

Based on multidisciplinary biostratigraphy (as reported elsewhere in this thesis), the validity of this 

stratigraphic tool has recently been confirmed by Ineson et al. (2004a), at least within the resolution of 

the integrated biostratigraphic framework.

This study

In the present study, some or all of cyclostratigraphic markers a-h have been recognised (Fig. 4.3) and 

are useful correlation tools to tie into the biostratigraphic framework. As noted above, the 

cyclostratigraphic markers a-h are recognized primarily on the basis of the porosity log data from these 

subsurface wells -  bundling of simple cycles creating composite porosity peaks (see Fig. 4.3). Although 

the cyclostratigraphic breakdown is dependent on the identification of these peaks in the petrophysical 

data, constrained by biostratigraphy, core data from M-10X in particular provides the sedimentological 

justification for the cyclic pattern recognized in logs (see discussion above). Identification of the 

cyclostratigraphic markers in the wells used in this study was undertaken by Toft et al. (1996) in the 

case of M-10X, Damholt (2003) for E-5X and J.R. Ineson (GEUS, unpublished data) for Nana-1 XP and 

N-22X.

The depths (core depths, in feet) of each marker horizon are given below (Table 4i). Brackets 

- indicate a certain amount of depth uncertainty. Note that only those markers that occur within cored 

sections are indicated here. Not all cyclostratigraphic markers are recognised in each well (identification 

of the high porosity peaks can be difficult as some cycles are missing). This is seen in E-5X and N-22X 

where cyclostratigraphic marker a has not been identified in the former well possibly due to an intra

chalk unconformity. The markers are recognised only tentatively in the N-22X well since high 

background porosity values in this well result in weak development of the cyclic porosity maxima; the 

high background values are probably related to early hydrocarbon invasion and/or overpressure.

An equivalent cyclostratigraphy has not been established in the onshore wells of the Danish Basin. 

Comprehensive porosity log data comparable to the Central Graben data are not available for these 

wells but in any case it is deemed unlikely that simple/composite cycles of the laminated-bioturbated 

type are developed in the more proximal shelf chalks of the Danish basin where thorough biogenic
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mixing is the norm. Chalk-marl cycles have been identified at certain levels in the Maastrichtian of the 

Danish Basin (Stemmerik et al. 2006), however, and future work may identify stratigraphic intervals 

within which an integrated Central Graben -  Danish Basin cyclostratigraphy may be feasible.

Marker M-10X E-5X Nana-1XP N-22X

A 6458.00' (7024.00')

B 6494.00' 6865.00' 7044.50' (7117.00')

C 6532.50' 6903.00' 7067.00'

D 6563.00' 6938.00' 7090.00' (7140.00')

E 6598.00' 7122.00' (7183.00')

F 6632.00' (7154.00') (7222.00')

G (7205.00') (7270.00')

H (7327.00')

Table 4i Depths of cyclostratigraphic markers in the Central Graben wells (brackets indicate 

uncertainty).
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4.2 Stratigraphic Results

4.2.1 Nannofossil biozonation

Numerous nannofossil zonation schemes are available on local, regional and global scales. Those used 

in this study and discussed below are applicable to the northern hemisphere in particular, and where 

possible to the North Sea area.

Concerning the Cretaceous, Sissingh (1977) erected the CC zonation (Fig. 4.6) for Europe and 

Tunisia, followed shortly by a zonation based on southern Europe by Verbeek (1977). The CC zonation 

was supplemented by northern European and Danish observations in Perch-Nieslen (1979a, 1983, 

1985). For the North Sea area, Mortimer (1987) provided an industrially based Upper Cretaceous 

zonation based on the southern Norwegian and Danish North Sea area. Further work on North Sea 

hydrocarbon-bearing sections (Varol 1989a, 1991) served to amend Mortimer’s scheme somewhat. 

Since then the most comprehensive study involving the northern high latitudes was achieved by Burnett 

(1998) who provided the UC scheme (Fig. 4.6) for the ‘boreal’ realm (referring loosely to latitudes of 

greater than or equal to 50°N, including Scandinavia, northern USA, the North Sea area, northern UK 

and Germany). This has been modified using local observations from the Danish and Norwegian 

sectors of the North Sea by Network Stratigraphic in Fritsen (1999) (Fig. 4.6). In the Danish Basin, 

biostratigraphy has been carried out on the Maastrichtian using ammonites, belemnites, brachiopods, 

dinoflagellates, foraminifera and nannofossils. However the Maastrichtian subdivision is less detailed 

than that of the Danian. This is probably due to the Maastrichtian marine environment in north-west 

Europe remaining highly uniform for 40 million years and evolutionary processes taking place relatively 

slowly (Thomsen 1995). The most detailed Maastrichtian zonation is that using brachiopods (Surlyk 

1970, 1984) with 10 zones recognised. Several Maastrichtian biozonations are shown on Fig. 4.6.

Regarding the Palaeogene, the global standard NP zonation was established by Martini (1971) (Fig.

4.7) and is still commonly referred to in recent biostratigraphic publications. The Lower Palaeocene 

zones of Martini (1971) were modified by Romein (1979). The requirement for regional amendments to 

the NP scheme was recognised for example by Perch-Nielsen (1979b) who erected 10 D zones 

(Danian) and 2 S zones (Selandian) for the Palaeocene based on outcrop material from Denmark (Fig.

4.7). This zonation was partially subdivided by Thomsen & Heilmann-Clausen (1985) based on further 

Danish material, forming 8 Danian and 1 Danian-Selandian zone (Fig. 4.7). It was later shown that 

Perch-Nielsens (1979b) S1 zone (earliest Selandian) can in complete sequences, partly include the 

latest Danian (Thomsen & Heilmann-Clausen 1985, Thomsen 1995). Based mainly on cored offshore 

wells from the central North Sea, van Heck & Prins (1987) produced a refined zonation for the Danian 

using first occurrences and abundance shifts of certain species. Due to most routine industrial
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biostratigraphy being based on ditch cuttings samples, Varol (1989a) (modified in 1998) developed a 

zonation applicable to the North Sea area using last occurrences of species and acme (influx) events 

(Fig. 4.7). Most recently, Network Stratigraphic (in Fritsen 1999) amended the above schemes based 

on observations from multiple wells from the Danish and Norwegian sectors of the North Sea (Fig. 4.7). 

Several Danian biozonations are shown on Fig. 4.7.

Due to extensive hydrocarbon exploration in the North Sea chalk, and increased sophistication of 

drilling techniques, the requirement for refined and specialised biostratigraphic zonation schemes and 

the confidential nature of oil company information has meant that many service company field-wide or 

regional zonations/observations remain unpublished. In addition to published zonation schemes, 

referral to unpublished reports is made in this study. In addition to the aforenamed 

publications/zonations, personal communication with various nannofossil workers has proved 

invaluable.

Where possible, the nannofossil data from this study is compared with any other available 

nannofossil data, for example from in-house oil company reports. Where available, biostratigraphic 

information from palynological and foraminiferal studies supplemented the nannofossil biostratigraphy. 

These disciplines are of particular relevance in the M-10X and E-5X wells as a multidisciplinary study 

(EFP Project 2001) was carried out on these wells. Reference to these disciplines occasionally served 

as a valuable tool where the stratigraphy could not be unravelled using nannofossil data alone, for 

example, due to the lack, or non-identification of marker species, as discussed below. The 

dinoflagellate zonation for the Maastrichtian of the Dan Field (Schioler & Wilson 1993; Schioler, 2004; 

Fig. 4.6) was based upon 5 wells, one of which was M-10X. The foraminiferal zonation scheme of King 

et al. (1989) is utilised for the upper Maastrichtian (Fig. 4.6) and that of Berggren & Miller (1988) is used 

for the Danian (Fig. 4.7). Reference is also made to the brachiopod zonal scheme of Surlyk (1970,

1984, Fig. 4.6). The various palynological/foraminiferal zonation schemes will not be discussed in any 

detail but are shown on Figs 4.6 & 4.7. In this study, where cored intervals are assigned to a 

nannofossil zone or subzone, the ‘Interval Zone’ convention of Fledberg (1976) is followed. For the 

Maastrichtian, the timescales of Gradstein et al. (1994) and Berggren et al. (1995) have been follwed in 

this study, and that of Haq et al. (1987) is followed for the Danian.

The zonation schemes primarily followed in this study are those of Burnett (1998) for the Upper 

Cretaceous and Varol (1998) for the Danian (with supplementary information from Network 

Stratigraphic in Fritsen (1999)) Figs 4.6 & 4.7. The definitions of zones and subzones relevant to this 

study are noted below, and the defining features and problems regarding their application are 

discussed, along with additional personal observations and those of other nannofossil workers. 

Zonal/subzonal thicknesses for each well are given in Tables 4ii & 4iii.
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4.2.1.1 Upper Maastrichtian 

Subzone UC20b

Definition

The base of this subzone in the ’boreal’ province is marked by the first occurrence (FO) of Nephrolithus 

frequens and the top by the FO of Arkhangelskiella maastrichtiana (Burnett 1998).

Observations

This subzone was only noted in Nana-1 XP and N-22X, and tentatively in M-10X. In E-5X the core did 

not extend down to this subzone. N. frequens, supposedly continues to the top of the Maastrichtian, but 

in M-10X, N-22X, Nana-1XP and Karlslunde-1, this species is absent in many parts of UC20b and the 

following Maastrichtian subzones (see section 4.2.4.2 for discussion of this species).

Subzone UC20c

Definition

The base of subzone UC20c in the ’boreal’ province is marked by the FO of A. maastrichtiana and the 

top by the FO of Cribrosphaerella daniae (Burnett 1998).

Observations

N. frequens supposedly continues to the top of the Maastrichtian, but In M-10X, N-22X, Nana-1 XP and 

Karlslunde-1 this species is absent in many parts of UC20c (see section 4.2.4.2 for discussion of this 

species).

Subzone UC20d

Definition

The base of subzone UC20d in the ’boreal’ province is defined by the FO of C. daniae, and the top by 

the last occurrence (LO) of unreworked, non-survivor taxa (Burnett 1998).

Observations

The Kjolby Gaard Marl, a marly horizon within the otherwise homogenous chalks, is seen in several 

wells within UC20d and acts as a useful correlation horizon. This is discussed in sections 4.2.3 and 

4.2.4.4 and the Palaeoecology Chapter, section 5.5.
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Remarks

According to Mortimer (1987) and Network Stratigraphic (in Fritsen 1999), Maastrichtian nannofossil 

zones exist above UC20d. The bases of these zones, NK1 and UC20iii respectively, are marked by the 

LO of N. frequens and the top by the LO of non-reworked Cretaceous taxa. These authors suggest that 

the low diversity assemblages are either due to hardground formation or that N. frequens and C. daniae 

are missing in these zones due to a short climatic change prior to the K/T boundary. It is possible that 

the samples assigned to the ’mixed interval’ in this study could be assigned to these zones, but as the 

samples do contain N. frequens and C. daniae, albeit in low numbers, it is considered here that the 

Maastrichtian component of these samples is assigned to subzone UC20d and not to UC20iii or NK1. 

Due to lack of evidence for the existence of UC20iii and NK1, these units are not discussed further.

Mixed interval

Definition

This informal zone, described herein, comprises a relatively diverse mix of nannofossils, some common 

only to the Danian and some only to the Maastrichtian, in addition to ’survivor’ species that were 

apparently unaffected by the K/T event (Burnett 1998, Bown 2005).

Observations

In the offshore wells, the uppermost Tor Formation (i.e. Maastrichtian) is developed as a mature 

hardground exhibiting a complex history of bioturbation, cementation and multi-generational burrow 

infill. Based both on regional stratigraphy and sedimentological observations, it is deemed likely that the 

Danian species have been introduced into burrow systems in Maastrichtian chalk (Ineson et al. 2004c), 

and due to the mixed Maastrichtian and Danian flora found in samples from this interval, for the 

purposes of the current study, it is termed the ‘mixed interval’. The ‘mixed interval’ comprises samples 

6441.92', 6440.50' and 6439.33' in M-10X, 6820.00', 6819.50' and 6819.17' in E-5X, 7005.58', 

7005.00' and 7004.41' in Nana-1XP and 7074.25', 7072.66' and 7072.33' in N-22X. The precise 

positioning of these samples is seen on core photos, Figs 4.11, 4.13, 4.15 & 4.19, this chapter. The 

‘mixed interval’ is not recognised in the wells examined from the Danish Basin where the K/T boundary 

interval is more complete (see Figs 4.21 & 4.23) and only locally defined by a hardground surface. For 

further discussion of the K/T boundary interval in the Danish region, see section 4.2.4.3.
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4.2.1.2 Danian

Subzone NNTplA

Definition

The base of this Subzone is marked by the LO of common Arkhangelskiella cymbiformis with common 

Micula decussata and/or the first occurrence (FO) of Biantholithus sparsus (Romein 1979) and/or the 

FO of Cyclagelosphaera alta (Varol 1989a). The top is marked by the FO of Zeugrhabdotus sigmoides 

(Varol 1998)

Observations

The calcareous dinoflagellate cyst, Thoracosphaera spp., is found sporadically throughout the upper 

Maastrichtian, but is restricted in Denmark and the North Sea area to the Danian and younger 

sediments (Perch-Nielsen 1979b; Lees 2002). It appears to ’bloom’ or at least becomes the dominant 

species in the oldest Danian sediments (Perch-Nielsen 1985). This pattern is observed in all the wells in 

the current study with the exception of Solrod-2.

Remarks

Perch-Nielsen (1979b) found Z. sigmoides to be absent or very rare in the Dl interval onshore Denmark 

(equivalent to NNTplA) while Varol (1989a) questioned the occurrence of this species in the NNTplA 

interval. According to Varol (1998), following Perch-Nielsen (1979b), the FO of Z. sigmoides 

characterises the top of subzone NNTplA. Varol (1998) notes that ‘typical’ specimens of this species 

are not found below subzone NNTplB. Varol (1989a) noted common to abundant reworking from the 

Maastrichtian and Campanian in Zone NNTpl.

Subzone NNTplB

Definition

The base of NNTpl B is defined by the FO of Z. sigmoides, while the top is defined by the LO of 

Biantholithus hughesii and/or the FO of Cruciplacolithus primus (Varol 1998).

Observations

Specimens of Neochiastozygus noted by Varol (1998) in this subzone have not been recognised in this 

study. Using dinoflagellate cysts, the C. comuta dinoflagellate Zonule (Fig. 4.7) was reported (Hansen 

1977) from this interval in the Tuba-13 well (approximately correlating with nannofossil subzones 

NNTpl A-B).
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Subzones NNTp2A

Definition

The base of NNTp2A is defined by the LO of B. hughesii and/or the FO of C. primus. The top is defined 

by the FO of Cruciplacolithus intermedius.

Observations

This subzone was not encountered.

Subzones NNTp2B

Definition

The base of NNTp2B is defined by the FO of C. intermedius. The top is defined by the FO of 

Coccolithus pelagicus.

Observations

This subzone was not encountered.

Subzones NNTp2C

Definition

The base of NNTp2C is defined by the FO of C. pelagicus. The top is based upon the FO of Prinsius 

dimorphosus.

Observations

This subzone was not encountered.

Subzone NNTp2D

Definition

The base of this subzone is defined by the FO of P. dimorphosus and the top by the FO of abundant P. 

dimorphosus (Varol 1998).
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Observations

The youngest subzone sampled in the M-10X, E-5X and Nana-1 XP wells is dated as NNTp2E which is 

characterised by abundant P. dimorphosus. The assemblages in the lowest Danian samples of N-22X 

contain a similar flora to that found in NNTp2E, but P. dimorphosus is present in lower numbers and is 

not the dominant species. Therefore these samples have been assigned to the slightly older Danian 

subzone NNTp2D.

Remarks

Following deposition of the uppermost Maastrichtian sediments in M-10X, E-5X and Nana-1 XP wells, a 

hiatus spanning subzones NNTpl A-2D is seen. Deposition/preservation of slightly older sediments is 

inferred in N-22X.

Subzone NNTp2E

Definition

The base of this subzone is defined by the FO of abundant P. dimorphosus, while the top is marked by 

the FO of Chiasmolithus danicus and/or Hornibrookina edwardsii (Varol 1998). NNTp2E coincides with 

upper Zone NP2 (Martini 1971).

Remarks

Varol (1998) indicated that the FO of common Prinsius tenuiculus coincides with the base of subzone 

NNTp2G, and that the base of NNTp2F is marked by the FO of C. danicus and/or H. edwardsii. 

However, results from this study (and M. Hampton, personal communication, 2005) indicate that 

common P. tenuiculus ranges below the inception of H. edwardsii (and therefore, by definition, below 

the inception of C. danicus). This implies that common P. tenuiculus may in fact be found in the upper 

part of subzone NNTp2E, as suggested by Network Stratigraphic (in Fritsen 1999). The results in E-5X 

and Nana-1 XP fit best with the latter observation. Rare P. tenuiculus indicates assignment to lower 

subzone NNTp2E in N-22X. In follows therefore, that if common P. tenuiculus is found in subzone 

NNTp2E, then any occurrence of C. danicus found before the inception of common P. tenuiculus, must 

also be from subzone NNTp2E. These findings fit with observations from Nana-1XP and findings of M. 

Hampton (personal communication, 2005).
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Subzone NNTp2F

Definition

The base of subzone NNTp2F is defined by the FO of C. danicus and/or H. edwardsii. The top of 

NNTp2F is defined by the FO of Coccolithus subpertsus and/or the FO of P. tenuiculus (Varol 1998).

Observations

As discussed in the previous subzones, as the inception of H. edwardsii (and C. danicus) defines the 

base of subzone NNTp2F, the occurrence of common P. tenuiculus before the inception of C. danicus 

suggests assignment to upper subzone NNTp2E. C. subpertusus is found to range above and below 

this zone, throughout the Danian.

Remarks

The biostratigraphic range of C. subpertusus according to Varol (1998) is questionable (M. Hampton, 

personal communication, 2005). In addition, H. edwardsii usually occurs consistently when present in 

North Sea wells (M. Hampton, personal communication, 2005). The fact that it has not been found in M- 

10X or N-22X, only as a single specimen in E-5X and only slightly more commonly in Nana-1XP, could 

be due to a minor hiatus at this level or perhaps due to sample spacing being too wide. These 

nannofossils are not considered in E-5X to be reliable marker species; the uncertainty surrounding 

these ‘marker’ species prevents this interval from being divided into subzones NNTp2F and G in E-5X 

and Nana-1XP, and NNTp2F and NNTp3 in M-10X and N-22X.

Subzone NNTp2G

Definition

The base of subzone NNTp2G is defined by the FO of C. subpertsus and/or the FO of P. tenuiculus 

(Varol 1998). The top of subzone NNTp2G is defined on the LO of H. edwardsii and/or 

Cyclagelosphaera alta.

Observations

Both C. alta and C. subpertusus are found to range throughout the Danian in the four offshore wells 

(agreeing with M. Hampton, personal communication, 2005). H. edwardsii only occurs rarely in E-5X 

and Nana-1 XP and hasn’t been recognised in M-10X and N-22X.

Remarks

As discussed above, the reliability of C. subpertusus and P. tenuiculus as marker species is 

questionable. As in the previous subzone, the last occurrence of H. edwardsii, which marks the top of
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this subzone, usually occurs in abundance when present in North Sea wells and is often seen as a 

‘flood’ off-structure (M. Hampton, personal communication, 2005). That H. edwardsii was not seen 

consistently suggests that a minor hiatus might be placed at this level in these wells, perhaps due to 

their position on structural ‘palaeo-highs’ or due to too large a distance between samples. The 

uncertainty surrounding these ‘marker’ species prevents this interval from being divided into subzones 

NNTp2F and G in E-5X and Nana-1XP and NNTp2F and NNTp3 in N-22X and M-10X.

Zone NNTp3

Definition

The base of Zone NNTp3 is defined on the LO of H. edwardsii and/or C. alta. The top of Zone NNTp3 is 

based upon the LO of common to abundant P. tenuiculus (Varol 1998).

Observations

A single Neochiastozygus spp. was found in the Nana-1 XP well, tentatively suggesting NNTp3.

Remarks

As discussed above, the reliability of C. alta and P. tenuiculus as marker species is questionable. It was 

therefore not possible to differentiate between subzones NNTp2F, G and NNTp3 in M-10X and N-22X. 

According to Varol (1998) and Network Stratigraphic (in: Fritsen 1999), small Neochiastozygus spp. are 

found persistently within this zone. This was not found to be the case in this study.

Subzone NNTp4A

Definition

The base of this subzone is defined by the LO of common to abundant P. tenuiculus. Also found at the 

base of this subzone is Neochiastozygus eosaepes. The top is defined by the FO of Neochiastozygus 

modestus (Varol 1998)

Observations

Assignment to this subzone is tentative, based on a single specimen of the zonal marker N. eosaepes, 

in conjunction with a lack of markers from the under and overlying subzones. Interval NNTp4A was only 

found in the Nana-1 XP well. It should be noted that the absence of this and younger subzones in the M- 

10X, E-5X, and N-22X wells purely reflects the sampling interval. The Nana-1 XP cored section of the 

Ekofisk Formation (extending nearly to the top of the formation) was sampled throughout to give a
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representative section; in the other 3 Central Graben wells, only the lowermost levels (c. 5-15') of the 

Ekofisk Formation were sampled.

Subzone NNTp4B

Definition

The base of this subzone is defined by the FO of N. modestus and the top by the FO of Prinsius martinii 

(Varol 1998).

Observations

Interval NNTp4B was only sampled in the Nana-1 XP well. Common C. danicus and Prinsius 

coccospheres are found in Nana-1 XP and along with rare N. modestus and the absence of P. martinii 

(the marker for the overlying subzone), is good evidence for subzone NNTp4B.

Remarks

Network Stratigraphic (in: Fritsen 1999) note that C. danicus is found to be common to abundant within 

this interval, as are 'Prinsius spheres’.

Subzone NNTp4C

Definition

The base of this subzone is defined by the FO of P. martinii and the top by the FO of Neochiastozygus 

saepes (Varol 1998)

Observations

Interval NNTp4C was only sampled in the Nana-1 XP well.

Remarks

C. danicus is also observed to outnumber Chiasmolithus inconspicuus in this subzone (M. Flampton, 

personal communication, 2005), this is not in agreement with findings in this study.
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Subzone NNTp4D

Definition

The base of this subzone is defined by the FO of N. saepes (larger than 7 microns) and the top by the 

LO of N. eosaepes (Varol 1998).

Observations

Interval NNTp4D was only sampled in the Nana-1 XP well. Forms of N. saepes intermediate with N. 

eosaepes and N. modestus, are also present in the underlying interval. As discussed in Subzone 

NNTp4C, only rare occurrences of Neochiastozygus are seen in Nana-1 XP. Therefore these forms are 

only used tentatively as marker fossils in this well.

Remarks

Varol (1998) noted that C. pelagicus usually dominates the assemblages in this subzone; this seems to 

be the case in the Nana-1XP well. According to Varol (1998), N. cruciatus has its LO in the upper part 

of subzone NNTp4D; this is consistent with the findings in this well (distribution chart, Enclosure 3) but 

is not a reliable event in the North Sea. Varol (1998) also records the FO of common Octolithus 

multiplus in this interval. In this study, the notable increase in O. multiplus coincides with a notable 

increase in the abundance of P. martinii. In the greater Ekofisk Area (southern Norwegian Central 

Graben), these two events coincide at a stratigraphically younger level (R. da Gama, personal 

communication, 2005) and are therefore assigned to the overlying subzone NNTp4E.

Subzone NNTp4E

Definition

The base of this subzone is defined by the LO of N. eosaepes and the top by the FO of Chiasmolithus 

edentulus (Varol 1998).

Observations

Interval NNTp4E is only sampled in the Nana-1 XP well. Reworking from NNTp2F-G in Nana-1 XP is 

indicated by the presence of H. edwardsii in sample 6931.00'.

Remarks

C. inconspicuus is observed to outnumber C. danicus in this interval (M. Hampton, personal 

communication, 2005); and as discussed for the underlying interval, common O. multiplus and common 

P. martini are seen to coincide in some areas of the North Sea in this subzone (R. da Gama, personal
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communication, 2005). These ‘events’ are in agreement with those seen in this well. Reworking from 

lower in the Danian within this interval occurs in other areas of the North Sea (M. Hampton, personal 

communication, 2005).

Subzone NNTp4F

Definition

The base of this subzone is defined by the FO of C. edentulus and the top by the LO of an influx of P. 

dimorphosus (Varol 1998).

Observations

Interval NNTp4F is only recorded in the Nana-1XP well.

Remarks

0. multiplus is common in this interval in the Greater Ekofisk Area, southern Norwegian Central Graben 

(R. da Gama, personal communication, 2005). This agrees with observations from Nana-1 XP.

4.2.2 Biostratigraphic results

Samples were taken from the available core, the aim being to sample as much as possible of the upper 

Maastrichtian level, and to sample across the K/T boundary. The offshore wells were chosen based on 

most complete core recovery of this interval. In some cases, core from the offshore wells was reduced 

to rubble and therefore could not be sampled accurately. Only the Nana-1 XP well was sampled well 

into the Danian, and allowed a detailed biostratigraphic comparison with the study of van Heck & Prins 

(1987) (see section 4.2.2.2.3, Figs. 4.16 & 4.17).

The well sections studied from the onshore sites (Fig. 4.8) are not as complete as the offshore 

sections. These cores were mainly studied to examine the K/T boundary interval (Tuba-13, Solr0d-2 

and Tune-1) and the material available from the Karlslunde-1 well at the time of sampling spanned the 

upper Maastrichtian (pars).

The biostratigraphic breakdown of each well can be seen in Tables 4ii & 4iii and the detailed 

biostratigraphic subdivision is given in the Appendices Chapter. A brief overview of present nannofossil 

subzones is seen on Fig. 4.9.
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E-5X M-10X
Nana-

1XP
N-22X

Subzones 

of Burnett 

(1998) & 

Varol 

(1998)

base top
thickness

(feet)
base top

thickness

(feet)
base top

thickness

(feet)
base top

thickness

(feet)

NNTp4F 6928.00 6918.17 9.83*

NNTp4E 6945.17 6931.00 14.17

NNTp4D 6958.92 6948.25 10.67

NNTp4C 6967.00 6961.75 5.25

NNTp4B 6981.00 6970.00 11.00

NNTp4A 6984.41 6984.41 -

NNTp3 6812.41 6809.25 3.16* 6993.17 6988.25 4.92

NNTp2F-3 6436 33 6433.58 2.75* 7061 00 7057.58 3.42*

NNTp2F-G 6818.66 6814.17 4 49 6995.33 6995.33 -

NNTp2E 6819.17 6818.42 0.75 6439.00 6436.83 2.17 7003.50 6999.33 4.17 7066.83 7062.92 3.91

NNTp2D 7071.33 7068.33 3.00

NNTplB

NNTplA

mixed 6820.00 6819.50 0.50 6441.92 6439.33 2 59 7005.58 7004.41 1.17 7074.25 7072.33 1.92

UC20d 6875.33 6821.08 54.25 6507.66 6443.41 64.25 7048.00 7006.00 42.00 7133.33 7075.58 57.75

UC20c 6975.17 6877.67 97.50* 6648.50 6511.50 137.00 7176.00 7050.00 126.00 7245 00 7136.50 108.50

UC20b 6655.58 6652.58 3.00* 7244.92 7178.83 66.09* 7343.66 7249.50 94.16*

Table 4ii Nannofossil subzone bases, tops and thicknesess, Central Graben wells 

(* = minimum thickness)

Karlslunde-1 Tune-1 Tuba-13 Solrod-2

Subzones 

of Burnett 

(1998) & 

Varol 

(1998)

Base top
thickness

(metres)
base top

thickness

(metres)
base top

thickness

(metres)
Base Top

thickness

(metres)

mixed 102.50 102.50 -

NN TplB 84.05 84.05 - 102.75 102.75 -

N N TplA 85.06 84.20 0.86 104.00 104.00 - 29.95 28.55 1.40*

UC20d 72 47.9 24.1* 94.25 85.07 9.18* 125.00 104.50 21.50* 44.55 31.33 13.22*

UC20b-c 269 75 194.00*

Table 4iii Nannofossil subzone bases, tops and thicknesess, Danish Basin wells 

(* = minimum thickness)
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4.2.2.1 Danish Central Graben

4.2.2.1.1 Nannofossil biostratigraphy of M-10X

For each sample a minimum of 300 nannofossils were counted. Further scans of the slide were made 

at stratigraphically important levels (close to zonal boundaries). Both the Maastrichtian and Danian 

intervals comprised high abundance and diversity nannofloral assemblages. Species richness in the 

Maastrichtian chalk ranged from 11 to 24 (mean 19.97) and in the Danian chalk (including survivor 

species, but not including Maastrichtian reworked species) from 12 to 23 (mean 18.57) (Table 4iv). The 

following are total numbers of species for this well: Maastrichtian 46, Danian 20, in addition 10 species 

were survivors from the Cretaceous into the Danian and 7 were species from earlier in the Cretaceous 

reworked into the upper Maastrichtian; this gives a total of 83 species (Table 4v).

M-10X E-5X Nana-1XP N-22X Tuba-13 Solrad-2 Karlslunde-1 Tune-1

Danian

Range 12-23 13-24 18-27 13-21 12-23 11-14 9-12

Mean (18.57) (19.57) (21.88) (17.77) (16) (12.3) (10.6)

Maastrichtian

Range 11-24 16-25 12-26 11-26 19-28 17-27 19-30 21-32

Mean (19.97) (20.9) (19.02) (15.16) (23.6) (21.7) (24.25) (24.9)

Table 4iv Species richness of the Maastrichtian and Danian in each well

M-10X E-5X Nana-1XP N-22X Tuba-13 Solr0d-2 Karlslunde-1 Tune-1

Danian 20 18 28 19 16 7 - 3

Survivor 10 11 13 13 9 8 - 10

Maastrichtian 46 32 44 35 38 30 47 42

Pre-late Maastrichtian reworking 7 2 5 5 6 3 6 8

Unidentified forms - - 2 - - - - -

Contamination - 1 - 2 - - - -

Total 83 64 92 74 69 48 53 63

Table 4v Number of species in each well

Nannofossil preservation was relatively poor in this well (see Palaeoecology Chapter). Overgrowth and 

fragmentation characterised most of the upper Maastrichian chalk. The upper Maastrichtian hardground 

level and K/T boundary chalk yielded nannofossils overgrown with secondary diagenetic calcite, 

obscuring features essential for positive identification. Certain Danian nannofossils (Chiasmolithus 

spp./Cruciplacolithus spp.) could not be identified down to genus level due to overgrowth of the central 

area structure. If nannofossil abundance is assumed to be some measure of preservation, then trends
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in preservation can be interpreted (Palaeoecology Chapter, section 5.3). A distribution chart for this well 

is found as Enclosure 1. An overview of the nannofossil biostratigraphy for this well is presented in Fig. 

4.10.

Tor Formation 

Subzone UC20b

6655.58' (lowest sample examined)-6652.58'

Floral characteristics

A rich nannofossil flora characterises assemblages in this subzone. Assemblages include 

Arkhangelskiella cymbiformis, Micula decussata, Kamptnehus magnificus, Lucianorhabdus cayeuxii, 

Prediscosphaera cretacea, Prediscosphaera stoveri, Placozygus cf. P. fibuliformis and fluctuating 

numbers of N. frequens. Large specimens of A. cymbiformis assigned to the ’A. maastrichtiana-like’ 

forms are present, but only in low numbers in this subzone (see explanation below). Reworking from 

the mid-Maastrichtian is noted by the presence of Calculites obscurus.

Remarks

The absence of Reinhardites levis and N. frequens could suggest this interval is assigned to UC19 or 

UC20a. However, the high abundance and diversity assemblages in this interval in this well as 

compared with the low diversity assemblages common to Zone UC19 described by Burnett (1998) 

suggest it is younger. The ‘large’ and ‘thick’ forms of A. cymbiformis representing A. maastrichtiana (an 

increase of which defines the boundary of UC20b and c) in this study, show an increasing trend from 

6648.50' upwards, allowing the tentative recognition of base subzone UC20c.

Other biostratigraphic information

The interval from the base of the core to 6629.33' has been assigned to the Isabelidinium cooksoniae 

dinoflagellate Zone (Schioler 2004), (equivalent to brachiopod zone 9 (pars) (Surlyk 1970)) which is 

equivalent to UC20c (pars) (Burnett 1998). Microfossil dating (Lassen & Rasmussen 2004) of this 

interval suggests foraminifera subzone FCS 23a (King 1989).

Subzone UC20c

6648.50'-6511.50'

96



feet

6430-

6450-

6470-

6490-

6510-

6530-

6550-

6570

6590

6610

6630

6650

Critical Nanno. Zones 
Sample (Burnett 1998,
depths Varol 1998) Lithology Nannofossil events

6433.58
6436.33 NNTp2F-3
6436.83s

N N Tp 2 E6439.00n
6439.33 mixed6441.92
6443.41

6507.66

6511.50

UC20d

IC. danicus
I abundant P. dimorphosus, common P. tenuiculus 
I common Thoracosphaera spp.

IC. daniae

UC20c

6648.50

6652.58

-6655.58
UC20b

I common 
A. maastrichtiana

lannofossil biostratigraphy and lithostratigraphy o f  the M -1 0 X  well, 
ndicate unassigned intervals.



Floral characteristics

The nannofloral assemblage is very similar to that in the underlying interval. C. daniae is absent while 

N. frequens is present indicating the continuation of upper Maastrichtian sediments. As in the previous 

subzone, the assemblage comprises a high abundance and diversity of nannofossils, including K. 

magnificus, Placozygus cf. P. fibuliformis, Cribrosphaerella ehrenbergii, Eiffelithus turriseiffelii, P. 

cretacea, P. stoveri, Ahmuellerella octoradiata and Watznaueria bamesiae.

Reworking from the Cenomanian is noted by the presence of Gartnerego theta and from the 

Campanian or older by Haquis circumradiatus. Reworking from the Campanian is indicated by the 

occasional occurrence of Orastrum campanensis and Monomarginatus spp., from the mid- 

Maastrichtian by C. obscurus and the lower Maastrichtian by Tranolithus orianatus.

Remarks

The presence of N. frequens, albeit sporadically, throughout this interval, in co-existence with fairly high 

numbers of large A. maastrichtiana-type arkhangelskiellids and a diverse nannofloral assemblage, 

indicates subzone UC20c (see remarks from subzone UC20b and Enclosure 10). The gaps in N. 

frequens distribution can be correlated between wells (see discussion in section 4.2.4.2, this chapter).

Other biostratigraphic information

According to Schioler (2004), this interval falls into dinoflagellate Zone I. cooksoniae (pars), the 

Palaeocystodinium denticulatum Zone and the Hystrichostrogylon bohsii Zone (pars). These are 

equivalent to the brachiopod zones 9 and 10 (pars) which correlate with subzones UC20b and c. Of 

particular interest is the acme of P. denticulatum from 6592.17'-6582.58'. This event can be correlated 

with the E-5X well. Microfossil dating of this interval suggests FCS 23a to 6528.92' (Lassen & 

Rasmussen 2004), which is dominated by the planktonic species Heterohelix spp. with subordinate 

Laeviheterohelix glabrans, Guembelitria cretacea and Hedbergella monmouthensis, and FCS 23b 

thereafter. Benthic foraminifera are rare.

As in the E-5X well, the boundary between UC20c and UC20d correlates with the upper part of the 

H. borisii dinoflagellate Zone (Schioler 2004) and the lower part of FCS 23b (Lassen & Rasmussen 

2004), below the second acme of Praebulimina laevis and the second acme of Pseudotextulana 

elegans (Rasmussen & Lassen 2004). The boundary also correlates with the middle of 513C isotope 

unit C (Fig. 4.26a) of Schovsbo & Buchardt (2004).

Subzone UC20d

6507.66'-6443.41'
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Floral characteristics

This interval is characterised by high abundance and diversity assemblages typical of the upper 

Maastrichtian. The rich nannoflora is dominated by M. decussata, L. cayeuxii and A. cymbiformis. Other 

common species are K. magnificus, E. turriseiffelii, C. ehrenbergii, Chiastozygus amphipons, P. 

cretacea and P. stoveri. This interval is also characterised by low numbers of other species present 

throughout the Upper Cretaceous such as A. octoradiata, Placozygus cf. P. fibuliformis, W. bamesiae, 

Octocyclus reinhardtii, Retecapsa crenulata, Prediscosphaera grandis, Prediscosphaera spinosa, and 

Cretarhabdus conicus. Also present, are N. frequens and Cribrosphaerella daniae.

The presence of Percivalia fenestrata indicates reworking from the Campanian and T. orionatus 

represents reworking from the lower Maastrichtian.

Remarks

The co-existence of C. daniae and N. frequens to the top of the Cretaceous chalk indicates the 

presence of the uppermost Maastrichtian subzone UC20d. A gap in N. frequens is evident at 6481.00', 

and may be correlated between wells. The top of the Tor Formation is characterised by a mature 

hardground in this well (see Fig. 4.11 and discussion in section 4.2.4.2).

Other biostratigraphic information

The range of UC20d in this well is almost equivalent to that of the Palynodinium grallator dinoflagellate 

Zone (Schioler 2004). The same pattern is seen in the E-5X well. Two acmes of the nominate 

dinoflagellate cyst are found within this interval, the first from 6481,00'-6477.00' and the second from 

6463.67'-6455.00' (Fig. 4.26a). The second of these is considered to correlate with the single acme 

found in the E-5X well. Microfossil dating (Lassen & Rasmussen 2004) of this interval suggests the 

presence of foraminifera subzone FCS 23b (King 1989). This interval is characterised by low numbers 

of the planktonic foraminifera P. elegans, with Laeviheterohelix glabrans in the upper part. The benthic 

assemblage is characterised by Stensioeina pommerana, P. laevis and Gavelinella danica.

Mixed interval

6441.92'-6439.33'

Definition

The Maastrichtian-Danian boundary is recognised as the top Tor hardground offshore, recognisable in 

core (Ineson 2004), log and seismic. Due to extensive biozone mixing at this level, each sample from 

this interval will be described (see Fig. 4.11).

99



M-10X

Feet

6435

6436-

6437

6438

6 4 3 9 .0 0
Danian

K/T
boundary

6439-

6 4 3 9 .3 3
Mixed

6440

Chalk
Mudstone

I . - / ' . . I  Chalk 
I*-* ' Wackestone

Feet

6440

6441 -

6 4 4 2 -

6 4 4 3 -

6 4 4 4 -

6 4 4 5 -

M-10X

Q . M  D  <U O i-  
Q  15 S

6 4 4 0 .5 0
Mixed

6 4 4 1 .9 2
Mixed

6 4 4 3 .4 1 '
Maastrichtian

Chalk
Packstone/grainstone 

Marly chalk

Marlstone

Chert

Fig. 4.11 Figure o f  the KJT boundary interval, M -1 0 X  well. Modified from Ineson 2004.
1 0 0



Floral characteristics 

6441.92'

Although this sample is almost completely dominated by Upper Cretaceous flora, the common 

occurrence of the calcareous dinoflaggelate cyst Thoracosphaera spp. would not rule out the possibility 

that this sample contains Danian elements. However, the lack of any Danian nannofossils makes it 

impossible to assign this sample to a particular Danian nannofossil zone. The Upper Cretaceous flora 

shows fairly high diversity (comprising abundant M. decussata and A. cymbiformis, common L. cayeuxii 

and lower numbers of E. turriseiffelii, K. magnificus, C. amphipons, P. stoveri, A. octoradiata and C. 

ehrenbergii), but the lack of the upper Maastrichtian marker species N. frequens and C. daniae enables 

only a general Upper Cretaceous age to be assigned to this sample.

6440.50'

While just over half of the nannofossils counted in this sample are assigned to the middle Danian 

subzone NNTp2E (represented by common Prinsius dimorphosus, Cruciplacolithus asymmetricus, 

large specimens of Zeugrhabdotus sigmoides and abundant Thoracosphaera spp.), 40% of the flora is 

assigned to the Upper Cretaceous (upper Maastrichtian subzone UC20d). The Upper Cretaceous 

assemblage includes C. ehrenbergii, A. cymbiformis, W. bamesiae, N. frequens, C. daniae, E. 

turriseiffelii, Placozygus cf. P. fibuliformis and Cretarhabdus conicus. On the basis of biostratigraphic 

data alone, it cannot be determined whether this sample represents upper Maastrichtian (UC20d) 

reworking within Danian chalk, or Danian forms introduced by burrowing into Maastrichtian chalk.

Based on regional stratigraphy and sedimentological observations, the latter is deemed most likely 

(Ineson etal. 2004c).

6439.33'

This sample is dominated by Danian flora, although 8% of the total flora is assigned to the upper 

Maastrichtian. The Danian flora comprises abundant P. dimorphosus, Cruciplacolithus primus, Z. 

sigmoides and Thoracosphaera spp., and present C. asymmetricus, Cruciplacolithus intermedius, 

Coccolithus pelagicus and Biscutum spp. The Danian assemblage in this sample (due to the absence 

of Chiasmolithus danicus, a marker species for the overlying subzone NNTp2F) is assigned to 

nannofossil subzone NNTp2E. Upper Maastrichtian nannofossils are assigned to subzone UC20d 

(Burnett 1998) and are represented by low numbers of C. daniae, N. frequens, E. turriseiffelii, A. 

octoradiata, L  cayeuxii, P. stoveri, M. decussata and K. magnificus. Although dominated by Danian 

forms, regional considerations indicate an origin as open burrow fills at the Maastrichtian hardground 

(see above and Stratigraphy Chapter, Fig. 4.11).
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I Remarks

I Due to hardground formation and multi-generational infill of burrow systems, this interval developed a 

complex stratigraphy (Ineson 2004), and it is difficult to accurately date the three samples assigned to 

this interval. The cored interval spanning the ‘mixed interval’ can be seen on Fig. 4.11. Common 

Thoracosphaera spp. (a calcareous dinoflagellate cyst) was found with nannofossils common to both 

UC20d and Danian subzone NNTp2E.

I

Other biostratigraphic information

Micropalaentological analyses also demonstrated a mixed Cretaceous/Danian assemblage in this 

interval (Lassen & Rasmussen 2004). Palynological samples from this interval were barren.

Hiatus

In many Early Palaeocene sections, including in the North Sea area, Zones NP1 and NP2 (Martini 

1971), equivalent to NNTp1A-NNTp2E, are missing or thin, and intra-Danian unconformities are 

present (Perch-Nielsen 1972, 1979b, c, 1985; van Heck & Prins 1987; Girgis 1993; Outram 1999; 

Harrison 1999). This is the case in M-10X, with the hiatus apparently spanning NNTp1A-NNTp2D.

Ekofisk Formation

Subzone NNTp2E

6439.00'-6436.83'

Floral characteristics

This interval is characterised by high abundance and fairly high diversity nannofossil assemblages. The 

samples are particularly rich in P. dimorphosus, the calcareous dinoflagellate cyst Thoracosphaera spp. 

and C. primus. Other common to present constituents are Chiasmolithus edwardsii, C. pelagicus, C. 

asymmetricus, Cruciplacolithus intermedius, Z. sigmoides and Markalius inversus. Cruciplacolithuis 

tenuis, Neocrepidolithus dihmosus and Biscutum spp. are found in low numbers. P. tenuiculus is seen 

for the first time in low numbers, increasing in abundance upwards within this subzone with decreasing 

stratigraphic age.

Minor reworking of Upper Cretaceous sediments (undifferentiated) into the Danian is indicated by rare 

occurrences of W. bamesiae, A. cymbiformis, and K. magnificus, and from the Campanian by rare 

Monomarginatus quatemarius.

Remarks

Common to abundant P. dimorphosus with a fairly high abundance and diversity Danian assemblage in 

the absence of C. danicus indicates this interval belongs to subzone NNTp2E.

102



Other biostratigraphic information

This interval is assigned to subzone P1a (equivalent to NP1, Martini 1971) based on a foraminiferal 

assemblage comprising the planktonic Parasubbotina pseudobulloides, Eoglobigerina eobulloides, 

Globoconusa daubjergensis and Heterohelix spp. and the benthic Osangularia navarroana and 

Cibicidoides spp. (Lassen & Rasmussen 2004). Palynological samples from this interval were barren.

Subzone NNTp2F-Zone NNTp3 (middle Danian)

6436.33'-6433.58' (uppermost sample examined)

Floral characteristics

C. danicus exists together with abundant P. dimorphosus, common to abundant P. tenuiculus and 

common C. pelagicus and C. primus. The remainder of the assemblage includes low numbers of C. 

edwardsii, C. asymmetricus, M. inversus, Biscutum harrisonii, C. intermedius, Chiasmolithus 

inconspicuus, Z. sigmoides and Thoracosphaera spp.

Minor reworking of Upper Cretaceous sediments into this interval of the Danian is indicated by rare 

occurrences of A. octoradiata, M. decussata, A. cymbiformis and K. magnificus.

Remarks

A rich Danian assemblage with abundant P. dimorphosus, P. tenuiculus and C. danicus indicates this 

interval belongs to NNTp2F-NNTp3. Absence of the marker species H. edwardsii and uncertainty 

regarding the range of C. alta and C. subpertusus prevent subdivision of this unit.

Other biostratigraphic information

This interval is assigned to subzone P1b (equivalent to NP2 to upper NP3, Martini 1971) based on a 

foraminiferal assemblage similar to that in subzone P1a, with the addition of the planktonic Subbotina 

trivialis and a decrease in the benthic Stensioeina ex. gr. beccariiformis (Lassen & Rasmussen 2004). 

Palynological samples from this interval were barren.
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4.2.2.1.2 Nannofossil biostratigraphy of E-5X

For each sample a minimum of 300 nannofossils were counted. Further scans of the slide were made 

at stratigraphically important levels. Both the Maastrichtian and Danian intervals comprised fairly high 

diversity nannofloral assemblages. However compared with the onshore wells, species richness in the 

Maastrichtian chalk was relatively low, ranging from 16 to 25 (mean 20.90). Species richness in the 

Danian chalk (including survivor species but not including Maastrichtian reworked species) ranged from 

13 to 24 (mean 19.57) (Table 4iv). The following are total numbers of species for this well:

Maastrichtian 32, Danian 18, in addition 11 species were survivors from the Cretaceous into the 

Danian, 2 were species from earlier in the Cretaceous reworked into the upper Maastrichtian and 1 

appeared to be caved (most likely due to contamination); this gives a total of 64 species (Table 4v).

The nannofossil preservation in E-5X was relatively good compared with the other offshore wells 

(see Palaeoecology Chapter, section 5.3). This is thought to be due to the timing of oil emplacement 

into the chalk reservoir, with early oil invasion inhibiting secondary diagenetic overgrowth. Only few 

samples demonstrated poor preservation in the upper Maastrichian chalk. As in the other offshore 

wells, the upper Maastrichtian hardground level and K/T boundary chalk yielded nannofossils 

overgrown with secondary diagenetic calcite, obscuring features essential for positive identification. In 

some levels of the Danian chalk, some nannofossils, particularly Chiasmolithus spp ./Cruciplacolithus 

spp. could not be identified down to genus level due to overgrowth of the central area structure. If 

nannofossil abundance is assumed to be some measure of preservation, then trends in preservation 

can be interpreted (Palaeoecology Chapter, section 5.3). A distribution chart for this well is found as 

Enclosure 2. An overview of the nannofossil biostratigraphy for this well is presented in Fig. 4.12.
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Tor Formation

Subzone UC20c

6975.17' (lowest sample examined)-6877.67'

Floral characteristics

A high diversity and abundance nannofossil assemblage, including common to abundant A. 

cymbiformis, common N. frequens (present throughout), Micula decussata, L  cayeuxii, K. magnificus, 

Placozygus cf. P. fibuliformis, P. cretacea and P. stoveri and present Biscutum spp., C. amphipons, C. 

ehrenbergii, E. turnseiffelii, P. spinosa, Eiffelithus gorkae and R. crenulata. C. daniae is absent.

A single specimen of C. obscurus indicates minor reworking from the mid-Maastrichtian (Zone UC19) at 

6950.33'. Minor reworking from the Campanian is indicated at 6881.41' by the presence of 

Reinhardites anthophorus

Remarks

The co-occurrence of common ‘A. maastrichtiana-type’ Arkhangelskiellids with N. frequens in a diverse 

nannofloral assemblage without C. daniae, the marker for the overlying subzone, indicates this interval 

belongs to subzone UC20c (Enclosure 11).

Other biostratigraphic information

This interval is assigned to the P. denticulatum dinoflagellate Zone (pars) and H. borisii dinoflagellate 

Zone (Schioler 2004). This is equivalent to brachiopod Zones 9 (upper) and 10 (lower), and in turn 

these correlate with nannofossil subzone UC20c. An acme of P. denticulatum was found from 

6965.17-6952.92'. This acme was found in the same interval in the M-10X well and may therefore be 

used as a correlation tool. The base of microfossil subzone FCS 23b (King 1989) is found in the middle 

of this interval (Lassen & Rasmussen 2004), as it was in the M-10X well.

As in the M-10X well, the boundary between UC20c and UC20d correlates with the upper part of the 

H. borisii dinoflagellate Zone (Schioler 2004) and the lower part of FCS 23b (Lassen & Rasmussen 

2004), below the second acme of P. laevis and the second acme of P. elegans (Rasmussen & Lassen 

2004). The boundary also correlates with the middle of 513C isotope unit C of Schovsbo & Buchardt 

(2004). (Fig. 4.26b).

Subzone UC20d

6875.33'-6821.08'
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Floral characteristics

This interval is characterised by an assemblage rich in calcareous nannofossils. The assemblage 

comprises abundant M. decussata (especially in the uppermost part of the interval, probably associated 

with the hardground at the top of the Maastrichtian), P. stoveri, A. cymbiformis, common to abundant L. 

cayeuxii, common P. cretacea, N. frequens (present throughout), C. amphipons, E. turriseiffelii, K. 

magnificus and Placozygus cf. P. fibuliformis. Species showing low abundances include A. octoradiata, 

C. daniae, C. ehrenbergii, Munarinus sp., P. spinosa and W. bamesiae.

Remarks

This subzone is characterised by the co-occurrence of C. daniae and N. frequens. The top of the Tor 

Formation is characterised by a mature hardground in this well (see Fig. 4.13 and discussion in section 

4.2.4.3).

Other biostratigraphic information

As in the M-10X well, the base of subzone UC20d in E-5X appears just below the base of the P. 

grallator dinoflagellate Zone. In E-5X, the top of the P. grallator dinoflagellate Zone is characterised by 

an acme of the nominate species from 6839.25'-6833.50\ The acme of P. grallator seen at the top of 

the P. grallator dinoflagellate Zone in the M-10X well, is the second P. grallator acme (Fig. 4.26b). In E- 

5X, only 1 acme is seen (Schioler 2004). Foraminifera subzone FCS 23b (King 1989), (spanning the 

range of the planktonic foraminifera P. elegans) spans this interval (Lassen & Rasmussen 2004). 

According to Girgis (1993), the top of the planktonic foraminifera P. elegans is found at 6820.08', the 

base is not seen. Girgis (1993) found the last occurrence (LO) of the benthic foraminifera Bolivinoides 

draco draco at 6830.08' while the LO of B. draco draco is found at 6824.83' according to Lassen and 

Rasmussen (2004), at a higher stratigraphic level. B. draco draco is a useful index species for Zone 

FCS 23 (King et al. 1989) and ranges throughout the Zone.

Mixed interval

6820.00'-6819.50'

Definition

The Maastrichtian-Danian boundary is recognised as the top Tor hardground offshore, recognisable in 

core (Ineson 2004), log and seismic (see Fig. 4.13). Due to extensive biozone mixing at this level, each 

sample from this interval will be described.

Floral characteristics 

6820.00'
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This sample is dominated by M. decussata (a robust species associated with hardground levels, see 

Palaeoecology Chapter, section 5.3) and A. cymbiformis with common K. magnificus and C. 

ehrenbergii. The presence of N. frequens and absence of C. daniae (along with a fairly diverse flora 

including E. turriseiffelii, C. amphipons, A. octoradiata, P. stoveri, P. cretacea, R. crenulata and L. 

cayeuxii) indicates that the Upper Cretaceous component of this sample could be assigned to subzone 

UC20c. However, the presence of chalk from subzone UC20d cannot be ruled out as C. daniae is often 

very rare and may have existed in numbers too low to be included in the 300 counts for each sample in 

this study. This sample from the ‘mixed zone’ is dominated by Upper Cretaceous forms and the only 

evidence of Danian flora is very rare occurrences of P. dimorphosus and Z. sigmoides (see Enclosure 

2 ).

6819.50'

A patchy differential cementation was noted at this level with hardened matrix chalk and softer chalk, 

probably within Thalassinoides galleries (Ineson 2004). Two samples were thus taken at this level, one 

from a softer area of chalk and one from a hard region. They were analysed as two separate samples.

6819.50'(soft chalk)

The mainly Upper Cretaceous nannofossil assemblage in this sample is dominated by M. decussata. 

Also showing high abundances are A. cymbiformis, and C. ehrenbergii. Common constituents include 

E. turriseiffelii and P. cretacea. The absence of the uppermost Maastrichtian marker species C. daniae 

and N. frequens suggest the Maastrichtian flora could be assigned to subzone UC20b, UC20a or the 

upper part of zone UC19 (UC19iii, Network Stratigraphic, in Fritsen 1999). An alternative explanation is 

that C. daniae and N. frequens are in fact present at this level but in abundances too low to show up in 

300 counts. However, low numbers of Danian nannofossils (plus the high abundance of 

Thoracosphaera spp.) including P. dimorphosus, Z. sigmoides, C. asymmetricus and C. intermedius 

indicate that a Danian age (tentatively NNTp2D-E) for components of this sample cannot be 

discounted.

6819.50' (hard chalk)

This sample is interesting as some nannofossil species exhibit similar patterns and some show totally 

different patterns to those in the soft chalk sample from the same depth. In this sample, the abundance 

of Thoracosphaera spp. was negligible, whereas in the soft chalk, it was a dominant species. Similarly, 

C. ehrenbergii was present in the current sample, but was abundant in the soft chalk and in the same 

way P. cretacea was common in the soft chalk sample but was seen to be rare in the current sample. 

Also present in this sample (along with a high diversity assemblage including K. magnificus, E. 

turriseiffelii, A. octoradiata, L. cayeuxii and IN. bamesiae) is N. frequens, indicating that this level could 

be assigned to subzones UC20b—c (UC20i of Network Stratigraphic, in Fritsen 1999). Assignment to
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UC20d cannot be ruled out; C. daniae may be present but in numbers too low to be included in 300 

counts. Apart from the abundance of Thoracosphaera spp., the sparse Danian flora did not differ 

markedly between the two samples; low numbers of Chiasmolithus spp. and P. dimorphosus also very 

tentatively indicate an age of NNTp2D-E for the Danian component of this ‘mixed’ sample.

Remarks

Due to hardground formation and multi-generational burrow fills (Ineson 2004), it is difficult to accurately 

date the samples assigned to this interval. The cored interval spanning the ‘mixed interval’ can be seen 

on Fig. 4.13. Common Thoracosphaera spp. was found with nannofossils common to both UC20d and 

Danian subzone NNTp2E.

Other biostratigraphic information

Micropalaentological analysis of sample 6820.00' shows a pure Danian assemblage, comprising the 

planktonic foraminifera G. daubjergensis, E. eobulloides, Parsubbotina cf. varianta and P. 

pseudobulloides assigning it to subzones P1a and P1b (Lassen & Rasmussen 2004). This is equivalent 

to the lower part of nannofossil Zones NP1 to the upper part of NP3 (Martini 1971), and NNTplB to 

lower NNTp4 (Varol 1998). The other samples in this interval studied for nannofossils were not 

analysed for foraminifera. Palynological samples from this interval were barren.

Hiatus
In many Early Palaeocene sections, including in the North Sea area, Zones NP1 and NP2 (Martini 

1971), equivalent to NNTp1A-NNTp2E, are missing or thin, and intra-Danian unconformities are 

present (Perch-Nielsen 1972, 1979b, c, 1985; van Heck & Prins 1987; Girgis 1993; Outram 1999; 

Harrison 1999). This is the case with E-5X, with the hiatus apparently spanning NNTp1A-NNTp2D.

Ekofisk Formation

Subzone NNTp2E

6819.17'-6818.42'

Floral characteristics

A rich nannofossil assemblage including abundant P. dimorphosus, C. primus and Thoracosphaera 

spp., common C. pelagicus, P. tenuiculus, C. asymmetricus, C. tenuis, M. inversus and Z. sigmoides 

and present Biscutum spp., C. edwardsii, C. intermedius and Neocrepidolithus cohenii.

Rare reworking is present from the Upper Cretaceous.
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Remarks

Common P. tenuiculus, P. dimorphosus and Chiasmolithus/Cruciplacolithus spp. and the lack of marker 

species for the overlying subzone (C. danicus and H. edwardsii) indicates this interval belongs to 

NNTp2E.

Other biostratigraphic information

The low diversity planktonic foraminiferal assemblage is characterised by G. daubjergensis and P. cf. 

varianta and the benthic fauna by O. navarroana and Cibicidoides spp. This interval is assigned to Zone 

P1 (Berggren etal. 1995), (equivalent to lower NP1 to middle NP4, Martini 1971, NNTp1A-NNTp4 

Varol 1998). Absence of the marker foraminifera species Parvularugoglobigerina eugubina of basal 

Danian Zones PO and Pa (Berggren etal. 1995), (equivalentto basal NP1 (Martini 1971) or NNTplA 

(Varol 1998)), suggests a hiatus at this level (Lassen & Rasmussen 2004). Palynological sampes were 

barren in this interval.

Subzone NNTp2F-G

6818.66'-6814.17'

Floral characteristics

Common P. tenuiculus and C. danicus occur in a fairly high diversity nannofossil assemblage (including 

C. pelagicus, C. asymmetricus, C. primus, M. inversus, Z. sigmoides and C. edwardsii with abundant P. 

dimorphosus and Thoracosphaera spp.). H. edwardsii (another marker species for NNTp2F) and C. 

subpertusus (the marker for the overlying subzone) were found in one sample at 6814.17'.

Rare reworking is present from Upper Cretaceous Zone UC20.

Remarks

A diverse assemblage including P. dimorphosus, P. tenuiculus, C. danicus, and H. edwardsii indicates 

this interval belongs to subzones NNTp2F-G. Uncertainty regarding the range of C. alta and C. 

subpertusus prevent further subdivision of this unit.

Other biostratigraphic information

The low diversity planktonic foraminifera fauna is characterised by G. daubjergensis, E. eobulloides and 

P. cf. varianta and the benthic fauna by O. navarroana, Bolivinoides. pettersoni and Cibicides spp. This 

interval (comprising 1 sample, at 6817.58') is assigned to Zone P1b based upon the presence of 

Subbotina triloculinoides (equivalent to NP2 to upper NP3, Martini 1971; NNTp2B-NNTp4C, Varol 

1998) (Lassen & Rasmussen 2004). The remainder of the interval is assinged to subzone P1c, as 

discussed below. Palynological samples were barren in this interval.
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Zone NNTp3

6812.41 '-6809.25' (uppermost sample examined)

Floral Characteristics

The samples from this interval are dominated by Thoracosphaera spp., C. primus, C. edwardsii, C. 

pelagicus and P. dimorphosus with P. tenuiculus and Z. sigmoides. Forms present in small numbers 

include Neocrepidolithus neocrassus, Neocrepidolithus dihmosus, Cyclagelosphaera reinhardtii, C. 

asymmetricus, C. tenuis and M. inversus.

Remarks

A rich Danian assemblage including Phnsius spp., Chiasmolithus/Cruciplacolithus spp., Z. sigmoides, 

Markalius inversus and Neocrepidolithus spp., but lacking marker species from the overlying and 

underlying subzones assigns this interval to Zone NNTp3.

Other biostratigraphic information

The planktonic foraminiferal assemblage is dominated by G. daubjergensis with P. pseudobulloides and 

P. cf. varianta and the benthic fauna by O. navarroana and Cibicidoides spp. (Lassen & Rasmussen 

2004). This interval is assigned to Zone P1c based on the presence of Globanomalina compressa and 

is equivalent to upper NP3 to middle NP4, Martini 1971, NNTp4C-NNTp4 Varol 1998). Palynological 

samples were barren in this interval.
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4.2.2.1.3 Nannofossil biostratigraphy of Nana-1XP

For each sample a minimum of 300 nannofossils were counted. Further scans of the slide were made 

at stratigraphically important levels. As in M-10X, both the Maastrichtian and Danian intervals 

comprised high abundance and diversity nannofloral assemblages. Species richness in the 

Maastrichtian chalk ranged from 12 to 26 (mean 19.02), and in the Danian chalk (including survivor 

species but not including Maastrichtian reworked species) from 18 to 27 (mean 21.88) (Table 4iv). The 

following are total numbers of species for this well: Maastrichtian 44, Danian 28, in addition 13 species 

were survivors from the Cretaceous into the Danian, 5 were species from earlier in the Cretaceous 

reworked into the upper Maastrichtian and 2 were unidentified objects: this gives a total of 92 species 

(Table 4v).

As in M-10X, nannofossil preservation was relatively poor in this well (see Palaeoecology Chapter). 

Nannofossil overgrowth and fragmentation characterised much of the upper Maastrichian chalk, except 

for an interval at the bottom of the well where unusually well-preserved nannofossils were seen. The 

upper Maastrichtian hardground level and K/T boundary chalk comprised nannofossils overgrown by 

secondary diagenetic calcite. This interval is characterised by dominance of M. decussata (a 

nannofossil that is solution resistant; Theirstein 1976, 1981; Mortimer 1987). Nannofossil preservation 

in the Danian chalk was particularly poor with regard to identifying Chiasmolithus spp. and 

Cruciplacolithus spp. as secondary calcite overgrowth had obscured the structure of the coccolith 

central area essential for species identification. If nannofossil abundance is assumed to be some 

measure of preservation, then trends in preservation can be interpreted (Palaeoecology Chapter, 

section 5.3). A distribution chart for this well is found as Enclosure 3. An overview of the nannofossil 

biostratigraphy for this well is presented in Fig. 4.14. As a relatively thick section of Danian chalk was 

sampled in this well, the Cruciplacolithus-Chiasmolithus ‘C -2’ lineage was studied in some detail.

Tor Formation

Subzone UC20b

7244.92' (lowest sample examined)-7178.83'

Floral characteristics

This interval is characterised by a diverse and abundant nannofossil assemblage comprising common 

M. decussata, P. cretacea, P. stoveri, A. cymbiformis and L. cayeuxii. Also fairly common are K. 

magnificus, Cribrosphaerella ehrenbergii, Placozygus cf. P. fibuliformis and R. crenulata. N. frequens 

and P. stoveri are particularly common in the lower part of this interval. Consistently present, although 

in small numbers, are E. turhseiffelii, C. amphipons, W. bamesiae and Biscutum spp.
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Reworking in this interval is represented by rare specimens of C. obscurus (from the mid-Maastrichtian) 

and Biscutum magnum (indicative of UC19, M. Hampton, personal communication 2002). In addition, a 

single specimen at 7178.83' of Helicolithus turonicus indicates reworking from the Turonian-Coniacian 

while a specimen of Heteromarginatus bugensis in the lowest sample examined indicates reworking 

from the Campanian.

Remarks

A high abundance and diversity upper Maastrichtian assemblage including N. frequens indicates this 

interval belongs to subzone UC20b. ‘A. maastrichtiana' type Arkhangelskiellids become increasingly 

common from 7176.00' indicating the base of overlying subzone UC20c (Enclosure 12). The gaps in N. 

frequens distribution can be correlated between wells (see discussion in 4.2.4.2, this chapter).

Other biostratigraphic information

Outram (1999) records a detailed breakdown of this interval, correlating with the Robertsons/Maersk in- 

house Nana Field Nannofossil Zonation. He records inconsistent N. frequens with M. decussata 

dominating assemblages. He also records top consistent Ahmuellerella octoradiata and Gartnerego 

obluiquum (Gartnerego segmentatum in this study) and a notable increase in Prediscosphaera cretacea 

within this subzone. Top consistent Prediscosphaera stoven is also noted in this level. Lucianorhabdus 

cayeuxii decreases and becomes subordinate to A. cymbiformis and M. decussata, and remains that 

way according to Outram (1999). This is not in agreement with findings from this study which finds L. 

cayeuxii sharing dominance with M. decussata until the top of UC20c. Other results from the present 

study vary only slighty from the observations of Outram (1999); Gartnerego spp. is only seen very rarely 

while P. cretacea is common, but more dominant at a stratigraphically higher level. Two peaks of A. 

octoradiata are seen in this interval (at 7222.92' and 7240.83'); the extent of which are not seen again 

at younger levels. Micula decussata is abundant during this interval and P. stoveri attains high 

abundances in the lower half of the interval, the extent of which is only seen again close to the top of 

the Maastrichtian. Two samples at the base of this well are assigned to the I. cooksoniae Zone (P. 

Schioler, personal communication, 2006) which indicates sediments younger than subzone UC20a.

Subzone UC20c

7176.00-7050.00'

Floral characteristics

A fairly diverse and abundant nannofloral assemblage characterises this interval. Particularly common 

are L. cayeuxii, A. cymbiformis and P. cretacea while M. decussata levels fluctuate. K. magnificus, C. 

ehrenbergii, E. turriseiffelii, C. amphipons, Placozygus cf. P. fibuliformis, P. stoveri and N. frequens 

continue to be present while W. bamesiae, Biscutum spp., A. octoradiata, R. crenulata, Retecapsa
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surirella and C. conicus are present in low numbers. The presence of relatively high numbers of ‘large’ 

forms of A. cymbiformis with ‘wide’ rims (see Enclosure 12) from 7176.00' upwards, along with the 

continued presence of N. frequens and absence of C. daniae assigns this interval to UC20c (see 

remarks from subzone UC20b).

Reworking in this interval is indicated by rare occurrences of 8. magnum and O. campanensis from the 

Campanian, and C. obscurus from the mid-Maastrichtian.

Remarks

The co-occurrence of N. frequens and 'A. maastrichtiana’-iype Arkhangelskiellids in a rich Upper 

Cretaceous nannofloral assemblage indicates this interval belongs to UC20c (Enclosure 12). The gaps 

in N. frequens distribution can be correlated between wells (see discussion in 4.2.4.2, this chapter).

Other biostratigraphic information

Outram (1999) finds top Biscutum magnum within the lower part of this interval, with a peak in M. 

decussata halfway up. This is followed by the base of abundant P. cretacea and the base of consistent 

N. frequens. These observations agree with those from the present study, except for P. cretacea which 

is fairly abundant throughout the core. The base of abundant Eiffelithus turriseiffelii, according to the 

two studies does not occur at the same level. A decrease in M. decussata is evident in both studies 

above the middle of the interval, but Outram (1999) suggests this equals the numbers of L. cayeuxii. 

This is not the case in the present study; the dramatic decrease in M. decussata coincides with a high 

abundance of L. cayeuxii. Top common E. turriseiffelii is found in UC20c according to Outram (1999), in 

the present study it is observed in UC20d. A peak of M. decussata at 7072.17' is found in both studies.

Subzone UC20d

7048.00-7006.00'

Floral characteristics

The nannfossil assemblage comprises a relatively low diversity (especially towards the top of the 

Maastrichtian) assemblage dominated by M. decussata and to a lesser extent, P. cretacea, L. cayeuxii 

and P. stoveri. The high abundance of M. decussata is probably related to the hardground at the top of 

the Maastrichtian. The assemblage also comprises E. turriseiffelii, K. magnificus, R. surirella, A. 

octoradiata, R. crenulata, W. bamesiae, P. spinosa, N. frequens, C. daniae, C. ehrenbergii, Munarinus 

sp. and C. conicus, amongst others.

Within this interval, rare specimens of 8. magnum and C. obscurus indicate reworking from the mid- 

Maastrichtian.
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Remarks

The uppermost subzone of the Maastrichtian in this well is characterised by the co-occurrence of C. 

daniae and N. frequens. The top of the Tor Formation is characterised by a mature hardground in this 

well (see Fig. 4.15 and discussion in section 4.2.4.3).

Other biostratigraphic information

Outram (1999) finds the marker species for UC20d, C. daniae throughout the cored section. This is not 

observed in the present study, with the FO of C. daniae found at 7048.00', defining the subzone base. 

Additional observations regarding the relative abundance of L. cayeuxii, A. cymbiformis and M. 

decussata are not in agreement with the present study. In this well, both studies find the FDO of N. 

frequens some way down (ca. 7' in this study) into the cored Maastrichtian.

Mixed interval

7005.58-7004.41'

Definition

The Maastrichtian-Danian boundary is recognised as the top Tor hardground offshore, recognisable in 

core (Ineson 2004) (see Fig. 4.15), log and seismic. Due to extensive biozone mixing at this level, each 

sample from this interval will be described.

Floral characteristics 

7005.58'

M. decussata and A. cymbiformis dominate the assemblage in this sample. Also present, from the 

Maastrichtian, though in very low numbers, include C. amphipons, K. magnificus, R. suhrella, 

Placozygus cf. P. fibuliformis and C. daniae; the last species assigning the Maastrichtian component of 

this sample to UC20d. Rare C. pelagicus, Thoracosphaera spp. and Z. sigmoides are the only 

indicators of a Danian flora, though Z. sigmoides is known from the Maastrichtian.

7005.00'

This sample is overwhelmingly dominated by M. decussata, which is associated with the hardground at 

this level, with only rare specimens of P. cretacea, C. amphipons, L. cayeuxii and slightly more A. 

cymbiformis. Thoracosphaera spp. was slightly more abundant than in the underlying sample. From the 

Danian C. intermedius, M. apertus, C. pelagicus and P. dimorphosus were present, along with H. 

edwardsii (from subzones NNTp2F-G).
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7004.41'

A Maastrichtian assemblage dominated by M. decussata, with abundant A. cymbiformis and common L. 

cayeuxii, P. cretacea, C. ehrenbergii and K. magnificus. One specimen of Thoracosphaera spp. was 

observed. The marker species N. frequens and C. daniae were not observed in this sample. The 

dominance of M. decussata is assumed to be an artefact of the hardground present at this level.

N.B. At a late stage in this project it was discovered that the piece of core that this sample was taken 

from had been slotted into the core box at the wrong stratigraphic position and originates from 

7007.00', at the base of core 3 (Fig. 4.15). The totally Maastrichtian nannofloral assemblage described 

above, confirms that this piece of core is of Maastrichtian age and was eroneously placed in the ‘mixed 

interval’. For the purposes of this study, it has been decided to retain the original core depths.

Remarks

The samples in this interval comprise a mixed Danian/Maastrichtian flora and are inferred to represent 

the upper Maastrichtian hardground level where complex burrow systems within the hardground are 

filled in part with Danian sediment. The sample at 7004.41' contained a purely Maastrichtian 

nannoflora, but due to the sample position between samples with a mixed assemblage, it was initially 

assumed that this sample had to be included in the ‘mixed interval’, the possible explanation being that 

the precise sampling position happened to be a part of the core not affected by Danian burrowing. The 

cored interval spanning the ‘mixed interval’ can be seen on Fig. 4.15.

Other biostratigraphic information

Observations in Outram (1999) note top reduced nannoflora within this interval. This is in agreement 

with findings from the present study where a reduced Danian nannoflora is present.

Hiatus

In many Early Palaeocene sections, including in the North Sea area, Zones NP1 and NP2 (Martini 

1971), equivalent to NNTp1A-NNTp2E, are missing or thin, and intra-Danian unconformities are 

present (Perch-Nielsen 1972, 1979b, c, 1985; van Heck & Prins 1987; Girgis 1993; Outram 1999; 

Harrison 1999). This is the case in Nana-1XP, with the hiatus apparently spanning NNTp1A-NNTp2D.
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Ekofisk Formation

Subzone NNTp2E

7003.5'-6999.33'

Floral characteristics

P. dimorphosus and C. primus are abundant in this interval. Also common are C. pelagicus, 

Thoracosphaera spp. C. asymmetricus, C. edwardsii and Z. sigmoides. In addition to M. inversus, C. 

reinhardtii and N. dirimosus, amongst others, sample 6999.33' contains rare C. danicus and common 

P. tenuiculus.

Reworking from the Upper Cretaceous is represented by C. amphipons, E. turhseiffelii and M. 

decussata.

Remarks

The co-occurrence of common P. tenuiculus, P. dimorphosus and Chiasmolithus/Cruciplacolithus spp. 

in a fairly rich Danian nannofloral assemblage indicates this interval belongs to subzone NNTp2E.

Other biostratigraphic information

Observations in Outram (1999) note the top of abundant Cruciplacolithus spp. such that they 

outnumber Chiasmolithus spp. in this interval, in addition to the base of C. danicus occurring in this 

interval. These findings are in agreement with observations from this study.

Subzone NNTp2F-G

6995.33'-6995.33'

Floral characteristics

This interval (comprising only 1 sample) is dominated by Thoracosphaera spp., P. dimorphosus and P. 

tenuiculus. Other common nannofossils are C. edwardsii, Chiasmolithus/Cruciplacolithus spp., C. 

pelagicus and Z. sigmoides. In addition, C. danicus and a single occurrence of H. edwardsii were noted.

Remarks

The co-occurrence of C. danicus and H. edwardsii indicates this interval belongs to subzones NNTp2F- 

G. Uncertainty surrounding the ranges of C. subpertusus and C. alta prevents further subdivision of this 

interval.

Other biostratigraphic information
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Observations in Outram (1999) suggest top abundant P. tenuiculus in this interval. In the present study, 

this event is found at 6984.41' (NNTp4A); these differences could be due to taxonomic concepts of P. 

tenuiculus, see chapter 7.

Zone NNTp3

6993.17'-6988.25'

Floral characteristics

P. dimorphosus and P. tenuiculus are common to abundant in this interval, whereas Thoracosphaera 

spp., C. pelagicus, C. edwardsii. C. primus and Z. sigmoides are common. Also present are C. danicus, 

C. intermedius, and M. inversus, amongst others. H. edwardsii is absent.

Minor reworking from the Upper Cretaceous is represented by rare L. cayeuxii, K. magnificus and A. 

cymbiformis.

Remarks

A rich Danian assemblage including common P. tenuiculus and P. dimorphosus. The presence of C. 

danicus and rare small Neochiastozygus spp. (in sample 6988.25') indicates this interval belongs to 

Zone NNTp3.

Other biostratigraphic information

Observations by Outram (1999) report top P. tenuiculus and top consistent Chiasmolithus edwardsii in 

this interval. Observations in this study find rare P. tenuiculus at 6945.17' (NNTp4E) and top common 

C. edwardsii at 6948.25' (NNTp4D).

Subzone NNTp4A

6984.41'-6984.41'

Floral characteristics

This interval is represented by a single sample at 6984.42'. Thoracosphaera spp. and C. edwardsii 

dominate this sample, along with common Prinsius spp., C. pelagicus, M. inversus, C. danicus and Z. 

sigmoides. N. eosaepes was noted in this sample as a sinlge occurrence.

Minor reworking from the Upper Cretaceous is indicated in this interval by the presence of L. cayeuxii, 

M. decussata, A. cymbiformis and A. octoradiata.

Remarks
Assignment of this interval to NNTp4A is tentative, based on a single specimen occurrence of the zonal 

marker N. eosaepes in conjunction with lack of markers from the under and overlying subzones.
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Other biostratigraphic information 

No additional biostratigraphic information.

Subzone NNTp4B

6981.00'-6970.00'

Floral characteristics

This interval is characterised by common to abundant C. danicus, C. edwardsii, Thoracosphaera spp., 

C. primus, ‘Prinsius spheres’ and C. pelagicus, in addition to Neocrepidolithus cruciatus, Octolithus 

multiplus, Z. sigmoides and Biscutum spp. There exist rare specimens of Neochiastozygus 

saepes/modestus (intermediate forms), N. saepes/eosaepes (intermediate forms) and N. modestus. 

Reworking from the Upper Cretaceous in this interval is indicated by the presence of L. cayeuxii, M. 

decussata, A. cymbiformis, W. bamesiae, C. ehrenbergii and P. cretacea.

Remarks

The co-occurrence of common C. danicus and ‘Prinsius spheres’ and rare N. modestus without the 

marker for the overlying subzone, P. martinii, indicates this interval belongs to subzone NNTp4B.

Other biostratigraphic information

Observations in Outram (1999) find the LDO of P. martinii and base N. modestus in this interval. In the 

present study the LDO of P. martinii is found at a slightly higher level.

Subzone NNTp4C

6967.00'-6961.75'

Floral characteristics

This interval is characterised by high abundance and diversity assemblages dominated by 

Thoracosphaera spp., C. edwardsii, Chiasmolithus/Cruciplacolithus spp., and C. pelagicus. Also 

common are P. dimorphosus, C. danicus, C. primus, and C. inconspicuus. P. martinii first appears at 

6967.00' and becomes increasingly common up section. Also present are O. multiplus, Z. sigmoides, 

Markalius spp. and Neochiastozygus spp. Rare W. bamesiae is the only evidence of reworking in this 

interval.
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Remarks

A high abundance and diversity Danian nannofloral assemblage with P. martinii (the appearance of 

which defines the base of this subzone in this study). C. inconspicuus outnumbers C. danicus in this 

subzone.

Other biostratigraphic information

Observations in Outram (1999) note consistently common C. danicus in this interval with top 

inconsistent N. eosapes. This is followed below by the top decrease of C. pelagicus. These 

observations are consistent with those in the present study.

Subzone NNTp4D

6958.92'-6948.25'

Floral characteristics

The nannofloral assemblages in this interval are dominated by C. pelagicus and to a lesser extent by C. 

edwardsii and Thoracosphaera spp. Also common are P. martinii, C. danicus, C. primus, Z. sigmoides, 

Chiasmolithus/Cruciplacolithus spp. and C. inconspicuus. N. saepes is present in small numbers 

throughout this interval and N. cruciatus is present up until 6948.25'.

Rare W. bamesiae is the only evidence of reworking in this interval.

Remarks

A rich assemblage dominated by C. pelagicus with rare N. saepes indicates this interval belongs to 

subzone NNTp4D.

Other biostratigraphic information

Observations in Outram (1999) find the top of the decrease in P. martinii at the top of this interval with 

the FDO high abundance of C. danicus just below. This is in agreement with findings in the present 

study. Outram (1999) also suggests that high abundances of Z. sigmoides are not seen below this 

level. This is not in agreement with the present study where this species is common to abundant at the 

base of the sampled Danian.

Subzone NNTp4E

6945.17'-6931.00'

Floral characteristics

The high abundance and diversity assemblages in this interval are characterised by abundant P. 

martinii, Z. sigmoides, C. pelagicus and O. multiplus, and common Thoracosphaera spp. and C.
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inconspicuus. Other forms include C. reinhardtii, N. saepes, N. modestus, C. primus, rare C. danicus 

and M. inversus

Reworking from NNTp2F-G is indicated by the presence of H. edwardsii in sample 6931.00'.

Remarks

In this interval C. inconspicuus outnumbers C. danicus, and common O. multiplus co-occurs with 

common P. martinii.

Other biostratigraphic information

Observations in Outram (1999) agree with those from the present study. Abundant C. pelagicus 

characterises this interval with relatively common N. saepes at 6948.25'.

Subzone NNTp4F

6928.00'-6918.17' (highest sample examined)

Floral characteristics

This interval is characterised by high abundance and diversity assemblages dominated by C. pelagicus, 

0. multiplus, Z. sigmoides and P. martinii. Also common are Thoracosphaera spp. 

Chiasmolithus/Cruciplacolithus spp., C. primus and C. inconspicuus.

Rare reworking (the presence of A. cymbiformis and W. bamesiae) is seen in the uppermost sample. 

Remarks

The presence of C. edentulus in a high abundance and diversity assemblage indicates this interval 

belongs to subzone NNTp4F.

Other biostratigraphic information

Observations in Outram (1999) agree with those from the present study. The youngest sample exhibits 

a high abundance of P. martinii, followed downhole by abundant C. inconspicuus and an increase in C. 

pelagicus at the bottom of the interval.
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The ‘C-2’ assemblage of van Heck & Prins (1987)

Van Heck & Prins (1987) analysed the quantitative development of the Cruciplacolithus-Chiasmolithus 

‘C-2’ lineage (see Fig. 4.16) in order to supplement existing zonation schemes using marker species. 

Rapid speciation occurred in the Danian following extinctions in the late Maastrichtian, and these two 

genera developed quickly over a fairly limited stratigraphic period. These authors studied core and 

sidewall core pieces from several wells from the British, Danish and Norwegian sectors. In their 

quantitative study, these authors counted around 50 specimens of the ‘C-2’ assemblage; including 

Cruciplacolithus tenuis, C. intermedius, Cruciplacolithus asymmetricus, C. edwardsii, C. danicus, C. 

inconspicuus and C. edentulus. They did not include C. primus in their counts, due to their small size.

This study

While it is acknowledged that secondary calcitic overgrowth obscures the diagnostic central structure in 

many specimens of Chiasmolithus and Cruciplacolithus in the study area (see Plate 6, figure f), a 

significant number of these genera were identified down to species level allowing a rough comparision 

with the work of van Heck & Prins. A brief description of the taxonomic concepts, and photographic 

plates of the species included in this study can be found in the Taxonomy Chapter (chapter 9).

In the present study, only the Nana-1XP well was sampled over a thick Danian succession, allowing a 

quantitative comparison of the Danian assemblage in this well (see Fig. 4.17) with the ‘C-2’ assemblage 

of van Heck & Prins (1987) (Fig. 4.16). As with the upper Maastrichtian samples in the present study, a 

minimum of 300 counts were made of the Danian samples (including C. primus). The Danian 

stratigraphic level covered in the Nana-1 XP well spans subzones NNTp2E-NNTp4F (equivalent to the 

upper part of the C. asymmetricus Zone to the upper part of the C. inconspicuus Zone of van Heck & 

Prins (1987), see Fig. 4.16).

Results

In the present study, several trends are similar to those seen in the study of van Heck & Prins, but 

some problems are also revealed.

The increase in abundance of C. edwardsii from above the base of the C. danicus Zone to the base of 

the C. inconspicuus Zone is apparent from both studies, as is the increase of C. inconspicuus from the 

base of the N. saepes Zone. Though not of the same magnitude, the trend shown by C. danicus over 

the C. danicus -  N. saepes Zonal interval in the present study also compares with the patterns seen on
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Fig. 4.16. A subtle but important biostratigraphic occurrence, seen in both studies, is the appearance in 

the middle of the C. inconspicuus Zone of C. edentulus.

However, in Fig 4.17, it can be seen that within the N. modestus and N. saepes Zones, C. edwardsii 

generally outnumbers C. danicus, whereas the opposite is demonstrated in Fig. 4.16. Also, in the 

present study, C. edwardsii is present, and increases in numbers upwards, in the C. asymmetricus 

Zone; in the study of van Heck & Prins it is absent in this Zone.

Discussion

The results of the quantitative study of the Danian section of Nana-1 XP demonstrate that several of the 

trends in the ‘C-2’ assemblages of this well compare with those of van Heck and Prins’ study, and in 

many ways this quantitative application is a useful tool to supplement the Danian subdivision of Varol 

(1998). However, the aforementioned differences in trends suggest that the ‘C-2’ study might not be 

applied to all Danian chalk; some trends may be palaeoecologically controlled, while others may be 

purely due to stratigraphic evolution. They also serve to illustrate the difficulties in correctly identifying 

the Chiasmolithus and Cruciplacolithus genera down to species level (C. edwardsii and C. danicus), 

particularly when much of the Danian chalk suffers from secondary overgrowth. Clearly, these problems 

would benefit from application of the ‘C-2’ study on further Danian sections.
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4.2.2.1.4 Nannofossil biostratigraphy of N-22X

For each sample a minimum of 300 nannofossils were counted. Further scans of the slide were made 

at stratigraphically important levels. As in the other offshore wells, both the Maastrichtian and Danian 

intervals comprised high abundance and diversity nannofloral assemblages. Species richness in the 

Maastrichtian chalk ranged from 11 to 26 (mean 15.16), and in the Danian chalk (including survivor 

species but not including Maastrichtian reworked species) from 13 to 21 (mean 17.77) (Table 4iv). The 

lower species richness seen in this well compared to the other offshore wells is probably due to 

secondary diagenetic effects and the timing of oil emplacement (Rogen & Fabricius 2004) as described 

in the Palaeoecology Chapter (discussion of each well). The following are total numbers of species for 

this well; Maastrichtian 35, Danian 19, in addition 13 species were survivors from the Cretaceous into 

the Danian, 5 were species from earlier in the Cretaceous reworked into the upper Maastrichtian and 2 

appeared to be caved (most likely due to contamination): this gives a total of 74 species (Table 4v).

Nannofossil preservation was particularly poor in this well (see Palaeoecology Chapter, discussion 

of each well). Nannofossil overgrowth characterised much of the upper Maastrichian chalk. The upper 

Maastrichtian hardground level and K/T boundary chalk comprised nannofossils overgrown by 

secondary diagenetic calcite, and in several samples, nannofossils appear to have been partially 

dissolved. This interval is characterised by a dominance of Micula decussata and L. cayeuxii. M. 

decussata dominates throughout the Maastrichtian of this well, this may be due to diagenetic alteration 

affecting the fossils.

Nannofossil preservation in the Danian chalk was relatively good compared with the other offshore 

wells and no difficulty was found in nannofossil identification due to diagenetic overgrowth. If 

nannofossil abundance is assumed to be some measure of preservation, then trends in preservation 

can be interpreted (Palaeoecology Chapter, section 5.3). A distribution chart for this well is found as 

Enclosure 4. An overview of the nannofossil biostratigraphy for this well is presented in Fig. 4.18.
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Tor Formation

Subzone UC20b

7343.66' (lowest sample examined)-7249.50'

Floral characteristics

A fairly diverse upper Maastrichtian assemblage including P.cretacea, K. magnificus, C. ehrenbergii, W. 

bamesiae, P. stoveri, Placozygus cf. P. fibuliformis and relatively low numbers of ‘wide’ rimmed, ‘large’ 

forms of A. cymbiformis, E. turriseiffelii and R. crenulata. This interval is dominated by M. decussata (as 

is the whole core) and to a lesser extent by L. cayeuxii. N. frequens appears sporadically.

Reworking from the mid-Maastrichtian is indicated by the presence of C. obscurus and B. magnum 

(indicative of UC19).

Remarks

A rich Upper Cretaceous nannofloral assemblage including sporadic occurrences of N. frequens and 

the FO common A  maastrichtiana-type’ Arkhangelskiellids from 7245.00', indicates this interval 

belongs to subzone UC20b (Enclosure 13). The gaps in N. frequens distribution can be correlated 

between wells (see discussion in section 4.2.4.2, this chapter). The samples below 7318.66' may to be 

assigned to a subzone older than UC20b, however evidence to support assignment to an older 

subzone is sparse; B. magnum (indicative of UC19, M. Hampton, personal communication, 2002) is 

present in one sample in the lower part of the well, but it is also present, possibly reworked into younger 

sediments which have been assigned to subzones UC20b and c. In addition, the marker fossil for 

UC20a, Lithraphidites quadratus has not been identified in this study.

Other biostratigraphic information

There is no other biostratigraphic information for this level in this well.

Subzone UC20c

7245.00-7136.50'

Floral characteristics

This interval is characterised by similar assemblages to those described from the previous interval. 

Although dominated by M. decussata and L. cayeuxii, the flora in this section comprises common P. 

cretacea with fairly common A. cymbiformis, C. ehrenbergii and K. magnificus. Fluctuating numbers of 

other nannofossils characteristic of the Upper Cretaceous include E. turriseiffelii, Placozygus cf. P. 

fibuliformis, P. stoveri and R. crenulata.
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Reworking from the mid-Maastrichtian is indicated by the occasional occurrence of C. obscurus, 

Zeugrhabdotus bicrescenticus and B. magnum and from the Campanian as indicated by O. 

campanensis, Monomarginatus quatemarius and Gorkaea obliqueclausus. The LO of Z  bicrescenticus 

is a marker species for the top of UC19i (Network Stratigraphic, in Fritsen 1999), but according to J. 

Lees (personal communication, 2005) it continues to the top of the Maastrichtian in some areas.

Remarks

The co-occurrence of ‘A. maastrichtiana-type’ Arkhangelskiellids with N. frequens in the absence of C. 

daniae (the marker for the overlying subzone) in a diverse assemblage indicates this interval belongs to 

subzone UC20c. The gaps in N. frequens distribution can be correlated between wells (see discussion 

in section 4.2.4.2, this chapter).

Other biostratigraphic information

There is no other biostratigraphic information for this level in this well.

Subzone UC20d

7133.33 -7075.58'

Floral characteristics

C. daniae is present throughout this interval in low numbers. Other nannofossils characteristic of this 

subzone include P. cretacea, A. cymbiformis, L. cayeuxii, and M. decussata in large numbers. Also 

consistently present (although in relatively low abundance) are C. ehrenbergii, P. stoveri, K. magnificus, 

E. turriseiffelii, N. frequens, Placozygus cf. P. fibuliformis and W. bamesiae, amongst others.

Remarks

The co-existence of N. frequens and C. daniae in high diversity assemblages indicates this interval 

belongs to subzone UC20d. The top of the Tor Formation is characterised by a mature hardground in 

this well (see Fig. 4.19 and discussion in section 4.2.4.3).

Other biostratigraphic information

There is no other biostratigraphic information for this level in this well.
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Mixed interval

7074.25-7072.33'

j Definition

The Maastrichtian-Danian boundary is recognised as the top Tor hardground offshore, recognisable in 

core (Ineson 2004), log and seismic (see Fig. 4.19). Due to extensive biozone mixing at this level, each 

sample from this interval will be described.

Floral characteristics 

7074.25'

Due to the nature of this sample (rare nannofossils), 10 traverses of the length of the slide were 

counted. M. decussata dominates the assemblage, while Biscutum harhsonii and A. cymbiformis are 

relatively common. The presence of A. cymbiformis, along with rare specimens of K. magnificus, C. 

amphipons, P. cretacea and C. ehrenbergii, indicates the presence of upper Maastrichtian sediments. 

However, the presence of Biscutum spp., Cyclagelosphaera cf. C. alta and N. dirimosus suggest a 

lower Palaeocene influence. ‘Survivor taxa’ in this sample include Braarudosphaera bigeloweii, M. 

inversus and Thoracosphaera spp. The mixed Maastrichtian/Danian nannofloral assemblage suggests 

that either Danian sediments were burrowed into Maastrichtian chalk, or that Maastrichtian chalk has 

been reworked into Palaeocene strata. As the marker species that subdivide the upper Maastrichtian 

were not found, it is not possible to date the Upper Cretaceous chalk component accurately. Likewise a 

limited Palaeocene flora prevents accurate dating of the Danian, though earliest Danian subzone 

NNTplA is probable.

7072.66'

Due to scarcity of fossil specimens, 10 length traverses of the nannofossil slide were made. This 

sample contains a flora characteristic of both the Maastrichtian and the Danian. M. decussata, A. 

cymbiformis, M. inversus, Thoracosphaera spp., N. dirimosus, Biscutum spp. and 8. harrisonii are fairly 

common. The upper Maastrichtian element is further represented by K. magnificus, E. turriseiffelii, A. 

octoradiata and C. daniae (the presence of C. daniae indicates subzone UC20d) while a single 

specimen of Zeugrhabdotus sigmoides and Cyclagelosphaera cf. C. alta represent the Danian chalk 

(the presence of these two species and the absence of Prinsius spp. and

Cruciplacolithus/Chiasmolithus spp. suggest the presence of lower Danian subzone NNTplB, however, 

Z. sigmoides has been observed in the Maastrichtian, J. Lees, personal communication, 2005).

j  7072.33' (flint)

Using cross-polarised light, this sample is characterised by a cloudy grey, non-birefringent material, 

probably flint. 10 traverses along the length of the slide (due to scarceity of nannofossils) resulted in
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rare occurrences of C. pelagicus, Cyclagelosphaera cf. C. alta, N. dirimosus, C. primus, P. 

dimorphosus, and Thoracosphaera spp. indicating Danian material. In addition, specimens of A. 

cymbiformis, C. ehrenbergii, K. magnificus and W. bamesiae are present and suggest the presence of 

Cretaceous sediments. To further hinder positive dating of this sample, specimens of Reticulofenestra 

minuta and Reticulofenestra pseudoumbilicus (usually indicative of Miocene age material) are present. 

As core material was analysed in this study, the presence of Reticulofenestra spp. cannot be due to 

caving and therefore must be ascribed to contamination. The dominant lithology in this sample appears 

not to be calcareous, therefore accurate dating is difficult. Rare Cretaceous species can only be 

assigned to the Upper Cretaceous (due to lack of marker species). The rare Palaeocene assemblage 

appears to be NNTp2D in age, but due to the lack of fossil individuals this dating is only tentative.

Remarks

A much reduced nannofloral assemblage comprising mixed Danian and Upper Cretaceous elements 

represents this interval. As described above (M-10X, E-5X, Nana-1 XP), this mixed assemblage occurs 

within the top Tor Formation hardground level and is attributed to complex multi-generational fill of 

burrow systems within the hardground. The cored interval spanning the ‘mixed interval’ can be seen on 

Fig. 4.19.

Other biostratigraphic information

There is no other biostratigraphic information for this level in this well.

Hiatus

In many Early Palaeocene sections, including in the North Sea area, Zones NP1 and NP2 (Martini 

1971), equivalent to NNTp1A-NNTp2E, are missing or thin, and intra-Danian unconformities are 

present (Perch-Nielsen 1972, 1979b, c, 1985; van Heck & Prins 1987; Girgis 1993; Outram 1999; 

Harrison 1999). This is the case in the M-10X, E-5X and Nana-1 XP wells, with the hiatus apparently 

spanning NNTp1A-NNTp2D. This well however seems to show slightly different characteristics, with 

evidence of subzones NNTplA, NNTplB and NNTp2D. However there are only 16 inches between the 

first definite Danian sample and this sample and only 4 inches between this sample and that from 

directly above. This implies that if subzones NNTplA, NNTplB and NNTp2D are present, they are thin. 

If the intervening subzones are present, (although not recognised here), they must be very thin. 

Alternatively they are missing.
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Ekofisk Formation

Subzone NNTp2D

7071.33'-7068.33'

Floral characteristics

The assemblages are characterised by C. intermedius, C. primus, B. harrisonii, Neocrepidolithus spp. 

and Markaiius spp. in relatively equal proportions. More common are Z. sigmoides, P. dimorphosus and 

Thoracosphaera spp.

Reworking from the Upper Cretaceous is indicated by specimens of K. magnificus, L. cayeuxii, A. 

cymbiformis, W. bamesiae, C. ehrenbergii and specifically from the upper Maastrichtian by N. frequens.

Remarks

A relatively low diversity assemblage with low numbers of P. dimorphosus indicates this interval is 

assigned to subzone NNTp2D. The youngest subzone in the M-10X and E-5X wells is dated as 

NNTp2E which is characterised by abundant P. dimorphosus. The assemblages in the lowest Danian 

samples of N-22X contain a similar flora to that found in NNTp2E, but P. dimorphosus is present in 

lower numbers and is not the dominant species. Therefore these samples have been assigned to the 

slightly older Danian subzone NNTp2D, inferring deposition/preservation of slightly older sediments in 

this part of the Gorm Field than in the M-10X, E-5X and Nana-1 XP wells.

Other biostratigraphic information

There is no other biostratigraphic information for this level in this well.

Subzone NNTp2E

7066.83 -7062.92'

Floral characteristics

P. dimorphosus is abundant for the first time in this interval. In addition, Z. sigmoides and 

Thoracosphaera spp. are common, while B. harrisonii, C. intermedius, N. dinmosus, C. asymmetricus,

C. primus and Markaiius spp. are present in low numbers. P. tenuiculus is rare.

Reworking from the upper Maastrichtian is indicated by the presence of K. magnificus, A. cymbiformis,

P. cretacea, W. bamesiae, A. octoradiata and N. frequens.

Remarks
Z. sigmoides and Thoracosphaera spp. dominate while P. dimorphosus is abundant and P. tenuiculus 

is rare in otherwise low diversity assemblages in this interval, assigning it to subzone NNTp2E.
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Other biostratigraphic information

There is no other biostratigraphic information for this level in this well.

Subzone NNTp2F-Zone NNTp3

7061.00 -7057.58' (uppermost sample examined)

Floral characteristics

These samples are dominated by P. dimorphosus and P. tenuiculus (with a ratio of approximately 

60:40). In addition, Thoracosphaera spp., Z. sigmoides, C. primus, C. intermedius and C. asymmetricus 

are common to abundant, while B. harrisonii, C. pelagicus, Markaiius spp. and Neocrepidolithus spp. 

continue to be present. C. danicus is rare.

Minor reworking from the Upper Cretaceous (the presence of K. magnificus and A. cymbiformis) is seen 

in the sample at 7061.00'.

Remarks

Fairly high diversity Danian assemblages dominated by P. dimorphosus and P. tenuiculus, with rare C. 

danicus are characteristic of this interval. Uncertainty surrounding the range of other markers, C. 

subpertusus and C. alta, in addition the absence of Neochiastozygus spp. from younger levels, 

prevents this interval from being further subdivided.

Other biostratigraphic information

There is no other biostratigraphic information for this level in this well.
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4.2.2.2 Danish Basin

4.2.2.1.1 Nannofossil biostratigraphy of Tuba-13

For each sample a minimum of 300 nannofossils were counted. Further scans of the slide were made 

at stratigraphically important levels. Both the Maastrichtian chalk and the overlying Danian limestone 

contain well preserved nannofloras. Abundance and diversity were high in the Maastrichtian and lower 

in the Danian as might be expected (as samples were only taken from the early Danian before species 

radiation had accelerated). Species richness in the Maastrichtian chalk ranged from 19 to 28 (mean 

23.6) and in the Danian chalk (including survivor species, not including Maastrichtian reworked species) 

from 12 to 23 (mean 16) (Table 4iv). The following are total numbers of species for this well: 

Maastrichtian 38, Danian 16, in addition 9 species were survivors from the Cretaceous into the Danian,

6 were species from earlier in the Cretaceous reworked into the upper Maastrichtian, making a total of 

69 species (Table 4v).

Nannofossil preservation was relatively good in this well (see Palaeoecology Chapter). The upper 

Maastrichtian hardground level and K/T boundary chalk comprised nannofossils overgrown with 

secondary diagenetic calcite, obscuring features essential for positive identification. If nannofossil 

abundance is assumed to be some measure of preservation, then trends in preservation can be 

interpreted (Palaeoecology Chapter, section 5.3). A distribution chart for this well is found as Enclosure

5. An overview of the nannofossil biostratigraphy for this well is presented in Fig. 4.20.

Maastrichtian chalk

Subzone UC20d

125.00 m (lowest sample examined)-104.50 m 

Floral characteristics

This diverse and abundant nannofossil assemblage comprises common W. bamesiae, P. stoveri, Pr. 

cretacea, M. decussata, E. turriseiffelii, C. ehrenbergii and A. cymbiformis. Other species include 

Placozygus cf. P. fibuliformis, L  cayeuxii, and K. magnificus.

Reworking from the Campanian is indicated by specimens of Eiffelithuis eximius, Broinsonia parca 

parca and M. quatemarius, from the Early Maastrichtian by fairly common R. levis, and from the mid- 

Maastrichtian by C. obscurus.
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Remarks

A high abundance and diversity assemblage with C. daniae and N. frequens assigns this interval to 

UC20d. A hardground was reported from at the top of a cemented unit at 103.45 m, by Stenestad

(1976).

Other biostratigraphic information

Through most of this interval, the presence of the planktonic foraminifera P. elegans, Rugoglobigerina 

rugosa, Guembelitria cretacea and the benthic foraminifera Bhzalina incrassata and S. pommerana 

(Rasmussen & Sheldon (2004), indicate correlation with foraminifera Zone FCS 23 (King 1989). This is 

equivalent to brachiopod zones 5-10 (Surlyk 1970, 1984). At 104.15 m, however, a mixed foraminiferal 

fauna was recorded. The presence of G. daubjergensis, E. eobulloides and P. pseudobulloides indicate 

foraminifera subzones P1a-?P1b (Berggren etai. (1995), (Rasmussen & Sheldon (2004). This is 

equivalent to lower NP1 to upper NP3 (Martini 1971), or upper NNTp4 (Burnett 1998); it is assumed 

that due to burrow fill at the top of the hardground level, this material is from the overlying Danian unit. 

Using dinoflagellate cysts, Hansen (1977) indicated the presence of the P. grallator Zone (equivalent to 

brachiopod Zone 10 of Surlyk (1970), and foraminifera subzone FCS 23b (King 1989) from the K/T 

boundary to 19 m below it. Hansen (1977) and Kjellstrom & Hansen (1981), however, noted that the 

uppermost part of the Maastrichtian P. grallator Zone is missing in this well, suggesting a hiatus at this 

level. The Maastrichtian-Danian interval of Tuba-13 including the K/T boundary, can be seen on Fig. 

4.21.

Danian limestone

Subzone NNTplA

-104.00 m-104.00 m

Floral characteristics

Rare Z. sigmoides, with B. harnsonii, Braarudosphaera bigeloweii, N. dirimosus, Neocrepidolithus 

neocressus, Neocrepidolithus fossus, and C. alta are amongst the low diversity and abundance early 

Danian assemblage. Thoracosphaera spp. is rare.

Upper Cretaceous reworking (38.8%) is fairly common as seen by R. levis, W. bamesiae, A. 

cymbiformis, C. ehrenbergii and G. segmentatum. Surviving forms comprise 46% of the assemblage 

while newly evolved species represent 15.2%.

140



£■
1
.2P

*->
</»oc
2 

-Cu

Quaternary

Selandian

Danian

upper
upper

Maastrichtian

till

Lellinge Gr.

Kobenhavn
Limestone

limestone
with

scattered
bryozoans

Bryozoan
Limestone

Limestone

Skrivekridt

Kjolby 
Gaard | 

Marl eq.

CLs
£_o<u

J 3

CL<Ua

Io

| Till 

| Sand

Limestone with 
bryozoans

Limestone

Fig. 4.21 Figure o f the upper Maas trich tian and Danian section o f the 
Tuba-13 well, including the K/T boundary.
Modified from unpublished data courtesy o f J A  Rasmussen.



Remarks

Rare Z. sigmoides with Biscutum spp., Thoracosphaera spp. and Neocrepidolithus spp. with Upper 

Cretaceous reworking in a low diversity assemblage indicates this interval belongs to subzone 

NNTplA.

Other biostratigraphic information

The Fish Clay and the Cerithium Limestone, as recognised in the exposed section at Stevns Klint are 

not present in the Tuba-13 well (Stenestad 1976) but Rasmussen & Sheldon (2004) suggested that the 

Cerithium Limestone is in fact present (a strongly cemented, glauconitic unit above the K/T beds). The 

K/T boundary is placed at 103.45 m at the upper boundary of a hardened horizon comprising very hard 

chalk with calcite-filled cracks, with glauconite nodules and many irregular Thalassinoides burrows that 

contain a very coarse glauconitic chalky material. The foraminifera fauna (Stenestad 1976) is of Danian 

age and is the same as that found at the base of the Bryozoan Limestone at Stevns Klint. Beneath the 

hard chalk is a softer chalk with harder horizons which is uppermost Maastrichtian in age. Hansen

(1977) and Kjellstrom & Hansen (1981) noted that the lower Danian succession in this well is complete 

and reported the C. comuta dinoflagellate Zonule from 103.5-102.0 m. This contrasts with the 

information found in Rasmussen & Sheldon (2004) but is in agreement with the present study where the 

lowermost Danian seems to be complete. The sample at 104.00 m was barren of foraminifera except 

for 2 non-diagnostic taxa (Rasmussen & Sheldon 2004). Correlation with nannofossil data dates this 

interval as P1a-?P1b (Berggren etal. 1995). J. A. Rasmussen (personal communication, 2006) noted 

that the earliest Danian samples were collected from rubble within an almost empty core box which 

should have housed the K/T boundary interval.

Subzone NNTplB?

-102.75 m-102.75 m

Floral characteristics

A fairly low diversity and abundance Early Danian assemblage comprising common Z. sigmoides and 

Thoracosphaera spp. with present N. dirimosus, Cyclagelosphaera reinhardtii, M. inversus and B. 

harrisonii.
Reworking from the upper Maastrichtian is relatively common, represented by specimens of A. 

cymbiformis, Placozygus cf. P. fibuliformis, N. frequens, P. cretacea and P. stoveri, amongst others. 

Reworking from the early and mid-Maastrichtian is indicated by T. orionatus and R. levis. Relative 

percentages are 42.8% Maastrichtian, 51.4% survivor species and 5.8 % Danian specimens.

142



Remarks

A fairly low diversity assemblage with common Z. sigmoides and reworking from the Upper Cretaceous 

characterises this interval. The high abundance of Thoracosphaera spp. and Z. sigmoides may indicate 

the presence of chalk from subzone NNTplB. However rare specimens of C. primus, C. pelagicus and 

C. tenuis suggest a younger (NNTp2C) influence.

Other biostratigraphic information

There are no foraminifera data from this interval, although as the overlying and underlying samples 

have been dated by Rasmussen & Sheldon (2004) as P1a-?P1b (Berggren et al. 1995), this age is also 

assigned to this unit. Nannofossil dating of this interval is tentative as rare occurrences of flora from 

subzone NNTp2C suggest a younger Danian influence (due to mixing or burrowing). Using 

dinoflagellate cysts, the C. comuta Zonule was reported from 103.5 m-102.0 m (Hansen 1977). These 

samples are from a level lithologically described as Slamkalk and Slamkalk-rich Bryozokalk with flint 

(Stenestad 1976).

Mixed Danian sample

102.50 m (highest sample investigated)

Floral characteristics

A fairly high diversity mixed Maastrichtian/Danian assemblage comprising common Z. sigmoides and 

Thoracosphaera spp. along with M. inversus, B. harrisonii, C. alta and N. dirimosus from the Early 

Danian. Also conspicuous are specimens of younger Danian nannofossils; N. modestus, C. edwardsii,

C. intermedius and C. pelagicus.

Upper Maastrichtian reworking is prevalent, with common W. bamesiae in addition to A. octoradiata, N. 

frequens, P. cretacea, G. segmentatum. Early and mid-Maastrichtian reworking is seen by the presence 

of T. orionatus and R. levis and mid-Campanian reworking by E. eximius. Relative percentages are 

31.3% Maastrichtian, 55.7% survivor species and 13.8 % Danian specimens.

Remarks

A fairly low diversity assemblage (as in the previous interval, indicating the presence of subzone 

NNTplB) but the presence of rare C. pelagicus, P. dimorphosus and C. asymmetricus indicates this 

sample belongs to subzone NNTp2D; rare N. modestus, however, possibly indicates subzone NNTp4B.

Other biostratigraphic information

This level is assigned to Early Danian foraminifera Zone P1a-P1b of Berggren et al. (1995), 

(Rasmussen & Sheldon 2004). This is equivalent to low NP1 to upper NP3 (Martini 1971), or upper 

NNTp4 (Burnett 1998). Using dinoflagellate cysts, the C. comuta Zonule was reported from 103.5-
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102.0 m (Hansen 1977). In the Danish Basin, it has been noted that both conformable and 

unconformable sections cap the upper Maastrichtian Skrivekridt (Rasmussen et al. 2005). The 

Cerithium Limestone, overlying the upper Maastrichtian White Chalk at Stevns Klint, is diachronous. In 

the south, its age is foraminifera zone Pa (Berggren et al. 1995), which is equivalent to lower 

nannofossil subzone NNTplA, and P1a (equivalent to NNTp1A-2A) in the north.
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4.2.2.1.2 Nannofossil biostratigraphy of Solrod-2

For each sample a minimum of 300 nannofossils were counted. Further scans of the slide were made 

at stratigraphically important levels. Both the Maastrichtian chalk and the overlying Danian limestone 

contain well preserved nannofloras. Abundance and diversity were high in the Maastrichtian and lower 

in the Danian as might be expected (due to only sampling the early Danian as explained above, in 

Tuba-13). Species richness in the Maastrichtian chalk ranged from 17 to 27 (mean 21.7) and in the 

Danian chalk (including survivor species, not including Maastrichtian reworked species) from 11 to 14 

(mean 12.3) (Table 4iv). The following are total numbers of species for this well; Maastrichtian 30, 

Danian 7, in addition 8 species were survivors from the Cretaceous into the Danian, 3 were species 

from earlier in the Cretaceous reworked into the Upper Maastrichtian, making a total of 48 species 

(Table 4v).

Nannofossil preservation was relatively good in this well (see Palaeoecology Chapter). The upper 

Maastrichtian hardground level and K/T boundary chalk comprised nannofossils overgrown with 

secondary diagenetic calcite, obscuring features essential for positive identification. If nannofossil 

abundance is assumed to be some measure of preservation, then trends in preservation can be 

interpreted (Palaeoecology Chapter, section 5.3). A distribution chart for this well is found as Enclosure

6. An overview of the nannofossil biostratigraphy for this well is presented in Fig. 4.22.

Maastrichtian chalk

Subzone UC20d

44.55 m (lowest sample examined)-31.33 m 

Floral characteristics

This interval is characterised by a diverse and abundant nannofossil assemblage comprising common 

P. cretacea, M. decussata, W. bamesiae, N. frequens, L. cayeuxii and P. stoveri. Also present in lower 

numbers are C. amphipons, A. octoradiata, K. magnificus, Placozygus cf. P. fibuliformis and C. 

ehrenbergii. C. daniae and N. frequens are present throughout.

Rare reworking from the lower Maastrichtian is seen by R. levis and from the mid-Maastrichtian by C.

obscurus.
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Remarks

The co-occurrence of C. daniae and N. frequens in a high abundance and diversity Maastrichtian 

assemblage indicates this interval belongs to subzone UC20d. A hardened interval spanning 30.00 m -

28.55 m characterises the uppermost part of the Maastrichtian chalk (Rasmussen 1999). This interval is 

probably equivalent to the upper Maastrichtian hardground.

Other biostratigraphic information

In this interval common planktonic foraminifera Heterohelix globulosa and G. cretacea were found in 

addition to a rich benthic foraminifera fauna (including S. pommerana, B. pettersoni, P. iaevis and B. 

incrassata) common to the upper Maastrichtian (Rasmussen 1999) and correlating to subzone FCS 23b 

(Jan Rasmussen, personal comunication, 2006). The Maastrichtian-Danian interval of Solr0d-2, 

including the K/T boundary, can be seen on Fig. 4.23.

Danian limestone

Subzone NNTplA

29.95 m-28.55 m (highest sample examined)

Floral characteristics

The low abundance and diversity assemblage comprises N. neocrassus, N. dirimosus, C. alta, Z. 

sigmoides, B. hughesii, M. inversus and Thoracosphaera spp. in low numbers and more common 

Biscutum harrisonii.

Reworking from the Maastrichtian includes rare A. cymbiformis, C. amphipons, P. cretacea and A. 

octoradiata. Specimens of Prinsius spp., Cruciplacoltihus spp. and Coccolithus spp., indicative of 

younger zones, are absent.

Remarks

A low abundance and diversity assemblage characterised by rare Z. sigmoides, Biscutum spp. and 

Neocrepidolithus spp. indicates this interval belongs to the earliest Danian subzone NNTplA.

Other biostratigraphic information

The foraminiferal assemblage comprised a mixed Maastrichtian and Danian benthic fauna, although 

planktonic foramininfera e.g. Heterohelix spp., Rugoglobigerina spp. (common to the Maastrichtian) 

were rare. Assignment of this interval to the Danian rather than the Maastrichtian is based upon lack of 

Maastrichtian planktonic foraminifera (J. Rasmussen, personal communication, 2005). Bryozoan 

fragments were also common in this interval (Rasmussen, 1999). The earliest Danian chalk in this well 

is dated as Zone Pa (Jan Rasmussen, personal communication, 2006).
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4.2.2.1.3 Nannofossil biostratigraphy of Karlslunde-1

For each sample a minimum of 300 nannofossils were counted. Further scans of the slide were made 

at stratigraphically important levels. As in the offshore wells, the Maastrichtian interval comprised high 

abundance and diversity nannofloral assemblages. Species richness in the Maastrichtian chalk ranged 

from 19 to 30 (mean 24.25) (Table 4iv). The following are total numbers fo species for this well; 

Maastrichtian 47; 6 were species from earlier in the Cretaceous reworked into the upper Maastrichtian, 

making a total of 53 species (Table 4v).

Compared with the offshore wells, nannofossil preservation was relatively good in this well (see 

Palaeoecology Chapter). Evidence of secondary calcite overgrowth is sparse. The Maastrichtian 

hardground level, where poor nannofossil preservation might be expected has not been sampled in this 

well. If nannofossil abundance is assumed to be some measure of preservation, then trends in 

preservation can be interpreted (Palaeoecology Chapter, section 5.3). A distribution chart for this well is 

found as Enclosure 7. An overview of the nannofossil biostratigraphy for this well is presented in Fig. 

4.24.

Maastrichtian chalk

Subzones UC20b-c

269.00 m-75.00 m

Floral characteristics

This interval is characterised by a high abundance and diversity nannofossil assemblage dominated by 

P. cretacea, P. stoveri, N. frequens, K. magnificus, Placozygus cf. P. fibuliformis, A. cymbiformis and 

comprising fairly common C. ehrenbergii, E. turriseiffelii, and W. bamesiae. C. daniae, the marker for 

the overlying UC20d subzone is absent.

Reworking from the lower Maastrichtian and Campanian (or older) is indicated by rare occurrences of 

R. anthophorus, R. levis, E. eximius, T. orionatus, and Broinsonia parca constricta. Reworking from the 

Upper Campanian in this interval is represented by a rare occurrence of H. bugensis at 269 m.

Remarks

The base of subzone UC20c is based on the FO of common A. maastrichtiana. However, in this well, 

morphometric studies carried out on Arkhangelskiella cymbiformis failed to recognise a level with 

common A. maastrichtiana. The presence of N. frequens and absence of C. daniae in an otherwise rich 

Late Maastrichtian nannofloral assemblage therefore assigns this interval to subzones UC20b-c. The
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gaps in N. frequens distribution can be correlated between wells (see discussion in 4.2.4.2, this 

chapter).

Other biostratigraphic information

The lower two samples are assigned to the I. cooksoniae dinoflagellate Zone (P. Schioler, personal 

communication, 2006) which indicates sediments younger than subzone UC20a.

Subzone UC20d

72.00 m-47.90 m (highest sample examined)

Floral characteristics

This interval comprises a diverse assemblage including common P. cretacea, P. stoveri, N. frequens, 

and Placozygus cf. P. fibuliformis, along with M. decussata, K. magnificus, E. turriseiffelii, L. cayeuxii, A. 

octoradiata, C. conicus, W. bamesiae and C. ehrenbergii, amongst others. Present in the lower sample 

is the marker for this subzone, C. daniae, although this species has not been recognised in the 

overlying 3 samples. Reworking has not been recognised in this interval in this well.

Remarks

The co-occurrence of N. frequens and C. daniae in this interval indicates it belongs to subzone UC20d. 

Other biostratigraphic information

There is no other biostratigraphic information for this well. The Kjolby Gaard Marl, which acts as a good 

correlation horizon in some cases, was not encountered in this study.
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4.2.2.1.4 Nannofossil biostratigraphy of Tune-1

For each sample a minimum of 300 nannofossils were counted. Further scans of the slide were made 

at stratigraphically important levels. Species richness in the Maastrichtian chalk ranged from 21 to 32 

(mean 24.9) and in the Danian chalk (including survivor species, not including Maastrichtian reworked 

species) from 9 to 12 (mean 10.6) (Table 4iv). The following are total numbers of species for this well; 

Maastrichtian 42, Danian 3, in addition 10 species were survivors from the Cretaceous into the Danian 

and 8 were species from earlier in the Cretaceous reworked into the upper Maastrichtian; this gives a 

total of 63 species (Table 4v).

As in the Karlslunde-1 well, and in contrast to the offshore wells, nannofossil preservation was 

relatively good in the upper Maastrichtian in this well (see Palaeoecology Chapter). The upper 

Maastrichtian hardground level and K/T boundary chalk comprised assemblages overgrown by 

secondary diagenetic calcite and dominated by M. decussata. Nannofossil preservation in the Danian 

chalk was mixed, with blocky calcite characterising some samples dominated by Thoracosphaera spp.

If nannofossil abundance is assumed to be some measure of preservation, then trends in preservation 

can be interpreted (Palaeoecology Chapter, section 5.3). A distribution chart for this well is found as 

Enclosure 8. An overview of the nannofossil biostratigraphy for this well is presented in Fig. 4.25.

Maastrichtian chalk

Subzones UC20d

94.25 m (lowest sample examined)-85.07 m 

floral characteristics

This subzone is characterised by an assemblage rich in nannofossils, including common N. frequens, 

W. bamesiae, P. stoveri, P. cretacea, M. decussata, E. turriseiffelii, C. ehrenbergii, C. amphipons and 

A. cymbiformis. The marker species for this subzone, C. daniae is present throughout.

Fairly common reworking from the Campanian (or older) and lower in the Maastrichtian is represented 

by E. eximius, B. parca parca, Gartnerego obliquum, R. levis, Z. bicrescenticus, T. orionatus and C. 

obscurus.

Remarks

The co-occurrence of N. frequens and C. daniae in a high abundance and diversity Upper Cretaceous 

assemblage in this interval indicates it belongs to subzone UC20d. A hardened interval spanning 90.05 

m-85.15 m characterises the uppermost part of the Maastrichtian chalk (Ahlborn 2005). This interval is 

probably equivalent to the upper Maastrichtian hardground.
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Fig. 4.25 Nannofossil biostratigraphy o f the Tune-1 well. 
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Other stratigraphic information

Ahlborn (2005) described the ichnofabrics from this interval, which comprises Skrivekridt (dominated by 

Zoophycos, Planolites and Chondrites) to 90.05 m and Grakridt (Grey Chalk) (dominated by 

Thalassinoides and Zoophycos, with traces of Taenidium) from 90.05 m to the K/T boundary. The Grey 

Chalk unit also contains increased bryozoan fragments, foraminiifera, brachiopods and bivalves.

Danian limestone

Subzone NNTplA

85.06 m-84.20 m

Floral characteristics

Common 8. hamsonii, N. dirimosus, C. reinhardtii and Thoracosphaera spp. in addition to 

Cyclagelosphaera cf. C. alta characterise this subzone in this well. A dramatic reduction in 

Maastrichtian nannoflora accompanies this turnover, although several species remain in the samples to 

the top of this well and are presumably reworked. M. decussata remains fairly common in the lower 

sample but decreases thereafter. Also notable is the presence of 8. hughesii and 8. sparsus. Z. 

sigmoides, N. neoscrassus and O. multiplus are present in very low numbers in this interval.

In addition to fairly common reworking from the upper Maastrichtian in this interval (W. bamesiae, N. 

frequens, K. magnificus, Piacozygus cf. P. fibuliformis, C. amphipons, P. stoveri, P. cretacea, A. 

octoradiata, A. cymbiformis, C. ehrenbergii and E. turriseiffelii), rare reworked specimens are found 

from the Lower and mid-Maastrichtian (P. levis, C. obscurus and T. orionatus).

Remarks

This interval is characterised by a fairly low diversity assemblage including common Thoracosphaera 

spp., rare Z. sigmoides, Neocrepidolithus spp. and Cyclagelosphaera spp. The FO of 8. sparsus is 

seen in this interval (Romein 1979). The samples from this interval are placed lithologically as follows: 

sample 85.06 m is from within the Fish Clay, sample 84.87 m from above the Fish Clay, sample 84.30 

m from a burrow fill in the Cerithium chalk, and 84.20 m from porcellaneous material within the 

Cerithium chalk.

Other stratigraphic information

Ahlborn (2005) described a 2 cm thick Fish Clay from this interval.
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Subzone NNTplB

84.05 m (highest sample examined)

Floral characteristics

Low diversity assemblages in this subzone (represented by 1 sample) are characterised by common B. 

harrisonii, N. dirimosus, Thoracosphaera spp. and Z. sigmoides. Also present are M. inversus, C. 

reinhardtii, B. hughesi, B. bigeloweiii and O. multiplus. Specimens of Cruciplacolithus and Coccolithus, 

indicative of younger subzones, are not found in the sampled interval of this well. It should be noted, 

however, that the upper 49.85 m of cored section was not sampled in this study.

Fairly common reworking from the upper Maastrichtian as seen by A. cymbiformis, W. bamesiae, P. 

spinosa, P. cretacea, N. frequens, E. tumseiffelii, C. ehrenbergii, C. amphipons and A. octoradiata is 

found in this sample.

Remarks

A fairly low diversity early Danian assemblage with relatively common Z. sigmoides characterises this 

interval.

Other biostratigraphic information

There is no other biostratigraphic information for this well.

155



4.2.3 Integrated stratigraphy and correlation

4.2.3.1 Danish Central Graben

In 2004, as part of an integrated project (EFP 2001, see earlier description), a study was carried out on 

the high resolution stratigraphy of two of the wells included in this study, M-10X and E-5X. Nannofossil 

(Sheldon 2004), palynological (Schioler 2004) and foraminiferal (Lassen & Rasmussen 2004) 

biostratigraphy was undertaken, in addition to analysis of carbon isotopes (Schovsbo & Buchardt 2004) 

and sedimentology (Ineson 2004). An overview of the results is presented in Figs 4.26a & b.

In the M-10X well, the cored upper Maastrichtian is dated as subzones UC20b, UC20c and UC20d 

(nannofossils), I. cooksoniae, P. denticulatum, H. borisii and P. grallator Zones (palynology) and FCS 

23a and FCS 23b (foraminifera). <513C isotope units G-A were assigned to this interval.

The shorter cored upper Maastrichtian interval in the E-5X well was dated as subzones UC20c and 

UC20d (nannofossils), P. denticulatum, H. borisii and P. grallator Zones (palynology) and FCS 23a and 

FCS 23b (foraminifera). 513C isotope units E-A were assigned to this interval.

As seen on Figs 4.26a & b, the two wells can be correlated in detail using the aforementioned 

disciplines, demonstrating a robust stratigraphic framework for the Danish Central Graben.

Furthermore, nannofossil biostratigraphic breakdown of Nana-1 XP and N-22X, in addition to 

cyclostratigraphic correlation of all 4 wells (Fig. 4.3) adds to the consistency of the stratigraphic 

framework.

The K/T boundary interval of the four Central Graben wells is characterised by a mature hardground 

(see Figs 4.11, 4.13, 4.15 & 4.19 and discussion in section 4.2.4.3) level with a complex ‘mixed’ 

Maastrichtian and Danian stratigraphy, overlain by early Danian sediments. A hiatus spanning the 

earliest Danian subzones NNTp1A-2C/D also characterises the boundary section.

A further outcome of the study is the recognition of a marly unit in the uppermost part of the 

Maastrichtian in all the offshore wells (Ineson 2004; J. Ineson, personal communication, 2006). This 

marly interval may be equivalent to the Kjolby Gaard Marl cropping out onshore Denmark (see 

discussion in sections 4.1.1.2 and 4.2.4.4).
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4.2.3.2 Danish Basin

Using the limited data available, Fig. 4.8 displays a multidisciplinary biostratigraphic correlation of the 

Danish Basin sections.

The Maastrichtian of the cored upper Maastrichtian of Tuba-13 is dated as subzone UC20d 

(nannofossils), FCS 23 (foraminifera) and the P. grallator Zone (palynology), while the Danian is 

represented by subzones NNTp1A-B (nannofossils), P1a-?1b (foraminifera) and the C. cornuta Zone 

(palynology).

The sampled section of the Maastrichtian of the Karlslunde-1 well is dated as nannofossil subzones 

UC20b-c and UC20d; the base of this section is assigned to the I. cooksoniae Zone (palynology).

The cored sections of the Solrod-2 and Tune-1 wells have only been dated using nannofossils and 

are represented by subzone UC20d for the Maastrichtian and NNTplA (Solrod-2) and NNTplA and B 

(Tune-1) for the Danian.

As with the four Central Graben wells, the K/T boundary interval of the three Danish Basin wells 

covering this interval, is also characterised by a hardground interval (see Figs 4.21 & 4.23 and 

discussion in section 4.2.4.3). However, results from the present nannofossil study indicate that the 

Maastrichtian hardground in the Danish Basin is conformably overlain by sediments of earliest Danian 

age, while micropalaeontological data suggest a minor hiatus spanning foraminifera zone PO.

Refined correlation within subzone UC20d, can be made between the Tuba-13, Solrod-2 and Tune-1 

cored sections using the Kjolby Gaard Marl unit as discussed in sections 4.1.1.2 and 4.2.4.4.

4.2.3.3 Central Graben -  Danish Basin Correlation

Fig. 4.9 schematically demonstrates the nannofossil units present in each of the studied wells. 

Subzones UC20b and c were differentiated successfully in the Central Graben wells, but the base of 

subzone UC20c was not recognised in the Karlslunde-1 well (the only onshore well to be sampled to a 

depth covering these subzones). The criteria for recognition of the base of subzone UC20d (FO C. 

daniae) enabled correlation in the upper Maastrichtian from the Central Graben to the Danish Basin.

The recognition of the Kjolby Gaard Marl, potentially offshore as well as onshore, indicates that this 

unit is an additional possible marker horizon, potentially particularly useful for correlation of offshore 

chalk successions with onshore sections.

The uppermost Maastrichtian hardground (and the K/T boundary) was recognised in all wells 

sampled over that interval and thus gives another inter-basinal correlative horizon. However, the nature 

of the K/T boundary in the Central Graben and the Danish Basin sections contrasts somewhat, with a
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complex ‘mixed’ stratigraphy characterising the boundary in the Central Graben and an apparently 

conformable succession typifying the Danish Basin sections.

The Danian chalk of the Central Graben is separated from the Maastrichtian by a hiatus (spanning 

nannofossil subzones NNTplA—NNTp2C/D), whereas in the sampled Danish Basin sections, according 

to nannofossil dating, the Danian lies conformably over the upper Maastrichtian.

4.2.3.4 Variation in subzone thickness

Subzone thicknesses in the wells are shown in Table 4vi (Danish Central Graben) and Table 4vii 

(Danish Basin) below. Note that the zone thicknesses in tables 4vi and 4vii do not correspond exactly to 

those in Tables 4ii and 4iii since the ‘non-assigned’ intervals (see Enclosures 1, 2, 3, 4 and 7) are 

included in the zone thicknesses in Tables 4ii and 4iii. This has a negligible effect on the sedimentation 

rate calculation). Note that minimum subzone thicknesses are given in many cases as not all subzone 

bases were sampled. Also, only a short interval above the K/T boundary was sampled in M-10X, E-5X 

and N-22X. Younger Danian chalk was sampled only in Nana-1 XP.

Limited comparison between the Danish Central Graben and the Danish Basin can be made using 

the thickness of subzone UC20d. In the Central Graben wells, the thickness of this subzone ranges 

from 42.42'-65.74', (12.93 m-20.04 m) while in Karlslunde-1 this subzone is 47 m thick (approximately 

154').

The greater thickness in the Danish Basin is, in part, due to reduced compaction compared with the 

Central Graben, in addition to differing tectonic and depositional settings. The Central Graben is 

thought to have been deeper than the Danish Basin in the late Maastrichtian, therefore more likely to 

have been below the level of erosion/winnowing, and thus accumulating a more complete succession. 

However, this does not explain the larger thickness of subzone UC20d in the shallower setting of the 

Danish Basin.

Accumulation of a thick sedimentary succession depends on carbonate production rates and 

preservation. Both the Central Graben and the axial part of the Danish Basin (i.e. close to the 

Fennoscandian Border Zone where major subsidence took place) were major depocentres at this time, 

and thus accumulated thick sections in general (though local structural highs in both settings would 

have a lower preservation potential due to winnowing). Thus both settings were not strongly 

accomodation-controlled (i.e. there was normally room for sediment accumulation, however fast it was 

produced, below wave base). Carbonate production is also an important factor regarding sediment 

thickness. The Danish Basin setting was closer to land and thus more nutrient-rich, and bottom-water 

oxygenated, so a more diverse carbonate producing factory might be expected including calcispheres, 

bryozoans, a more diverse benthic foraminifera community, brachiopods, molluscs and echinoderms. 

Thus carbonate productivity in general, was probably significantly higher than in the more distal 

coccolith-dominated system, perhaps explaining the larger thickness of subzone UC20d in the Danish
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Basin. An additional factor in the Danish Basin may have been resedimentation from the inverted NE 
flank of the basin.

M-10X E-5X Nana-1XP N-22X

NNTp4F 9.83*

NNTp4E 17.17

NNTp4D 13.75

NNTp4C 8.08

NNTp4B 14.00

NNTp4A 3.42

NNTp3 3 16* 8.75

NNTp2F-3 2.75* 3.42*

NNTp2F-G 6.25 2.16

NNTp2E 2.67 0.51 8.17 5.83

NNTp2D 4.50

mixed 2 92 0.83 2.08 2.92

NNTplB

NNTplA

UC20d 65.74 55.33 42.42 59.08

UC20c 140.84 99.84* 128.00 111.67

UC20b 7.08* 68.92* 98.66*

Table 4vi Nannofossil subzone thickness o f the Central Graben wells (in feet, * indicates minimum 

thickness). Note that the zone thicknesses do not correspond exactly to those in Table 4ii since the 

‘non-assigned’ intervals (see Enclosures 1,2,3 and 4) are included in the zone thicknesses. This has a 

negligible effect on the sedimentation rate calculation.

In the Central Graben, differing subzone thicknesses are likely to be due to structural position, which, in 

turn is probably the result of halokinesis. Structurally elevated areas are more likely to be affected by 

winnowing and current activity, perhaps removing greater thicknesses of sediments than in areas of 

lower relief.
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Karlslund

e-1
Tune-1 Tuba-13 Solr0d-2

thickness

(metres)

thickness

(metres)

thickness

(metres)

thickness

(metres)

mixed

NNTplB 0.25

NNTplA 1.01 1.25 1.40*

UC20d 47.0* 9.19* 21.00* 14.60*

UC20b-c 197*

Table 4vii Nannofossil subzone thickness o f the Danish Basin wells (in metres, * indicates minimum 

thickness). Note that the zone thicknesses do not correspond exactly to those in Table 4iii since the 

‘non-assigned’ intervals (see Enclosures 5, 6 ,7  & 8) are included in the zone thicknesses. This has a 

negligible effect on the sedimentation rate calculation.

4.2.3.5 Sedimentation rate

A crude measure of the chalk sedimentation rate can be obtained for the latest Maastrichtian based on 

the thickness of subzone UC20d (Tables 4vi & 4vii), since radiometric ages have been assigned to the 

K/T boundary (65 Ma, according to Berggren et al. 1995) and the FO of C. daniae (i.e., the base of 

UC20d, dated as 65.5 Ma, interpreted from the time-scale of Bralower etal. (2002), P. Bown, personal 

communication, 2005). Furthermore, the sedimentation rate obtained clearly takes no account of 

compaction and pressure solution, the latter being particularly significant in the upper Maastrichtian 

chalks of the Danish Central Graben.

The results from the Central Graben wells in this study suggest a sedimentation rate of 2.5-4.0 cm 

per 1000 years. This estimation is a minimum estimate, as stylolites and compaction are not taken into 

account. This compares with a rate of 2.4-2.5 cm per 1000 years for the lower Maastrichtian at 

Lagerdorf (northern Germany), or 2.8 cm per 1000 years for the whole of the Maastrichtian (Ehrmann, 

1986) and with a rate calculated for the lower Maastrichtian at Kronsmoor (also northern Germany) by 

Schoenfeld et al. (1996), of 2.2 cm per 1000 years. In accordance with these estimates, a 

sedimentation rate of 2.6 cm per 1000 years was assumed by Stage (1999) for the Maastrichtian chalks 

of the Danish North Sea, using precession Milankovitch cycles. More recently Damholt (2003) 

calculated average upper Maastrichtian sedimentation rates for the southern Central Graben as around 

4.8 cm per 1000 years (increasing to 5.5 cm per 1000 years when stylolites are taken into 

consideration). This rate was compared to the much lower calculation of average sedimentation rates 

for the English chalk (base Cenomanian -  base Maastrichtian) of 1.8-2.1 cm per 1000 years (Kennedy
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& Garrison, 1975), however numerous hiatuses in the English chalk have to be taken into 

consideration, increasing the sedimentation rate somewhat. Damholt & Surlyk (2004) recently 

suggested that the sedimentation rate for normal pelagic chalks is 2-3 cm per 1000 years, rising to 5 

cm per 1000 years when turbidity currents are taken into account.

In this study, the lower part of subzone UC20d is sampled in the Karlslunde-1 well (the base of 

subzone UC20d is not sampled in the other Danish Basin wells). The uppermost Maastrichtian (overlain 

by Quaternary gravel and moraine) is found at 25 m (Larsen et al. 2005) and the base of subzone 

UC20d is at 72 m, assigning 47 m to subzone UC20d. Sedimentation rates for this part of the Danish 

Basin are calculated at 9.4 cm per 1000 years, Table 4viii. This compares with Maastrichtian 

sedimentation rates of 4 cm per 1000 years calculated by Sjoberg (1991) for Limhamn Quarry, southern 

Sweden (the margin of the Danish Basin) and much higher estimations of 15 cm per 1000 years 

(Hakansson etal. 1974) in the Danish Basin, allowing for 10% compaction.

This somewhat higher sedimentation rate estimate, and subzone thickness, compared with those 

obtained from the Central Graben wells, can to some extent be explained by different depositional 

settings and carbonate production (as previously described). In addition, chalks of the Danish Basin 

were subject to less compaction than those in the Central Graben.

Comparison of these high northern latitude sedimentation rates with typical deep sea oozes can be 

made by evaluation of sediments, for example, from the Shatsky Rise, Northwest Pacific Ocean 

(Bralower et al. 2002), where Upper Cretaceous sedimentation rates are much lower, at 0.6 cm per 

1000 years.

Subzone M-10X Sed rate 

per k.a.

E-5X Sed rate 

per k.a.

Nana-1 XP Sed rate 

per k.a.

N-22X Sed rate 

per k.a.

Karlslunde-

1

Sed rate 

per k.a.

UC20d 65.74' 4 cm 55.33' 3.4 cm 42.00' 2.5 cm 57.75' 3.4 cm 47 m 9.4 cm

Table 4viii Sedimentation rate in the offshore wells calculated from the thickness of subzone UC20d. 

Note that the zone thicknesses do not correspond exactly to those in Tables 4ii and 4iii since the ‘non

assigned’ intervals (see Enclosures 1, 2, 3, 4 and 7) are included in the zone thicknesses. This has a 

negligible effect on the sedimentation rate calculation.
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4.2.4 Discussion

In addition to the overall stratigraphic conclusions, summarised below, the nannofossil biostratigraphic 

study has illustrated 1) a number of practical biostratigraphic problems relevant to application of 

published Maastrichtian zonations in the Central Graben and Danish Basin, 2) the contrasting nature of 

the K/T boundary in the Central Graben and the Danish Basin sections and the complex ‘mixed’ 

stratigraphy of the ‘Maastrichtian hardground’ and 3) the potential correlative significance of the Kjolby 

Gaard Marl.

4.2.4.1 Stratigraphic conclusions

In the E-5X (Tyra S.E. Field), M-10X (Dan Field), N-22X (Gorm Field) and Nana-1 XP (Halfdan Field) 

wells, nannofossil biostratigraphy demonstrates that a complete upper Maastrichtian chalk section is 

present, but that a hiatus defines the K/T boundary at the base of the Danian chalk. The Danish Basin 

wells (Karlslunde-1, Tune-1, Tuba-13 and Solr0d-2) appear to demonstrate a complete section with 

earliest Danian overlying latest Maastrictian chalks.

M-10X (Fig. 4.10) was cored to a stratigraphically deeper level, with subzones UC20b (pars), UC20c 

and UC20d present. This Maastrichtian interval is unconformably overlain by Danian chalk assigned to 

subzones NNTp2E and NNTp2F-NNTp3, demonstrating a hiatus spanning NNTp1A-2D. Using the 

Danian nannofossil zonation of Varol (1998) and the timescale of Haq et al. (1987), which the zonation 

is based on, the hiatus spans approximately 2.5 Ma.

In E-5X (Fig. 4.12), upper Maastrichtian subzones UC20c (pars) and UC20d are present.

Nannofossil investigation indicates a complete section, though palynological biostratigraphy suggests a 

missing section at the bottom of the P. grallator dinoflagellate zone (the bottom of nannofossil subzone 

UC20d). In the Danian, subzones NNTp2E and NNTp2F-G and NNTp3 are present, indicating a hiatus 

spanning NNTp1A-NNTp2D (approximately 2.5 Ma, as described above).

The upper Maastrichtian of the Nana-1 XP well (Fig. 4.14) spans subzones UC20b-UC20d, overlain 

by Danian chalk assigned to subzones NNTp2E-4F, thus suggesting a hiatus comprising subzones 

NNTp1A-2D (approximately 2.5 Ma, as described above).

N-22X (Fig. 4.18) demonstrates a complete upper Maastrichtian section, spanning subzones UC20b 

to UC20d. The overlying earliest Danian is represented by subzones NNTp2D-3. This suggests a 

hiatus spanning NNTp1A-2C (approximately 2.0 Ma, as described above).

The Tuba-13 well (Fig. 4.20) spans upper Maastrichtian subzone UC20d (pars), conformably 

overlain by the Danian NNTplA and NNTplB with younger Danian species in the highest sample.

The Solrod-2 well (Fig. 4.22) demonstrates a short but complete K/T boundary section, covering 

upper Maastrichtian subzone UC20d to earliest Danian NNTplA.

164



The Karlslunde-1 well (Fig. 4.24) was drilled through the Upper Maastrichtian and spans subzones 

UC20b/c-UC20d (pars).

The stratigraphy of the Tune-1 well (Fig. 4.25) overlaps slightly with the Karslunde-1 well and covers 

the upper Maastrichtian UC20d (pars) subzone, conformably overlain by Danian chalk of NNTplA and 

NNTplB age, demonstrating a complete K/T boundary succession.

4.2.4.2 Biostratigraphic subdivision

The two nannofossil species A. maastrichtiana and N. frequens, are used to subdivide ‘boreal’ upper 

Maastrichtian zonation schemes (e.g. Burnett 1998, Network Stratigraphic in Fritsen 1999). Results 

from this study suggest that the application of A. maastrichtiana to the upper Maastrichtian of the 

Central Graben is robust, while this appears not to be the case in the Danish Basin. The use of N. 

frequens to indicate the base of subzone UC20b is also questioned as its occurrence in both regions is 

sporadic. These two species are discussed below.

A. cymbiformis and the recognition of A. maastrichtiana

Subzones UC20b and UC20c are subdivided on the presence/absence of A. maastrichtiana (Burnett 

1998). The identification of this species was aided by a morphometric study. See Taxonomy Chapter 

(section 7.1) for results and discussion, and Plates 9 and 10.

N. frequens

In the M-10X, Nana-1 XP, N-22X and Karlslunde-1 wells, as can be seen on distribution charts,

Enclosure 1, 3, 4 & 7, and on Fig. 4.27, N. frequens (by definition, the FO of which marks the base of 

subzone UC20b (Burnett 1998)) demonstrate sporadic distribution. The intervals where this species is 

missing appear to correlate and are discussed below.

Within M-10X, N. frequens appears to be completely absent from 6655.58'-6641.00', 6634.41', 

6629.33', 6623.00', 6614.41'-6608.08', 6519.41' and 6511.50' (Enclosure 1).

In Nana-1 XP N. frequens is absent from 7207.50'-7199.50', 7185.92', 7178.83-7162.33 , 7153.17 -  

7133.33', and in sample 7127.08' (Enclosure 3). The lowermost samples contain N. frequens therefore 

subzone UC20b is present to the base of this core.
In N-22X, it is absent from the intervals 7342.33'-7321.25', 7312.08-7293.33', 7288.50 -7284.00 , 

7276.00', 7263.25-7222.92', 7214.66', 7208.66-7190.08' and 7181.83-7163.66' (Enclosure 4).

In the Karlslunde-1 well, N. frequens is absent from 100.00 m—112.00 m, from 245.00 m and from 

260 m to 269 m (Enclosure 7).
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N. frequens is present throughout the Maastrichtian of E-5X, Tune-1, Tuba-13 and Solrod-2. This is 

; probably due to these wells not being sampled to as deep a stratigraphic level as in the M-10X, Nana- 

I XP, N-22X and Karlslunde-1 wells.i
When plotted against the cyclostratigraphic markers described in section 4.1.2, it can be seen that 

the intervals devoid of N. frequens correlate to some extent across the wells (Fig. 4.27). The exception 

is found in the M-10X well where the species is missing from a sample between markers a and b, and 

two samples between markers b and c. N-22X, Nana-1 XP and M-10X demonstrate fairly wide intervals 

void of N. frequens between markers e and g. N. frequens is also absent slightly below marker g in 

Nana-1 XP. N-22X also demonstrates an interval free of N. frequens between markers d and e and 

below marker h (note only N-22X is cored below marker h).

It therefore seems that some factor caused the temporary disappearance of this species, mainly 

between cyclostratigraphic markers e and g (and slightly below and above in some wells).

If the absence of N. frequens is due to sedimentological (slumping, or similar) rather than 

| palaeoenvironmental parameters, the samples below 7318.66' in N-22X may have been assigned to a 

subzone older than UC20b, possibly UC20a or UC19. However evidence to support assignment to an 

older subzone is sparse; B. magnum (indicative of UC19, M. Hampton, personal communication, 2002) 

is present in one sample in the lower part of the well, but it is also present, possibly reworked into 

I younger sediments which have been assigned to subzones UC20b and c. In addition, the marker fossil 

| for UC20a, Lithraphidites quadratus has not been identified in this study. To support the presence of 

| subzone UC20b, the occurrence of the dinoflagellate cyst I. cooksoniae in the bottom two samples in 

Nana-1 XP (P. Schioler, personal communication, 2006) indicates the presence of sediments younger 

than UC20a.

The reasons for the absence of N. frequens at certain levels are uncertain but could be due to one of 

the following.

t) The chalk in the Central Graben is to some extent altered by secondary diagenetic processes (Toft et 

a/. 1996, Scholle 1998). It could be that N. frequens may be sensitive to dissolution, although Theirstein 

(1981) suggests that this species is relatively robust and not susceptable to diagenetic alteration. If the 

intervals barren of N. frequens were affected by diagenesis, it would be expected that the interval would 

be dominated by known solution-resistant species, e.g. M. decussata (see Palaeoecology Chapter, 

section 5.3), but this is not the case. In the M-10X, Nana-1 XP and Karslunde-1 wells, M. decussata 

does not demonstrate high abundance trends where N. frequens is absent. In N-22X, M. decussata is 

dominant throughout much of the well, especially from cyclostratigraphic marker f to the base of the 

core, but above marker f it is not. The dominance of M. decussata may suggest that preservation has 

affected N-22X, but as this does not seem to be the case in M-10X and Nana-1 XP it is likely that 

another factor is responsible. Watznaueria barnesiae is also considered to be a solution resistant 

species (Thierstein 1980), although in this study, it increases only slightly, and is more likely to be
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responding to warming at the top of the Maastrichtian (see for example the Palaeoecology Chapter, 

section 5.6.3, Huber & Watkins 1992 and Watkins 1992). Apart from an interval below marker g in N- 

22X and Nana-1 XP, W. bamesiae never becomes common enough to suggest that dissolution is 

prevalent. It is concluded in this study that W. bamesiae is not a good preservation index in the upper 

Maastrichtian, because of its strong response to temperature. Along with N. frequens, M. decussata 

and W. bamesiae, other species thought to be solution resistant include Cribrosphaereila ehrenbergii, 

Cretarhabdus conicus, Retecapsa surirella and E. turriseiffelii (Thierstein 1976, Shafik 1978; Thierstein 

1981; Mortimer 1987; Erba 1992). These species do not increase in relative abundance during intervals 

of absent N. frequens or increased M. decussata (see distribution charts, Enclosures 1, 3, 4 & 7), 

inferring that dissolution did not cause the disappearance of N. frequens.

2) It is possible, that chalk of UC20b age had at one stage been deposited, and then covered by a flow 

of older chalk from a proximal elevated area shedding material onto lower lying topography. Once the 

flow had ceased, normal sedimentation proceeded, allowing continued deposition of chalk of UC20b 

age once more. However, if this was the case, it would be expected that the ‘older’ chalk layers would 

also contain nannofossils characteristic of the mid-Maastrichtian (or older). Marker species for the mid- 

Maastrichtian (e.g. Calculites obscurus and Reinhardites levis; see this chapter, table 4v for 

abundances of pre-upper Maastrichtian species) have been found in low relative abundances in 

samples void of N. frequens but also reworked (also in low relative abundances) into sediments 

containing N. frequens, so this theory seems unlikely, although this possibility can not be discounted. In 

addition, there is currently no evidence to suggest the presence of mid-Maastrichtian highs in the area 

(F. Surlyk and L. Stemmerik, personal communication 2005).

3) A more likely suggestion is that N. frequens is sensitive to environmental perturbation, and that 

variation in factors such as temperature, salinity, water depth or nutrients, may have controlled the 

distribution of this species. That temperature may play a part in the disappearance of N. frequens is 

testable. In M-10X, and to a certain extent in N-22X, the intervals with increased relative abundances of 

W. bamesiae (indicating increased surface water temperature in this study) towards the top of the 

Maastrichtian (see Palaeoecology Chapter, Figs. 5.3, 5.9, 5.12 & 5.19) demonstrate decreased 

abundances of N. frequens, while during the inferred cooler interval below, in M-10X and in Karlslunde- 

1, N. frequens is relatively high in abundance. These observations suggest that N. frequens preferred 

relatively cool surface waters. However, in Nana-1 XP below marker g, W. bamesiae is common where 

N. frequens is also common while in this interval in N-22X, W. bamesiae peaks occasionally where N. 

frequens is missing but is very common below marker h where N. frequens is missing. These latter 

observations appear to contradict the earlier suggestion. This inconsistent trend between these two 

species may, however, imply that N. frequens could tolerate surface water warming to a certain level, 

but preferred cooler waters.
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Intervals interpreted as demonstrating relatively high or low productivity do not correspond to 

intervals of particularly high or low relative abundance of N. frequens.

As N. frequens is an important subzonal marker species, its apparent absence from certain levels within 

the upper Maastrichtian, where it by definition should be present, questions its usage as a reliable 

marker species in the Danish North Sea. Outram (1999) also observed sporadic distribution of N. 

frequens in the Nana-1 XP well, and inferred that this pattern was a field-wide occurrence in the Nana 

Field (now known as the Halfdan Field).

4.2.4.3 The K/T boundary 

Danish Central Graben

The K/T boundary in the Central Graben wells studied here is a regional unconformity marked by a 

distinctive hardground developed in the upper 2-4  ft of the Tor Formation. In most sections, there 

is a clear upward transition from bioturbated porous fine-grained chalks of the upper Tor Formation 

to well-cemented, locally glauconitised chalks with a composite biogenic fabric; the genetic and 

lithostratigraphic boundary, inferred to be coincident with the K/T boundary, is placed at the 

irregular upper surface of this hardground where draped by argillaceous chalk facies typical of the 

Danian Ekofisk Formation. As discussed by Ineson (2004), the association of complex cross

cutting Thalassinoides networks, the cemented and bored upper layer and the irregular, pitted, 

glauconite-impregnated upper surface are indicative of a mature, evolved hardground surface, 

recording a protracted period of non-sedimentation at the sea floor. The occurrence of mixed Late 

Maastrichtian and early Danian faunal and floral assemblages within the upper few feet (the “mixed 

interval”) beneath the hardground surface suggests that the burrow systems remained open into 

Danian time, thus accumulating complex multi-generational fills.

The hardground is overlain by Early Danian chalks of the Ekofisk Formation; nannofossil 

assemblages are indicative of subzone NNTp2D and younger, suggesting a hiatus spanning earliest 

Danian subzones NNTp1A-2C (in the N-22X well) and NNTp1A-2D (M-10X, E-5X, Nana-1XP). This 

supports findings of many previous authors who reported that the earliest Danian interval is thin or 

missing (Perch-Nielsen 1972, 1979b, 1985; Charnock etal. 1985; van Heck & Prins 1987; Varol 1989a; 

Girgis 1993; Outram 1999 and Harrison 1999).
Limited suggestions as to the cause of this hardground are available. A gradual shallowing of water 

depth towards the top of the late Maastrichtian of the Danish Central Graben (as suggested by an 

increase in benthic foraminifera, upwards) was probably caused by halokinesis, perhaps explaining 

missing sections on structural highs (Lieberkind et al. 1982). The differing duration of hiatuses from field
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to field may be explained by the differences in the periods of halokinetic activity (Hakansson & Hansen 

1979). Localised inversion has also been suggested as a causal mechanism for hardground formation 

(Hakansson & Hansen 1979). These two hypotheses are probably of relevance as the cored sections 

from the Central Graben of this study were drilled on structural highs, due either to halokinesis or mild 

inversion. However, more complete sections may be preserved in depocentres.

Such a structural scenario was applicable throughout the late Maastrichtian, however, without 

significant hardground development, indicating that other explanations must be sought. Clearly, these 

structural highs were affected by currents/wave action that were sufficiently energetic to prevent 

sediment accumulation and enabling establishment of hardground surfaces that remained exposed at 

the sea floor for at least several hundred thousand years. At the beginning of the Danian, the Central 

Graben was a fairly narrow strait (Thomsen 1995), this palaeogeographic scenario may have enhanced 

current activity in this region during the early Danian sea-level lowstand.

Hancock (1993) suggested a rapid fall in eustatic sea level at the end of the Cretaceous, causing the 

cessation of chalk deposition in many areas. In addition, another sea-level fall is recorded at the top of 

the Cerithium Limestone (Surlyk (1997) in the lower Danian of the Danish Basin (see Geological Setting 

Chapter, Fig. 3.6 and discussion in section 3.2.2). The complex hardground seen in the Central Graben 

wells at the top of the Maastrichtian is perhaps a composite surface produced by the effects of both 

these events (Jon Ineson, personal communication, 2006).

Erosion surfaces, condensed Danian sections and non-deposition have also been noted at the K/T 

boundary level in the chalk fields of southern Norway (Kennedy 1987; Sikora etal. 1999).

Danish Basin

The three wells sampled over the K/T boundary in the Danish Basin (Solrod-2, Tuba-13 and Tune-1) 

are also characterised by an uppermost Maastrichtian hardground (see Figs in Appendices section), but 

Tn contrast to the Central Graben wells, using nannofossil biostratigraphy in the present study, they are 

conformably overlain by chalks of earliest Danian age (NNTplA). This supports the conclusions of 

Perch-Nielsen (1979b; c) who noted that onshore Denmark, complete sections are present from the 

base of the Danian (at the base of the Fish Clay).

However, she went on to remark that where the Fish Clay is absent, a hardground is often 

developed, with an accompanying hiatus. According to Stenestad (1976), the Fish Clay is absent in the 

Tuba-13 well, and Rasmussen & Sheldon (2004) indicated a hiatus spanning planktonic foraminifera 

Zones P0 and Pa (equivalent to NNTp1-2B). The limited planktonic foraminifera fauna at 29.95 m in the 

Solr0d-2 well comprises none of the marker species for the earliest Danian subzones, but does contain 

the biserial species H. globulosa. This species is known from the upper Maastrichtian chalk, but also 

from the Cerithium Limestone of Stevns Klint (Rasmussen et al. 2005) where the chalk is dated as 

Zone Pa. It is by inference that the earliest Danian of the Solrod-2 well is also dated as Zone Pa,
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suggesting an earliest Danian hiatus spanning Zone PO (Jan Rasmussen, personal communication, 

2006). It is therefore apparent that nannofossil and foraminifera biostratigraphic dating of the earliest 

Danian of Tuba-13 and Solrod-2 are not entirely in agreement.

However, it is puzzling as to why a more complete early Danian succesion might exist in the Danish 

Basin (supposedly shallower, with more energy with more probability of a hiatus) than in the Central 

Graben (deeper, therefore less likely to be affected by erosion and thus continued accumulation). In 

addition, as discussed for the Central Graben, Thomsen (1995) also indicates that the Danish Basin 

was reduced to a small narrow strait at the K/T boundary, inferring that, as in the Central Graben area, 

enhanced current activity (thus increased erosion) could have prevailed in this region during the early 

Danian lowstand.

4.2.4.4 Kjolby Gaard Marl

The Kjolby Gaard Marl, originally described as an approximately 35 cm thick grey-brown unit from 

within the ‘White Chalk’ in west Jylland, is recognised in the Tune-1, Tuba-13 and Solrod-2 wells from 

the Danish Basin (the interval was not sampled in the Karlslunde-1 well). A potential correlative marly 

unit has been located in this study in the M-10X, E-5X and Nana-1 XP wells (though not recognised in 

N-22X, although marl-filled Zoophycos burrows were observed at 7092.00', perhaps defining this 

stratigraphic marker bed, J. Ineson, personal communication, 2006) from the Danish Central Graben 

(Fig. 4.3).

M-10X E-5X Nana-1XP N-22X

6456.5 -6458.25' 

(17’, 5.18 m)

6833.00-6834.17' 

(13', 3.96 m)

77016.5' 

(11', 3.35 m)

Karlslunde-1 Tune-1 Tuba-13 Solrod-2

93.55-93.75 m 

(29.5’, 9 m)

ca. 38.5-39.5 m 

(59’, 18 m)

38 m—40 m 

(31’, 9.5 m)

Table 4ix Approximate thickness and depth below the K/T boundary (in brackets) of the Kjolby Gaard 

Marl

At the type locality, the marl lies about 11.5 m (37.72') below the top of the White Chalk (Troelsen 

1955). In the Tune-1, Solrod-2 and Tuba-13 wells the marl lies approximately 9.0 m (29.5’), 9.5 m (31’) 

and 18 m (59’) below the K/T boundary respectively (Table 4ix). In the Central Graben wells, the marly 

unit is found at approximately 17' (5.18 m) in M-10X, 13' (3.96 m) in E-5X and 11 (3.35 m) in Nana-
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1XP, below the K/T boundary. It therefore seems likely that the marl unit described from the offshore 

wells can be correlated to the Kjolby Gaard Marl equivalent identified in the onshore wells, therefore 

providing an additional lithostratigraphic correlative horizon.

The palaeoenvironmental significance of the Kjolby Gaard Marl is discussed in the Palaeoecology 

Chapter, section 5.5.
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4.2.4.5 Summary

A high resolution nannofossil biostratigraphic study has been undertaken on four upper Maastrichtian- 

Danian sections from the Central Graben and four from the Danish Basin, supplemented where 

possible by microfossil and palynological biostratigraphy. The quantitative nature of the study has 

resulted in a robust nannofossil biostratigraphic breakdown of the upper Maastrichtian-Danian of wells 

from both basins so that a reliable correlation can be made between the basins. Recognition of the 

Kjolby Gaard Marl in the Danish Basin wells, and its equivalent in the Central Graben, gives an 

additional correlation tool. Integrating cyclostratigraphic markers (Jon Ineson, personal communication, 

2006) with the nannofossil biostratigraphic breakdown, and carbon isotope stratigraphy of the offshore 

wells (Fig. 4.3), provides a multidisciplinary subdivision of the main hydrocarbon reservoirs of the upper 

Maastrichtian Chalk.

Further improvements in any similar future biostratigraphic study, could be made by closer sample 

spacing and by integrating all sections with foraminifera and palynological biostratigraphy and isotope 

analysis. In addition, more detailed correlations could be made if further wells were analysed. Of 

particular interest, would be a core study from a structurally low-lying area of the Danish Central 

Graben, where the early Danian hiatus might be reduced, or in fact absent. However, it is not likely that 

such a well would be cored, as most successful commercial hydrocarbon wells are drilled on the tops or 

flanks of structures, or as horizontal sections within the most productive reservoir zones.

Inter-field biostratigraphic studies rely initially on wellsite biostratigraphy, based mainly on 

ditch cuttings samples (often contaminated with cavings). Detailed biostratigraphic reservoir breakdown 

is executed once cores from the pilot hole and succeeding horizontal wells have been cut, allowing a 

more accurate, laboratory-based study to be made (cores are not susceptible to caving/contamination). 

A detailed and more refined biostratigraphic breakdown of the field, on which wells can be biosteered, 

can be developed as further wells are drilled. Additional disciplines are then incorporated to build a 

more reliable breakdown. For example, the study of Kristensen et al. (1995) used an integration of 

biostratigraphy, seismic interpretation and wireline log correlation to subdivide the Maastrichtian Chalk 

of the Dan Field. The palynological breakdown from the aforementioned study was later utilised in a 

regional study (Schioler et al. 1997), spanning two Danish chalk fields and correlating with the type 

Maastrichtian (ENCI Quarry, Holland), concluding that multidisciplinary breakdowns can be used on an 

intra-field (or regional) basis. Similarly, it is hoped that the high resolution nannofossil biostratigraphic 

breakdown presented here and the multidisciplinary subdivision of certain cored sections, allowing good 

correlation between the four separate geographic areas of the Danish Central Graben, may provide a 

sound basis for future regional correlation.
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5. Late Maastrichtian Nannofossil Palaeoecology

5.1 Introduction

The ever-increasing sophistication of exploration and production techniques concerning hydrocarbon 

fields necessitates parallel advances in the resolution and understanding of the stratigraphy, 

architecture and genesis of the chalk. Integration of palaeoecological data with seismic, 

sedimentological and geochemical data allows us to chart the changing palaeoclimatic and 

palaeoceanographic factors controlling pelagic carbonate production and accumulation through time 

and thus to better understand the genetic stratigraphy of the chalk succession. The aim of this chapter 

is to use nannofossils from the Danish Central Graben wells (see Geological Setting Chapter, Fig. 3.2), 

to unravel some of the palaeoceanographic changes that took place in the late Maastrichtian in the 

Danish North Sea. Similarly, assemblages from the onshore sections within the Danish Basin will be 

examined to assess the palaeoenvironmental signals from a contemporaneous shallower chalk setting. 

The palaeoenvironmental trends will then be compared in order to investigate whether the signals are 

of a regional or a local nature.

The nannofossil data are analysed using two approaches. Firstly, the data are considered 

quantitatively, analysing the relative shifts in key taxa with inferred environmental preferences.

Secondly, the dataset is analysed statistically to investigate whether such methods provide support or 

alternative interpretations.

In the final section of the chapter, the palaeoecological conclusions derived from nannofossil 

assemblage data in chalk cores from the offshore wells E-5X, M-10X, Nana-1XP and N-22X and 

onshore wells Tuba-13, Solrod-2, Karlslunde-1 and Tune-1 are, where possible, supplemented by, and 

integrated with, sedimentological, geochemical and other palaeontological information, so as to better 

constrain the palaeoenvironmental trends.

5.1.1 Palaeoenvironment

5.1.1.1 Late Cretaceous climate

It is generally accepted that a cooling (by as much as 6°C in the mid- to high southern latitudes 

(MacLeod etal. 2005) and 8°C in the South Atlantic (Li & Keller 1998)) took place from the Turonian 

through to the end of the Cretaceous. The Maastrichtian (6 Ma) as a whole, was a time of widespread 

decrease in temperatures. It was suggested by Li & Keller (1998) that the Maastrichtian cooling 

(surface water temperatures cooled from 21 °C in the early Maastrichtian to 13°C towards the K/T
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boundary) coincided with major sea-level regression and Antarctic build-up of ice. Sea surface 

temperatures for the early-mid Maastrichtian Arctic Ocean (80°N) have been estimated at 15°C 

(Jenkyns etal. 2004). These authors suggest an equator-to-pole temperature gradient of 15°C, 

suggesting low latitude sea surface temperatures of 30°C, and 17°C for the English Chalk.

A latest Maastrichtian, global short-term warming (duration of 0.5 Ma), probably caused by increased 

C02 due to the Deccan Trap volcanism, has been documented by Oberhansli & Keller (1995), Li &

Keller (1998), Stuben etal. (2003) and others. Li & Keller (1998) suggested a surface water 

temperature increase of 3-4°C in the South Atlantic and a subsequent cooling of 2-3°C lasting 100- 

200 Ka at the end of the Maastrichtian. In the northern latitudes, Schmitz et al. (1992) analysed stable 

isotopes and foraminifera and concluded that latest Maastrichtian (during deposition of the Grey 

Chalk) bottom water temperatures at Stevns Klint, Denmark, are thought to have decreased by 

1.5°C and by a further 3°C at the boundary while surface water temperatures remained constant. 

Keller et al. (1993) inferred a terminal Maastrichtian surface and bottom water cooling of 2°C in the 

northern high latitudes (Nye Klov, Denmark). These observations are supported by Hart et al. (2004) 

and Hart et al. (2005).

5.1.1.2 Danish Central Graben

The regional palaeoenvironmental evolution of the Danish Central Graben in the late Maastrichtian is 

discussed in general in the Geological Setting Chapter. Sea level was generally high in northern Europe 

during the Late Cretaceous, though a sea-level minimum was recorded in the late Maastrichtian 

(Hancock & Kauffman 1979; Haq etal. 1987).

To summarise, Scholle (1974) and Hakansson etal. (1974) suggested that north-west European 

Maastrichtian chalk deposition occurred at depths within the euphotic zone which has been estimated 

to extend down to about 150-200 m, based upon the general absence of algal grains and algal borings 

(Scholle 1977). At this time, the Danish Central Graben was distal to the coastline, approximately 400 

km (Surlyk et al. 2003), hence terrigenous input was minimal and the chalk ooze was mineralogically 

pure, comprising almost entirely coccolith mudstone. Though depths of chalk deposition are difficult to 

estimate, most European chalk is thought to have been deposited at depths of 100-600 m (Hancock 

1975) or 150-500 m (Scholle 1977). In the Central Graben, greater water depths (up to several 

thousands of metres) have been suggested (Tucker 1990), although several hundred metres (300-600 

m) is a widely accepted range (Kennedy 1987). In more marginal areas (e.g. the Danish Basin, see 

below) and on structurally elevated areas (Kennedy 1987), shallower water conditions may have 

existed. Over local structural highs (e.g. the Lindesnaes Ridge (Fig. 3.2)), water depths above wave 

base have been suggested based on Maastrichtian macrofossil data (Sikora et al. 1998; Farmer & 

Barkved 1999).
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Local sea-floor topography in the Danish Central Graben in the Maastrichtian was created by local 

tectonic inversion, in addition to diapirism of the underlying Zechstein salt (Bramwell etal. 1999). The 

pelagic chalks were deposited at a palaeolatitude of approximately 45°N (Smith et al. 1994).

5.1.1.3 Danish Basin

The local palaeoenvironmental evolution of the Danish Basin in the late Maastrichtian is discussed in 

more detail in the Geological Setting Chapter. Although situated within the same palaeolatitudinal belt 

as the Danish Central Graben, different tectonic and structural regimes (see Geological Setting 

Chapter) characterised the Danish Basin. The Danish Basin is thought to have been part of an 

extensive epicontinental sea covering much of northwestern Europe, but it probably represented a 

shallower depositional environment than the Danish Central Graben in the late Maastrichtian. The 

intracratonic Danish Basin was characterised by a faulted shallow-water inner shelf passing seaward 

via a gentle ramp into the basin (Surlyk 1997).

As an overview, the fine-grained Maastrichtian chalks of Denmark comprise coccolith and 

foraminifera-rich cool water carbonates which were deposited in basinal water depths never exceeding 

a few hundreds of metres (Surlyk & Hakansson 1999). Depositional depths became somewhat 

shallower in the Danian (Surlyk 1997). Hakansson et al. (1974) suggested that the regression at the 

close of the Maastrichtian (Hancock & Kauffman 1979) is recorded by an increase in benthic material at 

Stevns Klint and bryozoan chalk deposition (deposited around the lower limit of light penetration (i.e. 

around 150 m)). Refer to section 5.1.1.1 for trends in palaeo-temperature.

5.1.2 Ecology and biogeography of modern coccolithophores

As few, if any, Maastrichtian nannofossil species have living relatives, the following discussion is based 

upon interpretations by analogy with distantly related modern nannoplankton. Living coccolithophores 

are most diverse at low latitudes in warm, oligotrophic, mid-ocean environments, though flourish 

abundantly between 70°N and 70°S (Bown & Young 1998). It is assumed that fossil assemblages 

prefered similar conditions to extant nannoplankton and it is upon this assumption that this quantitative 

analysis of the nannofossil data is based. Coccolithophores depend on photosynthesis and thrive in the 

photic zone of the water column which varies in thickness from region to region but in general is from 

the surface to 150-200 m deep (Siesser 1993). Nannoplankton maximum concentration is found at 

around 50 m in the tropics and at 10—20 m in more temperate regions. This is perhaps due to many 

species preferring optimal sunlight intensity, rather than the maximum found in the surface waters 

(Siesser 1993).
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Changes in the surface water environment, e.g., changes in temperature, nutrients and to a lesser 

extent salinity, directly affect the organisms living in the photic zone. Water depth and distance from the 

shore therefore also affects nannoplankton assemblages, with some groups preferring oceanic settings 

while other groups thrive close to the shore. Oceanic assemblages fluctuate as a result of changing 

nutrient levels due to upwelling and deep water circulation. In coastal shelfal polar or upwelling areas, 

nutrients are abundant and pulsed, and high abundances and low diversity of R-selected (opportunistic) 

taxa are found. These can occur in bloom abundances when nutrient levels are particularly high (Lees 

2002). In contrast, in relatively shallow regions, shelfal taxa react to changes in nutrient input from 

continental runoff (Lees 2002), from fresh water input, but also to a certain degree from mixing of the 

water column due to changes in wind strength. Present ocean gyre centres (subtropical) are 

characterised by a stratified water column and relatively stable climatic conditions. Surface waters are 

poor in nutrients and nannofossil abundance is low; K-selected (specialised) taxa prefer these waters. 

The distribution of certain living taxa is dependent on particular nutrient concentrations i.e. 

macronutrients N and P, and micronutrients Fe, Cd, Zn, and Mn (Lees 2002).

In addition, nannoplankton is also influenced by latitude (temperature). In the northern 

hemisphere, for example, Campanian and Maastrichtian assemblages are often referred to the 

boreal’ or ‘tethyan’ realm, depending on their palaeolatitudinal distributions (Burnett 1998).

Terminology

Terms used in this study are briefly described below. Regarding nannoplankton reaction to nutrient 

availability, the terms ‘productivity’ and ‘fertility’ have been used inter-changeably throughout the study.

It is noted that these terms are not an indication of coccolith production rates, but rather that ‘increased 

productivity’ and ‘increased fertility’ are indicative of increased nutrient availablility.

The terms ‘cool water’ and ‘warm water’ are relative, and apply to a ‘boreal’, mid-high latitude 

(45°N) setting with occasional incursions of slight warming influence, perhaps from the ‘tethyan’ 

regions.

The use of ‘shallow water’ and ‘deep water1 is also relative. The Central Graben study area was 

around 300 km from the coast, in a mid-shelf region, so water depths were still significant and clearly 

below wave base. Use of the term ‘shallow water’ throughout this thesis, reflects a shelfal position 

rather than an oceanic setting and it should be stressed that the Central Graben, in particular, 

represents a distal, basin centre setting. Chalk deposition in depths of 300—600 m is suggested for the 

Central Graben, and slightly shallower (though still up to several hundred metres) for the Danish Basin 

(a shallow marine inner shelf). Any increased ‘oceanic’ influence, as seen by nannoplankton, or other 

proxies, may be described as a relative ‘deepening’.
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In this study, quantitative nannofossil abundance (counts of 300 specimens or more) has been 

undertaken, using the generalisations below. The use of ‘high’ and ‘low’ abundance in this study is 

relative.

Rare = 1 

Few = 2-20 

Common = 21-50 

Abundant = 51-100 

Dominant = >100

5.1.3 Cretaceous nannoplankton palaeoecology

Our understanding of Cretaceous nannofossil palaeoecology is mainly based upon studies of mid- 

Cretaceous sections (e.g. Roth 1981; Roth & Bowdler 1981; Roth & Krumbach 1986; Erba 1992). 

Relatively few nannoplankton palaeoecological studies have been carried out specifically on the upper 

Maastrichtian (Lees 2002) and a large proportion of the literature concerning this time period 

concentrates on high southern latitudes.

Worsley & Martini (1970) first recognised the significance of certain nannofossil species that shared 

latitudinal preferences, when they described Nephrolithus frequens as a ‘boreal’ late Maastrichtian 

marker species that became rarer towards the equator. Thierstein (1976) described the 

palaeoecological preferences of species apparently endemic to the Indian Ocean (many of these 

species are now known to be found in the northern high latitudes) and went on to describe global 

nannofossil palaeoecological patterns from the Late Campanian -  Danian (Thierstein 1981).

Girgis (1989) described the possible palaeoecological significance of morphometric trends in 

Arkhangelskiella cymbifomnis from Egypt and suggested that fluctuation in size variation was due to 

stressed conditions before the K/T event. Girgis (1989) documented a decrease in abundance of A. 

cymbiformis and inferred a cooling in the latest Maastrichtian, although Gardin (2002) refuted this and 

suggested that the species was in fact reacting to productivity changes.

Another species that is considered as a surface water temperature indicator is Watznaueria 

bamesiae. This species was cosmopolitan for much of the Jurassic (Bown & Cooper 1998) and 

Cretaceous (Huber & Watkins, 1992), but a withdrawal from higher latitudes in the Southern Ocean in 

the Upper Cretaceous was interpreted as a response to cooling (Huber & Watkins 1992). It may be that 

the ecological preferences of this species had changed by the Late Cretaceous.

Pospichal & Wise (1990) described near-shore nannofloras from the southern hemisphere high 

latitudes, which can to some extent be compared to those of the northern hemisphere high latitudes.
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They also indicated that surface water temperature might influence certain species and described how 

N. frequens (a cold water species) migrated towards lower latitudes in the Maastrichtian. Mutterlose 

(1989) described ‘tethyan’ species which migrated to the higher northern latitudes in the Aptian. Lees 

(2002) presented a comprehensive study of Late Cretaceous Indian Ocean nannofossils, and used 

species distributions through a number of time-slices to infer global climate shifts. All these authors 

concluded that it is possible to show that geographical preferences of some Cretaceous nannofossils 

were to some extent dependent on surface water temperature. Lees (2002) also inferred that 

comparison of floras from the ‘boreal’ and ‘austral’ realms of both hemispheres can be made.

Local to the study area, nannofloras from the K/T boundary in Denmark were described by Perch- 

Nielsen (1979b, c), van Heck & Prins (1987) and Thomsen (1995). Later, Mortimer (1987), Network 

Stratigraphic (in: Fritsen etal. 1999) and Lottaroli & Catrullo (2000), discussed the upper Maastrichtian 

- Danian in the southern Norwegian and Danish North Sea in Upper Cretaceous biostratigraphic 

studies, while Bergen & Sikora (1998) discussed the evidence for Late Cretaceous warming in the 

North Sea.

For the Cretaceous as a whole, there is a large amount of research into nannofossils as indicators of 

productivity. Roth (1981) described the palaeoecological preferences of nannofossil assemblages from 

the mid-Cretaceous black shales of the central Pacific, and Roth & Bowdler (1981) and Roth &

Krumbach (1986) went on to describe mid-Cretaceous nannoplankton biogeography of the Atlantic and 

Indian Oceans, including organic-rich sediments. These authors concluded that nutrient-rich surface 

waters (due to upwelling) resulted in high abundances of Biscutum constans and Zygodiscus spp. (now 

Zeugrhabdotus spp.).

Watkins (1989) applied the Biscutum and Zeugrhabdotus indices to cyclic Upper Cretaceous 

sediments of the Greenhorn Limestone (USA), and concluded that, alongside measures of diversity, 

these taxa could be used to interpret surface water productivity fluctuations. Erba (1992) similarly 

applied these high fertility indicators in mid-Cretaceous sections from the western Pacific. These 

authors concluded that the shift from oligotrophic to eutrophic environments due to increased nutrient 

flux is indicated by assemblages with low species richness and diversity, dominated by Biscutum spp., 

Discorhabdus spp. and Zeugrhabdotus spp. (e.g. Watkins 1989; Erba 1992). However, Lees et al.

(2005) suggested that factors additional to nutrient variation, i.e. temperature or water depth, probably 

also had an effect on the distribution of Biscutum spp. and Zeugrhabdotus spp.

Thomsen (1989a, b), described nannofloral assemblages of probable annual single pale and dark 

laminae in the ‘boreal’ Lower Cretaceous (Barremian) and interpreted short ‘blooms’ of monospecific or 

near-monospecific assemblages, concluding that these represented seasonal variations in the 

production rate of calcareous nannofossils.
Eshet etal. (1992) and Eshet & Almogi-Labin (1996), developed nannofossil palaeoproductivity 

proxies in the Upper Cretaceous and at the K/T level in Israel by comparing abundance patterns with 

those of dinoflagellates, benthic and planktonic foraminifera and geochemistry (total organic matter).
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They concluded that assemblages characterised by low nannofossil abundance and species diversity 

with Biscutum spp. could be used to identify periods of increased productivity whereas assemblages 

characterised by high abundance and diversity, primarily including Eiffellithus turriseiffelii and 

Prediscosphaera cretacea, indicate oligotrophic conditions (low primary productivity). It was also 

inferred that high abundances of Micula decussata in the Israeli sections were due to harsh, stressed 

conditions towards the K/T boundary. Gardin (2002) described nannofossil assemblages across the K/T 

boundary in Tunisia and concluded that changes in abundance of A. cymbiformis were due to 

productivity changes. However, many authors describe palaeoecological trends in nannofossils from 

the ‘tethyan’ realm, and although some of the same species occur in the ‘boreal’ realm, 

palaeoecological patterns may be expected to differ between these realms (Girgis 1989).

Recently Friedrich et al. (2005) described records of palaeoproductivity in the late Campanian -  

early Maastrichtian North German Basin based upon nannofossil and microfossil assemblages and 

stable isotope data and indicated that Prediscosphaera stoveri and Lithraphidites spp. are high 

productivity indicators and that Eiffellithus spp. and Microrhabdulus spp. are indicative of low surface 

water productivity.

In some cases, where nannoplankton were adversely effected by perturbations in surface water 

conditions (i.e. under ‘stressed’ conditions), virtually monospecific assemblages of other microfossils 

occurred. Following the K/T boundary, Thoracosphaera spp., a calcareous dinoflagellate cyst, thrived 

fora relatively short period until nannoplankton species began to recover (Perch-Nielsen 1985b;

Mortimer 1987; Eshet etal. 1992, Bown 2005).

5.1.4 Nannofossils used as palaeoenvironmental proxies in this study.

Boreal’ chalk assemblages, deposited in cool, shelf environments have high percentages of taxa that 

reflect these conditions. Lucianorhabdus cayeuxii and Kamptnerius magnificus (the high latitude 

distribution of which suggested to Thierstein (1976) that they prefered cooler water) have been 

interpreted as marginal (Thierstein 1976, 1981; Perch-Nielsen 1979a) and high latitude taxa (Roth 

1973; Thierstein 1976, 1981; Perch-Nielsen 1979a; Pospichal & Wise 1990; Shafik 1978, 1990; Lees 

2002), while A. cymbiformis has been suggested to be a near-shore indicator (Perch-Nielsen 1979a). P. 

stoveri and M. decussata (Micula staurophora of some workers) are indicative of cooler water 

(Thierstein 1976, 1981; Jiang & Gartner 1986; Pospichal 1996), although M. decussata (a nannolith 

rather than a coccolith), has also been suggested to be an indicator of deeper water conditions (Lees 

2002; K. Cooper, personal communication, 2004) or of low productivity (Thibault & Gardin, submitted).

It is a highly solution resistant taxon (Thierstein 1976, 1981) but its palaeoenvironmental preferences 

are uncertain (Lees etal. 2005). The high latitude distribution of N. frequens (Worsley & Martini 1970, 

Worsley 1974, Thierstein 1976, 1981; Perch-Nieslen 1979a; Shafik 1990) indicates that this species
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preferred cooler water. Other presumed high latitude indicators include Ahmuellerella octoradiata 

(Thierstein 1976, 1981; Siesser 1982; Lees 2002) and Gartnerago spp. (Thierstein 1976; Gardin 2001).

Though the surface waters were thought to have been generally cool in this part of the Maastrichtian 

(a decrease by as much as 6°C from the Turonian to the K/T boundary in the mid- to high southern 

latitudes, and 8°C in the South Atlantic (MacLeod et al. 2005; Li & Keller 1998); temperatures in the 

early-mid Maastrichtian Arctic Ocean estimated at 15°C (Jenkyns et al. 2004)) possible short but 

significant warming events are indicated by slight increases in W. bamesiae.

This species was generally cosmopolitan (r-selected) and reproduced rapidly in response to nutrient 

increase (Lees etal. 2004; Lees etal. 2005; Lees etal. in press). Other authors, e.g. Roth & Krumbach 

(1986), suggest it is an oligotrophic indicator. W. bamesiae retreated from high latitudes in the 

Campanian-Maastrichtian as its minimum temperature tolerance was reached (Lees et al. 2005), but is 

thought to have re-populated high latitudes briefly during the late Maastrichtian, apparently in response 

to warmer temperatures (Bukry 1973a; Huber & Watkins 1992; Watkins 1992; Lees 2002). Interpreted 

as an oceanic species, W. bamesiae, is also solution resistant (Thierstein 1980, 1981; Roth & Bowdler 

1981; Roth & Krumbach 1986). The fact that it is highly solution resistant has often led to its use as an 

indicator of poor preservation in assemblages with low species diversity (Thierstein 1980), although it 

should be noted that Thomsen (1989), Lees et al. 2004 and Lees et al. (in press) recorded pristine 

laminae rich in this species, suggesting that low diversity assemblages rich in W. bamesiae may not be 

preservational artefacts.

Various species of Biscutum have been described as indicators of high surface water 

productivity/increase in nutrients (Roth 1981; Roth & Bowdler 1981; Roth & Krumbach 1986; Watkins 

1989; Erba 1992), although Lees et al. (2005) stressed the importance of not ‘grouping’ these species 

together indiscriminately to infer that all species indicate the same palaeoenvironmental parameters. 

Watkins (1989), Eshet etal. (1992), Eshet & Almogi-Labin (1996) and Gardin (2002) suggested that D. 

ignotus is indicative of high nutrient conditions. Certain species of Zygodiscus / Zeugrhabdotus were 

suggested to be high fertility indicators in the mid- and Upper Cretaceous (Roth 1981; Roth & Bowdler 

1981; Roth & Krumbach 1986; Watkins 1989; Erba 1992). E. turriseiffelii and P. cretacea (Friedrich et 

al. 2005) in high abundance, high diversity assemblages are suggested to infer relatively low trophic 

levels. The inclusion of Placozygus cf. P. fibuliformis in this study as a possible high fertility proxy rests 

on the assumption that Placozygus is related to Zeugrhabdotus. Biscutum spp. is used as an indicator 

of possible nutrient increase where it increases in abundance parallel to increases in other high fertility 

taxa.

The palaeoenvironmental preferences of M. decussata are still uncertain (Lees et al. 2005), though 

several interpretations have been suggested. This species is a highly solution-resistant taxon 

(Thierstein 1976, 1981) and when recorded in abundance in low diversity assemblages may be an 

indicator of poor preservation, but Thibault & Gardin (submitted) suggest that it may also provide a 

palaeoecological signal. Some workers have suggested that M. decussata may be indicative of cooler
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water (Thierstein 1976, 1981; Pospichal 1996). Conversely it has been suggested that it preferred 

warmer waters; thus, Thierstein (1981) and Shafik (1990) inferred that it favoured subtropical to 

intermediate waters, though not at high latitudes. Lees (2002), however, suggested that it displays 

higher abundances at high and low palaeolatitudes than at intermediate latitudes, although is generally 

cosmopolitan. This disparity of views would suggest that temperature is not the dominant 

palaeoecological factor affecting this species. Eshet et al. (2002) and Eshet & Almogi Labin (1996) 

demonstrated that M. decussata increases in abundance, dominating assemblages just before the K/T 

boundary and reflecting harsh conditions. Agreeing with this theory, Tantawy (2003) recently reported 

that assemblages with a high abundance of M. decussata co-occurred with foraminiferal assemblages 

dominated by the ‘disaster’ species Guembelitria cretacea and small Heterohelix species (see also 

Keller etal. 2002). Keller etal. (2002) examined 513C isotopes from planktonic foraminifera and 

concluded that negative shifts in the isotope curve were due to very low productivity, and that 

dominance of Guembelitria spp. (a high-stress indicator) supported that interpretation. Due to the co

occurrence of Guembelitria spp. and M. decussata, Tantawy (2003) suggested that M. decussata is 

also a proxy for low productivity and high stress environments. Thibault & Gardin (submitted) agree with 

these findings and add that unfavorable environmental conditions before the K/T boundary, were 

probably caused by a strong warming event. However, Keller (2005) went on to describe ‘blooms’ of 

Guembelitria spp. as reliable proxies for environmental catastrophes, and suggested that this genus is 

indicative of high nutrient (eutrophic conditions).

The genera described by these authors as palaeoproductivity indicators are inferred in this study to 

represent the same signals, although by the late Maastrichtian, their ecological preferences may have 

changed as new species had evolved.
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5.2 Palaeoecological study of the upper Maastrichtian of the Central 
Graben and Danish Basin wells: a quantitative assessment

The present palaeoecological study is based upon several methods. The analysis presented in this 

section is based on quantitative nannofossil abundance counts (see distribution charts, Enclosures 1- 

8), and quantitative abundance plots (relative abundance given in % on Figs 5.3, 5.6, 5.9, 5.12, 5.15, 

5.17, 5.19 & 5.21).

A minimum of 300 specimens were counted in order to include relatively rare species. At a 

confidence level of 95%, 300 counts assure the presence of a taxon whose relative abundance was 1% 

in the total population (Thierstein et al. 1977). This method is also considered to be accurate enough for 

biostratigraphic subdivision and to yield a general palaeoecological signal (Fatela & Taborda 2002). The 

minimum count was not possible in certain exceptional cases, as described in the Introduction Chapter. 

Around stratigraphic boundaries and where a marker species ought to have been present, but did not 

appear within the initial 300 counts, further scans of the slide were made to determine whether or not 

the species was present. Shannon and Simpson indices calculated for each section give an indication 

of nannofossil diversity (Figs 5.1, 5.4, 5.7, 5.10, 5.13, 5.16, 5.18 & 5.20). The number of ‘fields of view’ 

(FOV) for each 300 counts were also noted to measure the approximate nannofossil abundance in the 

sample and to estimate preservation (see section 5.3, and Figs 5.2, 5.5, 5.8, 5.11 & 5.14a to d).

Simple relative abundance nannofossil data were collected from each well. The number of samples 

examined in each well is given in Table 5i.

Figs 5.3, 5.6, 5.9, 5.12, 5.15, 5.17, 5.19 & 5.21 show trends in nannofossil palaeoenvironmental 

indicator species. The indicator species are grouped as follows:

Cool water indicators (A. octoradiata, K. magnificus, N. frequens)

Warm water indicator (W. bamesiae)

High productivity indicators (Biscutum spp., Discorhabdus ignotus, Placozygus cf. P. fibuliformis)

Low productivity indicators (E. turriseiffelii, P. cretacea)

In addition, trends in M. decussata, L. cayeuxii (shallow water) and N. frequens (a cool water indicator) 

are shown and discussed separately.

In general, species richness yields information about the relative composition of two 

palaeocommunities if their sample sizes are similar and if their richness values are vastly different. 

However, richness tells us little about the actual structure of the palaeocommunity, as it contains no 

information about dominance (D.K. Watkins, personal communication, 2004).

Most communities have a few species that are abundant, several that are intermediate, and many 

that are rare, leading to a log-normal distribution. The degree to which the abundance of the specimens 

is distributed evenly amongst the taxa is often referred to as dominance.
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The Shannon diversity index includes evenness (a measure of relative dominance) and species 

richness (the number of different species in a community). The Shannon diversity (H) is calculated as

H = -sum ( (n/n) In (n /n ))

and is a positive value. Larger values of the Shannon Index indicate a greater evenness between the 

species, while lower numbers indicate dominance by one or few of the species. Palaeoecologically, 

higher relative Shannon numbers can be indicative of lower nutrient environments (oligotrophic), while 

lower relative Shannon numbers can be more typical of environments of high fertility or samples with a 

diagenetic overprint (D. Watkins, personal communication, 2004). Values in this study are relative 

values, no comparative values are known for the Upper Cretaceous (J. Lees, personal communication, 

2006).

The Simpson diversity index (1-dominance) measures 'evenness' of the community from 0 to 1 and 

is calculated as

D = sum ( (n/n)2) where nj is number of individuals of taxon i.

The Simpson diversity index (D) is a measure of diversity. In palaeoecology, it is often used to quantify 

the biodiversity of a habitat. It takes into account the number of species present, as well as the 

abundance of each species. Simpson diversities are also relative in this study.

The excel dataset (Enclosures 15a-d) used for Correspondence analysis was transferred to the 

PAST program, the ‘diversity indices’ option was run and the ‘Shannon-H’ or the ‘Simpson 1-D’ option 

selected. The data was transferred back to excel curves showing ‘samples’ vs the Shannon index, and 

samples’ vs the Simpson index were formed (Figs 5.1, 5.4, 5.7, 5.10, 5.13, 5.16, 5.18 & 5.20). Species 

richness of each sample is recorded on the distribution charts (Enclosures 1-8). The diversity indices 

and species richness are discussed in detail in sections 5.2.1 and 5.2.2.

Following a description of nannofossil trends of each well, and palaeoecological interpretations 

based on these, the interpretations are supplemented by, and integrated with, information from other 

disciplines (sedimentological description, 5C13 isotope data, electrical log information and palynological 

and/or micropalaeontological data).

A multidisciplinary palaeoecological resume using observations from the palynological, 

micropalaeontological, nannopalaeontological, carbon isotope and sedimentological studies of M-10X 

and E-5X has been presented in Ineson et al. (2004b) and is discussed in the present chapter (sections 

5.2.1.5 & 5.2.2.5).
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M-10X E-5X Nana-1XP N-22X Tuba-13 Solrod-2 Karlslunde-1 Tune-1

Danian 7 6 26 9 3 3 - 5

mixed 3 3 3 3 - - - -

Maastrichtian 92 52 81 85 18 15 28 14

Total 102 61 110 97 21 18 28 19

Table 5/ Number of samples in each well



5.2.1 Danish Central Graben palaeoecology

In this section, changes in nannofossil assemblages (seen on distribution charts (Enclosures 1-4) and 

Figs 5.3, 5.6, 5.9, 5.12) are described from the base of each cored succession to the K/T boundary. 

Although radical changes are not observed, variations in the pelagic system are illustrated by 

fluctuations in the nannoplankton assemblages as discussed for each well, with different species 

becoming more or less dominant depending on changing palaeoenvironmental conditions. 

Palaeoecological interpretations are then presented for each well. In order to facilitate description and 

comparison between wells, the wells have been subdivided into workable units, using the 

cyclostratigraphic markers described in the Stratigraphy Chapter. The ‘units’ used in this section are:

i) base of core to marker f

ii) marker f to marker d

iii) marker d to marker b

iv) marker b to the K/T boundary

A summary of the Maastrichtian palaeoecological trends is given for each well followed by a general 

discussion of late Maastrichtian palaeoecological/palaeoenvironmental evolution based on the 

nannofossil data in the context of the multidisciplinary dataset (other biostratigraphic disciplines, 

isotopes, sedimentology) that is available for certain of the Central Graben wells.
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5.2.1.1 M-10X

The Maastrichtian species richness for the well is 11-24 (mean 19.97) and is fairly constant throughout 

the well, apart from at the hardground level at the K/T boundary (see distribution chart, Enclosure 1). 

Shannon diversity values are relatively constant, generally plotting between 2.0 and 2.5, occasionally 

falling below 2.0 (Fig. 5.1). Simpson diversity values match this trend (Fig. 5.1), with values mainly 

falling between 0.8 and 0.9, occasionally below 0.8. The number of fields of view (FOV) per 

approximately 300 nannofossil counts is also used as a measure of nannofossil abundance, and to 

some extent preservation (Fig. 5.2). The average (mean) FOV for M-10X is 36.3 with values as low as 

19 and as high as 70. Deviations from the average values, and differences in average values from well 

to well, are discussed in section 5.3.

Base to marker f (6655.58'-6632.00')

Palaeoecological observations

As can be seen on the distribution chart (Enclosure 1), the relative abundance of M. decussata 

decreases from the base of the cored section (6655.58') to just above marker f (6629.33'). The species 

L. cayeuxii, K. magnificus, E. turriseiffelii, Cribrosphaerella ehrenbergii and Chiastozygus amphipons 

show constant values. Placozygus cf. P. fibuliformis increases to marker f and Biscutum spp. are 

relatively common. P. stoveri shows a peak in the lowest sample and then is relatively low in 

abundance and stable to marker f. W. bamesiae is relatively high in abundance in this interval (around 

1%, Fig. 5.3).

Palaeoecological interpretation

Within this interval, while the relative proportions of most species in this high diversity assemblage 

remain fairly stable, the species indicative of high productivity fluctuate but are relatively high in 

abundance above 6647.00' (up to 11%) (Fig. 5.3). P. cretacea and E. turriseiffelii are thought to reflect 

low productivity; these show relatively high abundance within the same interval. These contradictory 

patterns can possibly be interpreted as indicating slight variation in nutrient input, with each species 

reacting to different levels of input or different nutrients. The relatively high abundance of W. bamesiae 

and relatively low abundances of cool water indicators (Fig. 5.3) within this interval possibly indicate a 

slight warming of the surface waters. The peak in P. stoveri in the lowest sample may indicate cool 

water but the relatively high abundance of W. bamesiae suggests a slight warming. Perhaps these two 

species were both reacting to temperature, but had different tolerance levels, or inhabited different 

levels within a thermally stratified photic zone. Overall the interval is interpreted as indicating relatively 

high productivity, perhaps associated with minor warming (see Fig. 5.3).
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Markers f-d (6632.00'-6563.OPT

Palaeoecological observations

M. decussata shows a minor peak (22%) halfway between markers f and e, coinciding with low 

numbers of L. cayeuxii. Around marker d (6568.25'—6563.41') M. decussata increases from previous 

levels of around 1% to 25%. From markers f to e, L. cayeuxii levels remain relatively stable (around 

10%). Between markers e and d, L. cayeuxii and A. cymbiformis are abundant to dominant in the 

studied offshore wells. They dominate (up to 36%) towards marker d (between 6579.83'-6571.17') 

coinciding with a low abundance of M. decussata. K. magnificus is common and shows stable 

abundances from markers f to e, with slightly lower and stable abundances from markers e to d, 

alhough an overall decrease in the cool water indicators (from around 11% to 3%) can be seen from 
markers f to d on Fig. 5.3.

The low productivity indicators are relatively low in abundance (7-14%) between markers f and e, but 

are higher in abundance (22-33%) in the interval e to d. The high productivity indicators fluctuate (but 

remain fairly high in relative abudance) from markers f to e and decrease from e to d. They peak (13%) 

halfway from f to e (6616.25') and halfway from e to d (at 6582.58'). P. stoveri peaks halfway from 

markers f to e (at 6619.00') and up towards e (6604.92'-6601.58'), otherwise remains stable from 

markers f to e and low from e to d.

W. bamesiae is very low in abundance in this interval (0.26%) apart from a minor peak just above 

marker f (1 % at 6626.41').

Palaeoecological interpretation

The overall pattern demonstrated by L. cayeuxii suggests a relative stillstand of sea level followed by 

shallowing immediately beneath marker d, with maximum values of L. cayeuxii at around 6572.00' (Fig.

5.3). The shallowing corresponds with a low abundance of M. decussata. It is interesting to note the 

.changing relative abundance of M. decussata in relation to this composite L. cayeuxii peak. M. 

decussata levels remain low as L. cayeuxii increase upwards to the peak at around 6572.00'. As L. 

cayeuxii abundances decline upwards, suggestive of slight deepening, the relative abundance of M. 

decussata increases. This inverse relationship may indicate that M. decussata, under certain 

circumstances, may provide a ‘deepening’ signal.

Around marker d (6568.25'-6563.41'), L. cayeuxii decreases in abundance, implying a slight 

deepening at this point. This corresponds with an increase in M. decussata and an increase in the high 

productivity markers.
The high productivity indicators (Fig. 5.3) are difficult to interpret as the three indicator species do 

not demonstrate the same patterns. Productivity levels appear stable between markers f and e, but 

decrease from markers e to d (Fig. 5.3), coinciding broadly with the shallowing signal discussed above.
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This interval is interpreted to be indicative of a relatively cool (stable K. magnificus, low W. 

bamesiae), environment with slight productivity perturbations. A shallowing from e towards marker d, 

followed by a minor deepening is indicated by the trend in L. cayeuxii and possibly M. decussata.

Markers d-b (6563.00'-6494.00 T

Palaeoecological observations

From a peak of 25% around the midpoint between markers d and c (6546.42'), M. decussata shows a 

decrease (to around 7%) towards marker b (Fig. 5.3). L. cayeuxii (up to 28%) and A. cymbiformis 

increase in the upper levels of this interval demonstrating opposing trends to M. decussata. K. 

j magnificus is relatively high in abundance (over 10%) in this interval.

| The relative abundance of E. turriseiffelii decreases from marker d to marker c (6539.92') and then 

increases again to marker b, while P. cretacea fluctuates. Biscutum spp. peaks around the d marker 

(6557.58'). Placozygus cf. P. fibuliformis is fairly high in abundance from the d marker to halfway 

between d and c and then decreases towards the b marker. P. stoveri peaks just above marker d 

(6557.58') then occurs at constant levels up to marker b.

W. bamesiae is low in abundance throughout this interval, (generally less than 1%, though 

reaching 1% above and below the c marker). Octocyclus reinhardtii and Cribrosphaerella daniae 

demonstrate simultaneous peaks just below the b marker (6497.33').

Palaeoecological interpretations 

\ The patterns shown by L. cayeuxii (and A. cymbiformis) indicate a shallowing upwards trend between 

i markers c and b (Fig. 5.3). Low abundances of M. decussata coincide with the high abundances of L. 

cayeuxii, possibly also reacting to the inferred shallowing.

The trends in high productivity indicators (Fig. 5.3) demonstrate a peak around marker d 

(6557.58') where Biscutum spp. increases dramatically and the high productivity group reach 10%, 

compared with less than 1% previously. The rest of the interval, as seen from the decrease in high 

productivity indicators (to levels of less than 2%) (Fig. 5.3), appears to demonstrate low productivity, 

although the relatively low abundances of low productivity indicators (4—11%, compared with previous 

values of over 20%) suggest this may not be the case.

Low W. bamesiae together with relatively high abundances of the cool water indicators (Fig. 5.3) 

indicate low surface water temperatures within this interval, perhaps with a slight warming above and 

below the c marker.
O. reinhardtii has been interpreted as being an oceanic indicator (Lees 2002), the peak in this 

species (at 6497.33') coincides with a fall in abundance of L. cayeuxii and A. cymbiformis (marginal 

I indicators), but M. decussata is very low in abundance at this point so this is only a tentative
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interpretation. As C. daniae peaks at the same level as 0. reinhardtii, it is possible this species could 

also tolerate the same environmental conditions.

Marker b-K/T boundary (6494.00'-6441.92T

Palaeoecological observations

An increase in W. bamesiae (from less than 1% to above 3%) is seen from above marker b (6483.83') 

to beneath the K/T boundary (6443.41'). This coincides, in part, with a decrease in P. stoveri. Only few 

specimens of K. magnificus (a cool water indicator) are noted within the interval where W. bamesiae 

increases.

M. decussata increases between markers b and a (from 2% to over 20%), but a large increase is 

seen from just below marker a (6460.00') where the species becomes dominant (up to 41%).

Coincident with the large increase in M. decussata above marker a, is a decrease in L. cayeuxii (the 

next-most dominant species) of the same magnitude (from 33% to less than 10%, Fig. 5.3), and also an 

increase in A. cymbiformis.

Also coinciding with the large increase in M. decussata is a decrease in P. stoveri and a small but 

notable increase in A. octoradiata from below marker a to the top of the section.

The high productivity indicators are stable and relatively low in abundance (generally less than 2%).

The low productivity indicators (Fig. 5.3) also show relatively low abundance (less than 10%), stable 

trends, but increase to 20% at around 6449.0', coinciding with a fall in abundance of M. decussata (Fig.

5.3).

A marly layer at approximately 6456.50'-6558.25', just above marker a, is considered to represent 

the Kjolby Gaard Marl equivalent. Relative to the chalk directly above and below, it is characterised by 

a large increase in M. decussata, and fairly high abundances (up to 1 %) in W. bamesiae.

A decrease in the relative abundance of W. bamesiae (to less than 1%), coinciding with a slight 

increase in the cool water indicators and the high productivity indicators, is seen just beneath (c. 7' 

"below) the K/T boundary.

Palaeoecological interpretations

The increase in W. bamesiae (Fig. 5.3) is suggestive of a slight warming of the surface waters during 

this period; the coincident decrease in the cool water indicator P. stoveri and the trend in cool water 

indicators on Fig. 5.3, add weight to this suggestion.
L. cayeuxii decreases by roughly the same magnitude as the relative increase in M. decussata, this 

could reflect a rise in sea level during this interval. It is also possible, however, that as one dominant 

species increases, the other decreases due to competition, or due to the closure effect in relative 

abundance data.
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Species richness (see distribution chart, Enclosure 1) remains high and stable (around 22) 

throughout the interval showing high abundances of M. decussata, suggesting that preservation is not a 

mechanism influencing the increase in numbers of this species in this well.

The overall trend indicated by the high productivity indicators (Fig. 5.3) suggests very low 

productivity during this interval, particularly above marker a. When the low productivity indicators (E. 

turriseiffelii and P. cretacea) are grouped together, a stable pattern is seen, from below marker b to 

above marker a (Fig. 5.3).

An indication of fairly warm surface waters, as reflected by relatively high levels of W. barnesiae 

(1%), is seen within the Kjolby Gaard Marl equivalent. A decrease in productivity is seen during this 

interval (Fig. 5.3). The increase in M. decussata around the Kjolby Gaard Marl equivalent coincides with 

a fall in species richness, indicating that its high abundance may be partly due to preservational 

parameters within the clay-rich facies. Clay-rich chalks often suffer greater pressure solution than clean 

chalks.

The decrease in abundance of W. bamesiae coinciding with an increase in the cool water indicators 

just beneath the K/T boundary (Fig. 5.3) may indicate a latest Maastrichtian cooling period. Coincident 

with this inferred cooling, a slight increase in relative abundance of the high productivity indicators infers 

increased productivity towards the top of the Maastrichtian section.

M-10X Summary of main trends

From the base of the cored section, the cool water indicators fluctuate at levels around 4% but 

occasionally peak at 12%. Between the d and b markers (from 6555.00'-6515.00') they are relatively 

higher in abundance, and from just above marker b to the top of the section they are low in abundance 

(Fig. 5.3). They increase slightly from around 6450.00' to the top of the section, corresponding with a 

decrease in W. bamesiae (Fig. 5.3). Towards the base and top of the cored section (Fig. 5.3), relatively 

high abundances of W. bamesiae correspond with the low abundances of cool water indicators. The 

lower part of the section is characterised by intervals of relatively high (though fluctuating) levels (up to 

13%) of the high productivity indicators (punctuated by low levels which correspond to high levels of the 

low productivity indicators). The upper part of the section demonstrates very low levels (generally less 

than 6%) of high productivity indicators. Levels of L. cayeuxii (a shallow marine indicator) peak just 

below marker d (around 6570.00'), decrease towards marker c (around 6540.00') and are abundant (up 

to 33%) thereafter (apart from above marker a where they fall to levels of generally less than 10%). M. 

decussata levels are high (25%) around marker d (around 6570.00') and again towards the top of the 

section (up to 44%), corresponding to the level of high W. bamesiae and low L. cayeuxii.

Shannon (Sh) and Simpson (Si) diversity indices fluctuate within this well (Fig. 5.1). At the base of 

the core, values are low (1.9 Sh, 0.78 Si) and increase around marker f (2.4 Sh, 0.87 Si) and remain 

relatively stable to above marker e. Below marker d they are particularly low from 6579.83 —6571.17
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(0.8 Sh, 0.74 Si) before levelling out to previous levels until around the c marker. Relatively lower 

values are seen from above the c marker to above the Kjolby Gaard Marl equivalent (2.0 Sh, 0.8 Si), 

with a low peak at 6499.00 (1.3 Sh, 0.67 Si) (Fig. 5.1). The Kjolby Gaard Marl equivalent also 

demonstrates relatively low levels (1.67 Sh, 0.71 Si). Beneath the K/T boundary, the diversity indices 
fall to levels of (1.3 Sh, 0.6 Si) at 6444.83'.

M-10X Summary of main interpretations

Nannofossil assemblage trends from the whole of the upper Maastrichtian cored interval indicate a 

relatively stable, cool, oligotrophic setting. Upon closer inspection (Fig. 5.3), it appears that the section 

is characterised by minor but potentially significant palaeoenvironmental shifts. Relatively high 

abundances of W. bamesiae towards the base and the top of the section may be interpreted as slight 

warming events, with an interval of relatively cool surface waters in between, as indicated by relatively 

high abundances of the cool water indicators (Fig. 5.3). A latest Maastrichtian cooling is suggested as 

seen by a relative decrease in W. bamesiae, coincident with a slight increase in productivity. The 

pattern demonstrated by the high productivity indicators shows potentially slightly higher levels of 

nutrient mixing in the lower part of the well, and an oligotrophic setting in the upper part. The pattern in 

L. cayeuxii indicates a general shallowing upwards trend from the base of the core to around marker a 

(around 6460.00'), perhaps punctuated by a shallowing below marker d (Fig. 5.3) then a slight 

deepening around marker d (6570.00'), and possibly above marker a. The increase in M. decussata 

towards the top of the section is probably not an indication of preservational problems (apart from close 

to the upper Maastrichtian hardground), as discussed further below. It is more likely due to some 

palaeoecological shift, perhaps an increase in temperature, as it coincides with the increase in W. 

bamesiae, or maybe due to a slight deepening at this point as it coincides with a notable decrease in L  

cayeuxii.

With the exception of the interval between the Kjolby Gaard Marl equivalent and the K/T boundary, 

the Shannon and Simpson diversity trends (Fig. 5.1) generally fluctuate between 2.0-2.5 and 0.8-0.9, 

respectively. At the base of the core, low Shannon and Simpson diversity values coincide with high 

relative abundances of M. decussata. The increase in values around marker f which remain relatively 

stable to above marker e are indicative of more stable, oligotrophic conditions where dominance by one 

particular species is not seen.
Below marker d, diversity and species richness values are particularly low, coinciding with high 

relative abundances of L. cayeuxii (indicative of relative sea-level fall). From this point to around the c 

marker, values even out to previous levels indicating stable surface water conditions once more.

Relatively low diversity values are seen from above the c marker to above the Kjolby Gaard Marl. 

From the c marker to the d marker, the low diversity values coincide with dominance of L. cayeuxii. A 

trough in diversity, abundance and species richness at 6499.00' (Figs 5.1 & 5.2 and distribution chart,
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Enclosure 1) roughly coincides with an interval containing two incipient hardgrounds (Ineson 2004); it 

might be expected that M. decussata would dominate the assemblage at this level (as it is a solutiuon 

resistant species), but L. cayeuxii is the dominant nannofossil species. From 6481.00' to the Kjolby 

Gaard Marl equivalent, low diversity values coincide with dominance of M. decussata. The Kjolby 

Gaard Marl equivalent also demonstrates relatively low diversity and species richness levels, due to the 

dominance of M. decussata. Beneath the K/T boundary, diversity and species richness values 

decrease, coinciding with relative high abundances of A. cymbiformis, P. cretacea and M. decussata.

In general, nannofossil assemblages in M-10X demonstrate a fairly stable, oligotrophic, cool (mid- 

high latitude) shelfal environment.
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5.2.1.2 E-5X

The Maastrichtian species richness for the well is 16-25 (mean 20.9) and is fairly constant throughout 

the well, apart from at the hardground level at the K/T boundary. Shannon diversity values are relatively 

constant, generally plotting between 2.3 and 2.5, occasionally falling below 2.3 (Fig. 5.4). Simpson 

diversity values match this trend (Fig. 5.4), with values mainly falling between 0.85 and 0.9. The 

number of fields of view (FOV) per approximately 300 nannofossil counts is also used as a measure of 

nannofossil abundance, and to some extent preservation (Fig. 5.5). The average (mean) FOV for E-5X 

is 26.56 with values as low as 10 and as high as 83. Deviations from the average values, and 

differences in average values from well to well, are discussed in section 5.3.

Base-markerd (6975.17'-6938.001

Palaeoecological observations

As can be seen on Fig. 5.6, from the bottom of the core to marker d, M. decussata is relatively low in 

abundance (around 10%), and L. cayeuxii is common to abundant but decreases from 23-7%. A. 

cymbiformis is also common to abundant. The cool water indicators are fairly low in relative abundance 

(5-13%) and fluctuate slightly from the base of the core to marker d.

E. turhseiffelii increases upwards in this interval. The high productivity indicators Placozygus cf. P. 

fibuliformis and Biscutum spp. peak at 10% and remain high in relative abundance through this interval, 

but fluctuate (Fig. 5.6). P. cretacea and E. turriseiffelii (low productivity indicators) fluctuate but remain 

fairly common (13-26%) throughout. P. stoveri is stable throughout this interval and W. bamesiae is 

rare (less than 0.3%).

Palaeoecological interpretation

Relative high abundances of L  cayeuxii beneath marker d suggest shelf-influenced surface waters (Fig. 

5.6). In general, productivity appears to be fairly high, apart from a ‘dip’ above the base of the section. 

However, low productivity indicators are also high in relative abundance in this interval. Rare W. 

bamesiae indicates cool surface waters.

Markers d-b (6938.00'-6865.001

Palaeoecological observations
Between markers d and b, the cool water indicators are relatively high in abundance (up to 14%).

E. turriseiffelii (a low productivity indicator) decreases from below marker d (6941.17 ) to below marker c 

(6910.25') and increases to marker b. Biscutum spp. is relatively frequent from the base of marker d to around c 

and decreases towards b (distribution chart, Enclosure 2). Placozygus cf. P. fibuliformis is fairly high in

197



Si
m

ps
on

 
1-D

 
Sh

an
no

n 
d

iv
er

si
ty

E-5X

e .£
3.0

2.5

1.0 -

0.5

o o
ro

O ouo o o
o\

o
of

o
ro

01 o
ON

Sample depth (m etres)

1.0 I?
0.9-

0.8 -

0.7

0.6 -

0.5-

0.4 -

0.3-

0.2 -

0 .1 -

o
COc*

OUO
O '

O
o\

ON 2o oo orsj

Sample depth  (m etres)

Fig. 5 .4  Shannon and Simpson diversity indices fo r the upper M aastrichtian o f  the E-5X well (data labels 

represent sample depths)

198

69
80



Fi
eld

s 
of 

vie
w 

pe
r 

30
0 

co
un

ts

E-5X  Nannofossil abundance
J
=5-5

K /T boundary k  2:

8 0 -

7 0 -

6 0 -

5 0 -

4 0 -

3 0 -

2 0 -

10-

oo
in 8 S 8 ro

co
CMm mmco

Depth (feet)

F/g. 5.5 E-5X nannofossil abundance (num ber o f  fields o f  view pe r ca. 3 0 0  counts, data labels represent 
sample depths)

199



200

Key:*1 Mixed interval 
*2 Kjolby Gaard Marl 
*3 Mixed interv I

W ell Nam e : E-5X Scale : 1:100
Chart date : 04 April 2006

Nannofossil distribution chart 
Emma Sheldon

NNTp3

Ekofisk NNTp2F-G

UC20d

Fig. 5.6 Percentage distribution o f upper Maastrichtian palaeoecological indicator nannofossils, E-5X well. It should be noted that the percentage scales for individual species/species 
groups are variable so as to illustrate changes in the relative proportions o f both dominant and subordinate members o f the nannofossil population. Grey areas indicate 
unassigned intervals.



abundance from the d marker, almost to the b marker (6889.33 ) where it decreases. P. stoveri peaks 

at marker d (6938.33 ), then is relatively stable up to marker c. It then increases and is abundant from 

6890.66' to just below the b marker. This high abundance of P. stoveri coincides with a relative fall in A. 

cymbiformis (distribution chart, Enclosure 2), from below marker c (6920.75') to just above marker c 

(6897.92 ). A. cymbiformis had previously been abundant, coinciding with a low abundance of P. 
stoveri.

Apart from a minor peak (1%) just below the c marker (6903.75'), W. bamesiae is rare throughout 

this interval.

Around marker d, M. decussata increases (from 3-13%) coinciding with very low abundances of L  

cayeuxii (3%) and A. cymbiformis. From the mid-point between markers d and c (6916.33'), M. 

decussata shows a slight decrease (15-2%) towards marker b, while L. cayeuxii increases in 

abundance (3-16%) above marker c.

Palaeoecoiogical interpretation

As can be seen on Fig. 5.6, the productivity indicators suggest that productivity levels remain fairly 

stable from markers d to b, though the low productivity indicators decrease from markers d to c, and the 

high productivity indicators remain relatively high in abundance until below marker b.

The decrease of A. cymbiformis (distribution chart, Enclosure 2) around marker d, and a slight 

increase in M. decussata roughly coincide with low abundance of L. cayeuxii (Fig. 5.6), which suggests 

a slight deepening.

The high abundance of P. stoveri from markers c to b (not seen in the other wells), could represent 

a relative fall in surface water temperature as it coincides with a similar trend in the cool water 

indicators K. magnificus and A. octoradiata (distribution chart, Enclosure 2) and almost complete 

absence of W. bamesiae (Fig. 5.6).

The increase in L. cayeuxii (1-16%) implies a shallowing upwards trend between markers c and b.

Marker b-K/T boundary (6865.00'-6820.00')

Palaeoecoiogical observations

M. decussata increases slightly (from 9-18%) from the top of the sample gap to around 6824.83'. L. 

cayeuxii remains stable and relatively low in abundance (less than 10%).

The high productivity indicators are low in abundance (from 6% to less than 1%) to the top of the 

section. The low productivity indicators are stable and relatively high (up to 15%) during most of this 

interval (Fig. 5.6).
W. bamesiae shows relatively high levels (1—2%) from the top of the sample gap to close to the top 

of the Maastrichtian section. Corresponding with the relatively high levels of W. bamesiae are low 

numbers of the cold water species L. cayeuxii, K. magnificus and C. ehrenbergii (the latter two species
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demonstrating their lowest levels in the well during this interval), but as seen on Fig. 5.6, the collective 

cool water indicators remain relatively stable in abundance, at 8-11%. P. stoveri is fairly common, 

particularly in one sample at 6827.92'.

A marly layer at 6833.00'-6834.18' is referred to the Kjolby Gaard Marl equivalent. Relative to the 

chalk directly above and below, it is characterised by a decrease in Placozygus cf. P. fibuliformis and A. 

octoradiata and an increase in M. decussata (to 18%).

The uppermost c. 3' of Cretaceous sediments show a decrease in abundance of W. bamesiae (from 

2to 0.27%) corresponding to an increase in the cool water indicators from 3 to 6% (see Fig. 5.6). This 

coincides with a drop in species richness and a large increase in M. decussata.

Palaeoecoiogical interpretation

The relatively low abundance of L. cayeuxii (associated with an increase in M. decussata) from the 

Kjolby Gaard Marl equivalent to the KIT boundary possibly suggests a slight deepening.

The high abundance of M. decussata immediately beneath the K/T boundary may be due to 

preservational effects connected with the upper Maastrichtian hardground (see discussion of Shannon 

and Simpson diversity indices in section 5.3), although it is notable that the high abundances (up to 

45%) below the hardground level do not coincide with a marked change in the species richness, 

indicating, that a palaeoenvironmental (surface water temperature or productivity) parameter may have 

affected this species during this interval.

A decrease in Placozygus cf. P. fibuliformis towards the Kjolby Gaard Marl equivalent and upwards, 

very low abundances of Biscutum spp. and relatively high abundances of the low productivity markers 

(see Fig. 5.6) suggest low, stable productivity levels during this interval.

From the sample gap to towards the top of the section, the relatively high abundance of W. 

bamesiae compared with the rest of the well indicates relatively warm surface waters. Supporting this 

are low numbers of the cold water species L. cayeuxii, K. magnificus (see distribution chart, Enclosure

2) and C. ehrenbergii. However the collective cool water indicators (Fig. 5.6) and P. stoveri show 

relatively high abundances during this interval. The three species (A/, frequens, A. octoradiata and K. 

magnificus) that are inferred to have been sensitive to temperature do not always demonstrate the 

same patterns, perhaps indicating that they had differing upper and lower temperature tolerances.

The fall in W. bamesiae and simultaneous increase in the cool water indicators (see Fig. 5.6) may 

indicate a cooling just before the K/T boundary although this could be masked by the preservational 

signal as seen by the high abundance of M. decussata. M. decussata is especially dominant over the 

uppermost 4' of the Maastrichtian section.
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E-5X Summary of main trends

In general, from the bottom of the cored section to below the b marker (around 6865.00'), the cool 

water indicators (K. magnificus, N. frequens and A. octoradiata) demonstrate relatively high (up to 14%) 

levels. W. bamesiae increases slightly, to around 1% around the c marker (near 6905.00'), and again 

(up to 2%) above the b marker (above 6845.00'), though the cool water indicators are also relatively 

high in abundance at this level. Just beneath the K/T boundary, W. bamesiae decreases, 

corresponding with an increase in the cool water indicators. From the base of the core towards marker 

c(around 6927.00'), the low productivity indicators are relatively high (up to 25%), coinciding with 

fluctuating levels of the high productivity markers (5-12%). Productivity indicators are stable until the b 

marker (close to 6865.00'). From this level, the low productivity makers are relatively high in 

abundance, and the high productivity markers decrease to the top of the core. L. cayeuxii decreases 

from the base of the core to the c marker (around 6900.00'), increases again towards the b marker and 

levels out to the top of the section. M. decussata remains fairly stable and low in abundance (generally 

less than 15%) for most of the cored section. It increases dramatically in abundance (up to 45%) from 

around 6825.00' to the top of the section.

Shannon (Sh) and Simpson (Si) diversity indices are relatively stable (around 2.5 Sh, 0.89 Si) from 

the bottom of the core to marker c, apart from slightly lower relative values towards the bottom of the 

section (2.3 Sh, 0.85 Si), and a fall, halfway between the d and c markers, at 6920.75' to (2.14 Sh, 0.83 

Si) (Fig. 5.4). A slight fall in values is seen from above the c marker to above the b marker (to 2.1 Sh,

0.83 Si), with minor troughs at 6866.25' and 6859.83' (Fig. 5.4). From 6847.83' to just below the K/T 

boundary, values fluctuate before dropping off to 1.6 (Sh) and 0.65 (Si). The Kjolby Gaard Marl 

equivalent demonstrates levels slightly less than average (2.3 Sh, 0.88 Si).

E-5X Summary of main interpretations

Overall, the nannofossil assemblages in this well suggest cool surface waters, perhaps interrupted by a 

slight warming around marker c (around 6905.00') where W. bamesiae increases (to 1%) (Fig. 5.6). A 

more prominent warming signal, (W. bamesiae up to 2%) is seen from above marker b (near 6847.00') 

to close to the top of the section. A short cooling event is inferred just before the K/T boundary, 

indicated by decreasing W. bamesiae and an increase in the cool water indicators (up to 11%). The 

productivity signal is one of low (though fluctuating) productivity in the lower part of the well (to around 

6930.00'), slightly higher productivity towards marker b (around 6870.00'), and particularly low 

productivity towards the top of the section (Fig. 5.6). The trend in L. cayeuxii suggests relatively shallow 

waters, deepening slightly towards marker d and on to marker c. Shallowing to above the b marker is 

indicated by up to 21% of this species at this level, then a possible deepening is indicated by a 

decrease in L. cayeuxii towards the top of the section. This coincides with an increase in M. decussata.
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Shannon and Simpson diversity values (Fig. 5.4) are relatively high for most of the well, with values 

always close to 2.5 and 0.9 respectively. These values are higher than observed in the other three 

offshore wells (compare Figs 5.1, 5.4, 5.7 & 5.10) and in general E-5X demonstrated the best- 

preserved material of the four offshore wells.

From the bottom of the core to marker c, relatively stable Shannon and Simpson diversity indices 

coincide with nannofossil assemblages not dominated by one particular species, indicating oligotrophic 

conditions. A deviation from this stability is seen by slightly lower relative diversity and species richness 

values towards the bottom of the section, coinciding with high relative values of L. cayeuxii (indicative of 

relatively shallow sea level). A minor trough in diversity values (and many FOV) (Figs 5.4 & 5.5) at 

6920.75' coincides with dominance by A. cymbiformis and L. cayeuxii, both species indicative of 

shallow waters. A slight fall in diversity values is seen from above the c marker to above the b marker, 

coinciding with a relative increase of L  cayeuxii and P. stoveri, indicating a level of relative cool waters 

and a sea-level fall. Low diversity, abundance and species richness peaks at 6866.25' and 6859.83' 

coincide with dominance of A. cymbiformis and L. cayeuxii (Figs 5.4, 5.5 and distribution chart, 

Enclosure 2). Just below the K/T boundary, diversity and species richness values decrease, coinciding 

with the uppermost Maastrichtian hardground level and associated dominance of M. decussata, 

reflecting poorer preservation at this level. Similarly, the Kjolby Gaard Marl equivalent demonstrates 

slightly less than average diversity values, associated with relatively high abundances of M. decussata.

In general, the nannofloral assemblages in E-5X demonstrate a fairly stable, oligotrophic, cool (mid- 

high latitude), relatively shallow water environment.
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5.2.1.3 Nana-1XP

The Maastrichtian species richness for the well is 12-26 (mean 19.02) and is fairly constant throughout 

the well, apart from at the hardground level at the K/T boundary (see distribution chart, Enclosure 3). 

Shannon diversity values are relatively constant, generally plotting between 1.8 and 2.4, occasionally 

falling below 1.8 (Fig. 5.7). Simpson diversity values match this trend (Fig. 5.7), with values mainly 

falling between 0.8 and 0.9, occasionally below 0.7. The number of fields of view (FOV) per 

approximately 300 nannofossil counts is also used as a measure of nannofossil abundance, and to 

some extent preservation (Fig. 5.8). The average (mean) FOV for Nana-1 XP is 38.9 with values as low 

as 12 and as high as 75. Deviations from the average values, and differences in average values from 

well to well, are discussed in section 5.3.

Base to marker ?f (7244.92-7154.00')

Palaeoecoiogical observations

M. decussata is common to abundant (up to 32%) in the lower part of the core towards 7232.33', below 

marker ?g. Above marker ?g, a peak of 47% is seen at 7190.00', decreasing to around 10% towards 

marker ?f. This coincides with an increase (from 3-29%) from the bottom of the core to marker ?f in L. 

cayeuxii, and with a comparable increase (from 3% to over 30%) in A. cymbiformis (distribution chart, 

Enclosure 3). The low productivity indicators are relatively stable throughout this interval.

The cool water indicators are relatively high in abundance (up to 23%) below marker ?g (see Fig.

5.9), then are generally lower in abundance (1-9%) between markers ?g and ?f.

Placozygus cf. P. fibuliformis and Biscutum spp. remain fairly stable but the joint high productivity 

indicators peak (10%) halfway up to marker ?g (7228.06') and a quarter of the way up from marker ?g 

(10%) (7193.17') (distribution chart, Enclosure 3). Generally, the high productivity indicators fluctuate 

between 2-7% and the low productivity indicators between 5-15%.

P. stoveri is common to abundant from the base of the core to below marker ?g (7216.83 )

(coinciding with very low abundances of A. cymbiformis), with a small peak above marker ?g 

(7187.66'), then falling to very low numbers around marker f.

W. bamesiae is relatively high in abundance (up to 3%) from the base of the core to close to marker 

?g (7216.83'), and then falls to levels of 0.25%. N. frequens is also high in abundance (up to 19%) 

through this level, then is often absent towards marker ?f (see discussion, section 4.2.4.2, Stratigraphy 

Chapter).
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Palaeoecoiogical interpretation

The trends in L  cayeuxii, A. cymbiformis and K. magnificus could suggest a shallowing from the base 

of the core towards marker ?f (Fig. 5.9 and distribution chart, Enclosure 3). The trend in M. decussata 

demonstrates opposite patterns to that of L. cayeuxii, suggesting that M. decussata may have reacted 

to changes in water depth.

Relatively high (up to 10% high productivity indicators), but fluctuating, productivity is suggested 

from the base of the core to above marker ?f. Within this interval, the low productivity indicators remain 

stable (around 10-15%). The peak in high productivity indicators at 7228.06' coincides with a relative 

decrease in W. bamesiae during the possible ‘warming event’ described below.

The relatively high numbers of W. bamesiae indicate relatively warm surface waters from the base of 

the core to close to marker ?g. This trend coincides with high abundances of P. stoveri, and N. frequens 

(cool water species), perhaps indicating that although these species were all reacting to temperature 

fluctuations, their upper and lower tolerance levels differed somewhat. It is notable, however, that in the 

lower levels (7245.00-7215.00') the inferred cool and warm indicator species show an inverse 

correlation, peaks of W. bamesiae corresponding to troughs in the cool water species abundances. The 

very high relative abundances of N. frequens in this interval suggest that this species was also reacting 

to temperature.

Markers ?f-d (7154.00'-7090.00'1 

Palaeoecoiogical observations

M. decussata peaks (25%) halfway between markers ?f and e (at 7139.41'), coinciding with low 

numbers (around 7%) of L. cayeuxii and high abundances of A. cymbiformis. Otherwise L  cayeuxii is 

relatively high in abundance (above 20%) particularly between markers d and e (7121.33-7100.00'), 

(Fig. 5.9) where it is very high in abundance (up to 32%). This corresponds with relatively low 

abundances of M. decussata (down to 2%)

The collective cool water indicators (Fig. 5.9) are fairly stable and low in abundance (around 4%), 

apart from a peak at 7147.25' of 15%. W. bamesiae is rare (generally less than 0.5%) in this interval.

The low productivity indicators increase (from 3 to 18%) from markers ?f to e, and remain stable 

(around 15%) towards marker d. Placozygus cf. P. fibuliformis is stable from markers ?f to e (7150.00- 

7124.41') (except for a peak above marker ?f at around 7144.00') and higher in abundance from 

markers e to d. Biscutum spp. peaks around the d marker (at 7091.17'). The general trend in these high 

productiviy indicators is seen on Fig. 5.9.
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Palaeoecoiogical interpretation

The trends in L. cayeuxii, A. cymbiformis, K. magnificus and M. decussata indicate relatively shallow 

waters with indications of a slight deepening between markers ?f and e at 7 1 39 . 41 A short-term 

shallowing event is inferred between markers e and d.

The low productivity indicators remain stable during this interval, suggesting an oligotrophic period, 

but the overall trend in the high productivity indicators suggests increased productivity especially from 

markers e to d. The contradictory signal is interpreted to reflect relatively stable conditions with minor 

changes in nutrient partitioning in the water column.

Very low abundances of W. bamesiae are interpreted to reflect cool surface waters, although the cool 

water indicators also remain relatively low in abundance, apart from just above marker ?f.

Markers d-b (7090.00-7044.50T

Palaeoecoiogical observations

Between markers d and c (7085.25-7076.58'), K. magnificus is relatively high in abundance, as are 

the collective cool water indicators (up to 13%). P. stoven is fairly low in abundance from the d marker 

to c, but peaks at 7048.00'. W. bamesiae is very low in abundance throughout this interval.

L. cayeuxii decreases from markers d to c (14-3%) while M. decussata demonstrates the opposite 

pattern (5-24%). Around marker b, L. cayeuxii increases (10-17%) while M. decussata decreases in 

abundance (19-5%). However L. cayeuxii remains relatively low in abundance (around 10%) compared 

with values of up to 37% lower in the well. A. cymbiformis is relatively high in abundance except for an 

interval around marker d.

The high productivity indicators (Fig. 5.9) peak (8%) at 7085.25', and are relatively high in 

abundance throughout this interval. The low productivity indicators are particularly low (2%) at 

7079.50', just following the peak in high productivity indicators, and remain low in abundance to marker 

b.

Palaeoecoiogical interpretation

The low abundance of W. bamesiae and the relatively high abundance of the cool water indicators (Fig.

5.9) suggest cool surface waters during this interval.

Relatively low abundances of L. cayeuxii could be interpreted as indicating slightly deeper waters 

(than previously) from markers d to c, followed by a shallowing towards marker b (Fig. 5.9). Where 

abundances of L  cayeuxii decrease, M. decussata appears to increase in abundance, therefore also 

perhaps reacting to changes in water depth.

As seen on Fig. 5.9, the high productivity indicators suggest relatively high productivity levels, and a 

corresponding decrease in the low productivity species supports this.
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Marker b-K/T boundary (7044.50-7005.58 T

Palaeoecoiogical observations

M. decussata shows a marked increase (11-65%) from halfway between markers b and ?a (7033.00 ) 

to the top of the Maastrichtian section (Fig. 5.9). Coincident with the increase in M. decussata is a fall 

(17% to less than 2%) in L. cayeuxii and a decrease followed by a rise in A. cymbiformis (distribution 

chart, Enclosure 3). Almost coincident with the increase in M. decussata is a slight increase in A. 

octoradiata in an interval spanning the Kjolby Gaard Marl equivalent.

O. reinhardtii and C. daniae demonstrate simultaneous peaks just above the b marker (at 7042.92 ).

An increase in W. bamesiae is noted from below marker ?a (7030.00'), to above the Kjolby Gaard 

Marl equivalent (7012.00'). This coincides with low abundances (less than 6%) of the cool water 

indicators (Fig. 5.9). P. stoveri is also relatively low in abundance but peaks are seen at halfway 

between markers b and ?a (7048.00'), and just below the Kjolby Gaard Marl equivalent (7018.17').

Placozygus cf. P. fibuliformis decreases from marker b (7048.00') to the top of the Maastrichtian.

The high productivity indicators are generally lower in abundance throughout this section than in the 

previous interval (5% to less than 1%), while the low productivity indicators peak at 15%.

The marly layer above the ?a marker (7016.83-7016.75'), is considered a potential correlative of 

the Kjolby Gaard Marl. Relative to the chalk directly above and below, it is characterised by slight 

increases in Placozygus cf. P. fibuliformis and A. octoradiata (see distribution chart, Enclosure 3), an 

increase in M. decussata, a large increase in W. bamesiae (from 1 to 14%) and low abundances (less 

than 1 %) of N. frequens.

W. bamesiae is very rare (less than 0.3%) in the uppermost Upper Cretaceous sediments.

Palaeoecoiogical interpretation

The high abundance of M. decussata through much of this interval coincides with relatively constant 

values of species richness and only weakly decreasing diversities, indicating that the Micula signal is 

-most likely environmental rather than diagenetic, at least in the lower levels. It should be noted, 

however, that above 7009.00' the abundant M. decussata record is associated with lower values of 

species richness (distribution chart, Enclosure 3) and diversity, suggesting that poor preservation is 

probably a factor in the uppermost chalks immediately underlying the top-Maastrichtian hardground 

surface. The fall in relative abundance of L. cayeuxii is either due to competition with M. decussata, the 

closed sum effect (an increase in the relative abundance of one species will result in a corresponding 

decrease in the remainder of the population), or perhaps due a rise in sea level.

According to (Lees 2002), O. reinhardtii is indicative of oceanic conditions. As C. daniae peaks at the 

same stratigraphic level as O. reinhardtii, it is inferred that these two species were reacting to the same 

palaeoenvironmental parameter.
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The increase in W. bamesiae from below marker ?a to above the Kjolby Gaard Marl equivalent, 

coinciding with very low abundances of K. magnificus (and a decrease in the cool water indicators from 

6 to 2%), and low abundances of P. stoveri, indicates a relative warming of the surface waters during 

this interval. The fact that A. octoradiata (supposedly indicative of cool waters) shows a parallel 

increase with W. bamesiae suggests that it may also have reacted to temperature but had different 

temperature tolerance levels than e.g. K. magnificus.

Placozygus cf. P. fibuliformis decreases from marker b to the top of the Maastrichtian, whereas 

Biscutum spp. is rare or absent. In general, the whole of this interval (Fig. 5.9) appears to demonstrate 

decreasing productivity, particularly from below marker ?a to close to the top of the section.

The Kjolby Gaard Marl equivalent is characterised by abundant M. decussata and a large increase 

in W. bamesiae. Increased abundances of W. bamesiae along with a decrease in N. frequens is 

interpreted as indicating warmer surface waters during the deposition of this interval. Trends in the high 

productivity indicator group (Fig. 5.9) suggest low productivity during deposition of the Kjolby Gaard 

Marl equivalent, although the low productivity indicators are also low in abundance.

Very rare W. bamesiae just below the K/T boundary may indicate a slight cooling trend before the 

close of the Maastrichtian.

Nana-1XP Summary of main trends

From the base of the core to below marker ?g (around 7217.00'), W. bamesiae demonstrates relatively 

high abundances (up to 3%). Abundances of this species are high again (peaking at 14%) towards the 

top of the Maastrichtian (from around 7030.00'). The cool water indicators are particularly abundant (up 

to 23%) from the base of the core to marker ?g, and then fluctuate throughout the rest of the core. W. 

bamesiae decreases in abundance beneath the K/T boundary. The low productivity indicators are 

relatively stable (generally ranging from 10-20%) throughout most of the well. The high productivity 

indicators fluctuate somewhat, but often demonstrate relatively high values (up to 10%). The high 

productivity indicators decrease in abundance from around marker ?a (around 7025.00') to the top of 

the section. L. cayeuxii (a shallow water indicator) is relatively low in abundance (2-15%) from the base 

of the cored section, and increases in abundance (to maximum values of 32%) from marker ?f (around 

7155.00'). It is relatively high in abundance until around 7100.00' (below marker d), from where it 

decreases, and remains relatively low in abundance (apart from between 7050.00'-7035.00'), 

especially towards the top of the core. M. decussata is particularly high in abundance from below 

marker ?a (around 7035.00') to the top of the section where it reaches levels of 65% (see section 5.3).

Shannon (Sh) and Simpson (Si) diversity indices fluctuate slightly within this well (Fig. 5.7), though 

not to the same extent as in M-10X. From the base of the core, values are relatively stable (2.2 Sh, 0.83 

Si) with minor troughs at 7196.58' (1.9 Sh, 0.8 Si) and 7190.00' (1.58 Sh, 0.66 Si). From values around 

marker f (7153.17') of 1.5 Sh, 0.72 Si, values remain generally low until below marker d (1.8 Sh, 0.78
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Si) at 7103.00'. From 7100.00' to above the b marker, values are relatively high (e.g. 2.3 Sh, 0.87 Si at 

7076.58'), peaking at 2.5 Sh, 0.88 Si at 7042.92', then fall dramatically at 7033.00' (1.2 Sh, 0.59 Si). 

From the ?a marker to the K/T boundary, values fluctuate between 2.2 Sh and 0.83 Si at 7020.50' to 

0.9 Sh and 0.4 Si at 7009.00', just beneath the K/T boundary. The Kjolby Gaard Marl equivalent 

demonstrates average levels (2.0 Sh, 0.79 Si).

Nana-1XP Summary of main interpretations

Slight surface water warming is inferred towards the base and the top of the cored section, as seen on 

Fig. 5.9 by the trend in W. bamesiae. However, the cool water indicators are particularly high in 

abundance towards the base of the section. This suggests that the basal warming event raised water 

temperatures to a level at which W. bamesiae was able to survive in the surface waters, yet the 

temperature change was not sufficient to exclude the cool water species. The high productivity 

indicators appear to increase in relative abundance simultaneous with relative decreases in abundance 

of W. bamesiae within these intervals of relative warming. This may indicate increased fertility as 

temperatures dropped. The warming towards the top of the Maastrichtian, coincides with decreased 

levels of the cool water indicators, possibly implying that it was a stronger, perhaps more significant, 

warming event. Otherwise, surface waters were relatively cool throughout most of the section. A 

relatively short-lived cooling event is inferred beneath the K/T boundary, on the basis of a decrease in 

W. bamesiae. Productivity levels are difficult to interpret as the high productivity indicators fluctuate 

quite dramatically through most of the section (Fig. 5.9), although they are fairly high in abundance, 

whereas the low productivity indicators remain relatively stable. From around 7035.00', productivity 

levels appear to fall (Fig. 5.9). The trend in L. cayeuxii suggests a shallowing from the base of the core 

to around marker d (7100.00') and a possible deepening towards marker c (7070.00'). A notable 

decrease in this species from below marker ?a (around 7035.00') to the top of the section may be 

associated with a relative deepening, or it may be due to the dominance of M. decussata (see section 

5.3).

Through most of the well, the Shannon and Simpson diversity indices (Fig. 5.7) fluctuate between 2 - 

2.5 and 0.8-0.9 respectively. From the base of the core, Shannon and Simpson diversity values are 

high and relatively stable, suggesting oligotrophic conditions. Minor troughs at 7196.58' and 7190.00' 

coincide with high relative abundances of M. decussata and A. cymbiformis, the former coinciding with 

a level of low species diversity (suggesting that the M. decussata dominance at this level is due to 

preservational effects). From marker f until below marker d, diversity values remain generally low, 

coincident with high relative abundances of A. cymbiformis and L. cayeuxii (species indicative of 

shallow waters). From 7100.00' to above the b marker, diversity values are relatively high. This 

coincides with a notable decrease in the shallow water indicator L. cayeuxii, but maybe surprisingly A. 

cymbiformis (another shallow water indicator) remains high in abundance. A single sample at 7033.00
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shows significantly low diversity indicates, corresponding to dominance by M. decussata and a very low 

species richness value (see distribution chart, Enclosure 3), indicating preservational effects at this 

level. Beneath the K/T boundary, diversity values fall to low levels, coincident with the upper 

Maastrichtian hardground and subsequent dominance of the solution resistant species M. decussata. 

Perhaps surprisingly, lower diversity values are not seen within the Kjolby Gaard Marl equivalent.

In Nana-1 XP, nannofloras demonstrate a fairly stable, oligotrophic, cool (mid-high latitude), shelf 

environment.
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5.2.1.4 N-22X

The Maastrichtian species richness for the well is 11—26 (mean 15.16) and shows significant variation 

throughout the well. Species richness is relatively low around the hardground level at the K/T boundary 

and below marker ?f (see distribution chart, Enclosure 4) and discussion in section 5.3. However, low 

mean values are inferred to be due to the high abundance in many samples of M. decussata (a solution 

resistant species). Shannon diversity values are variable, compared to the other wells, generally 

plotting between 1.5 and 2.5 and often falling below 1.5 (Fig. 5.10). Simpson diversity values match this 

trend (Fig. 5.10), with values mainly falling between 0.6 and 0.9, occasionally below 0.5. The number of 

fields of view (FOV) per approximately 300 nannofossil counts is also used as a measure of nannofossil 

abundance, and to some extent preservation (Fig. 5.11). The average (mean) FOV for N-22X is 49.8 

with values as low as 18 and as high as 85. Deviations from the average values, and differences in 

average values from well to well, are discussed in section 5.3.

Base to marker ?f (7343.66 -7222.00 ')

Palaeoecoiogical observations

M. decussata is dominant throughout this interval (generally 40-50%, peaking at 71% at 7293.33'). L  

cayeuxii and A. cymbiformis are relatively stable for most of the interval (Fig. 5.12 and distribution chart, 

Enclosure 4), but L  cayeuxii increases from levels of around 10% (at 7250.00') to over 20% around the 

UC20b/c boundary.

The cool water indicators fluctuate in abundance (Fig. 5.12), peaking at 10% at 7318.66', falling to 

less than 1% around 7295.00' and increasing again to 8% at 7279.08'. W. bamesiae values are 

generally very high in relative abundance from markers ?h to ?g, peaking at 13% at 7321.25', but this 

species is rare or absent between markers ?g and ?f.

The low productivity indicators (Fig. 5.12) are fairly stable and relatively low in abundance (peaking at 

17% at 7325.17'). The high productivity indicators are relatively high in abundance (up to 7%) at and 

above marker ?h from 7325.17-7316.50'.

P. stoveri is extremely low in abundance with the exception of minor peaks between markers ?h and 

?g (7316.50', 7284.33') and just above ?g (7265.92').

Palaeoecoiogical interpretation

The extremely high abundance (up to 71%) of M. decussata in this interval associated with low species 

richness (around 16) is interpreted to have resulted from diagenetic processes, thereby masking 

potential palaeoenvironmental patterns (see discussion on Shannon and Simpson diversity indices, 

section 5.3). However, some palaeoenvironmental signals can be interpreted. Upward increases in L. cayeuxii
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from marker ?g top ?f and A. cymbiformis from marker ?h to ?f may indicate a shallowing towards 

marker ?f (also supported by high abundances of K. magnificus).

High abundances of W. bamesiae are interpreted as an indication of surface water warming (Fig.

5.12). Peaks in N. frequens (4% at 7316.50') and P. stoveri (at 7284.33') coinciding with the high 

abundances in W. bamesiae suggest that these two species also benefited from temperature 

fluctuations. The cool water indicators (Fig. 5.12) and W. bamesiae fluctuate extensively from the base 

of the core to above marker ?g; that they show opposing patterns (when one increases, the other 

decreases) may reflect periodic shifts in the dominance of warm and cool surface waters at this time.

Relatively constant abundances (around 10%) of the low productivity indicators (Fig. 5.12) indicate 

an oligotrophic environment. However, high productivity indicators locally peak at 6-7% above marker 

?h (7325.00-7316.00'), suggesting minor variations in nutrient supply at this time; fertility appears to 

increase while W. bamesiae is relatively low in abundance.

Makers ?f to ?d (7222.00-7140.00')

Palaeoecoiogical observations

M. decussata peaks (31%) below marker e (around 7190.00'). L. cayeuxii is generally high in 

abundance, increasing upwards to a marked double peak (up to 47%) between markers ?d and ?e. A 

significant decrease in this species is seen above marker ?f (7214.66') (from 27 to 8%) and a slight 

decrease noted beneath marker ?e (from 21 to 13%). A. cymbiformis is abundant and relatively stable 

within this interval.

K. magnificus is high in abundance and stable from markers ?f to ?e (see distribution chart, 

Enclosure 4), and lower in abundance, and stable, from markers ?e to ?d. However, as a group, the 

cool water indicators demonstrate fairly low abundances from marker ?f to ?e (up to 5%), and around 

2% from markers ?e to ?d. W. bamesiae is absent or rare.

The low productivity indicators decrease from 27% above marker ?f to 3% near marker ?e. They 

increase again upwards to almost 20% at marker ?d (Fig. 5.12). Placozygus cf. P. fibuliformis and the 

high productivity indicators fluctuate but show small peaks halfway between marker ?f and ?e 

(7199.92') and halfway between marker ?e and ?d (7161.25') (coinciding with a peak in P. stoveh).

P. stoveri is very low in abundance, punctuated by 3 small peaks, one a third of the way between 

marker ?f and ?e (7212.00'), one at marker ?e (7181.83') and one halfway between ?e and ?d 

(7161.25').

Palaeoecoiogical interpretation

The high abundances of L  cayeuxii (Fig. 5.12) and A. cymbiformis, and to some extent K. magnificus 

indicate the increasing influence of inshore shelf waters with time, suggesting a shallowing trend 

throughout this interval. The M. decussata peak below marker ?e (around 7190.00'), coinciding with a
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low abundance of L  cayeuxii, maybe indicates a slight deepening at this point. M. decussata is 

relatively low in abundance during this interval (often around 10-15%) (and species richness levels 

(see distribution chart, Enclosure 4) regain normal values), suggesting that diagenetic overprint may not 

mask palaeoenvironmental indicators to the same extent as in the underlying interval (see discussion in 
section 5.3).

Rare to absent W. bamesiae along with slightly increased abundances (up to 5% around marker ?e 

from less than 1% below marker ?f) of the cool water indicators (Fig. 5.12), indicate cool surface waters 

throughout this interval. A minor peak (1%) of W. bamesiae may indicate a warming at marker ?f.

The decrease in low productivity indicators from markers ?f to ?e, and their increase once more 

towards marker ?d, suggests a relative increase in productivity around marker ?e. The high productivity 

indicators generally fluctuate between 1% and 4% throughout this interval (i.e. relatively low levels), 

however, though peaking at 8% at 7161.25'. This interval appears to be characterised by fluctuating 

productivity levels.

Markers ?d-?b (7140.00-7117.00')

Palaeoecoiogical observations

The trends seen in the other offshore wells between markers ?d to ?b are not recognised in N-22X, 

largely due to intermittent core coverage through much of this interval. M. decussata peaks at 47% 

around 7134.00', while L. cayeuxii is also high in abundance (26%).

Palaeoecoiogical interpretation

No interpretation has been attempted for this interval in N-22X due to the paucity of data.

Marker ?b-K/T boundary (7117.00-7074.25')

Palaeoecoiogical observations

M. decussata increases (from 21% to 69%) from a third of the way between marker ?b (7096.58 ) and 

the top of the Maastrichtian. This corresponds with a decrease (from 16% to 3%) in L. cayeuxii 

(potentially a result of the ‘closed sum effect’). A. cymbiformis decreases in relative abundance in the 

middle of this interval. The Kjolby Gaard Marl equivalent is not recognised in this well, although marl- 

filled Zoophycos burrows were observed at 7092.00', perhaps defining this stratigraphic marker bed.

Coincident with the increase in M. decussata are decreases in the high productivity indicators (Fig.

5.12) from 2% to less than 0.3%. The low productivity indicators fluctuate from 5 to 19%, then decrease 

notably (to less than 1%) from 7081.00', coinciding with the large increase in M. decussata (Fig. 5.12).

220



P. stoveri shows low abundances throughout the interval but peaks halfway between marker ?b and 

the K/T boundary (7105.08-7089.25'), coinciding with slight increases (from 0.25 to 3%) in N. frequens 
and (up to 1 %) W. bamesiae.

Just beneath the K/T boundary, an apparent disappearance of W. bamesiae over 15' coincides with 
an increase in K. magnificus.

Palaeoecoiogical Interpretation

The decrease in L. cayeuxii may indicate a sea-level rise during this interval. An increase in M. 

decussata coincides with this decrease in L. cayeuxii; these trends may indicate competition between 

the two species, or may be the result of the closed sum effect. The interval with particularly high M. 

decussata (upwards of 7094.17') has a species richness of 11-20. This indicates that diagenesis may 

have resulted in preferential preservation of this solution resistant species. This is also seen on Fig.

5.10 where diversity indices are particularly low (e.g. at 7084.50' and 7081.00').

A decrease in the low productivity indicators may suggest higher productivity between marker ?b 

and the K/T boundary, but the high productivity indicators also fall during this interval, probably due to 

dominance of M. decussata. In general throughout this interval, the patterns shown by the productivity 

indicators indicate a low productivity setting (Fig. 5.12). However, the dominance of M. decussata 

throughout this well (probably a diagenetic effect, particularly at the base and top of the well) may be 

masking palaeoenvironmental trends that might otherwise have been seen (Fig. 5.12).

The interval containing increased numbers of W. bamesiae may be interpreted as indicating an 

interval of warmer surface waters. This coincides with fairly low abundances (around 2%) of the cool 

water indicators (Fig. 5.12). The apparent disappearance of W. bamesiae coinciding with an increase in 

the cool water indicators just beneath the boundary, may record a cooling event before the close of the 

Maastrichtian.

N-22X Summary of main trends

The most notable trend throughout this cored section is the dominance of M. decussata. This species 

often reaches values of over 40% (sometimes above 70%) throughout most of the lower part of the 

well. Levels fall to 10-25% from markers ?f (around 7225.00') to ?d (around 7140.00 ) and decrease 

again from around 7095.00' to the top of the section. However, the dominance of this species does not 

mask all palaeoecoiogical trends. As can be seen on Fig. 5.12, W. bamesiae is relatively high in 

abundance (up to 13%) between markers ?h and ?g (7325.00-7275.00'). It is extremely rare, or 

absent, for most of the remainder of the well apart from above marker ?b where it reaches levels of 1 %. 

W. bamesiae is absent just beneath the K/T boundary. The cool water indicators are relatively high in 

abundance (up to 12%) from the base of the core to marker ?g, but they fluctuate, demonstrating 

opposing trends to W. bamesiae. The cool water indicators are relatively low in abundance (generally
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less than 5%), but stable, for most of the cored section, but increase very slightly (up to 6%) towards 

the K/T boundary. Towards the base of the core (Fig. 5.12), the high productivity indicators demonstrate 

peaks of 7% (notably coincident with relatively low abundances of IN. bameside), but thereafter remain 

relatively low in abundance (less than 3%) to marker ?f (around 7225.00'). They then increase very 

slightly in abundance and remain fairly stable until around 7090.00' where they decrease to levels of 

less than 1% until the K/T boundary. The low productivity indicators are relatively low in abundance 

(levels around 10%) over the lower part of the well, and reach levels generally of 15-20%, but remain 

stable over the remainder of the well. L. cayeuxii increases gradually in abundance from around 10% at 

the base of the cored section to almost 50% around 7155.00'. Levels then decrease to the K/T 

boundary.

Species richness is relatively low around the hardground level at the K/T boundary and below 

marker ?f (see distribution chart, Enclosure 4), and discussion in section 5.3.

Shannon (Sh) and Simpson (Si) diversity indices fluctuate dramatically within this well (Fig. 5.10). 

From low values at the base of the core (1.7 Sh, 0.74 Si) at 7343.66', an interval of relatively high 

values is seen from 7333.42' to 7316.50' (e.g. 2.16 Sh, 0.86 Si). An interval of low values follows 

between the ?h and ?g markers (Fig. 5.10) from 7313.50-7291.08' (e.g. 1.3 Sh, 0.53 Si, at 7304.00 ), 

with a minor trough at 7296.00' (0.9 Sh, 0.4 Si). A high value interval is noted from 7288.5-7263.25' 

(e.g. 2.0 Sh, 0.78 Si), followed by another interval with low values from 7257.66-7235.50' (lowest 

values of 1.25 Sh, 0.57 Si). Low diversity values are also reflected in relatively high FOV counted (Fig. 

5.11). From around 7228.75', average diversity values increase and remain relatively stable until the 

UC20c/d boundary (though with distinct troughs at 7172.00' (1.4 Sh, 0.64 Si), 7158.00' (1.5 Sh, 0.65 

Si) and 7136.50' (1.39 Sh, 0.66 Si), and peaks, for example, at 7163.66' (2.2 Sh, 0.87 Si). Above the b 

marker, an interval of relatively high values is seen from 7111.17-7098.25' (e.g. 2.2 Sh, 0.82 Si) 

before values decrease (0.9 Sh, 0.4 Si) at 7084.50' and towards the K/T boundary.

N-22X Summary of main interpretations

The extremely high abundance of M. decussata (a solution resistant species), especially in the lower 

part of the well, coincident with relatively low species richness and Shannon and Simpson diversity 

indices, is probably due to secondary diagenetic effects. It decreases in abundance over the middle 

section of the well, implying that diagenetic effects are not so significant at this level, and increases 

once more towards the K/T boundary. The dominance of this species overprints at least some of the 

expected palaeoecoiogical signal, but some trends can be described. Relatively warm surface waters 

punctuated by cooler (and higher productivity) spells are inferred from markers ?h to ?g by relatively 

high abundances of W. bamesiae, interfingering with increases in abundance of the cool water 

indicators (Fig. 5.12). Cool surface waters are suggested for most of the well, based on very rare, or 

absent W. bamesiae, and stable (albeit low abundances, probably due to the dominance of M.
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decussata and L. cayeuxii) of the cool water indicators. A slight warming once more is suggested by a 

slight increase in W. bamesiae from around 7105.00-7085.00'. This species then disappears up- 

section, towards the K/T boundary. Productivity signals are largely masked by the dominance of M. 

decussata in the lower part of the well, although peaks of the high productivity markers alternate with 

those of W. bamesiae towards the bottom of the well, inferring that productivity levels were fluctuating 

somewhat at this level and also that warmer surface waters were associated with reduced fertility. The 

increase in the high productivity levels observed between markers ?f and ?d coincides with a level that 

is not influenced so strongly by diagenesis as the lower levels of the well. Comparison of these trends is 

thus impossible, precluding sensible conclusions from being drawn from the productivity signal. As with 

previous trends, that shown by L. cayeuxii is probably a direct result of diagenetic effects, particularly in 

the lower part of the well. Where the diagenetic effects are not so pronounced (Fig. 5.12), relatively 

shallow waters are indicated by high abundances of L. cayeuxii, particularly between markers ?e and 

?d. This species decreases in abundance to the top of the well, again possibly due to diagenetic 

processes, or perhaps due to a deepening at this level.

Species richness is relatively low around the hardground level at the K/T boundary and below 

marker ?f (see distribution chart, Enclosure 4) and discussion in 5.3).

Through much of this well, Shannon and Simpson diversity indices (Fig. 5.10) fluctuate between 

1.5-2 and 0.7-0.9 respectively. Low diversity values (and high numbers of FOV, Fig. 5.11) from the 

base of the core to just below marker f coincide with particularly high relative abundances of M. 

decussata, and with low species richness values, compared with the other offshore wells. Through this 

interval, notably low diversity values correspond to enhanced dominance of M. decussata. Dominance 

of this species through this interval is an indication of the poor preservational state of the chalk, due to 

diagenesis. Interestingly, this interval of poor chalk preservation at the base of the cored section 

coincides with a level of reduced reservoir quality in N-22X (see Fig. 4.3 (Stratigraphy Chapter) and 

discussion in section 5.3). Intervals of relatively high diversity values are seen from 7333.42' to 

7316.50', and from 7288.50-7263.25', suggesting relative stability of surface water conditions, or 

reduced dominance of M. decussata.

From around 7228.75', average diversity values increase and remain relatively stable until the 

UC20c/d boundary (Fig. 5.10). This interval corresponds to a level of reduced M. decussata, suggesting 

improved preservation in the upper part of this well (Fig. 5.12). Low diversity values at 7172.00' and 

7158.00' coincide with relatively high abundances of L. cayeuxii, corresponding to a relative shallowing 

at this level. A diversity low at 7136.50' coincides with a relative high abundance of M. decussata. 

Diversity peaks, for example, at 7163.66' and above the b marker, indicate relative stability of the water 

column. Diversity and species richness values decrease at 7084.50' and towards the K/T boundary, 

due to the diagenetic effects of the upper Maastrichtian hardground and the related dominance of M. 

decussata.
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In general, nannofloras in N-22X demonstrate a fairly stable, oligotrophic, cool (mid-high latitude), 

shelf environment, although the marked diagenetic imprint on the nannofossil assemblages precludes 

detailed palaeoecological interpretation at some levels.
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5.2.1.5 Multidisciplinary integration of the Central Graben wells

Inferred palaeoecological shifts (as noted nannofossil assemblage trends), common to two or more of 

the Central Graben wells are described below. Additional multidisciplinary data supporting these trends 

are then described. Fig. 5.28 shows how the palaeoecological trends are correlated between the wells.

Integrated nannofossil palaeoecological trends

Base to marker f

W. bamesiae is particularly high in relative abundance (up to 13%) below marker g in Nana-1 XP and N- 

22X. This species also shows a minor increase in abundance in M-10X, Nana-1 XP and N-22X below 

marker f (around 1%, Figs 5.3, 5.9 & 5.12). These intervals of increased W. bamesiae suggest surface 

water warmings, albeit of different intensities at the two stratigraphic levels.

Peaks in the joint cool water indicators, in N. frequens (Figs 5.9 & 5.12) and in P. stoveri (distribution 

charts, Enclosures 3 & 4) are noted within the interval displaying W. bamesiae high abundances (below 

marker ?g) in Nana-1 XP and N-22X, though peaks in these cool water species generally occur at 

relative lows in the W. bamesiae abundance curve. This is suggestive of a rhythmic shift between 

periods dominated by warm surface waters and periods dominated by cool surface waters, perhaps 

controlled by long-term swings in dominant seasonality (warmer summers and cooler winters). Relative 

decreases in W. bamesiae during these ‘warming’ events appear to coincide with increases in 

productivity.

Increases in the relative abundances of L. cayeuxii (Figs 5.9 & 5.12) and A. cymbiformis (distribution 

charts, Enclosures 3 & 4), up-section to marker f, are seen in Nana-1 XP and N-22X. The increases in 

these species may indicate a slight shallowing towards marker f (also supported by high abundances of 

K. magnificus (an indicator of marginal conditions) in N-22X and Nana-1 XP).

Markers f-d

M. decussata shows a minor peak halfway between markers f and e in M-10X, Nana-1 XP and N-22X, 

coinciding with low numbers of L. cayeuxii (Figs 5.3, 5.9 & 5.12). This may indicate a slight deepening 

at this level.
Between markers e and d, L. cayeuxii are abundant in the studied offshore wells. This species 

dominates towards marker d, coincident with low abundances of M. decussata. In M-10X and N-22X, 

the high abundances of L. cayeuxii are represented by a double peak (Figs 5.3 & 5.12). In Nana-1 XP 

and E-5X, L. cayeuxii are generally high in abundance below marker d. These consistent peaks in 

abundance of L. cayeuxii (Figs 5.3, 5.6, 5.9 & 5.12) beneath marker d are indicative of a marked
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influence of inshore shelf waters, suggesting a short-term shallowing trend, as recorded in M-10X, 
Nana-1 XP and N-22X, and weakly in E-5X.

Around marker d, L. cayeuxii decreases in abundance in M-10X, E-5X, Nana-1 XP and N-22X, 

indicating a slight deepening at this point. The decrease in L. cayeuxii is accompanied by an increase in 

M. decussata. The changing relative abundance of M. decussata in relation to L. cayeuxii is interesting. 

M. decussata levels tend to be low as L. cayeuxii increases. As L. cayeuxii abundances decline, 

suggesting slight deepening, the relative abundance of M. decussata increases. This inverse 

relationship may indicate that M. decussata, under certain circumstances, may provide a ‘deepening’ 

signal.

W. bamesiae is generally very low in abundance in this interval in all the offshore wells. In M-10X, 

Nana-1 XP and N-22X, the cool water indicators are fairly high in relative abundance from marker f 

towards e, and low in relative abundance from markers e to d, but fluctuate slightly. These trends 

indicate generally cool waters during this period.

The low productivity indicators are relatively low in abundance between markers f and e in M-10X 

and Nana-1 XP (this is not seen in N-22X), but are higher in abundance in the interval e to d. The high 

productivity markers in M-10X, E-5X and Nana-1 XP indicate relatively high, but fluctuating productivity 

during this interval. In N-22X, they remain relatively low in abundance apart from peaks halfway 

bewteen markers ?f and ?e and halfway between marker ?e and ?d, again suggestive of fluctuating 

productivity.

Markers d-b

L. cayeuxii abundance increases above marker c in M-10X, E-5X and Nana-1 XP (indicating shallowing 

upwards). Low abundances of M. decussata coincide with the high abundances of L. cayeuxii, the 

former species possibly also reacting to the inferred shallowing, as discussed above.

The cool water indicators are relatively high in abundance in this interval in M-10X, E-5X and Nana- 

1XP (Figs 5.3, 5.6 & 5.9). W. bamesiae is low in abundance throughout this interval in all the offshore 

wells, though shows a minor peak (1%) around the c marker in M-10X and E-5X (Figs 5.3 & 5.6). P. 

stoveri peaks at marker d in E-5X and M-10X, and then is relatively stable up to marker c. It then 

increases and is abundant up to just below the b marker in E-5X (see distribution chart, Enclosure 2). 

This interval of P. stoveri high abundance may be represented by a single peak below the b marker in 

Nana-1 XP, and suggest cool surface waters.
The relative abundance of the low productivity indicators decreases from marker d to marker c in M- 

10X, E-5X and Nana-1 XP, and then increases again to marker b in E-5X and M-10X (Figs 5.3, 5.6 &

5.9). The high productivity indicators are relatively high in abundance from markers d to c in M-10X, E- 

5X and Nana-1 XP. Together, these parameters suggest relatively high productivity for the interval from 

markers d to c, but decreasing up-section from c to b.
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0. reinhardtii and C. daniae demonstrate simultaneous peaks just below the b marker in M-10X and 

just above the b marker in Nana-1 XP (see distribution charts, Enclosures 1 & 3). O. reinhardtii is 

suggested to be indicative of deeper waters. The simultaneous peaks in O. reinhardtii and C. daniae 

coincide with a marked decrease in L. cayeuxii (a shallow water indicators), strengthening the 

suggestion that a local ‘deepening’ event may have occurred at this level. By inference, C. daniae may 

also have preferred deeper water conditions. This signal is not observed in the other Central Graben 

wells, suggesting a local event in the Dan Field region. It is worth noting, however, that a deepening at 

this level is not suggested by palynofacies (Schioler 2004) or isotope (Schovsbo & Buchardt 2004) 

data.

Marker b-K/T boundary

An increase in the relative abundance of W. bamesiae is seen from above marker b to beneath the K/T 

boundary in all the offshore wells. K. magnificus (a cool water indicator) is notably rare in the interval 

within which W. bamesiae increases in abundance (see distribution charts, Enclosures 1-4). These 

trends indicate warming of surface waters during this interval.

From markers b to a (or thereabouts) in M-10X, Nana-1 XP and N-22X, relative abundances of L  

cayeuxii (Figs 5.3, 5.9 & 5.12) and A. cymbiformis (distribution charts, Enclosures 1, 3 & 4) are high, 

suggesting shallow conditions. (The core gap at this level in E-5X prevents this level from being 

studied).

A marly layer just above marker a, is considered to represent the Kjolby Gaard Marl equivalent. This 

is seen in M-10X, E-5X and Nana-1 XP, but is not recognised as a discrete horizon in N-22X.

Relative to the chalk directly above and below, the marl is characterised by an increase in M. 

decussata (Figs 5.3, 5.6 & 5.9). Its high abundance may be partly due to preservational parameters 

within the clay-rich facies (M. decussata is a solution resistant form), since clay-rich chalks often suffer 

greater pressure solution than clean chalks. However, its increase does not coincide with a fall in 

species richness, as might be expected (apart from in M-10X). The Kjolby Gaard Marl equivalent falls 

within the ‘warm interval’ (discussed above).

Above the Kjolby Gaard Marl equivalent, L. cayeuxii decreases by roughly the same magnitude as 

the relative increase in M. decussata (Figs 5.3 & 5.6), this could reflect a rise in sea level during this 

interval. The trend in L. cayeuxii is not seen as clearly in Nana-1 XP.

Trends in the low and high productivity nannofossil indicators through this interval suggest lower fertility 

levels than during the lower parts of the offshore wells (Figs 5.3, 5.6, 5.9 & 5.12). Also worth noting is 

the trend between W. bamesiae and the high and low productivity indicators; productivity appears to 

decrease during the late Maastrichtian warming and increases during the onset of the latest 

Maastrichtian cooling.
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The decrease in abundance of W. bamesiae coinciding with an increase in the cool water indicators 

just beneath the K/T boundary in M-10X and E-5X (Figs 5.3 & 5.6) may indicate a latest Maastrichtian 

cooling period, as inferred in Nana-1 XP and N-22X, and as suggested by Schmitz etal. (1992) Keller et 

al. (1993), Oberhansli & Keller (1995), Li & Keller (1998), Hart et al. (2004) and Hart et al. (2005). The 

cooling interval is represented by approximately 7' in M-10X, 3.3' in E-5X, 6' in Nana-1XP and 15' in N- 

22X. Assuming that the duration of the UC20d nannofossil subzone is approximately 0.5 Ma 

(interpreted from the time-scale of Bralower et al. (2002), P. Bown, personal communication, 2005), this 

cooling represents approximately 150,000 years. The decrease in W. bamesiae seen in N-22X and 

Nana-1XP, is not accompanied by an increase in cool water indicators of the same magnitude as in M- 

10X and E-5X. This could be due to a preservational effect as seen by the high abundance of M. 

decussata.

M. decussata is especially dominant over the uppermost 5' of the Maastrichtian section in E-5X, 

Nana-1XP and N-22X, compared with a much wider interval in M-10X. The dominance of this species, 

at least in the uppermost levels where species richness/diversity values fall, is inferred, to be due to 

diagenesis related to the mature hardground at the K/T boundary.

Other disciplines

The E-5X and M-10X wells were studied using a multidisciplinary approach for the EFP project. The 

following discusses some of the palaeoecological and palaeoenvironmental trends recognised using 

nannofossils in the context of palaeoceanographic trends suggested by other disciplines 

(micropalaeontology, palynology, carbon isotopes and sedimentology). Sedimentological data also 

contribute to interpretation of some of the trends seen in Nana-1XP and N-22X. (see Figs 4.26a & b).

Palynofacies analysis (i.e. a study of the changes in the kerogen assemblages) provides a measure 

of the lateral movements of the coastline, i.e. a measure of relative sea level variation, while the 

palaeoecological analysis of the dinoflagellate cysts (diversity and species distribution) provides a 

measure of ‘oceanality’ (i.e. linked to relative sea-level) and productivity (Ineson et al. 2004b). In 

micropalaeontological studies, the P/B ratio (planktic/benthic ratio) is routinely used in palaeo-water 

depth interpretations. Long-term 513C curves are commonly reported to parallel sea-level curves, shifts 

to more positive values accompanying transgressive events and shifts to more negative values being 

associated with regression (Ineson et al. 2004b).

Markers f-d

A minor peak in M. decussata halfway between markers f and e in M-10X, coinciding with low numbers 

of L. cayeuxii, indicates a slight deepening at this level. This was also suggested by Schioler (2004)
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who noted relative increases in the high sea-level proxies (% Impagidinium group, log (marine/non 
marine) ratio and % organic walled phytoclasts).

The minor shallowing between markers e and d (suggested by abundant L. cayeuxii with low 

abundances of M. decussata) is supported by foraminiferal evidence (Rasmussen & Lassen 2004). 

These authors noted a deep outer shelf setting in the lower parts of this interval in M-10X with slightly 

shallower conditions in the upper parts. A slight decrease in the P/B ratio, and the appearance of 

Pyramida cimbrica characterised the shallowing event in M-10X, while the same event was considered 

to be recorded by the occurrence of Cibicides succedens and Osangularia navarroana in E-5X.

In M-10X and E-5X, the b13C curves show gradually decreasing values from the bottom of the 

sections to around the c marker (Schovsbo & Buchardt 2004). indicating overall sea-level fall. The 

minor shallowing between markers e and d indicated by nannofossils and foraminifera (and to some 

extent by palynofacies), is also indicated by a minor negative shift in 513C values (Fig. 4.26a) at around 

6575.00' in M-10X (Schovsbo & Buchardt 2004).

A minor increase in M. decussata roughly coinciding with low abundances of L. cayeuxii around 

marker d can be interpreted as a slight deepening. This is supported by a minor positive excursion in 

613C values (Figs 4.26a & b) at around 6560.00' in M-10X and 6940.00' in E-5X (Schovsbo & Buchardt 

2004).

In M-10X, relatively high sea levels around marker d are also indicated from 6582.58' to 6552.25' by 

increases in percentages of the Impagidinium group and increases in the log (marine/non-marine) ratio 

(Schioler 2004). (Note, however, that this interval spans the shallowing and subsequent deepening 

signal suggested by nannofossil data). The rise in sea level on the basis of palynological analysis in E- 

5X, is indicated below marker d from 6963.33'-6948.08'.

Markers d-b

Towards marker b, L. cayeuxii increases in abundance, coincident with low abundances of M.

- decussata and indicating a shallowing event. Foraminiferal evidence for this regressive event is 

documented by Rasmussen & Lassen (2004) at around 6522.25' in M-10X, by very low values of the 

P/B ratio. The equivalent signal in E-5X is recognised from 6869.33'-6863.33' (Rasmussen & Lassen 

2004). The negative trend in the 513C curves for both E-5X and M-10X (Schovsbo & Buchardt 2004) 

also indicate a general shallowing between markers c and b, although both curves plateau out beneath 

the ‘peak shallowing’ indicated by other datasets.

In the M-10X well, two closely spaced hardened horizons (inferred incipient hardgrounds) suggest a 

maximum shallowing at around 6500.00', just below marker b (Ineson 2004). This level corresponds to 

a significant increase in chalk porosity (Ineson 2004), possibly related to the regressive event. A 

decrease in the log (marine/non-marine) ratio, % Impagidinium group and organic walled phytoclasts
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from markers c to b in M-10X (6505.08'-6499.00') and E-5X (6877.66'-6865.25') (Figs 4.26a & b) is 

compatible with shallowing to a peak lowstand at this level (Schioler 2004).

W. bamesiae is low in abundance throughout this interval indicating cool surface waters, though this 

species shows a minor peak (1%) around the c marker in M-10X and E-5X (Figs 5.3 & 5.6). A minor 

acme in the planktonic foraminifera Pseudotextularia elegans (a ‘tethyan’ species which apparently 

lived in the lower regions of the photic zone and is thought to indicate slightly deeper and warmer 

waters) is seen at 6883.00' in E-5X (12% of the planktonic fauna), and at 6519.08' in M-10X (8% of the 

planktonic fauna) (Rasmussen & Lassen 2004). These minor peaks in P. elegans occur at a slightly 

higher stratigraphic level than the W. bamesiae increases perhaps suggesting that they occupied 

different levels of the water column or they had different upper and lower temperature tolerance levels.

Marker b-K/T boundary

An increase in the relative abundance of W. bamesiae coinciding with a decrease in the cool water 

indicators from above marker b to beneath the K/T boundary suggests surface water warming. In E-5X 

and M-10X, two warming pulses are indicated within this interval on the basis of planktonic foraminifera. 

The P. elegans acme is seen at 6847.66' in E-5X (28% of the planktonic fauna), and 6481.00' in M-10X 

(8% of the planktonic fauna). A second peak in this species is seen at 6836.66' in E-5X (50% of the 

planktonic fauna) and at 6446.42' in M-10X (3% of the planktonic fauna). In the E-5X well, this second 

peak of P. elegans coincides with the Kjolby Gaard Marl equivalent (Figs 4.26a & b). The increase of P. 

elegans in the Kjolby Gaard Marl equivalent, despite the lack of nannofossil evidence, indicates a 

warming of the surface waters at this level (Rasmussen & Lassen 2004). Interestingly, this species 

does not increase during the Kjolby Gaard Marl equivalent in M-10X, but slightly higher. Rasmussen & 

Lassen (2004) suggested that the interval spanning the two P. elegans peaks may correlate with the 

uppermost Maastrichtian Deccan volcanic event, dated as 65.4-65.1 Ma (Keller et al. 2003). Above the 

uppermost P. elegans peak in E-5X, the co-occurrence of the foraminifera Abathomphalus 

mayaroensis, Pseudoguembelina hariaensis and Stensioeina ex gr. beccariformis indicates that the 

warm conditions continued into the uppermost part of the late Maastrichtian. These species are not 

recognised in M-10X, suggesting different palaeoenvironmental conditions between the well localities 

(perhaps a restricted current pathway) or the existence of a hiatus within the uppermost Maastrichtian 

in M-10X (Rasmussen & Lassen 2004).
Above the Kjolby Gaard Marl equivalent, L. cayeuxii decreases by roughly the same magnitude as 

the relative increase in M. decussata, possibly reflecting a rise in sea level during this interval. A sea- 

level rise at this level is also suggested by Schioler (2004) from 6460.00 —6448.17 in M-10X and from 

6836.00'-6830.00' in E-5X, based on increases in the sea-level proxies, as discussed previously.

Trends in the low and high productivity nannofossil indicators during this interval suggest lower 

fertility levels than during the lower parts of the offshore wells. Schioler (2004) used the
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peridinioid/gonyaulacoid ratio to indicate productivity patterns within the palynolgical dataset. In M-10X 

and E-5X, low values were noted from below the b marker (6503.25' in M-10X, 6872.66' in E-5X) with 

higher values from halfway between markers b and a (around 6472.33' in M-10X, 6847.83' in E-5X) to 

the base of the interval barren of palynomorphs (above marker a; 6451.83' in M-10X, around 6831.00' 

in E-5X). This indicates relatively low fertility in the lower part and increased fertility in the middle and 

upper parts of the interval, in part agreeing with the suggestion from nannofossils. However the fact that 

these two groups of fossils occupied different levels in the water column, and probably reacted to 

different nutrients, must be taken into consideration.
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5.2.2 Danish Basin Palaeoecology

In this section, changes in nannofossil assemblages observed from the base of the cored sections to 

the K/T boundary are described as seen on the distribution charts (Enclosures 5-8). Although radical 

changes are not observed, variations in the pelagic system are illustrated by fluctuations in the 

nannoplankton assemblages as discussed for each well, with different species becoming more or less 

dominant depending on changing palaeoenvironmental conditions. Palaeoecological interpretations are 

then presented for each well. The cyclostratigraphic markers used to divide up the Danish Central 

Graben wells are not recognised in the Danish Basin; in describing the palaeoecological evolution, 

therefore, the nannofossil biostratigraphic subdivision and the Kjolby Gaard Marl are used as marker 

horizons.

The ‘units’ used in this section are

i) base of core to base of UC20d

ii) base of UC20d to the K/T boundary

A summary of the Maastrichtian palaeoecological trends is given for each well and the section is 

concluded with a discussion of the overall patterns observed in the Danish Basin wells, incorporating 

data from other biostratigraphic disciplines where available.
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5.2.2.1 Tuba-13

The Maastrichtian species richness for the well is 19-28 (mean 23.6) and fluctuates somewhat (see 

distribution chart (Enclosure 5). Shannon diversity values are relatively constant, generally plotting 

between 2.0 and 2.5, occasionally falling above 2.5 (Fig. 5.13). Simpson diversity values match this 

trend (Fig. 5.13), with values mainly falling between 0.8 and 0.9. The number of fields of view (FOV) per 

approximately 300 nannofossil counts is also used as a measure of nannofossil abundance, and to 

some extent preservation (Fig. 5.14a). The average (mean) FOV for Tuba-13 is 18.3 with values as low 

as 10 and as high as 46. Deviations from the average values, and differences in average values from 

well to well, are discussed in section 5.3.

Base core to K/T boundary (125.0 m -104.50 m)

Palaeoecological observations

M. decussata is fairly high in abundance (generally over 20%, maximum 37%) throughout the 

Maastrichtian section of this well. L. cayeuxii is very low in abundance (7% or less), as is K. magnificus 

(distribution chart, Enclosure 5). A. cymbiformis increases from the bottom to the top of the section.

The Kjolby Gaard Marl is found from 124.00 m -122.75 m and is characterised by fairly high 

abundances of W. bamesiae (18%) and a low abundance (3% or less) of N. frequens.

W. bamesiae is relatively high in abundance (maximum 18%) throughout this section, falling only 

slightly in the interval 113.0 m to 110.0 m (to 4%) and then continues to be fairly high in abundance 

(increasing to 9%) to the top of the well although not attaining the levels of the lower interval (124.0 m - 

116 m). P. stoveri decreases in abundance from the W. bamesiae decrease at 113.0 m to the top of the 

section (distribution chart, Enclosure 5). The cool water indicators fluctuate and peak at 120.0 m at 

18%.

The high productivity indicators demonstrate relatively low abundances (less than 6%) throughout 

the section, as do the low productivity indicators (Fig. 5.15).

Palaeoecological interpretation

L. cayeuxii is low in abundance throughout the section, possibly indicating relatively deep waters; a 

relatively high abundance of M. decussata through this interval may support this suggestion (as 

discussed in section 5.2.1.1).
From the base of the core to around 114.25 m, the abundance of W. bamesiae suggests relatively 

warm surface waters (Fig. 5.15). This species decreases, then increases again to the K/T boundary. 

This small decrease is the only indication of a cooling during this interval. It might be expected that P. 

stoveri may increase where W. bamesiae decreases as the former species is interpreted as being a
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cool water indicator. The fact that P. stoveri also decreases suggests that factors additional to 

temperature probably limit the productivity of this species. The cool water indicators (Fig. 5.15) fluctuate 

in abundance.

The presence within the Kjolby Gaard Marl of fairly high abundances of W. bamesiae and a low 

abundance of N. frequens demonstrates relatively warm surface water temperatures.

The productivity indicators suggest very minor fluctuations in fertility during this interval (Fig. 5.15).

Tuba-13 Summary of main trends

The relatively low abundance of L. cayeuxii is particularly notable (less than 1% to 7%). M. decussata is 

fairly high in abundance (up to 37%). Also characteristic of this well are relatively high abundances of 

W. bamesiae over the lower part of the sampled section, and its relative decrease towards the K/T 

boundary. The cool water indicators fluctuate between 3 and 18%. The high productivity indicators are 

relatively low in abundance over the lower part of the section (down to less than 1%) and only increase 

slightly (to 5%) towards the K/T boundary. The base of the Kjolby Gaard Marl unit is characterised by a 

peak (of 18%) in W. bamesiae.

Shannon (Sh) and Simpson (Si) diversity indices fluctuate only slightly within this short section (Fig.

5.13). Values are relatively low (2.06 Sh, 0.8 Si) at the bottom of the section, and peak at 120.0 m with 

values of (2.6 Sh) and (0.9 Si). From 119.75 m to 115.25 m, values are relatively low (down to 2.07 Sh, 

0.8 Si) and from 114.25 m to the top of the Maastrichtian section they remain stable at around 2.4 (Sh) 

and 0.88 (Si). Values within the Kjolby Gaard Marl interval range from 2.1-2.35 (Sh) and 0.8-0.87 (Si).

Tuba-13 Summary of main interpretations

The relatively low abundance in the shallow water species L. cayeuxii suggests that waters were not 

particularly shallow at this locality. These low levels of L. cayeuxii coincide with relatively high 

abundances of M. decussata, which therefore may be inferred to be a depth indicator (as previously 

discussed in section 5.2.1.1). Relatively warm surface waters are suggested by the trend in W. 

bamesiae from the base of the sampled section to around 114 m. A decrease in this species from this 

point to the K/T boundary implies a slight cooling (although W. bamesiae does increase again from 

around 110 m to 108 m). The cool water indicators fluctuate, but reach a peak of 18% where levels of 

IN. bamesiae are also relatively high. This suggests that the surface water temperature did not exceed 

levels that the cool water indicators could not tolerate. The trends seen in the productivity indicators 

testify to low productivity through this interval, increasing slightly in the upper part of the section. The 

Kjolby Gaard Marl level (Fig. 5.15) appears to be characterised by warm surface waters (indicated by 

relatively high abundances (18%) of W. bamesiae and low abundances (2%) of the cool water 

indicators).
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Shannon and Simpson diversity values are relatively low at the bottom of the section (the basal 

sample of the Kjolby Gaard Marl), coinciding with high abundances of M. decussata (Fig. 5.13) and a 

high number of FOV (Fig. 5. 14a). At 120.0 m diversity and species richness values are high indicating 

stable conditions at this point. From 119.75 m to 115.25 m diversity and species richness values fall to 

lower values, coinciding with relatively high abundances of M. decussata and P. stoveri. Relative 

stability of surface water conditions is suggested by stable diversity values from 114.25 m to the top of 

the Maastrichtian section.

Nannofloras in the studied Tuba-13 core suggest a late Maastrichtian warming followed by cooling in 

the latest Maastrichtian; the restricted stratigraphic extent of this cored section, however, precludes 

more detailed interpretation of this event. However, the relative stability of the environment is reflected 

by the constant species richness and diversity values of the samples (see distribution chart, Enclosure

5).

238



5.2.2.2 Solred-2

The Maastrichtian species richness for the well is 17-27 (mean 21.7) but is relatively stable (see 

distribution chart, Enclosure 6). Shannon diversity values are relatively constant, generally plotting 

between 2.3 and 2.6 (Fig. 5.16). Simpson diversity values match this trend (Fig. 5.16), with values 

mainly falling between 0.85 and 0.9. The number of fields of view (FOV) per approximately 300 

nannofossil counts is also used as a measure of nannofossil abundance, and to some extent 

preservation (Fig. 5.14b). The average (mean) FOV for Solrod-2 is 13.7 with values as low as 6 and as 

high as 32. Deviations from the average values, and differences in average values from well to well, are 

discussed in section 5.3.

Base core to K/T boundary (44.55 m -31.33 m)

Palaeoecological observations

M. decussata is fairly low in abundance (5-22%) from 39.80 m (the base of the Kjolby Gaard Marl) to 

around 34 m where it decreases to very low levels (down to 3%) to the top of the core. L. cayeuxii 

peaks in abundance at 41.0 m (14%), otherwise is very low in abundance (less than 1% to 7%) (Fig.

5.17). A. cymbiformis increases from the bottom towards the top of the section.

A high abundance of W. barnesiae (up to 13%), coinciding with a high abundance of P. stoveri (see 

distribution chart, Enclosure 6) is seen from the base of the core to 34.07 m. From this point to the K/T 

boundary interval, both species decrease dramatically {W. barnesiae decreases to 1%). This coincides 

with a notable increase in N. frequens (from 4 to 21%), A. cymbiformis, C. amphipons, C. ehrenbergii 

and E. turisseiffelii (distribution chart, Enclosure 6), and a decrease in M. decussata. The cool water 

indicators increase in relative abundance (from 9 to 29%) where W. bamesiae decreases (Fig. 5.17). N. 

frequens fluctuates in abundance, but peaks at 21% at 31.33 m.

The high productivity indicators are low in abundance (3% or less) throughout the section, while the 

low productivity indicators fluctuate from 10—2% and peak at 26% at 33.42 m, declining above this level 

to the K/T boundary.
The Kjolby Gaard Marl is found from 39.80 m-38.30 m and is characterised by fairly high 

abundances of W. bamesiae (up to 11%) and a very low relative abundance of N. frequens (1%), (Fig.

5.17). M. decussata increases in abundance and the high productivity indicators are low, but stable, in 

abundance.
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Palaeoecological interpretation

Low abundances of L. cayeuxii may suggest relatively slightly deep waters during this interval, although 

the limited stratigraphic range of this section prohibits analysis of stratigraphic shifts in relative 

abundance of this species.

A relatively high abundance of W. bamesiae from the base of the core to 34.07 m indicates relatively 

warm surface waters. L. cayeuxii may also have been responding to the warm waters, decreasing in 

abundance with increasing temperatures. The marked decrease in W. bamesiae within the uppermost 3 

m of the core, coinciding with an increase in the cool water indicators (Fig. 5.17) suggests surface water 

cooling, a conclusion supported by the large increase in N. frequens in this interval (distribution chart, 

Enclosure 6).

The high productivity indicators are very low in abundance (Fig. 5.17). The low productivity indicators 

fluctuate, a peak in these at 33.42 m, coinciding with a decrease in the high productivity markers, 

possibly indicating a slight decrease in the already low productivity levels. The low productivity 

indicators decrease upwards from here, roughly paralleling the cooling trend, perhaps indicative of an 

increase in productivity in the latest Maastrichtian associated with cooling of surface waters.

The Kjolby Gaard Marl interval indicates relatively warm surface waters (though no warmer than the 

rest of the interval), as seen by relatively high abundances of W. bamesiae and a low abundance of N. 

frequens. The slight increase in M. decussata may be indicative of enhanced diagenetic effects in the 

marly interval.

Solrod-2 Summary of main trends

Relatively low abundances of L. cayeuxii (<1 %—14%) and M. decussata (4%- 22%) characterise the 

uppermost Maastrichtian section in this well. M. decussata is particularly low in abundance over the 

uppermost 4' of the Maastrichtian interval. W. bamesiae is relatively high in abundance (up to 13%) 

from the base of the sampled interval until 34 m, where it decreases (down to 1%) up-section towards 

the K/T boundary. The cool water indicators fluctuate from 3 to 29% but are highest in abundance 

where W. bamesiae is low in abundance (Fig. 5.17). The high productivity indicators are low in 

abundance (3% or less) throughout the interval. The low productivity indicators reach a peak (of 25%) 

at around 33 m, coinciding with a fall in the high productivity indicators, otherwise they fluctuate from 9 

to 22%.

Shannon (Sh) and Simpson (Si) diversity indices are very stable within this short section, with only 

minor fluctuations (Fig. 5.16); this is reflected in the number of FOV (Fig. 5.14b). Values are stable (e.g. 

2.36 Sh, 0.87 Si) at the bottom of the section (44.55 m), and peak below the Kjolby Gaard Marl at 41.0 

m (2.6 Sh, 0.9 Si). At 39.25 m (within the Kjolby Gaard Marl interval) values are low (2.24 Sh, 0.86 Si) 

relative to the rest of the section. Another relative low is noted at 34.07 m (2.3 Sh, 0.86 Si). From 33.72 

m to the top of the Maastrichtian section values remain stable at around 2.4 (Sh) and 0.88 (Si).
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Solrod-2 Summary of main interpretations

A low abundance of L  cayeuxii (a shallow water indicator) may suggest the waters were relatively deep 

at this locality, perhaps punctuated by slightly shallower waters at around 42 m and 33 m where this 

species increases slightly (Fig. 5.17). Warm surface waters are indicated from the base of the core to 

around 34 m by relatively high abundances of W. bamesiae. A decrease in this species, coinciding with 

a peak in the cool water indicators, infers a cooling towards the K/T boundary. The productivity 

indicators infer low productivity throughout the sampled section. The Kjolby Gaard Marl appears to 

characterise a relatively warm period (high abundances of W. bamesiae coinciding with low 

abundances of the cool water indicators), and the increased levels of M. decussata perhaps indicates 

that this interval was influenced more strongly by diagenesis.

Shannon and Simpson diversity values are stable at the bottom of the section, suggesting stable 

surface water conditions. At 39.25 m (within the Kjolby Gaard Marl interval) diversity values fall slightly 

relative to the rest of the section but species richness values remain high. This suggests that although 

the minor increase in M. decussata values may record enhanced diagenesis at this level, this has not 

been sufficient to reduce the gross species composition. Relatively low diversity and species richness 

values are noted at 34.07 m, and coincide with an increase in the relative abundance of P. stoveri 

(suggesting an influx of cooler waters). From 33.72 m to the top of the Maastrichtian section, values 

remain stable.

Nannofloras in the studied Solrod-2 core record warm surface waters in the late Maastrichtian 

warming followed by a cooling in the latest Maastrichtian. However, the relative stability of the 

environment overall is reflected by the consistent, high diversity and species richness of the samples 

(see distribution chart, Enclosure 6).
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5.2.2.3 Karlslunde-1

The Maastrichtian species richness for the well is 19-30 (mean 24.25) and fluctuates gently (see 

distribution chart, Enclosure 7). Shannon diversity values are relatively constant, generally plotting 

between 2.3 and 2.7, occasionally falling below 2.1 (Fig. 5.18). Simpson diversity values match this 

trend (Fig. 5.18), with values mainly falling between 0.85 and 0.9, occasionally down to 0.8. The 

number of fields of view (FOV) per approximately 300 nannofossil counts is also used as a measure of 

nannofossil abundance, and to some extent preservation (Fig. 5.14c). The average (mean) FOV for 

Karlslunde-1 is 21.4 with values as low as 12 and as high as 32. Deviations from the average values, 

and differences in average values from well to well, are discussed in section 5.3.

Base of core to base UC20d (269.0 m-72.0 m)

Palaeoecological observations

M. decussata increases gradually from around 230.00 m to 190.0 m (to a maximum of 28%), then 

decreases (down to 2%) to the top of UC20b-c. L. cayeuxii (Fig. 5.19) and A. cymbiformis (distribution 

chart, Enclosure 7) are low in abundance during this interval (generally less than 6%, apart from at the 

base of the section where levels of 12% of L. cayeuxii are noted).

A. octoradiata (see distribution chart, Enclosure 7) is very low in abundance throughout this interval, 

but in general, the cool water indicators (Fig. 5.19) are relatively high in abundance (10->20%) and 

peak at 31% at 200.00 m. P. stoveri is low in abundance towards the bottom of the core and very 

common over most of the rest of the interval (see distribution chart, Enclosure 7). W. bamesiae is 

relatively high in abundance (8-13%) over the bottom 35 m of the core and decreases (to 1%) from 

around 220 m to 130 m, roughly coinciding with the slight increase in M. decussata. W. bamesiae then 

increases over a short interval (8% at 120.0 m) where M. decussata and N. frequens decrease, and 

then decreases (to 1%) towards the top of the interval.

From the base of the core to 112.0 m, the high productivity indicators are relatively low in abundance 

(2-6%), then increase (up to 11%) over the remainder of the interval (Fig. 5.19). The low productivity 

indicators fluctuate between 8% and 25% (Fig. 5.19).

Palaeoecological interpretation

From Fig. 5.19 and the distribution chart (Enclosure 7), it can be seen that L. cayeuxii and A. 

cymbiformis are generally very low in abundance throughout the interval. As these species are shallow 

water indicators, their low relative abundance possibly suggests that relatively deep water may be 

inferred throughout this interval. However, abundances in M. decussata (which often appear to be high
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when L. cayeuxii is low in abundance) are not particularly high apart from the slight increase around 

190 m-170 m (Fig. 5.19).

Relatively warm surface waters are suggested over the lower 35 m of the core and again at 120 m, 

as testified by common W. bamesiae. This is supported by relatively low abundances of the cool water 

indicators (Fig. 5.19) at these levels.

The high productivity indicators indicate that fertility levels decreased up-section from the base of the 

core, and remained low to around 125.0 m. They then increase to the top of the interval.

Base UC20d to top of core (72.0 m-47.90 m)

Palaeoecological observations

The interval from the base of UC20d to the top of the cored section (around 25 m) is covered here by 

only 4 samples from the lowermost part (72-48 m), so the following interpretation is made bearing this 

in mind. The cored section does not include the Kjolby Gaard Marl or the K/T boundary, and the 

sampled section is considered to represent the lowermost part of the UC20d biozone, beneath the 

Kjolby Gaard Marl as seen in other wells (e.g. Solrod-2).

M. decussata and L. cayeuxii are very low in abundance at the base of the interval (5% and 4% 

respectively) and increase only slightly to the top (7% and 5% respectively).

W. bamesiae is low in abundance within this interval (up to 2%), while the cool water indicators 

(including N. frequens) are relatively high in abundance (up to 22%), see Fig. 5.19.

The high productivity indicators decrease from the base of the interval (from 9% to 2%), while the low 

productivity indicators increase from 12% to 26%.

Palaeoecological interpretation

As L. cayeuxii is a shallow water indicator, the low relative abundance of this species, throughout this 

interval, possibly suggests that relatively deep water may be inferred. However, as both L. cayeuxii and 

M. decussata are low in relative abundance, water depth is difficult to interpret, the consistent levels of 

these species may suggest that sea-level changes were muted during this period.

A low abundance of W. bamesiae and relatively high abundances of the cool water indicators (Fig.

5.19) and P. stoveri (distribution chart, Enclosure 7), suggest that surface waters were relatively cool 

during the early part of this interval.

As shown on Fig. 5.19, the trends in the high and low productivity indicators indicate that productivity 

levels were fairly low at this time.
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Karlslunde-1 Summary of main trends

Apart from at the bottom of the sampled section, where abundances reach 12%, L. cayeuxii is relatively 

low in abundance (less than 1% to 6%) throughout. M. decussata maintains an abundance of 10-20% 

during the lower part of the section. Abundances generally decrease to less than 10% in the upper part. 

W. bamesiae is relatively high in abundance towards the base of the section (around 255 m to 230 m), 

and again at around 120 m. Outwith these intervals, W. bamesiae is relatively low in abundance (less 

than 1% to 2%), (Fig. 5.19). The cool water indicators fluctuate between 4% and 31% but generally 

appear to increase in abundance when W. bamesiae decreases in abundance (Fig. 5.19). From the 

base of the core to around 120 m, the high productivity indicators are fairly low in abundance (generally 

less than 6%) and stable. They increase up-section above 120 m to 11%. The low productivity 

indicators fluctuate between 8 and 27%.

Shannon (Sh) and Simpson (Si) diversity indices are fairly stable within this well, with very few 

fluctuations (Fig. 5.18). Values are very stable (and relatively high) (e.g. 2.46 Sh, 0.89 Si at 254.0 m) 

from the bottom of the section to 219.0 m. A minor trough is seen at 190.00 m with values of (2.07 Sh) 

and (0.8 Si). Relatively stable, but lower values than previously, are seen from 180.00 m (e.g. 2.37 Sh, 

0.84 Si at 140.0 m) to 130 m. From 120.0 m to the top of the section, values return to stable and 

relatively high levels at around 2.6 (Sh) and 0.9 (Si), apart from at 90.0 m where they fall to 2.43 (Sh) 

and 0.88 (Si).

Karlslunde-1 Summary of main interpretations

The trend shown by L  cayeuxii towards the base of the core (abundances up to 12%) indicates 

shallower waters relative to the remainder of the sampled section, where abundances drop to less than 

1%. A slight deepening is inferred at around 190 m. The two intervals of relatively high abundances of 

W. bamesiae (Fig. 5.19) indicate warmer surface waters. This is also suggested by the trends in the 

cool water indicators, which increase when W. bamesiae abundance is low and decrease when W. 

bamesiae abundance is high. The high productivity indicators are higher in abundance at the bottom of 

the section (up to 8%), and from 110 m to around 70 m, than in the middle of the core (down to 2%), 

suggesting slightly increased fertility towards the base and the upper part of the well.

The core did not encounter the Kjolby Gaard Marl, suggesting that the top of the cored section is 

beneath this marker bed. The absence of the late Maastrichtian warming event recorded in the other 

wells may thus be explained by the fact that this core section only encountered the lowermost levels of 

UC20d.

Shannon and Simpson diversity values are very stable (and relatively high) from the bottom of the 

section to 219.0 m, indicating stable, oligotrophic surface water conditions. A distinctive low is seen at 

190.00 m, coincident with high relative abundances of P. stoveri and M. decussata. Relatively stable,
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but lower diversity values than beneath, are seen from 180.00 m to 130 m. This interval coresponds 

with high relative abundances of P. stoveri, suggesting cool surface waters. From 120.0 m to the top of 

the section, values return to stable and relatively high levels apart from at 90.0 m where they fall 

slightly, coincident with high relative values of P. cretacea. Species richness values remain fairly 

constant throughout the sampled section, reflecting the the relative stability of the environment. 

Nannofloras in the Karlslunde-1 core demonstrate fairly stable, oligotrophic conditions.
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5.2.2.4 Tune-1

The Maastrichtian species richness for the well is 21-32 (mean 24.9) and shows minor fluctuations (see 

distribution chart, Enclosure 8). Shannon diversity values are relatively constant, generally plotting 

between 2.2 and 2.5 (Fig. 5.20). Simpson diversity values match this trend (Fig. 5.20), with values 

mainly falling between 0.8 and 0.9. The number of fields of view (FOV) per approximately 300 

nannofossil counts is also used as a measure of nannofossil abundance, and to some extent 

preservation (Fig. 5.14d). The average (mean) FOV for Tune-1 is 20.1 with values as low as 12 and as 

high as 33. Deviations from the average values, and differences in average values from well to well, are 

discussed in section 5.3.

Base of core to K/T boundary (94.25 m-85.07 m)

Palaeoecological observations

M. decussata is relatively high in abundance overall, with subdued peaks at 93.75 m (34%), 88.25 m 

(35%), 86.18 m (28%) and 85.20 m (28%). This species decreases in abundance (as low as 8%) 

between 93.20 m and 90.0 m. L. cayeuxii is low in abundance (5% at the base of the interval to less 

than 1%). A. cymbiformis increases from the bottom to the top of the section.

W. bamesiae is relatively high in abundance from the bottom of the section (11%) to 89.40 m (12%), 

peaking at 17% at 91.40 m. It is notable, however, that the high abundance of W. bamesiae coincides 

with relatively high abundances of the cool water indicators (Fig. 5.21). W. bamesiae decreases in 

abundance from 88.25 m to the top of the Maastrichtian, as does P. stoveri (see distribution chart, 

Enclosure 8).

The high productivity indicators (Fig. 5.21) are low in abundance (c. 2%) in the lower levels but 

increase above 89 m to the K/T boundary with peak values of 8%. The low productivity indicators 

demonstrate relatively high abundances (up to 18%) through most of the section, but decrease towards 

the top of the Maastrichtian as the high productivity indicators decrease (Fig. 5.21).

The Kjolby Gaard Marl (93.75 m-93.55 m) is characterised in this well by fairly high abundances of 

W. bamesiae (14%) and a very low abundance of N. frequens (1%). M. decussata is very high in 

abundance (28-34%).

Palaeoecological interpretation

As L. cayeuxii is considered a shallow water indicator, low abundances of L. cayeuxii may indicate 

relatively deep waters during this interval. The peak abundances in M. decussata do not correspond to 

decreases in species richness (see Fig. 5.21 and the distribution chart, Enclosure 8), suggesting that 

environmental, rather than preservational parameters, controlled the relative importance of this species.
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A high abundance of W. bamesiae in the lower part of the interval indicates fairly warm surface 

waters. A decrease in this species towards the top of the Maastrichtian implies a cooling. However, the 

cool water indicators (Fig. 5.21) are also relatively high in abundance. P. stoveri is also inferred to be a 

cold water indicator; the fact that this species also increases when W. bamesiae is relatively high in 

abundance, indicates that these cool water species were able to tolerate at least some increase in 

surface water temperature. Alternatively, an environmental factor other than temperature, possibly 

nutrients, may have been influencing this species.

The increase in high productivity indicators from the bottom to the top of the section, is matched by a 

corresponding decrease in the low productivity indicators (Fig. 5.21), suggesting a slight increase in 

fertility just before the end of the Maastrichtian.

The trends of palaeoecological indicators in the Kjolby Gaard Marl interval, indicate a slight warming 

(an increase from 8% to 14% in W. bamesiae, and a decrease from 9% to1% in N. frequens). The 

increase in M. decussata may be due to diagenetic effects, although it is notable that the species 

richness does not fall within this interval.

Tune-1 Summary of main trends

L cayeuxii is relatively low in abundance throughout the section (less than 1% at some points). The 

level particularly low in L. cayeuxii abundance (89.5 m to the K/T boundary) coincides with increased 

abundances of M. decussata. From the base of the sampled section to around 89.5 m, W. bamesiae is 

relatively high in abundance (up to 17%), then decreases to the K/T boundary. The cool water 

indicators are relatively high in abundance (up to 14%), apart from within the Kjolby Gaard Marl where 

they decrease to 4%: coinciding with an increase in W. bamesiae (Fig. 5.21). The high productivity 

indicators generally increase above 89 m to just under the K/T boundary, while the low productivity 

indicators decrease in abundance within this interval.

Shannon (Sh) and Simpson (Si) diversity indices fluctuate only slightly within this short section (Fig. 

5.20). Values are very stable (e.g. 2.47 Sh, 0.89 Si at 92.4 m) from the bottom of the section to 89.4 m; 

this is reflected in stable numbers of FOV (Fig. 5.14d). A minor diversity low is seen at 88.25 m with 

values of 2.19 (Sh) and 0.8 (Si). Relatively low values are also seen at 86.18 m (2.25 Sh, 0.82 Si).

From 85.65 m to the top of the Maastrichtian section, the diversity indices remain stable at around 2.4 

(Sh) and 0.86 (Si). Steady values during the Kjolby Gaard Marl interval range from 2.44-2.47 (Sh) and 

0.87-0.89 (Si).

Tune-1 Summary of main interpretations

The low abundance of L. cayeuxii (a shallow water indicator) appears to imply relatively deep waters for 

this section. Increased abundances of M. decussata, where L. cayeuxii is particularly low in abundance
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(Fig. 5.21), suggest that this species may also have been reacting to a slight shift in water depth (see 

discussion in section 5.2.1.1). The relatively high abundances of W. bamesiae over the lower part of the 

section suggest relatively warm surface waters, although the fairly high abundances of the cool water 

indicators at the same level (Fig. 5.21) indicates that temperatures must only have risen slightly, 

enough for the warm water species to flourish, but not enough to exclude the cool water indictors. The 

decrease in abundance of W. bamesiae towards the K/T boundary indicates surface water cooling. The 

trends in both sets of productivity indicators (Fig. 5.21) suggest slightly increased productivity in the 

upper half of the section. The Kjolby Gaard Marl appears to be characterised by a slight warming (an 

increase in W. bamesiae, coinciding with a decrease in the cool water indicators). The M. decussata 

increase during this interval may be due to enhanced diagenesis in this marly deposit.

Shannon and Simpson diversity values and numbers of FOV are very consistent from the bottom of 

the section to 89.4 m suggesting relatively stable surface water conditions (Figs 5.20 & 5.14d). A 

decrease in diversity and species richness values is seen at 88.25 m, corresponding to a high relative 

abundance in M. decussata at this horizon. Relatively low values are also seen at 86.18 m, again 

coincident with high values of M. decussata, but not coincident with low species richness values. From 

85.65 m to the top of the Maastrichtian section, values remain stable. Steady values are also noted 

during the Kjolby Gaard Marl interval.

Nannofloras in the sampled section of the Tune-1 core record warm surface waters in the late 

Maastrichtian followed by cooling in the latest Maastrichtian. The relative stability of the environment 

overall is reflected by the high, consistent species richness and diversity values of the samples (see 

distribution chart, Enclosure 8).
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5.2.2.5 Multidisciplinary integration of the Danish Basin wells

Inferred palaeoecological shifts (as noted nannofossil assemblage trends), common to two or more of 

the Danish Basin wells are described below and can be seen on Fig. 5.28.

Integrated nannofossil palaeoecological trends

base of core to base of UC20d

The Karlslunde-1 well is the only studied section from the Danish Basin spanning a stratigraphically 

lower level than UC20d. General palaeoecological trends are briefly listed so they may be compared 

with the correlative levels in the wells from the Danish Central Graben.

The trend shown by L. cayeuxii towards the base of the core (abundances up to 12%) indicates 

slightly shallower waters relative to the remainder of the sampled section, where abundances drop to 

less than 1%. A slight deepening is inferred at around 190 m.

Two intervals of relatively high abundances of W. bamesiae coinciding with decreases in the cool 

water indicators (Fig. 5.19) indicate relatively warm surface waters.

The high productivity indicators are higher in abundance at the bottom of the section (up to 8%), and 

from 110 m to around 70 m, than in the middle of the core (down to 2%), suggesting slightly increased 

fertility towards the base and the upper part of the interval.

base of UC20d to the K/T boundary

M. decussata is fairly high in abundance (generally over 20%, maximum 37%) throughout the upper 

Maastrichtian of Tuba-13 and Tune-1, although not so high in Solrod-2 (maximum 22%). Only the lower 

part of UC20d is sampled in Karlslunde-1, low relative abundances of M. decussata peak at 7% (Fig.

5.19). L. cayeuxii is very low in abundance in all the Danish Basin wells (Figs 5.15, 5.17, 5.19 & 5.21) 

(7% or less in Tuba-13, 5% or less in Tune-1 and Karlslunde-1 and maximum 14% in Solrod-2), as is K. 

magnificus (see distribution charts (Enclosures 5-8). The low abundance of L. cayeuxii and relatively 

high abundances of M. decussata possibly indicate relatively deep waters during this interval (as 

previously discussed).

Apart from in the Karlslunde-1 well (which only spans the lowest part of UC20d and where W. 

bamesiae peaks at 2%), W. bamesiae is relatively high in abundance throughout this section (with 

maximum values of 18% (Tuba-13), 17% (Tune-1) and 13% (Solrod-2)) suggesting relatively warm 

surface waters. Values fall to 4% (Tuba-13) in the interval 113.0 m to 110.0 m (Fig. 5.15) and then 

increase in abundance (to 9%) to the top of the well. In Solrod-2 and Tune-1, W. bamesiae decreases
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in relative abundance (to less than 3%) at the same stratigraphic level as in Tuba-13, but do not recover 

their previous high values (Figs 5.17 & 5.21). These relative decreases in abundance of W. bamesiae 

suggest an uppermost Maastrichtian cooling event in the three onshore wells. The cool water indicators 

(Figs 5.15, 5.17, 5.19 & 5.21) fluctuate between 3 and 29% in the onshore wells, but the variation in this 

group does not specifically support the warming-cooling trend outlined by W. bamesiae. This may 

suggest that the relatively warm surface water temperatures that supported high relative abundances of 

W. bamesiae were not warm enough to exclude the cool water indicator species.

In Tuba-13, Solrod-2 and Tune-1, the Kjolby Gaard Marl interval shows fairly high abundances of W. 

bamesiae and low abundances of N. frequens, indicative of relatively warm surface water temperatures 

(though no warmer than the rest of the interval). Relative abundances of M. decussata also increase 

over this interval in these three wells (Figs 5.15. 5.17 & 5.21); its high abundance may be partly due to 

preservational factors in this marl unit (M. decussata being a solution resistant form), since clay-rich 

chalks often suffer greater pressure solution than pure chalks.

In Tuba-13 and Tune-1, the trends in the productivity indicators testify to low productivity through this 

interval, increasing slightly in the upper part of the section (Figs 5.15 & 5.21). In Solrod-2, the 

productivity indicators imply low productivity throughout the sampled section (Fig. 5.17).

Other disciplines

In contrast to the E-5X and M-10X wells, multidisciplinary palaeoecological studies have not been 

carried out on the recently drilled Karlslunde-1 Maastrichtian section, nor on the Solrod-2 well. In the 

Tuba-13 section, however, Rasmussen & Sheldon (2004) reported the presence of the planktonic 

foraminifera P. elegans in this upper Maastrichtian section. The occurrence of this warmer water 

(‘tethyan’) species supports the nannofossil evidence of late Maastrichtian warming in the section.

In the Tune-1 well, Ahlborn (2005) notes that the uppermost Maastrichtian Skrivekridt is dominated 

by ichnofabrics comprising Zoophycos, Planolites and Chondrites, indicating relatively deep water 

(Ekdale & Bromley 1984). The overlying Grakridt (Grey Chalk), just beneath the K/T boundary, is 

dominated by Thalassinoides and Zoophycos, with traces of Taenidium and also contains increased 

bryozoan fragments, foraminifera, brachiopods and mussels. The faunal shift from the Skrivekridt to the 

Grakridt is indicative of a sea-level fall prior to the K/T boundary (Ahlborn 2005; see also Surlyk 1997).
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5.3 Danish Central Graben and Danish Basin: Species richness, 

diversity indices and nannofossil abundance -  discussion

Values of species richness, Shannon and Simpson diversity indices and nannofossil abundance (based 

in fields of view (FOV) data) are given in Table 5ii below. In the Central Graben wells, mean species 

richness values for M-10X and Nana-1 XP are 19.97 and 19.02 respectively, while the values for E-5X 

and N-22X are 20.9 and 15.6 respectively. The very similar species richness and FOV values for M-10X 

and Nana-1 XP may be explained by the similar syn- and post-depositional conditions that these two 

localities might have been subjected to; the Dan and Halfdan Fields lie in close proximity to one 

another. Slightly higher species richness values for E-5X (Table 5ii) may be a real feature, related to 

local intra-basinal shifts in surface water conditions, or may be connected to preservation. It is probably 

significant that visually, using the light microscope, nannofossil preservation in E-5X was the best of all 

the Central Graben wells. A record of preservation is also indicated by the number of FOV covered to 

count 300 specimens, which in E-5X was only 26.6, incontrast to M-10X (36.3), Nana-1 XP (38.9) and 

N-22X (49.8) (Figs 5.2, 5.5, 5.8 & 5.11). In explaining the relatively low species richness values for N- 

22X (Table 5ii), it is important to note the dominance of M. decussata through much of this well. M. 

decussata (a solution resistant species), particularly when associated with reduced species richness 

and diversity, is an indicator of poor assemblage preservation. Poor preservation in N-22X is also 

indicated by the high mean FOV counted (Fig. 5.11). Interestingly, the lower part of the N-22X cored 

section, demonstrating high numbers of FOV counted, relatively low diversity values and dominant M. 

decussata, corresponds to the interval below the oil-water transition zone in this well and the improved 

preservation above this level may thus reflect the inhibiting effect of oil with respect to carbonate 

diagenesis (Rogen & Fabricius 2004) (Stratigraphy Chapter, see Fig. 4.3).

The number of FOV is also a record of nannofossil abundance, with higher values recording a lower 

relative abundance; relatively low nannofossil abundance is thus recorded in N-22X, and relatively high 

abundance in E-5X. Shannon and Simpson diversity values are also a record of nannofossil abundance 

(Figs 5.1, 5.4, 5.7 & 5.10). In E-5X, diversity values are mainly stable (see Table 5ii) and relatively high 

throughout the well indicating stable, oligotrophic conditions. Deviations from the stable high values to 

lower values generally indicate dominance by one or two particular species. In the other Central Graben 

wells, wider ranges in diversity indices are seen (Table 5ii), indicating either less stable conditions 

where certain species dominate the assemblage, or that poor preservation (dominance of M. 

decussata) has affected the assemblage, as is particularly evident at the K/T boundary.

In the Danish Basin, mean species richness values (Table 5ii) for Tune-1 and Karlslunde-1 are 24.9 

and 24.25 respectively, while Tuba-13 demonstrates slightly lower values (23.6) and Solr0d-2 even 

lower (21.7). The very similar values for Tune-1 and Karlslunde-1 may be partly explained by the close 

proximity of the wells, inferring similar syn- and post- depositional conditions. In addition, these two
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wells were drilled recently, so that potential ‘ageing’ of core material is reduced; Tuba-13 and Solrod-2 

were drilled in 1969 and 1996 respectively. It is possible that the length of time that the samples have 

been subjected to ‘above-surface’ conditions may have affected their preservation, potentially resulting 

in more delicate species being dissolved away thus decreasing original species richness. In fact, the 

low values of FOV for Tuba-13 (18.3) and Solrod-2 (13.7) can be explained by complete dominance of 

M. decussata (a solution resistant form). In these two wells, nannofossil abundance remains relatively 

high, despite the dominance of M. decussata, but slightly low relative species richness values reflect 

the dominance of this species. Higher values of FOV (Fig. 5.14c) for Karlslunde-1 (21.4) may reflect a 

reduced influence of M. decussata (mainly due to the stratigraphic level that this well was cored at). 

Shannon and Simpson diversity values are also a record of nannofossil abundance (Figs. 5.13, 5.16, 

5.18 & 5.20). Diversity values are relatively stable throughout these fairly short sections, but fluctuate 

somewhat, becoming lower where M. decussata dominates the assemblages. It is also interesting that 

the three sections spanning only the uppermost part of the Maastrichtian (Tuba-13, Solrod-2 and Tune- 

1) demonstrate rather similar species richness values to the Karlslunde-1 well which was sampled at a 

lower stratigraphic level. This simply illustrates the relatively unchanging nannofossil assemblage 

composition throughout the late Maastrichtian.

Species richness Shannon diversity Simpson diversity FOV

M-10X 11-24(19.97) 2.0-2.5 0.8-0.9 19-70 (36.3)

E-5X 16-25 (20.9) 2.3-2.5 0.89-0.9 10-83 (26.6)

Nana-1XP 12-26(19.02) 1.8-2.4 0.8-0.9 12-75 (38.9)

N-22X 11-26(15.16) 1.5-2.5 0.6-0.9 18-85 (49.8)

Tuba-13 19-28 (23.6) 2.0-2.5 0.8-0.9 10-46(18.3)

Solrod-2 17-27 (21.7) 2.3-2.6 0.85-0.9 6-32 (13.7)

Karlslunde-1 19-30 (24.25) 2.3-2.7 0.85-0.9 12-32 (21.4)

Tune-1 21-32 (24.9) 2.2-2.5 0.8-0.9 12-33 (20.1)

Table 5/7 Species richness, diversity and nannofossil abundance (mean values in brackets)

Comparing the two basins, it is clear from Table 5ii that species richness values in the Danish Central 

Graben are notably lower than in the Danish Basin. Similarly, values of FOV counted in the Central 

Graben are much higher than in the Danish Basin. These points clearly indicate palaeoenvironmental 

and post-depositonal differences between these two separate basins. Relatively low mean species 

richness in the Central Graben may have been due to less hospitable conditions than in the Danish 

Basin. High relative values of FOV in the Central Graben compared with the Danish Basin may also 

reflect lower nannofossil abundance than in the Danish Basin. The Danish Basin was clearly more
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proximal within the Chalk Sea, perhaps leading to more favourable conditions for more species than in 

the more open, distal region of the epicontinental sea which characterised the Central Graben area.

However, it might be expected that stable, oligotrophic conditions, and therefore higher coccolith 

diversity, would characterise an open sea setting (the Central Graben), while a more proximal setting 

(the Danish Basin) would receive higher nutrient input, thus mesotrophic-eutrophic conditions 

encouraging a low diversity, high abundance flora dominated by specialist taxa. Why the Danish Basin 

setting should record nannoplankton diversity higher than the Central Graben is thus not clearly 

understood. The above values may be a result of diagenesis, at least in part. Preservational affects 

may be more pronounced in the Central Graben wells, perhaps a reflection of post depositional burial. 

The chalks of the Central Graben were buried from 1.5-2.5 km (Japsen et al. submitted), while the 

Danish Basin chalks were buried to shallower levels (maximum of 1 km (Japsen & Bidstrup 1999, 

Japsen et al. submitted)). Diversity values between the two basins are roughly comparable, exceptions 

being the lower diversity values in the N-22X and Nana-1 XP wells (Table 5ii), due to dominance, within 

certain intervals, of M. decussata.
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5.4 Statistical study: palaeoecological study of M-10X, E-5X, Nana-1 XP 

and N-22X using Correspondence Analysis

Correspondence analysis was carried out on 324 samples from the Maastrichtian of the four offshore 

wells. The dataset for the Maastrichtian of the North Sea wells was most complete and had more 

samples and more non-reworked species than the Danian interval: it was therefore decided to 

concentrate on this interval of the North Sea wells. The relatively short upper Maastrichian sections of 

the Danish Basin wells and the limited Danian part of these were considered to be inadequate for this 

statistical approach. Over 111,000 individuals were counted from the four offshore wells. These were 

split up into 64 genera and 138 species. 30 of these species (based on previous studies in the 

literature, Table 5iii) were selected as being useful for palaeoenvironmental interpretation in this 

statistical study.

Correspondence analysis compares associations containing counts of taxa or counted taxa across 

associations. This method is particularly useful if it is expected that species favour a certain range of 

the underlying parameter and decrease with lower and higher values, that is, they have unimodal 

responses to the underlying parameters. Environmental parameters (e.g. water depth, productivity, 

temperature) can be interpreted from this method. This method is useful for showing relative trends 

independent of absolute number of species.

Correspondence analysis enables us to project a multivariate dataset into two or three dimensions, 

in order to visualise trends and groupings (Hammer & Harper 2006). In this study, the results are 

presented as a biplot. The biplot is a scatter graph of samples and taxa in the same ordination space, 

spanned out by two of the Correspondence analysis axes (usually the first axis and the second axis). 

Each axis has an eigenvalue associated with it, indicating the success of ordination along it (see 

below).

Studies of recent and fossil nannoplankton have shown that certain genera and species prefer 

specific environmental conditions to others. The relationship between nannofossil species suggests 

which set of conditions the analysed sample represents. In addition to the fossil content of the sample, 

the sediment type has to be taken into account. Also, other floral/faunal indicators should be considered 

in order to be more certain of the interpretation. For example, sorting or diagenesis of the sediments 

could have distorted the original assemblage composition (Rasmussen 2002).

Method

Correspondence analysis indicated that the 324 samples divided into 7 separate groups, each 

characterised by a certain floral relationship.
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Absolute abundance data was transferred from the Stratabugs software (also see Enclosures 1-8) 

to an Excel spreadsheet (Enclosures 15a-d). Each column was headed with a taxon name and each 

row was headed with a sample depth. In order that the data could be analysed by PAST 

(PAIeontological Statistics Software Package for Education and Data Analysis; Hammer etal. 2001), the 

sum of the column data and the sum of the row data must not equal zero. If this was the case, then that 

row (sample) or column (species) was removed from the data set. Once the Excel spreadsheet was 

transferred to PAST, the ‘multivariate -  correspondence’ option was selected for each well, and a graph 

of the results plotted. The ‘eigenvalue’ and ‘similarity’ of the first four axes were noted (see Figs 5.22- 

5.26), although only the first two axes (x and y) have been used in this study. Once plotted, it is easy to 

visualise ‘outlier’ points (samples or species). These often force the majority of the data to group 

together (Fig. 5.22a), preventing any sense being made of the main group of data points.

The outliers can be interpreted in different ways; certain samples for example, may contain Danian 

sediment in burrows beneath the K/T boundary and therefore have a Danian influence and can be 

eliminated from the analysis. Furthermore, certain species are known from the literature to have been 

opportunistic or are known to appear in acmes at certain stratigraphic levels (e.g. at the K/T boundary); 

these outliers can also be removed to reveal the patterns that the main data points demonstrate (Fig. 

5.22b).

A unit of rock that contains floral assemblages that laterally change composition, can technically 

divide up into associations. In this study, for example, group A comprises species that are well known 

from shelfal palaeoenvironments, while other groups (e.g. C and D) contain gradually fewer of these 

species.

The different groups (R-mode) may reflect differences in surface water temperature, nutrients or 

water depth, for example. Although as the flora is purely planktonic, deposited far from the coast, the 

effect of fluctuations in water depth would probably be minimal (i.e. changes of water depth may have 

taken place, but at these depths/locations would not necessarily strongly affect the photic zone, at least 

not directly).

Initially each well was examined individually, plots were retrieved from the PAST program and the 

groups of species (R-mode) and samples (Q-mode) that tended to ‘cluster’ together were noted (Figs 

5.22-5.26)).

The plots demonstrate which samples resemble each other most regarding the content of their 

nannofossil species. The samples which are most similar regarding the number of individuals of certain 

nannofossil taxa, plot close to each other. For example, samples which plot on the left hand side of the 

plots are very different from those on the right hand side with respect to their species content.

Each group (R-mode) is characterised by certain dominating species. These indicator species are 

known from the literature to represent different palaeoenvironmental conditions. Table 5iii shows the 

palaeoecological (or other) indicator species (from the literature) used in this statistical study. For 

example, Group B1 represents certain cool water (e.g. N. frequens & P. stoveri) and high productivity
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indicators (Placozygus cf. P. fibuliformis). Group E indicates probable Danian influence (as is 

characterised by Biscutum spp. and Markalius inversus).

Each group is removed (primarily on the x axis) from another group. For example, shallow 

palaeoenvironments (Group A), are seen on Figs 5.22a & b, to lie on the left side). Whether these 

groupings existed in each well, or not at all, was investigated.

The species (R-mode) for the joint offshore wells were plotted and they were assembled into groups 

(Fig. 5.22a). Onto this integrated plot, the samples for each well were plotted separately, to see which 

groups they plotted closest to (Figs 5.23-5.26). For this part of the analysis, in-house computer 

software (courtesy of Ole Vejbaek, GEUS) was found to be particularly useful. To facilitate 

reading/understanding of the figures, each sample depth was given a number (1-n+1), (see Enclosure 

16). As can be seen from Figs 5.23-5.26, some samples plot within the enclosed areas assigned to 

each group from the R-mode analysis (Fig. 5.22a), but many samples do not (Figs 5.23-5.26). In order 

that all of the plotted sample points could be included in a palaeoecological-statistical explanation, it 

was decided to assign each sample to one ‘expanded’ group. Each ‘expanded’ group was assigned a 

colour (see Enclosures 17a-d, Group A = blue, Group B1 = red, Group B2 = green, Group C = pink, 

Group D = orange, Group E = purple, Group F = black) which was then applied to Figs 5.23-5.26. It is 

important to underline that realistically, many samples do in fact share characteristics of more than one 

group, so the following palaeoecological analysis is very generalistic. So that each sample could be 

assigned to one group, the original R-mode group (Fig. 5.22a) had to be modified somewhat for each 

well (see Figs 5.23b, 5.24b, 5.25b & 5.26b), but remains circled on each figure.

Correlations between each well were attempted using this data. It should be noted that results using 

this statistical method can be affected by taphonomic and diagenetic effects.
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Nannofossil

species

Abbreviation Cool water 

or high 

latitudes

Warm

water

Marginal

conditions

Deeper

water

High

productivity

Low

productivity

Solution

resistant

R

selected

K

selected

A. octoradiata A. oct X X

A. cymbiformis A. cym X X

Biscutum  spp. Bisc spp. X X

C. am phipons C. amp X

C. conicus C. con X X

C. dan iae C. dan X

C. ehrenbergii C. ehr X X

C. reinhardtii C. rein ?X

D  ignotus D. ig X X

E. gorkae E. gor X

E. turriseiffelii E. tur X X X

G. segm entatum G. seg X

K. magnificus K. mag X X ?X ?x
L. cayeuxii L. cay X X X

M. inversus M. inv ?x
M. decussata M. dec X X X X

N. cohenii N coh X

N. frequens N. fre X X X

0 . reinhardtii 0 . rein X X

0 . multiplus 0 . mul X X X

Placozygus  cf. P. 

fibuliformis

P. fib

X

P. cretacea P. cret X X X

P. grandis P. gra ?x X

P. spinosa P. spi ?x X

P. stoveri P. sto X ?x X

R. crenulata R. cren X

R. surirella R. sur X X

Thoracosphaera

spp.

Thor spp.

X

W  b am es iae W  bar X X X

Zeugrhabdotus

spp.

Zeug spp.

X

Table 5/77 Nannofossil palaeoceanographic indicators, compiled after: Worsley & Martini (1970), Bukry 

(1973a), Roth (1973), Worsley (1974), Thierstein (1976), Shafik (1978), Perch-Nielsen (1979a), Thierstein 

(1981), Siesser(1982), Watkins (1989), Pospichal & Wise (1990), Erba (1992), Eshetetal. (1992), Eshet 

& Almogi-Labin (1996), Pospichal (1996), Gardin (2002), Lees (2002) and Friedrich etal. (2005)
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Results

98 samples from M-10X, 54 from E-5X, 82 from Nana-1 XP and 90 from N-22X, in addition to 30 

nannofossil species, were subjected to correspondence analysis. The x, y and z axes (z not shown) of 

the resulting scatter plot account for 59% of the variability (statistically valid, J. A. Rasmussen, personal 

communication 2006) of all samples and taxa (x-axis 31%, y axis 17% and z axis 11%).

Using correspondence analysis, it can be shown that A. cymbiformis and L. cayeuxii group together, 

close to -0.001, furthest to the left on the x axis (Fig. 5.22b). Slightly further to the right of this group on 

the x-axis, between -0.001 and 0.00 are two groups demonstrating close affinities regarding the x-axis, 

but separated somewhat on the y-axis. Closest to 0.00 on the x-axis is another group of nannofossils, 

which apart from W. bamesiae and Cyclagelosphaera reinhardtii, plot closely on both the x and y axes. 

Much removed from these groups on the y-axis but related via the x-axis is a group of samples 

dominated by M. decussata.

The following R-mode groups were formed and comprise species which show the most similarity 

(Figs 5.22a & b).

Group A:

Characteristics. The assemblage is dominated by A. cymbiformis (13-46%) and M. decussata (10- 

25%).

Interpretation. A. cymbiformis is indicative of shelfal environmental conditions, while M. decussata is 

known to be a solution resistant form, the palaeoecological implications of which are the subject of 

much debate (as discussed in the Conclusion Chapter, section 6.2.2).

Group B1:

Characteristics. Particularly notable in this group are high numbers of P. stoveri (16-35%), Placozygus 

cf. P. fibuliformis (4-12%) and N. frequens (3-20%), although relative abundances of these species 

fluctuate somewhat. In addition, A. cymbiformis constitutes 3-17% and M. decussata is particularly low 

in abundance, ranging from 1-15%.

Interpretation. Placozygus cf. P. fibuliformis is thought to be indicative of high productivity. N. frequens 

and P. stoveri are inferred to be cool water indicators. Therefore group B1 is inferred to be indicative of 

increased productivity and cool surface waters.

Group B2:

Characteristics. The group B2 assemblage is closely related to the group B1 assemblage as they are 

situated close together on the x-axis. This group, as it is intermediate between A and B1, contains 

elements of both biofacies, but can be separated by relative abundances of key species. This biofacies 

is characterised by 10-23% A. cymbiformis, 4-15% M. decussata, 8-23% P. stoveri, 2-14% N.
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frequens and less than 17% L. cayeuxii. Other species common to this biofacies in varying amounts are 

P. cretacea, C. amphipons, K. magnificus, Prediscosphaera spinosa, E. tumseiffeli and Retecapsa 

crenulata.

Interpretation. The species in this group can be loosely interpreted as indicating marginal conditions 

with relatively cool waters. Relative to group B1, this group may be indicative of lower productivity, as E. 

turriseiffelii and P. cretacea are thought to imply reduced fertility levels.

Group C:

Characteristics. The group comprises many species which appear throughout the cored sections. W. 

bamesiae, Neocrepidolithus cohenii, C. reinhardtii, Octolithus multiplus, Gartnerego segmentatum, C. 

daniae, Prediscosphaera grandis, Eiffelithus gorkae, Zeugrhabdotus spp., O. reinhardtii, A. octoradiata, 

C. ehrenbergii, Cretarhabdus conicus, Retecapsa surirella and Discorhabdus ignotus appear in low 

numbers throughout, though occasionally exhibit small influxes/peaks which are discussed separately 

in section 5.2.

Interpretation. These taxa have been included as a group (C) as they are palaeoecologically significant 

and are thought to have reacted to various palaeoenvironmental fluctuations, i.e. water depth, nutrients, 

temperature (see Table 5iii). However using this statistical method, samples are not dominated by any 

of these taxa and therefore do not plot within the boundaries of this group.

Group D:

Characteristics. The assemblage is characterised by samples dominated by M. decussata (over 25%). 

Interpretation. M. decussata is known to be a species that is resistant to solution so would be expected 

to dominate in samples affected by diagenesis. In this chapter, due to its trends relative to the inferred 

shallow water indicator, L. cayeuxii, M. decussata may also increase in abundance in reaction to 

increases in water depth. The potential palaeoecological implications of M. decussata are discussed in 

the Conclusion Chapter, section 6.2.2 and by Lees et al. (2005).

Group E:

Characteristics. The assemblage is characterised by high numbers of Biscutum spp. and M. inversus. 

Interpretation. Increases in relative abundance of Biscutum spp. are thought to be indicative of 

increased productivity. Also, both Biscutum spp. and M. inversus survived from the Maastrichtian into 

the Danian and may suggest Danian influence in the sample.

Group F:
Characteristics. Group F is characterised by high numbers of Thoracosphaera spp.
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Interpretation. This calcareous dinoflagellate species is thought to have been a ‘disaster species’, 

colonising just after the K/T boundary event. The ‘mixed samples’ at the K/T boundary might belong to 

this group.

As can be seen on Fig. 5.22a, R-mode Groups A, B1, B2, C and D fall relatively close to one another 

regarding the x-axis (the first axis), while groups E and F are further removed and are therefore not 

significantly related. Groups A, B2 and C also plot closely on the y-axis (the second axis) indicating a 

fair degree of similarity, whereas groups B1 and D plot further away. Groups B1 and B2 have both been 

named B as they plot particularly close to each other on the x-axis and therefore exhibit a closer 

relationship to each other than the other biofacies do. The proximity of groups A, B2 and C to one 

another suggests that they react in a similar way to certain environmental parameters.

With groups D, E and F removed, Fig. 5.22b shows how the remaining groups A, B1, B2 and C 

spread out. However the species within group C still plot very closely to one another, suggesting that 

these species have very similar affinities.

The ‘expanded’ R-mode groups and the samples they comprise (Figs 5.23-5.26) were plotted on 

Fig. 5.27 in order to present palaeoecological trends and facilitate correlation between the wells.

The Detrended Correspondence (DCA) module is specialised for use on ‘ecological’ datasets with 

abundance data (taxa in rows, localities in columns) and studies gradients in such data. Detrending is a 

normalisation procedure in two steps. The first step involves an attempt to 'straighten out' points lying in 

an arch, which is a common occurrence. The second step involves 'spreading out' the points to avoid 

clustering of the points at the edges of the plot (as in this study). When this DCA was applied to the 

current data set, a horse-shoe plot was produced, indicating that it was not possible to make the plot 

more linear than it already was. Therefore this method was not applied further.
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M-10X

Figs 5.23a & b show how the samples from M-10X (see Enclosure 16 for actual sample depths) plot 

onto the species (‘expanded’ R-mode) groups. On the x-axis it can be clearly seen that most samples 

plot extremely close to one another and spread out over the y-axis. Their proximity on the x-axis 

indicates that over the interval of chalk core, any palaeoenvironmental changes took place gradually. 

Most samples cluster around group A (dominated by A. cymbiformis and L. cayeuxii) and gradually 

pass into group D (dominated by M. decussata). These species dominate many assemblages as can 

be seen from the distribution chart, Enclosure 1. Sample preservation in M-10X was relatively poor (see 

section 5.3); this could partially explain the large number of samples trending towards group D 

(dominated by M. decussata) on Fig. 5.23a.

The samples that plot particularly close to Group D are either affected by the K/T boundary 

hardground (where Micula, being solution resistant, is dominant), are from within the Kjolby Gaard Marl 

unit (also rich in Micula), or are possibly related to a slight deepening (see the Conclusion Chapter, 

section 6.2.2).

Similarly, the samples that plot close to Group B1 (high productivity, cool water), can be seen on the 

distribution chart (Enclosure 1) to contain abundant high productivity indicator species. Samples do not 

plot closely to groups E and F because none are dominated by Thoracosphaera spp. (in the 

Maastrichtian), or by Markalius spp. or Biscutum spp. The species in group C are present in most of the 

samples, but never dominate.

With groups D, E and F removed, Fig. 5.23b shows how the samples spread according to their 

dominance by different species. The gentle spread between groups B1 to A suggests that the 

assemblages were reacting slowly to environmental changes.

Fig. 5.27 attempts a palaeoenvironmental interpretation of how the samples plot against the 

‘expanded’ R-mode groups. For most of the well, group A dominates (indicating shallow marine 

palaeoenvironments) over most of the section. Towards the top of the well, group D dominates 

(increased influence of M. decussata, either due to diagenetic effects, or perhaps deepening). 

Occasionally, group B2 (marginal, cool conditions with relatively low productivity) dominates (e.g. at 

6497.33', 6557.58', 6590.00', 6598.50', 6604.92' and 6619.00'). At 6601.58' group B1 (increased 

productivity, cool waters) dominates.

The plot on Fig. 5.27 can be compared with the percentage distribution chart for M-10X (Fig. 5.3).

On Fig. 5.3, L. cayeuxii (shallow water indicator) shows relatively high abundances from approximately 

6460.00'-6580.00', matching fairly well with the trend in group A on Fig. 5.27. L. cayeuxii is relatively 

low in abundance below 6580.00' on Fig. 5.3, but A. cymbiformis (also an indicator of shallow water) is 

still high in relative abundance (Enclosure 1). Dominance of group D at 6615.58', 6615.33', 6568.25' 

and 6546.42' on Fig. 5.27 compares well with peaks of M. decussata on Fig. 5.3, interpreted as slight 

deepening ‘events’. The dominance of group D towards the top of the section on Fig. 5.27 compares
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with the dominance of M. decussata towards the top of the section (Fig. 5.3), due possibly to a slight 

deepening, and in the latest Maastrichtian, due to diagenetic effects of the K/T boundary hardground. 
On Fig. 5.27, group B1 (increased productivity, cool water) dominates in the lowest sample and at 

6601.58'; the latter coinciding with a peak in the high productivity markers on Fig. 5.3. Dominance of 
group B2 in certain samples on Fig. 5.27 correlate with peaks in low productivity indicators on Fig. 5.3

270



E-5X

Figs 5.24a & b show how the samples from E-5X (see Enclosure 16 for actual sample depths) plot onto 

the species groups. As with M-10X, it can be clearly seen that the majority of samples plot extremely 

close to one another on the x-axis and spread out over the y-axis, though not to the same extent as in 
M-10X. The proximity of the samples to one another on the x-axis indicates that any 

palaeoenvironmental changes took place gradually over this cored interval of homogenous chalk.
Most samples cluster around groups A (dominated by A. cymbiformis and L. cayeuxii and inferring 

shallow waters), B2 and B1 (high productivity conditions, cool surface waters). The trend towards group 
D (dominated by Micula spp.) seen in M-10X, Nana-1 XP and particularly in N-22X is not seen in this 

well, probably partly due to relatively good nannofossil preservation, as noted in the section 5.3.
The samples that plot close to group D are close to the K/T hardground and are dominated by the 

solution resistant form: Micula spp. Samples do not plot close to groups E and F as none are dominated 

by the species in these groups in the Maastrichtian. With groups D, E and F removed, Fig. 5.24b shows 
how the samples spread according to their dominance by different species. The spread suggests that 

the assemblages were reacting to gradual environmental changes.
A palaeoenvironmental interpretation of how samples from E-5X plot against the ‘expanded’ R-mode 

groups is seen on Fig. 5.27. The plot on Fig. 5.27 can be compared with the percentage distribution 

chart for E-5X (Fig. 5.6). Compared with the M-10X well, where groups A and D dominated most 
samples, in E-5X, groups B1 and B2 are much more prominent, apart from at the top of the section 

where dominance by group D (M. decussata) is due to diagenetic effects at the K/T hardground (also 
seen on Fig. 5.6). Relatively low abundances of M. decussata are seen on Fig. 5.6 over most of the E- 

5X well. Most notable on Fig. 5.27 from approximately 6867.00'-6887.00' is the dominance of group B1 
(high productivity, cool surface waters). This correlates well with a peak at the same stratigraphic level 

on Fig. 5.6 of the high productivity indicators. Below this level on Fig. 5.27, group B2 dominates 

(reduced productivity, cool water); decreased productivity is seen particularly below 6925.00' on Fig.
5.6. The overall trends on Fig 5.27 for E-5X indicate that patterns in assemblages other than those 

indicating water depth (i.e. productivity), are more prominent than in M-10X.
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Nana-1XP

Figs 5.25a & b show how the samples from Nana-1 XP (see Enclosure 16 for actual sample depths) plot 

onto the species groups. On the x-axis it can be clearly seen that the majority of samples plot extremely 

close to one another (as in M-10X) and spread out over the y-axis. Their proximity on the x-axis 
indicates that any palaeoenvironmental change took place gradually. Most samples cluster around 

group A (dominated by A. cymbiformis and L. cayeuxii) and gradually pass towards group D (dominated 

by M. decussata); this would be expected as these species dominate the assemblages as can be seen 
from the distribution chart, (Enclosure 3). Few samples cluster close to group B2. The sample 

preservation in Nana-1 XP was as fairly poor (see section 5.3), this could partially account for the large 
number of samples trending towards group D (Fig. 5.25a).

As can be seen on the distribution chart (Enclosure 3), only one of the samples from within Group D 

(dominated by M. decussata), is from within the Kjolby Gaard Marl equivalent. None are from the K/T 

hardground interval. Samples plotting close to group D are dominated by M. decussata, either due to 
diagenetic alteration or due to some palaeoenvironmental shift.

With groups D, E and F removed, Fig. 5.25b shows how the samples spread according to their 

dominance by different species. Only one sample (dominated by P. stoveri and N. frequens) falls within 
the high productivity, cool water group. The gentle spread between groups B1 to B2 and A suggests 
that the assemblages were reacting slowly to environmental changes.

Fig. 5.27 shows how the samples of Nana-1 XP plot against the ‘expanded’ R-mode groups and 
attempts a palaeoenvironmental interpretation. In common with the M-10X plot, most of the well is 

dominated by group A (indicating shallow marine palaeoenvironments). Towards the top and bottom of 
the well, group D dominates (increased influence of M. decussata, either due to diagenetic effects, or 
perhaps deepening). Groups B2 (marginal, cool conditions with relatively low productivity) and B1 

(increased productivity, cool waters) locally dominate.
The plot on Fig. 5.27 can be compared with the percentage distribution chart for M-10X (Fig. 5.9).

On Fig. 5.27, dominance of group D can be correlated with increases of M. decussata on Fig. 5.9 which 
are interpreted as slight deepening events or, just below the K/T boundary, as due to hardground 

effects. Group A dominates over much of the well (Fig. 5.27), correlating with high relative abundances 
of L. cayeuxii on Fig. 5.9, indicating a shallow marine environment. Group B1 dominates around 
7220.00' and 7047.00' (Fig. 5.27), coinciding with areas of relatively high productivity on Fig. 5.9.
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N-22X

Figs 5.26a & b show how the samples from N-22X (see Enclosure 16 for actual sample depths) plot 

onto the species groups. As in the previous wells, it can be clearly seen that the majority of samples 
plot extremely close to one another on the x-axis and spread out over the y-axis.

The proximity of samples on the x-axis indicates gradual palaeoenvironmental changes. Most 
samples cluster between group A (dominated by A. cymbiformis and L. cayeuxii) and gradually pass 

towards group D (dominated by M. decussata); this would be expected as these species dominate the 
assemblages as can be seen from the distribution chart (Enclosure 4).

Nannofossil preservation in N-22X is generally very poor (see section 5.3). In this well, many more 

samples than in previous wells plot towards and within group D (dominated by M. decussata). As can 
be seen from the distribution chart (Enclosure 4), much of the well is dominated by this species, 

whereas in the other wells, this species is fairly common but only dominates at certain levels (see 
Enclosures 1-3). This suggests that diagenetic alteration, which masks many palaeoecological signals, 

is affecting many samples from this well.

One sample is situated part way between groups E (Biscutum spp. and Markalius spp.) and F 

(Thoracosphaera spp.); the Danian influence (Biscutum harn'sonii, M. inversus and Thoracosphaera 
spp.) accounts for this.

With groups D, E and F removed, Fig. 5.26b shows how the samples spread according to their 
dominance by different species. Very few samples are situated around group A (those that are have 

relatively low abundances of M. decussata and high abundances of L. cayeuxii and/or A. cymbiformis, 
inferring shallow waters), one plots close to group B2 and none plot close to groups B1 and C. It is 
inferred that the lack of samples clustering around other groups, is due to the dominance of M. 

decussata.

A palaeoenvironmental interpretation of how samples from N-22X plot against the ‘expanded’ R- 

mode groups is seen on Fig. 5.27. The plot on Fig. 5.27 can be compared with the percentage 
distribution chart for N-22X (Fig. 5.12). Compared with the other Central Graben wells, N-22X is 
expressed exclusively in terms of groups A and D (Fig. 5.27). Dominance of Group D from 7230.00' to 

the base of the core on Fig. 5.27 correlates with relatively high abundances of M. decussata on Fig.

5.12, attributable to diagenesis. Dominance of group D at higher stratigraphic levels (7214.66', 
7191.42', 7190.08', 7176.50' and 7133.33') is more likely associated with slight ‘deepening’ events, 

rather than with preservational problems. Dominance of group D towards the top of the section (Fig. 

5.27) correlates with a relative increase in M. decussata on Fig. 5.12, attributable to possible 
deepening, and diagenetic effects at the hardground beneath the K/T boundary. Group A is dominant 

between approximately 7095.00-7225.00' (Fig. 5.27), correlating with a relatively high abundance of L. 
cayeuxii on Fig. 5.12, interpreted as an interval of relative shallow water. Trends in high productivity 

indicators are masked in this well by the dominance of M. decussata, L. cayeuxii and A. cymbiformis.
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Summary

The Correspondence analysis study carried out on the four Maastrichtian sections (Figs 5.22-5.27) 
indicates certain palaeoecological trends, and supports palaeoecological observations and 

interpretations from the quantitative distribution charts (Enclosures 1-4), and Figs 5.3, 5.6, 5.9 and

5.12. Most noticeable on Figs 5.23-5.27 is the dominance of A. cymbiformis, L. cayeuxii and M. 

decussata, suggesting that much of the studied sections represent a relatively shallow shelf 

palaeoenvironmental setting, with many samples being affected either by secondary diagenesis or 

perhaps by slight deepening. Samples which plotted away from the groups dominated by these species 

are inferred to represent slight deviations from these conditions, perhaps cooler waters than usual, or 

fluctuations in productivity. One trend that, interestingly, was not seen from the Correspondence 
analysis, but is clearly apparent on the distribution charts, is that of W. barnesiae recording surface 

water warming over certain intervals. The dominance of other species over W. bamesiae probably 

explains the lack of a statistical signal for this temperature-dependent species. In conclusion, the 

statistical method of Correspondence analysis in this study acts to support interpretations previously 
made from the distribution charts, although it does not appear to allow the more subtle 

palaeoenvironmental trends to be picked out.
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5.5 Palaeoecological significance of the Kjolby Gaard Marl

The Kjolby Gaard Marl occurs within the White Chalk of the Danish Basin, and as already discussed in 

this chapter, its equivalent is seen in the Central Graben wells. Lithological and biostratigraphic details 

are found in the Stratigraphy Chapter, sections 4.1.1.2 and 4.2.4.4. The marl is of interest due to its 

high clay content, but particularly due to its unusual fossil floral and faunal content compared with that 
of the chalk below and above.

Troelsen (1955) reported the warm water, double keeled planktonic foraminifera Globotruncana 

contusa (Contusotruncana contusa or Rosita contusa) from the marl, and noted it was absent in the 

regular White Chalk of Denmark and Sweden. Wicher (1953) had earlier suggested that the 

appearance of the southern species P. elegans in the Late Cretaceous in north-west Germany and 

Denmark/Sweden, may have been due to a warm current from the south. Troelsen (1955) inferred that 

the same warm current may have brought G. contusa to Denmark during deposition of the Kjolby Gaard 
Marl.

A polewards migration of warm water foraminifera and nannoplankton in the latest Maastrichtian has 
been noted in various parts of the world (e.g. Watkins 1992; Lees 2002). Kucera & Malmgren (1998) 

noted a warming event (suggested to be due to greenhouse warming caused by a major pulse in 

Deccan volcanism (Olsson et al. 2001; Abramovich & Keller 2003)) at the end of the Cretaceous as 
seen by a poleward migration of C. contusa in the mid-latitude South Atlantic Ocean. The same 

warming event was documented by Huber & Watkins (1992) who noted P. elegans and W. bamesiae 

migrating polewards in the Southern Ocean. The poleward migration of P. elegans was recorded in the 

North and South Atlantic Oceans and in North America, between 450,000 and 22,000 years before the 

end of the Cretaceous (Olsson et al. 2001), or between 65.45-65.10 Ma (Abramovich & Keller 2003). 

Abramovich & Keller (2003) documented a decrease in tropical/subtropical species (including 

Contusotruncana spp.) in the mid-latitudes accompanying the climate warming. Zepeda (1998) noted 

the presence of ‘tethyan’ species during the latest Maastrichtian on the Exmouth Plateau, NW Australia.

In the sections described in the present study, the marl is positioned within nannofossil subzone 
UC20d, above cyclostratigraphic marker a (Stratigraphy Chapter, Fig. 4.3). The marl contains a rich 
Upper Cretaceous nannofossil assemblage in all wells. Of particular interest, in most wells, are high 

relative abundances of M. decussata and W. bamesiae and relatively low abundances of Placozygus 

cf. P. fibuliformis, N. frequens and P. stoveri. While M. decussata and W. bamesiae are relatively 
common above and below the marl; their relative abundances increase slightly within the marl.
Relatively common W. bamesiae supports the contention that the marl was deposited within the upper 

Maastrichtian warming event. The relatively high abundances of M. decussata often coincide with a fall 

in species richness, indicating that its high abundance may be partly due to preservational parameters 
within the clay-rich facies. Clay-rich chalks often suffer greater pressure solution than clean chalks.
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Foraminiferal analysis of the M-10X and E-5X wells (Rasmussen & Lassen 2004) demonstrated that 
in M-10X, P. elegans increased below the Kjolby Gaard Marl equivalent (coinciding with relative 

increases in W. bamesiae), but did not increase within the marl itself, while in E-5X, a large increase in 
P. elegans coincided with the Kjolby Gaard Marl equivalent, while W. bamesiae is very low in 

abundance. These observations support the idea that both species are sensitive to temperature 

increases, but as they don’t always show the same trends, they perhaps possessed differing upper and 

lower temperature tolerance levels, or inhabited different parts of the water column.
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5.6 Palaeoceanography of the late Maastrichtian in the Danish region: 
a summary

To conclude this palaeoecological study of the upper Maastrichtian cored sections in the Danish Central 

Graben and the Danish Basin, this section briefly reviews the palaeoceanographic evolution of the two 
settings before discussing the features common to both settings.

5.6.1 Danish Central Graben

From a multidisciplinary study of the M-10X and E-5X wells, palaeoecological data (from analysis of 

coccolith, foraminifera and dinoflagellate faunas and floras, integrated with isotopic, palynofacies and 
sedimentological data) has led to a model for the palaeoceanographic evolution of the Danish Central 
Graben in the late Maastrichtian involving two contrasting oceanographic systems (Ineson et al. in 
press). The lower half of the cored sections (see Stratigraphy Chapter, Fig. 4.3), is variably cyclic in 

development, being characterised by metre-scale laminated/bioturbated cycles. This interval is 

interpreted to record a cool-water, oligotrophic, deep shelf that was prone to stratification. The upper 

boundary of these cyclic chalks is broadly isochronous in the studied wells (see Fig. 4.3). Breakdown of 
this rhythmically stratified system accompanied a long-term gradual fall in sea level, perhaps reflecting 

a depth-related threshold beyond which stratification was no longer favoured.
The upper half of the cored sections (see Stratigraphy Chapter, Fig. 4.3) comprises thoroughly 

bioturbated and overtly non-cyclic successions which record an increasingly dynamic and varied mid

shelf to deep shelf setting with a complex blend of environmental signals -  change in sea level, surface 
water warming and evidence of low but variable productivity (Ineson et al. in press). A cooling event is 

inferred, based on nannofossil data, just beneath the K/T boundary. The upper chalks are also 

lithologically more variable than in the lower cyclic interval, including rare incipient hardground surfaces, 

skeletal-rich chalks (wackestones) and an isolated marly chalk bed (the Kjolby Gaard Marl equivalent).
A subtle palaeoenvironmental change is thus indicated from a rhythmically stratified watermass to a 

more homogeneous watermass under which the sea floor was well ventilated and locally/periodically 

influenced by weak bottom currents.
Following turnover of the stratified system, the combined datasets record a progressive shallowing to 

a peak lowstand located just above the base of the P. grallator dinoflagellate Zone boundary (see 

Stratigraphy Chapter Figs. 4.26a and 4.26b); this sea-level event can be correlated with a key 
sequence boundary in the type Maastrichtian of the Netherlands (Schioler etal. 1997). Mixing implied 

by the nutrient level fluctuations in the surface waters may have been due to increased wind stress or 
due to enhanced contour-parallel bottom currents (Lykke-Andersen & Surlyk, 2004) as a result of a
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general shallowing of the Cretaceous sea, particularly during the early part of UC20d (Ineson et al. 

2004b). Within nannofossil subzone UC20d (P. grallator dinoflagellate Zone) surface water warming is 

recorded by relative increases in the ‘tethyan’ nannofossil and planktonic foraminiferal species W. 

bamesiae and P. elegans. The Kjolby Gaard Marl equivalent is present during the warming interval in 
three (possibly all) of the sections and can be used as a correlative horizon.

5.6.2 Danish Basin

Unlike in the Central Graben study area where multidicsiplinary data was available to produce an 
integrated palaeoecological resume, only coccolith analysis is available for the cored sections in the 
Danish Basin. However, this limited data still allows nannofossil assemblage trends to be correlated 

between wells and interpreted on a basin-wide scale. As three of the four sampled sections were 

confined to the uppermost Maastrichtian, equivalent to only the upper levels of the Danish Central 

Graben cored sections, the Danish Basin evolutionary history cannot be reconstructed to the same 

extent. However, the stratigraphically more extensive Karlslunde-1 well demonstrates two relative 

warming events within UC20b-c, with relatively cool surface waters outwith these warm incursions.

In the Danish Basin, UC20d (the lower part of which is partly covered by Karlslunde-1, and the upper 

part by the Tuba-13, Solrod-2 and Tune-1 wells) records limited palaeoenvironmental signals. 

Particularly notable is the evidence of relatively warm surface waters (indicated by especially high 

relative abundances of W. bamesiae), followed just beneath the K/T boundary by a cooling event. 
Evidence of low but slightly variable productivity is also recorded. The Kjolby Gaard Marl is also present 

in three of the sections and can be used as a correlative horizon. Regional accounts of the chalk in 
Denmark generally regard the Danish Basin to record shallower conditions than in the Central Graben 

(more distal regions of the Chalk Sea) (e.g. Surlyk etal. 2003). It might be expected therefore, that L. 
cayeuxii (an inferred shallower shelf species) would show high abundances, at least relative to the 

Central Graben. On the contrary, it is rare throughout most of the Danish Basin sections. M. decussata 
is also relatively low in abundance. In high abundance, this solution resistant form is often suggested to 
be indicative of diagenetic influence. Its low abundance in the Danish Basin sections may thus support 

the proposal that diagenetic alteration of the nannofossil assemblage was not significant.

5.6.3 An integrated perspective

In the light of the preceeding description of nannofossil palaeoecological trends/patterns in the two 

separate basins, it is relevant to briefly compare the two datasets. The longer-term palaeoceanographic 
interpretation of the Danish Central Graben successions (based on nannofossils and other data) cannot 
be directly compared with the Danish Basin, partly because of the more restricted stratigraphic interval
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of most of the Danish Basin sections and partly due to the lack of a multidisciplinary dataset in the 

latter. However, comparison of the nannofossil palaeoecological trends in the two basins reveals some 
parallels and some noteworthy differences (Fig. 5.28).

Regional conditions

The nannofossil assemblages in all wells in this study are mostly ‘cool water’ or ‘boreal’ in aspect, 

reflecting deposition at a mid-high palaeolatitude. Generally, the ‘boreal’ nannofossil assemblages in all 

wells in the present study are indicative of oligotrophic cool water conditions.

Sea-level change

The long-term gradual fall in sea level up to the basal UC20d biozone recognised in the Central Graben 
wells (Fig. 5.28) on the basis of nannofossil and other data is not mirrored in the Karlslunde-1 well (the 

only Danish Basin section to be sampled at an equivalent level). L. cayeuxii (the inferred shallow-water 

species which demonstrates dramatic shifts in the Central Graben wells) is rare in the Karlslunde-1 well 

and shows no correctable trends. Similarly, M. decussata (a nannofossil that possibly also reacted to 

changes in water depth) is not common. As noted above, sediment deposition in the Central Graben is 
thought to have occurred at greater depths than in the Danish Basin (Surlyk et al. 2003). It is puzzling, 

therefore, that the Central Graben wells show relatively high abundances of L. cayeuxii (an inferred 
shallow-water indicator), whereas the Danish Basin wells exhibit relatively low abundances of this 

species in comparison (see discussion below).

Surface water temperatures

Based on the present study, cool waters dominated in the Central Graben and Danish Basin during 

much of the late Maastrichtian. With the exception of the lower and uppermost levels of the investigated 

sections, the scarcity of W. bamesiae in the Central Graben wells is suggested to be mainly related to 
the low surface water temperatures. The relatively high abundances of W. bamesiae towards the base 

of the studied sections in N-22X, Nana-1 XP, Karlslunde-1, and to a much lesser extent in the M-10X 

well (Fig. 5.28), suggest slightly warmer surface waters at this time (nannofossil subzone UC20b, /. 

cooksoniae dinoflagellate Zone). Levels showing relatively high abundances of cool water species 
alternate with intervals rich in warm water species at this stratigraphic level, suggesting that long-term 

shifts in seasonal dominance might have been affecting the assemblages at this time. Subsequent 

decreases in W. bamesiae abundance, both in the Central Graben and the Danish Basin, record an 

overall cooling during the late Maastrichtian.
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Small but significant relative abundance increases of W. bamesiae in the Central Graben wells just 

before the end of the late Maastrichtian (intra UC20d, P. grallator dinoflagellate Zone) are suggested to 
record a short-lived increase in surface water temperature (Fig. 5.28). Warm surface waters are also 

inferred for the upper Maastrichtian sections from the Danish Basin, as seen by the relatively high 

abundance in W. bamesiae. However, when comparing abundances of this species between the two 

basins, the Central Graben wells mainly demonstrate maximum abundances of 3% W. bamesiae, 

compared with much higher values (up to 18%) in the Danish Basin. Both patterns suggest relative 

surface water warming, but it appears that the warming signal in the Danish Basin is more exaggerated 

than that in the Central Graben. This may reflect local oceanographic effects (degree/vertical extent if 
warming in the surficial layers) or a different overall floral community structure. Alternatively, this 

contrast may reflect regional palaeogeographic factors, such as the dominant pathways for ‘tethyan’ 

warmer waters into the ‘boreal’ region. It is noteworthy in this respect that Christiansen (1997) reported 

regional evidence of westward migration of belemnite faunas into the Danish region in the late 

Maastrichtian and recently published seismic data from the eastern Danish Basin indicates long-term 
current systems flowing towards the NW-WNW in the Late Cretaceous (Lykke-Andersen & Surlyk 
2004). Other evidence, however, indicates that warm watermasses may have been introduced to the 

area via alternative routes. Wicher (1953) suggested that warmer waters may have entered the area 
from the south, introducing the warm water planktonic foraminifera P. elegans. Troelsen (1955) agreed 
with this suggestion, adding that an incursion of the planktonic foraminifera, G. contusa (found within 

the Kjolby Gaard Marl) to the north-western part of the Baltic area, probably arrived via currents from 
the south. It is plausible, however, that Danish Basin warm water currents may have originated from a 

different palaeogeographical area than those in the Central Graben, and that they might have been of 
different strengths (and temperatures) could explain the higher W. bamesiae abundances in the Danish 

Basin.
This suggestion could also help to explain the apparently anomalous trends seen in L. cayeuxii (a 

shallow-water indicator), as mentioned above. In addition to its ‘shelfal’ preferences, this species is also 

suggested to have prefered high latitudes. As discussed above, the warm water species W. bamesiae 

is relatively high in abundance in the Danish Basin, perhaps related to warmer currents entering the 

system in this area; this scenario may explain the low abundances of L. cayeuxii in comparison to the 
Central Graben in that surface waters were too warm for this species to flourish in the Danish Basin at 

this time. It should be noted, however, that relative increases in L. cayeuxii are not observed lower in 
the Karlslunde-1 section, where the relative abundance of W. bamesiae decreases. This observation 
conflicts with the possible explanation above that temperature restricted the inshore range of L. cayeuxii 

in the late Maastrichtian.
A latest Maastrichtian cooling (Fig. 5.28) is inferred by a decrease in relative abundance of W. 

bamesiae in several sections, accompanied by a slight increase in high productivity indicator species 

and cool water indicators.
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Productivity

An overall oligotrophic setting, prone to stratification, characterised subzones UC20b-c in the Central 
Graben wells. Subzone UC20d records evidence of low but variable productivity in both Central Graben 

and Danish Basin sections. Productivity fluctuations appear to be related, in part, to surface water 
temperature changes; decreased productivity during warming events and slight increases in productivity 

during cooler intervals.
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6. Discussion and Conclusions

The following chapter discusses the stratigraphic conclusions and palaeoecological results drawn from 

the detailed study of upper Maastrichtian -  Danian chalk sections from the Danish Central Graben and 
Danish Basin, and a summary of overall conclusions is given.

6.1 Stratigraphic discussion

Using the nannofossil zonation schemes of Burnett (1998) for the upper Maastrichtian and Varol (1998) 

for the Palaeocene, nannofossil biostratigraphy was successfully applied to the Central Graben and 
Danish Basin sections and correlated with other biostratigraphic disciplines (where available) producing 

a detailed integrated biostratigraphic breakdown of the Danish Chalks as follows:

The upper Maastrichtian of the M-10X well was dated as nannofossil subzones UC20b, UC20c and 

UC20d, correlating with the I. cooksoniae, P. denticulatum, H. borisii and P. grallator dinoflagellate 
Zones and the FCS 23a, FCS 23b foraminiferal subzones. The K/T boundary interval is characterised 

by a hiatus spanning nannofossil subzones NNTp1A-NNTp2D (equivalent to the PO and Pa 

foraminifera subzones). The early Danian chalk is dated as nannofossil subzones NNTp2E-NNTp2F/3, 

equivalent to foraminiferal subzones P1a and P1b.
Nannofossil subzones UC20c and UC20d are assigned to the upper Maastrichtian of the E-5X well 

(equivalent to dinoflagellate Zones P. denticulatum, H. borisii and P. grallator and FCS23a and FCS23b 
foraminiferal subzones). A hiatus spanning subzones NNTp1A-NNTp2D (equivalent to subzones PO, 

Pa) characterises the K/T boundary and the overlying Danian chalk is dated as nannofossil subzones 

NNTp2F-G and NNTp3 (equivalent to P1a, P1b and P1c).
The upper Maastrichtian chalk of the Nana-1 XP well is dated as UC20b (partly equivalent to the /. 

cooksoniae dinoflagellate Zone), UC20c and UC20d nannofossil subzones. A hiatus spans subzones 

NNTp1A-NNTp2D and Danian subzones NNTp2E, NNTp2F-G, NNTp3, NNTp4A, NNTp4B, NNTp4C, 

NNTp4D, NNTp4E, NNTp4F are recognised from the overlying early Palaeocene chalk.
The upper Maastrichtian of the N-22X well is dated as nannofossil subzones UC20b, UC20c and 

UC20d. A hiatus spanning subzones NNTp1A-NNTp2C characterises the K/T boundary which is 

overlain by Danian chalk dated as subzones NNTp2E and NNTp2F-3.
The upper Maastrichtian of the Tuba-13 well is dated as subzone UC20d (equivalent to the P. 

grallator dinoflagellate Zone and the FCS23b foraminiferal subzone), apparently conformably overlain 

by earliest Danian chalk dated as subzones NNTplA and NNTplB (equivalent to the C. cornuta
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dinoflagellate subzone). Foraminiferal data, however, indicate an earliest Danian hiatus spanning 

subzones PO and Pa with the early Danian chalks dated as subzones P1a-?P1b.

Upper Maastrichtian subzone UC20d is assigned to the uppermost Cretaceous chalk of the Solrod-2 
well (equivalent to foraminiferal subzone FCS23b), apparently conformably overlain by earliest Danian 
chalk dated as subzone NNTplA. However, foraminiferal data indicates a hiatus spanning subzone PO, 
the oldest Danian chalk dated as subzone Pa.

The sampled section of upper Maastrichtian chalk from the Karlslunde-1 well is assigned to 

subzones UC20b-c (part of which is assigned to the I. cooksoniae dinoflagellate Zone) and UC20d.
The upper Maastrichtian of the Tune-1 well is dated as subzone UC20d, conformably overlain by 

earliest Danian chalks assigned to subzones NNTplA and NNTplB.

The detailed breakdown of each well as outlined above, demonstrates how multidisciplinary 

biostratigraphic data can be successfully integrated, providing a robust dating tool. Importantly, it also 

demonstrates that the two nannofossil schemes (constructed using ‘boreal’ (Burnett 1998) and North 
Sea data (Varol 1998)) used in this study are applicable to the chalks of the Danish Central Graben and 

the Danish Basin. Minor problems encountered with the application of these schemes are briefly 

outlined below:

By definition, the FO of N. frequens marks the base of nannofossil subzone UC20b. During the analysis 
of the Central Graben M-10X, Nana-1 XP and N-22X wells and the Danish Basin Karlslunde-1 well, it 

was noted that N. frequens was absent from sporadic intervals within subzones UC20b and c. The 
reasons behind the absence of this ‘boreal’ species are probably environmental (perhaps due to subtle 

temperature fluctuations), as discussed below. Though the FO of this species, by definition, marks the 

base of UC20b, its absence from relatively thick intervals within its supposed stratigraphic range 

questions its suitability as a reliable intra subzone UC20b marker.

Using the upper Maastrichtian nannofossil zonation scheme of Burnett (1998), the lower boundary of 

subzone UC20c is based upon the FO of common A. maastrichtiana (as discussed in detail in section 

7.1, Taxonomy Chapter). Morphometric measurements carried out on A. cymbiformis-type 

arkhangelskiellids were successfully used to constrain the UC20b/c boundary in the Central Graben 

wells. However, the same morphometric technique carried out on the Danish Basin Karlslunde-1 well 
was unsuccessful in subdividing these two subzones. This implies that A. maastrichtiana may not be an 

ideal nannofossil marker in the upper Maastrichtian of the Danish Basin.

Though dating of the early Danian chalk was possible using the zonation of Varol (1998), certain events 

or subzones from the Palaeogene NNTp scheme were not recognised in this study of the Central 
Graben wells, rendering accurate subdivision of the early Danian succession quite difficult. Due to the

288



nature of hydrocarbons often accumulating in structurally elevated areas, the topographically high 

position of the studied wells means that winnowing may have reduced original sediment thickness, 

leading to condensed sections. Closer sample spacing, or analysis of cored sections from areas of 

lower structural relief may confirm the presence of apparently absent subzones or events.
As described in the Stratigraphy Chapter, cyclostratigraphic markers are useful correlation tools 

within the Central Graben chalks that can also be tied in with biostratigraphic markers. However, these 

cyclostratigraphic markers have not been recognised in the chalks of the Danish Basin. One outcome of 

this study is the potential use of the Kjolby Gaard Marl (and its offshore equivalent) as a 

lithostratigraphic marker that can be correlated between the Central Graben and the Danish Basin.

Ekdale & Bromley (1983) stated that the Kjolby Gaard Marl is not very important stratigraphically as 

it cannot be easily correlated with particular marls at other localities. Results from this study are to the 

contrary. The marl is found in several sections within the Danish Basin, and in the absence of other 

marker horizons (e.g. cyclostratigraphic markers) within the homogenous chalk, its significance is 

invaluable. The importance of the Kjolby Gaard Marl as a stratigraphic marker is outlined further by the 
recognition of its possible equivalent in three (if not four) of the Central Graben wells. Confirmation of 

this correlation requires further detailed biostratigraphic and geochemical work.
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6.2 Palaeoecological discussion

Palaeoecological interpretations depend on 1) relatively good preservation of nannofossil assemblages,

2) an understanding of the potential palaeoenvironmental tolerances of various key taxa and 3) a 
perception of the palaeoecological signals inferred by shifts in assemblage distribution, as discussed 
below:

6.2.1 Data collection -  reliability

The quantitative counting executed in this study ensured a high quality of data collection and allowed 

detection of subtle changes in assemblage composition. However, it is evident in some instances (i.e. in 

the lower levels of the N-22X well and beneath the K/T boundary in the Central Graben wells), that 

diagenesis has affected the preservation of the chalk and therefore also the primary composition of the 
nannofossil assemblages. However, Roth & Krumbach (1986) noted that despite preservational 

changes affecting nannofossil assemblages, original palaeoecological signals are still recorded. It is 

upon this assumption that the present palaeoecological study is based. Several statistical methods 

(species richness, Shannon and Simpson diversity indices and Correspondence analysis) were applied 

to the quantitative data and highlighted, amongst other things, taphonomic (diagenetic) problems at 
certain levels as noted above.

6.2.2 Discussion of key species

In this study, ‘traditional’ views (from the literature) of the palaeoecological preferences of several 
nannofossil species have been applied and tested. The utility of some of the key species as 

palaeoenvironmental proxies is discussed below.

Micula decussata -  environmental or diagenetic signal?
In the upper part of nannofossil subzone UC20d, M. decussata dominates the assemblages of the 
Central Graben wells, even though species richness remains relatively high (Enclosures 1-4). M. 

decussata is commonly regarded as a solution resistant form (Thierstein 1976, 1981), yet the changing 

relative abundance of M. decussata, with some specific exceptions, does not coincide with decreases in 
species richness values, indicating that the change in relative abundance of this species is probably of 
palaeoecological significance. In addition to high relative abundances of M. decussata, it is also notable 

that many assemblages in the Central Graben demonstrate a very high relative abundance of L. 
cayeuxii. Generally, relatively high L. cayeuxii abundance levels, indicative of marginal conditions
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(Thierstein 1976, 1981; Perch-Nielsen 1979a), correspond with low abundances of M. decussata. 

Conversely, as L. cayeuxii abundances decrease (suggestive of relative deepening), relative 

abundances of M. decussata increase. This inverse relationship may indicate that M. decussata, under 
certain circumstances, provides a ‘deepening’ signal. Alternatively, this relationship could be due to the 

closed sum effect. This hypothesis cannot be tested in the Danish Basin wells due to relatively low 
abundances of the two aforementioned species.

Adding support to the suggestion that M. decussata is not always an indicator of diagenetic effects 

(e.g. dissolution), delicate nannofossils thought to be prone to solution (e.g. P. stoveri, C. ehrenbergii 

and P. cretacea) do not necessarily decrease in relative abundance when M. decussata dominates.

Towards the end of the Maastrichtian, a notable increase in the abundance of M. decussata 

coincides with a decrease in the cool water taxa and in the high productivity indicators. This could 

suggest that increased values of M. decussata are indicative of decreased productivity. This is in 
agreement with the findings of Thirbault & Gardin (submitted) who went on to suggest that M. 

decussata dominance is due to high stress environments, coinciding with global warming.

Within the uppermost Maastrichtian levels in the Central Graben wells, just beneath the K/T 

boundary, the M. decussata dominance coincides with a decline in species richness levels. At this level, 
dominance of M. decussata is most likely due to diagenetic effects related to the formation of the 
uppermost Maastrichtian hardground. A comparable feature is not observed at the K/T boundary in the 

Danish Basin sections, probably reflecting the more complete K/T stratigraphy in the Danish Basin and 
the absence of a mature hardground at this level in the studied wells.

From these results, it appears that M. decussata is, in some specific intervals, an indicator of poor 

preservation, but can also be a palaeoenvironmental indicator. That M. decussata reacted to 
temperature changes alone seems unlikely. In the Danish region, the late Maastrichtian warming event 

is followed by a cooling event. Abundances of M. decussata increased within the warming event but did 

not decrease back to previous lower values during the subsequent cooling. It is interesting, however, 

that M. decussata increases in abundance when L. cayeuxii decreases, indicating a relative deepening 

signal within the Central Graben wells as supported by palynological evidence (Schioler 2004). It is 

possible therefore, that M. decussata displayed a preference, under certain conditions, for more 
‘oceanic’ waters and thus provides a deepening signal; the environmental implications of this species 

clearly require more study (Lees et al. 2005).

L cayeuxii -  shallow water indicator?
As discussed above, L. cayeuxii is inferred to prefer marginal conditions, and indeed in the present 
study, changes in abundance of this species have been used to indicate relative sea-level changes in 
the Central Graben wells, generally in accordance with multidisciplinary evidence for such changes. 

However, this species did not demonstrate the same signals in the Danish Basin, which is generally 
postulated to have been shallower than the Central Graben at this time (Surlyk et al. 2003). In the
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Danish Basin wells, L  cayeuxii was very low in relative abundance, when in fact it might be expected to 
have been more common than in the deeper Central Graben. The reasons for this apparent 

contradiction are not understood, although these observations clearly weaken the case for L. cayeuxii 
being a reliable indicator of more proximal ‘marginal’ settings.

N. frequens -  cool water indicator?
N. frequens preferentially thrived in high latitude regions (Worsley & Martini 1970; Worsley 1974; 

Thierstein 1976, 1981; Perch-Nieslen 1979a; Shafik 1990), and is indeed present in all sections in this 

study. However, N. frequens is absent from within correctable intervals during nannofossil subzone 

UC20c/b in the Central Graben and Danish Basin wells (see section 4.2.4.2, Stratigraphy Chapter). 

Slumping of older, reworked sediments and dissolution are discounted as reasons behind its absence 

(see previous discussion). Rather, it appears to have been sensitive to environmental perturbation 

(variation in temperature, salinity, water depth or nutrients). In this study, salinity could not be tested, 

and variation in its relative abundance compared with fertility indicators did not demonstrate a sensible 
pattern. Variation in surface water temperature as seen by fluctuations in W. bamesiae indicated a 

warming event in the lower part of the sections and a late Maastrichtian warming. These warming 
events display assemblages relatively abundant in W. bamesiae and low in N. frequens abundance 

(although N. frequens is still present in low numbers in many of the samples within the warm events). It 
is puzzling though, why N. frequens should be absent from within those parts of UC20c/b that are 

characterised by cool waters. However, it seems feasible to conclude that temperature changes 
affected abundances of N. frequens; while N. frequens is a cool water species, it seems that it was able 

to tolerate certain increases in temperature.

W. bamesiae -  warm water indicator?
W. bamesiae has been used in this report as indicative of warm surface waters, as suggested by Bukry 

(1973a), Huber & Watkins (1992), Watkins (1992) and Lees (2002). Using increases in relative 

abundances of this species (to 1% or above), two subtle but significant warming events have been 

recognised within the late Maastrichtian of the Danish region, correctable with isochronous global 
warming events. However, in general, the low relative abundance of W. bamesiae in most samples in 

the study (<1%), in addition to apparent complete absence of further warm water indicators (Micula 
murus, Micula prinsii and Ceratolithoides spp.) indicate the typical (mid-)high latitude characteristics of 

the assemblages in the Danish Chalk.
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6.2.3 Main palaeoecological features of the Danish upper Maastrichtian chalks

Acknowledging the above uncertainties, it is possible to discuss two main palaeoecological features of 

the upper Maastrichtian of the Danish region, fluctuation in relative sea level and changes in surface 

water temperature (possibly related to fertility fluctuations). Palaeoecological findings from this study 
allow this region to be compared with similar palaeoenvironmental phenomena, on a global scale.

6.2.3.1 Sea-level fluctuation

Although depths of chalk deposition are difficult to estimate, most European chalk is thought to have 

been deposited at depths of 100-600 m (Hancock 1975). European Maastrichtian chalk deposition 
occurred at depths within the euphotic zone which has been estimated to extend down to about ISO

ZOO m (Scholle 1977). In the Central Graben (approximately 400 km distal to the coastline (Surlyk et al. 

2003)), greater water depths (up to several thousands of metres) have been suggested (Tucker & 

Wright 1990), although several hundred metres (300-600 m) is a widely accepted range (Kennedy 

1987). In more marginal areas (e.g. the Danish Basin) and on structurally elevated areas (Kennedy 

1987), shallower water conditions may have existed. Over local structural highs, water depths above 
wave base have been suggested (Sikora etal. 1998; Farmer & Barkved 1999).

The Danish Basin was part of the extensive epicontinental sea that covered much of north-western 

Europe, but it probably represented a shallower depositional environment than the Danish Central 
Graben in the late Maastrichtian (Surlyk etal. 2003). The intracratonic Danish Basin is characterised as 

a faulted shallow-water inner shelf passing seaward via a gentle ramp into the basin (Surlyk 1997).

As an overview, the fine-grained Maastrichtian chalks of Denmark comprise coccolith and 

foraminifera-rich cool water carbonates which were deposited in basinal water depths never exceeding 

a few hundreds of metres (Surlyk & Hakansson 1999).

Shallowing
Using foraminiferal data, a dramatic shallowing signal is documented from the M-10X well by 

anomalously low P/B values from 6490.00'-6500.00' (basal UC20d) associated with an increase in the 

relative abundance of the mid-shelf benthic foraminifera, P. laevis. Using palynofacies, Schioler (2004) 

documented an overall gradual sea-level fall in the Danish Central Graben (M-10X and E-5X) 
culminating in a ‘peak lowstand’ near the base of the P. grallator dinoflagellate Zone, coinciding with the 

level of the incipient hardground surfaces (Ineson 2004) and immediately beneath the foraminiferal 

event. It has been observed widely that the carbon isotope (513C) record broadly tracks the eustatic 

sea-level curve (e.g. Jarvis et al. 2002). Schovsbo & Buchardt (2004) noted that the lower chalks of M- 
10X and E-5X demonstrate 513C values that gradually decrease up-section, paralleling the palynofacies 

trend and adding support to the sea-level interpretation. In both wells, the lowest 513C values in the
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upper Maastrichtian section occur just beneath the base of the P. grallator Zone. Results from these 

studies thus suggest an overall shallowing over nannofossil subzones UC20b-c in the Central Graben 

wells, to just above the base of the UC20d. The nannofossil record demonstrates the same signal as 

seen by the trend in L. cayeuxii (preferred in relatively inshore shelf environments (Pospichal & Wise 

1990)). The general increase in relative abundance of this species during this interval, is thus 

compatible with the overall shallowing trend indicated by the sedimentological, palynological and 

isotope data as previously described. Clearly, then, this regressive trend culminating at the peak 

lowstand, is well-documented by the integrated dataset and can be correlated with a key sequence 
boundary in the type Maastrichtian of Holland (Schioler etal. 1997), demonstrating the probable 

regional significance of the event.

Sea-level rise
Subzone UC20d is characterised by an apparent deepening, the setting being characterised by a varied 
mid- to deep shelf palaeoenvironment. Using nannofossil data, this was recorded by a decrease in 
relative abundance in L. cayeuxii in parallel with an increase in relative abundance of M. decussata 

(though the latter trend may be due in part to the closed sum effect). Palynofacies data from this 

succession (Schioler 2004) also record a sea-level rise following the peak lowstand.

6.2.3.2 Temperature variation

The Late Cretaceous was a time of relative cooling. From the Turonian to the K/T boundary, 

temperatures decreased by as much as 6°C in the mid- to high southern latitudes, and 8°C in the South 
Atlantic (MacLeod etal. 2005; Li & Keller 1998). The overall decrease in temperature in the early 
Maastrichtian coincides with a decline from 53 to 21 nannofossil species at the end of the Maastrichtian 

(Huber & Watkins 1992). W. bamesiae (an inferred warm water species) was rare or absent from high 
latitude Maastrichtian assemblages (Bukry 1973a, Huber & Watkins 1992), and a late Maastrichtian 

equatorial shift occured in the cool water N. frequens and A. mayaroensis (planktonic foraminifera). In 
addition, a cooling of 2-3 degrees is inferred for Antarctic surface and intermediate waters, from the 
latest Campanian to the late Maastrichtian, as reported from 6180  analysis of monospecific benthic and 

planktonic foraminiferal assemblages (Huber & Watkins 1992). In the present study, nannofossil 
assemblages comprise high relative abundances of cool water, high latitude indicators (including K. 

magnificus, A. octoradiata, N. frequens, L. cayeuxii, P. stoveri and M. decussata), reflecting generally 

cool surface waters.

Results from the present nannofossil study suggest that two potential warming signals are 

superimposed onto this period of relatively low temperature.
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Late Maastrichtian warming I (UC20b)
In the lower parts of the M-10X, Nana-1 XP, N-22X and Karlslunde-1 wells, relatively high abundances 

of W. bamesiae compared with much of the remainder of the sections, suggest surface water warming. 
This relative warming appears to correlate with a warming event (based on low relative abundances of 
the cool water taxa K. magnificus, G. segmentatum and A. octoradiata) documented by Thibault & 
Gardin (submitted) in the Equatorial Atlantic during magnetochrons C31r-C30n (pars) (nannofossil 

zones CC25a-CC26a (pars) of Sissingh (1977, 1978), equivalent to UC19-20a/b, Burnett (1998)). 
These authors correlated the Equatorial Atlantic warming event to a seemingly equivalent event in the 

South Atlantic inferred by Li & Keller (1998), based on stable isotopes of surface and deep water 

foraminifera (dated as 69.5-68.5 Ma). Thibault & Gardin (submitted), and N. Thibault (personal 

communication, 2006) indicate that this warming event coincides with a relative decrease in productivity 

(as seen by relatively low abundances of the high fertility taxa Zeugrhabdotus spp. and B. constans). In 
the present study at this level, productivity fluctuations, particularly in the Nana-1 XP and N-22X wells, 

are indicated by increases in relative abundances of the high productivity indicators within intervals of 
reduced W. bamesiae, within the warm period, thus implying increased productivity during cooler spells, 

and conversely lowered productivity during warmer intervals.

Late Maastrichtian warming II (UC20d)
More than fifty years ago, Wicher (1953) and Troelsen (1955) recognised warm water planktonic 
foraminifera (P. elegans and C. contusa) within the Kjolby Gaard Marl (deposited within the upper 

Maastrichtian White Chalk) of Scandinavia and the equivalent level in northern Germany, and 
suggested that these species were transported to the northern mid-high latitudes by a relatively warm 

watermass from the south. Since then, a polewards migration of warm water foraminifera and 
nannoplankton in the latest Maastrichtian (Watkins 1992; Lees 2002) has been noted on a global scale.

A latest Maastrichtian, global short-term warming, probably caused by increased C02 due to the 

Deccan Trap volcanism and lasting 0.5 Ma, has been documented by Oberhansli & Keller (1995), Li & 

Keller (1998), Olsson et al. 2001, Abramovich & Keller (2003), Stiiben et al. (2003) and others. Li & 

Keller (1998) suggested surface water temperature increases of 3-4°C in the South Atlantic. During the 
late Maastrichtian in the Southern Ocean, a polewards migration of W. bamesiae and P. elegans, 

indicates a brief high latitude warming (Huber & Watkins 1992), and coincides with a warm b180  
excursion at the Maud Rise site 690. Kucera & Malmgren (1998) noted a poleward migration of C. 
contusa in the mid-latitude South Atlantic Ocean inferring a warming event at the end of the 

Cretaceous. Olsson et al. (2001) also recorded the poleward migration of P. elegans in the North and 

South Atlantic Oceans and in North America between 450,000 and 22,000 years before the end of the 

Cretaceous (Olsson et al. 2001), or between 65.45-65.10 Ma (Abramovich & Keller 2003).
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In this study, a late Maastrichtian surface water warming is documented in all the studied sections by 

a relative increase in W. bamesiae during nannofossil subzone UC20d (P. grallator dinoflagellate 
Zone). Lassen & Rasmussen (2004) noted acmes of P. elegans during this inferred warm interval.

In the present study, a notable increase in the relative abundance of M. decussata was observed in 
the upper half of UC20d of the Central Graben wells, within the interval of the inferred warming event. 

Simultaneous with the warming and the onset of the M. decussata increase, a decrease in the relative 

abundance of the high productivity indicators is noted in the M-10X and Nana-1 XP wells, thus 
suggesting decreased productivity during warmer intervals.

This relative warming appears to correlate with a warming documented by Thibault & Gardin 

(submitted) in the Equatorial Atlantic at the end of the Maastrichtian mostly spanning magnetochrons 
C29r (nannofossil Zones CC26a-b of Sissingh (1977, 1978), equivalent to the upper part of UC20d, 
Burnett (1998)). During this interval, Thibault & Gardin (submitted) record a dramatic decline in cool 

water taxa coincident with a relative decrease in the high fertility species and suggest the warming 

event coincided with a decrease in productivity. Interestingly these authors also note a spectacular 

increase in the abundance of M. decussata in the uppermost Maastrichtian, and interpret this event as 

the onset of high-stress conditions. These authors correlated the Equatorial Atlantic warming event to 
an equivalent warming event in the South Atlantic inferred by Li & Keller (1998).

Latest Maastrichtian cooling (UC20d)
A terminal Maastrichtian cooling event was documented In the northern latitudes by Schmitz et al.

(1992) who analysed stable isotopes and foraminifera from the Grey Chalk at Stevns Klint, Denmark, 

and concluded that latest Maastrichtian bottom water temperatures were thought to have decreased by 
1.5°C while surface water temperatures remained constant. Keller etal. (1993) inferred a terminal 

Maastrichtian surface and bottom water cooling of 2°C in the northern high latitudes (Nye Klov, 
Denmark). These observations were supported by Hart et al. (2004, 2005). On a wider scale, Li & Keller 

(1998) suggested a cooling of 2-3°C lasting 100-200 Ka at the end of the Maastrichtian in the South 

Atlantic.
A cooling event in the latest Maastrichtian is also suggested by data in the present study. This is 

seen in the uppermost part of subzone UC20d in the Central Graben wells and the Danish Basin wells 

that were sampled at this level, and is suggested primarily by a relative decrease in W. bamesiae, 

occasionally coincident with an increase in the cool water taxa. In the M-10X, Tune-1 and Tuba-13 
wells, small (but perhaps significant) increases in the high productivity indicators tentatively imply 
increased fertility coincident with the end Maastrichtian cooling. Extremely high abundances of M. 

decussata during this level may be correlated with the pre-K/T boundary high-stress conditions of 
Thibault & Gardin (submitted), but may also, particularly in the uppermost levels, be a result of 

diagenesis at the K/T hardground.

296



6.3 Conclusions

1) Nannofossil biostratigraphy indicates a complete section over the K/T boundary in the Danish Basin, 

while a hiatus characterises the boundary in the Danish Central Graben. Cored sections indicate the 
following broad stratigraphic ranges:

The upper Maastrichtian sections of the Danish Basin wells are dated as subzones UC20b-c 

(Karlslunde-1) and UC20d (all wells). These are apparently conformably overlain by chalks of 
earliest Danian (NNTplA) age, and younger.

In contrast, the Central Graben wells are characterised by apparently complete upper 

Maastrichtian sections comprising subzones UC20b, c and d. A hiatus spanning early Danian 

subzones NNTp1A-NNTp2D (NNTp1A-NNTp2C in N-22X) characterises the K/T boundary. The 
upper Maastrichtian chalks are unconformably overlain by early Danian chalks dated as NNTp2E 
(NNTp2D in N-22X) and younger.

2) The quantitative nannofossil palaeoecological study (supplemented by a multidisciplinary dataset for 
two of the wells) indicates a generally stable, oligotrophic environment, supported by other 
disciplines. Subtle shifts in assemblages indicate:

a) Generally cool surface water conditions prevailed, with a slight warming during UC20b, a return 
to cooler conditions until UC20d when another surface water warming event is recorded, 
followed by a latest Maastrichtian cooling just before the K/T boundary. These trends are 
correlated to global temperature changes in the late Maastrichtian.

b) Sea-level trends over UC20b-c demonstrate a deep shelf setting with a long-term gradual fall in 

sea level culminating in a peak lowstand just above the base of the UC20d subzone, a sea-level 
event that can be correlated outside the Danish region. This was followed by a deepening, the 
setting characterised by a varied mid-shelf to deep shelf palaeoenvironment in the latest 

Maastrichtian.
c) An overall oligotrophic setting, prone to stratification, characterised subzones UC20b-c. 

Subzone UC20d records evidence of low but variable productivity. Productivity fluctuations 
appear to be related, in part, to surface water temperature changes, with decreased productivity 
during warming events and slight increases in productivity during cooler intervals.

3) Biostratigraphic and palaeoecological trends can be correlated between the Central Graben and the 

Danish Basin.
On the basis of one section, application of part of the upper Maastrichtian UC nannofossil 

zonation scheme (UC20b/c) appears to be limited in the Danish Basin. Specific events or subzones 

from the Palaeogene NNTp scheme are not recognised in the Central Graben wells rendering 
accurate subdivision of the early Danian succession quite difficult, at least on structurally elevated
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areas such as those in the present study. However a detailed biostratigraphic breakdown of each 

well was possible, thus enabling a robust correlation to be made between the two separate 
geographic areas.

In the absence of other marker horizons (e.g. cyclostratigraphic markers) within the homogenous 
chalk, the Kjolby Gaard Marl is potentially a valuable correlation tool. The importance of the Kjolby 
Gaard Marl as a stratigraphic marker is outlined further by the recognition of its equivalent in three (if 

not four) of the Central Graben wells.

Palaeoecological trends seen in the Central Graben can to some extent be correlated to the 

Danish Basin given the short sections sampled in 3 of the onshore wells. Both basins demonstrate 

warm surface water conditions coincident with a decrease in productivity in the late Maastrichtian, 

followed by a cooling towards the close of the Maastrichtian. Sea-level fluctuations cannot be clearly 

correlated between the basins, at present, although recent acquisition of complete Campanian- 

Danian cored sections in the Danish Basin opens the possibility for more detailed correlation with the 

results of this study in the immediate future.
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7. Taxonomy

Ahmuellerella Reinhardt, 1964

Ahmuellerella octoradiata (Gorka, 1957) Reinhardt, 1966 

Plate 1, figure a

Arkhangelskiella Vekshina, 1959

Arkhangelskiella cymbiformis Vekshina, 1959 

Plate 1, figure b and Plate 10, figures a-d

Arkhangelskiella maastrichtiana Burnett, 1998b 

Plate 9, figures a-h

Remarks: a large species of Arkhangelskiella with a broad rim and often bright orange birefringence 

colours in cross polarised light (see discussion in section 7.1).

Arkhangelskiella sp.

Remarks: as each specimen of Arkhangelskiella was recorded in a ‘size category’, Arkhangelskiella sp. 

was used as an ‘umbrella’ term for all sizes of Arkhangelskiella on the distribution charts (Enclosures 

10-13)

Biantholithus Bramlette and Martini, 1964 

Biantholithus hughesii Varol, 1989b

Biantholithus sparsus Bramlette and Martini, 1964 

Plate 1, figure c

Biscutum Black in Black and Barnes, 1959 

Biscutum dissimilis Wind and Wise in Wise and Wind, 1977 

Biscutum ellipticum (Gorka, 1957) Grun in Grun and Allemann, 1975 

Biscutum cf. ellipticum (Gorka, 1957) Grun in Grun and Allemann, 1975
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Remarks: this species resembles B. ellipticum but appears to have a brighter and thicker inner cycle 

under cross polarised light.

Biscutum harrisonii Varol, 1989 b 

Plate 6, figure a

Biscutum magnum Wind and Wise in Wise and Wind, 1977 

Plate 1, figure d

Biscutum melaniae (Gorka, 1957), Burnett 1997c 

Biscutum sp.

Remarks: I was unable to positively identify this specimen to species level.

Braarudosphaera Deflandre, 1947

Braarudosphaera bigeloweii (Gran and Braarud, 1935) Deflandre, 1947a 

Broinsonia Bukry, 1969

Broinsonia parca (Stradner, 1963) Bukry, 1969 spp. constricta Hattner etal., 1980 

Broinsonia parca (Stradner, 1963) Bukry, 1969 spp. parca 

Calculites Prins and Sissingh in Sissingh, 1977

Calculites obscurus (Deflandre, 1959) Prins and Sissingh in Sissingh, 1977 

Calculites ovalis (Stradner, 1963) Prins and Sissingh in Sissingh, 1977 

Ceratolithoides Bramlette and Martini, 1964 

Ceratolithoides sp.
Remarks: I was unable to positively identify this specimen to species level.

Chiasmolithus Hay, Mohler and Wade, 1966
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Chiasmolithus danicus (Brotzen, 1959) van Heck and Perch-Nielsen, 1987 

Plate 6, figure b

Remarks: a simple X-shaped central structure with simple bars of unequal length. The central X shows 

strong birefringence colours under cross polarised light.

Chiasmolithus edentulus van Heck and Prins, 1987 

Plate 6, figure c

Remarks: an X-shaped central structure, with two straight and two sigmoidal bars. In the light 

microscope, the bars appear to be split, and shows low birefringence in cross polarised light.

Chiasmolithus edwardsii (Cruciplacolithus edwardsii Romein, 1979) nov. comb., emend, van Heck and 

Prins, 1987 

Plate 6, figure d

Remarks: an X-shaped central structure, with the angle between the bars and the long axis greater than 

20 degrees. The central X shows strong birefringence colours under cross polarised light.

Chiasmolithus inconspicuus van Heck and Perch-Nielsen, 1987 

Plate 6, figure e

Remarks: a thin X-shaped central structure with very weak birefringence under cross polarised light. 

Smaller than most other Palaeocene Chiasmolithus species.

Chiasmolithus/Cruciplacolithus spp.

Plate 6, figure f

Remarks: due to heavy recrystallisation of much of the Danian chalk, the diagnostic central areas of 

many Chiasmolithus and Cruciplacolithus specimens were obscured by secondary overgrowth; it was 

not possible to identify these specimens to genus or species level.

Chiastozygus Gartner, 1968

Chiastozygus amphipons (Bramlette and Martini, 1964), Gartner, 1968 

Chiastozygus bifarius Bukry, 1969 

Chiastozygus litterarius (Gorka, 1957) Manivit, 1971 

Coccolithus Schwarz, 1894
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Coccolithus pelagicus (Wallich, 1871) Schiller, 1930

Coccolithus subpertusus (Hay and Mohler, 1967) van Heck and Prins, 1987

Cretarhabdus Bramlette and Martini, 1964

Cretarhabdus conicus Bramlette and Martini, 1964 

Plate 1, figure e

Cribrocorona Perch-Nielsen, 1973

Cribrocorona gallica (Stradner, 1963) Perch-Nielsen, 1973

Cribrosphaerella Deflandre in Piveteau, 1952

Cribrosphaerella daniae Perch-Nielsen, 1973 

Plate 1, figure f

Cribrosphaerella ehrenbergii (Arkhangelsky, 1912) Deflandre in Piveteau, 1952 

Plate 1, figure g

Cruciplacolithus Hay and Mohler in Hay et a!., 1967

Cruciplacolithus asymmetricus van Heck and Prins, 1987 

Plate 6, figure g

Remarks: the central cross is slightly rotated, but not so much that it becomes an X shape; the angle 

between the long bars and the long axis is less than 20 degrees. A large species of Cruciplacolithus (7- 

12 microns).

Cruciplacolithus intermedius van Heck and Prins, 1987 

Plate 6, figure h

Remarks: a large species of Cruciplacolithus (7-12 microns), with a heavy axial cross.

Cruciplacolithus primus Perch-Nielsen, 1977 

Plate 7, figure a
Remarks: a small species of Cruciplacolithus (less than 7 microns) with a slender axial cross.
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Cruciplacolithus tenuis (Stradner, 1961) Hay and Mohler in Hay etal., 1967

Remarks: a larger species of Cruciplacoltihus, often larger than C. intermedius. Diagnostic ‘feet’ or

‘blocks’ exist where the axial bars meet the coccolith rim.

Cyclagelosphaera Noel, 1965 

Cyclagelosphaera alta Perch-Nielsen, 1979b

Cyclagelosphaera cf. alta Perch-Nielsen, 1979b

Remarks: the central ‘plug’ found in C. alta is not so distinct in Cyclagelosphaera cf. alta. 

Cyclagelosphaera margerelii Noel, 1965

Cyclagelosphaera reinhardtii (Perch-Nielsen, 1968) Romein, 1977 

Plate 1, figure h

Cylindralithus Bramlette and Martini, 1964

Cylindralithus nudus Bukry, 1969

Cylindralithus sculptus Bukry, 1969

Cylindralithus serratus Bramlette and Martini, 1964 

Plate 2, figure a

Cylindralithus sp.

Remarks: I was unable to positively identify this specimen to species level.

Discorhabdus Noel, 1965

Discorhabdus ignotus (Gorka, 1957) Perch-Nielsen, 1968 

Plate 2, figure b

Eiffellithus Reinhardt, 1965

Eiffellithus eximius (Stover, 1966) Perch-Nielsen, 1968 

Plate 2, figure c
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Eiffellithus gorkae Reinhardt, 1965 

Plate 2, figure d

Eiffellithus turriseiffelii (Deflandre in Deflandre and Fert, 1954) Reinhardt, 1965 
Plate 2, figure e

Ericsonia Black, 1964

Ehcsonia cava Hay and Mohler 1967

Gartnerago Bukry, 1969

Gartnerego segmentatum (Stover, 1966) Thierstein, 1974 

Plate 2, figure f

Gartnerego theta (Black in Black and Barnes, 1959) Jakubowski, 1986 

Gorkaea Varol and Girgis, 1994

Gorkaea obliqueclausus (Varol, 1991) Varol and Girgis, 1994 

Plate 2, figure g

Haqius Roth, 1978

Haquis circumradiatus (Stover, 1966) Roth, 1978 

Helicolithus Noel, 1970

Helicolithus trabeculatus (Gorka, 1957) Verbeek, 1977 

Helicolithus turonicus Varol and Girgis 1994 

Heteromarginatus Bukry, 1969

Heteromarginatus bugensis (Gorka, 1957) Crux in Crux et al., 1982 

Homibrookina Edwards, 1973



Homibrookina edwardsii Perch-Nielsen, 1977 

Plate 7, figure b

Kamptnenus Deflandre, 1959

Kamptnerius magnificus Deflandre, 1959 

Plate 2, figure h

Lithraphidites Deflandre, 1963 

Lithraphidites camiolensis Deflandre, 1963

Lithraphidites quadratus Bramlette and Martini, 1964

Lucianorhabdus Deflandre, 1959

Lucianorhabdus cayeuxii Deflandre, 1959 

Plate 3, figure a

Markalius Bramlette and Martini, 1964

Markalius apertus Perch-Nielsen, 1979b 

Plate 3, figure b

Markalius astroporus (Stradner, 1963) Hay and Mohler in Hay etal., 1967

Markalius inversus (Deflandre in Deflandre and Fert, 1954) Bramlette and Martini, 1964 

Plate 7, figure c

Microrhabdulus Deflandre, 1959 

Microrhabdulus decoratus Deflandre, 1959

Micula Vekshina, 1959

Micula decussata Vekshina, 1959 

Plate 3, figure c
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Micula murus (Martini, 1961) Bukry, 1973b

Micula praemums (Bukry, 1973a) Stradner and Steinmetz, 1984

Micula prinsii Perch-Nielsen, 1979a

Micula swastica Stradner and Steinmetz, 1984

Misceomarginatus Wind and Wise in Wise and Wind, 1977

Misceomarginatus pleniporus Wind and Wise in Wise and Wind, 1977 

Plate 3, figure d

Monomarginatus Wind and Wise in Wise and Wind, 1977 

Monomarginatus quatemarius Wind and Wise in Wise and Wind, 1977

Munarinus Risatti, 1973

Munarinus sp.

Remarks: I was unable to positively identify this specimen to species level.

Nannolith spp. 7 segments 

Plate 3, figure e

Remarks: this nannolith resembles Braarudosphaera bigeloweii, but has 7 instead of the usual 5 

segments.

Neochiastozygus Perch-Nielsen, 1971a 

Neochiastozygus eosaepes Perch-Nielsen, 1981c

Neochiastozygus modestus Perch-Nielsen, 1971a

Neochiastozygus saepes Perch-Nielsen, 1971a 

Plate 7, figure d

Neochiastozygus saepes/modestus
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Remarks: an intermediate form of Neochiastozygus with characteristics of N. saepes (‘pointed’ poles) 

and N. modestus (slender, broad rim).

Neocrepidolithus Romein, 1979

Neocrepidolithus cohenii (Perch-Nielsen, 1968) Perch-Nielsen, 1984 

Plate 7, figure e

Neocrepidolithus cruciatus (Perch-Nielsen, 1979b) Perch-Nielsen, 1981c

Neocrepidolithus dirimosus (Perch-Nielsen, 1979b) Perch-Nielsen, 1981c

Neocrepidolithus fossus (Romein, 1977) Romein, 1979 

Plate 7, figure f

Neocrepidolithus neocrassus (Perch-Nielsen, 1968) Romein, 1979 

Neocrepidolithus ruegenensis Burnett, 1998b 

Neocrepidolithus sp.

Remarks: I was unable to positively identify this specimen to species level.

Neocrepidolithus watkinsii Pospichal and Wise, 1990

Nephrolithus Gorka, 1957

Nephrolith us frequens Gorka, 1957 

Plate 3, figure f

Octocyclus Black, 1972

Octocyclus reinhardtii (Bukry, 1969) Wind and Wise in Wise and Wind, 1977 

Octolithus Romein, 1979

Octolithus multiplus (Perch-Nielsen, 1973) Romein, 1979 

Plate 7, figure g

307



Orastrum Wind and Wise in Wise and Wind, 1977

Orastrum campanensis (Cepek, 1970) Wind and Wise in Wise and Wind, 1977 

Ottavanius Risatti, 1973 

Ottavanius sp.

Remarks: I was unable to positively identify this specimen to species level.

Percivalia Bukry, 1969

Percivalia fenestrata (Worsley, 1971) Wise, 1983 

Placozygus Hoffman, 1970

Placozygus cf. P. fibulifomiis (Reinhardt, 1964) Hoffmann, 1970 

Plate 3, figure g

Remarks: this species resembles photographs from Burnett 1998a, p169, with a bright, blocky bar, and 

bright inner and outer cycles under cross polarised light.

Podorhabdus Noel, 1965

Podorhabdus ?elkefensis Perch-Nielsen, 1981c

Pontosphaera Lohmann, 1902

Pontosphaera sp.

Remarks: I was unable to positively identify this specimen to species level.

Prediscosphaera Vekshina, 1959

Prediscosphaera arkhangelskeyi (Reinhardt, 1965) Perch-Nielsen, 1984

Prediscosphaera cretacea (Arkhangelsky, 1912) Gartner, 1968 

Plate 4, figure a

Prediscosphaera grandis Perch-Nielsen, 1979a
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Prediscosphaera spinosa (Bramlette and Martini, 1964) Gartner, 1968 

Plate 4, figure b

Prediscosphaera stoveri (Perch-Nielsen, 1968) Shafik and Stradner, 1971 

Plate 4, figure c

Phnsius Hay and Mohler, 1967

Prinsius dimorphosus (Perch-Nielsen, 1969) Varol and Jakubowski, 1989 

Plate 7, figure h

Remarks: a round to slightly elongate form of Phnsius with no central hole as in P. tenuiculus. The 

‘round’ variety of this species can be confused with P. tenuiculus, however P. tenuiculus has a tiny but 

distinct central hole.

Phnsius martinii (Perch-Nielsen, 1969) Haq, 1971 

Plate 8, figure b

Phnsius tenuiculus (Okada and Thierstein, 1979) Varol and Jakubowski, 1989 

Plate 8, figure c

Remarks: in this study a round form of Prinsius with a ‘compass point’ central hole seen under cross 

polarised light. It should be noted that the similarity between this species and the ‘round’ forms of P. 

dimorphosus can lead to problems of identification.

Phnsius sphere 

Plate 8, figure a

Remarks: this complete coccosphere comprises P. tenuiculus coccoliths, two views of the same 

photograph are shown.

Quadrum Prins and Perch-Nielsen in Manivit et a i, 1977 

Quadrum gahneh Prins and Perch-Nielsen in Manivit et a i, 1977 

Quadrum sp.
Remarks: I was unable to positively identify this specimen to species level.

Reinhardtites Perch-Nielsen, 1968
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Reinhardites anthophorus (Deflandre, 1959) Perch-Nielsen, 1968

Reinhardites levis Prins and Sissingh in Sissingh, 1977 

Plate 4, figure d

Retecapsa Black, 1971

Retecapsa crenulata (Bramlette and Martini, 1964) Grun in Grun and Allemann, 1975 

Plate 4, figure e

Retecapsa surinella (Deflandre and Fert, 1954) Grun in Grun and Allemann, 1975

Reticulofenestra Hay etal., 1966 

Reticulofenestra minuta Roth, 1970

Reticulofenestra pseudoumbilicus (Gartner, 1967b) Gartner, 1969c

Rhagodiscus Reinhardt, 1967 

Rhagodiscus indistinctus Burnett, 1998b

Rhagodiscus reniformis Perch-Nielsen, 1973 

Plate 4, figure f

Rhagodiscus splendens (Deflandre, 1953) Verbeek, 1977 

Rotelapillus Noel, 1973

Rotelapillus crenulatus (Stover 1966) Perch-Nielsen, 1984

Scapholithus Deflandre in Deflandre and Fert, 1954

Scapholithus fossilis Deflandre in Deflandre and Fert, 1954 

Plate 4, figure g

Staurolithites Caratini, 1963



Staurolithites imbricatus (Gartner, 1968) Burnett, 1998b

Staurolithites integer (Bukry, 1969) Burnett, 1998b 

Plate 4, figure h

Staurolithites laffittei Caratini 1963

Staurolithites mielnicensis (Gorka, 1957) Perch-Nielsen, 1968 sensu Crux in Lord, 1982 

Plate 5, figure a

Staurolithites minutus Burnett, 1998b 

Staurolithites mutterlosei Crux, 1989 

Staurolithites sp.

Remarks: I was unable to positively identify this specimen to species level.

Tegumentum Thierstein in Roth and Thierstein, 1972 

Tegumentum stradneri Thierstein in Roth and Thierstein, 1972

Tetrapodorhabdus Black, 1971

Tetrapodorhabdus decorus Deflandre in Deflandre and Fert, 1954 

Thoracosphaera Kamptner, 1927 

Thoracosphaera crassa

Thoracosphaera operculata Bramlette and Martini, 1964 

Plate 8, figure d

Thoracosphaera sp.

Plate 8, figure e
Remarks: This calcareous dinoflagellate cyst is seen in a disaggregated form.



Tranolithus Stover, 1966

Tranolithus minimus (Bukry, 1969) Perch-Nielsen, 1984

Tranolithus orionatus (Reinhardt, 1966a) Reinhardt, 1966b

Unidentified ellipses 

Plate 8, figure f

Remarks: tiny ellipses with no visible central structure, although they could possibly be small specimens 

of C. primus without their cross.

Watznaueria Reinhardt, 1964

Watznaueria bamesiae (Black 1959), Perch-Nielsen, 1968 

Plate 5, figure b

Watznaueria manivitiae Bukry, 1973c 

Zeugrhabdotus Reinhardt, 1965

Zeugrhabdotus bicrescenticus (Stover 1966) Burnett in Gale et ai., 1996

Zeugrhabdotus embergeri (Noel, 1958) Perch-Nielsen, 1984

Zeugrhabdotus erectus (Deflandre in Deflandre and Fert, 1954) Reinhardt, 1965

Zeugrhabdotus sigmoides (Bramlette and Sullivan, 1961) Bown and Young, 1997 

Plate 8, figure g

Zeugrhabdotus spiralis (Bramlette and Martini, 1964) Burnett, 1998b

Zygodiscus Bramlette and Sullivan, 1961 

Zygodiscus sp.
Remarks: I was unable to positively identify this specimen to species level.



7.1 Arkhangelskiella cymbiformis morphometric study
At the beginning of the project, a preliminary study was carried out on A. cymbiformis (initially all 

species of Arkhangelskiella were referred to A. cymbiformis in this study) from the M-10X well. The aim 

of the study was to investigate which coccolith parameters shoud be measured consistently during the 

study, as morphological differences in this species have previously been proven to be stratigraphically 

useful in the upper Maastrichtian. Also under investigation was the recognition of A. maastrichtiana and 

its use in this study (as in Burnett 1998) to accurately subdivide subzones UC20b and c.

Girgis (1989) carried out a study on two Egyptian outcrop sites and found he could divide the A. 

cymbiformis into very small (6.5-8.1 pm), small (8.3 pm), medium (8.5-10.4 pm) and large (10.5-12.6 

pm) specimens, effectively using these ‘sub-species’ as zonal indicators within the Maastrichtian. 

However the upper Maastrichtian sampled in this study is confined to his uppermost subzone. The 

measurements from this study cannot, therefore, be directly correlated to that of Girgis (1989).

However, similar to Perch-Nielsen (1985) he recorded a gradual increase in mean coccolith length 

throughout most of the Maastrichtian. This trend is clearly observed in the current study, as seen in 

Table 7i below. Girgis also commented that the results from his north African study differed from 

observations from the North Sea area where this species might not be so useful stratigraphically, 

although a general increase of the average mean throughout the Maastrichtian was also seen in that 

area.

Varol (1989) was able to subdivide the stratigraphic range of N. frequens (UC20b-d) where this 

species was rare or lacking. He measured the rim width of the A. cymbiformis coccoliths from sidewall 

core and core samples and showed that North Sea sections could in fact be correlated based upon 

datums provided by biometric studies of this species. Of particular interest was A. cymbiformis (Var. W), 

where the rim width is equal to or greater than 2 pm. This is equivalent to A. maastrichtiana, the first 

occurrence of which is used to represent the base of subzone UC20c (Burnett 1998).

2 samples were selected from the bottom (6655.58' and 6652.58'), middle (6545.41' and 6542.58') 

and top (6444.83' and 6443.41') of the M-10X core in order to cover the uppermost Maastrichtian 

subzones; UC20b, c and d. The length, breadth and rim width of 60 random specimens of A. 

cymbiformis from each sample was measured (Table 7i). The results were plotted (see Enclosures 9.1- 

9.36) and compared with the studies of Girgis (1989) and Varol (1989b).

The results showed that there is a linear relationship in Arkhangelskiellids, i.e. there is a proportional 

increase in length and breadth dimensions as overall size increases. It was therefore decided to 

systematically measure only length and rim width in all specimens. It was hoped that this method would 

clearly show A. maastrichtiana (A. cymbiformis Var. W) on stratigraphic distribution charts and facilitate 

the subdivision of subzones UC20b and c (Burnett 1998). As seen on Enclosures 10—14, this method 

was only partially successful.
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Position sample Length (mean, pm) Breadth (mean, pm) Rim width (mean, pm)

Top 6443.41' 12 9.19 2.01
Top 6444.83' 11.69 8.74 1.81

Middle 6542.58' 11.61 8.74 1.87

Middle 6545.41' 11.59 8.77 1.77

Bottom 6652.58' 11.33 8.5 1.81

Bottom 6655.58' 10.63 7.99 1.64

Table 7i Mean lengths o f A. cymbiformis from selected samples from the bottom, middle and top of the 

M-10X core

Application of A. maastrichtiana (this study)

Subzones UC20b and UC20c are subdivided on the presence/absence of A. maastrichtiana (Burnett 

1998). A. maastrichtiana is equivalent to the large to very large variety of Arkhangelskiella with a broad 

rim (Varol 1989b). In the present study the sub-division of UC20b and UC20c is based upon a 

morphometric analysis carried out on all recorded specimens of Arkhangelskiella spp. in which the 

length and rim width of each specimen was measured. In the present study, specimens with rim widths 

of 2, 21/4 and 3 pm were included in the ’wide’ category and those with rim widths of less than 2 pm in 

the ’narrow’ group. In order to be consistent with the study of Varol (1989b), coccolith length was also 

taken into account. In this study, ‘large’ specimens were included in the >10-18 pm category.

The M-10X, E-5X, Nana-1 XP, N-22X and Karlslunde-1 wells were sampled to a stratigraphic level 

- potentially suitable for application of this method of subdivision. The variation in success of this 

application is discussed below.

M-10X

Using the parameters discussed above, in the M-10X well, there is a shift to higher numbers of the 

’wide’ rimmed varieties of Arkhangelskiella from 6648.50' upwards (see Enclosure 10). However, the 

‘large’ specimens showed neither a sudden, nor a gradual increase in number anywhere in the section.

E-5X
There were found to be fluctuations in ‘wide’ forms of Arkhangelskiella in the E-5X well, but none as 

obvious and continuous as to suggest a biostratigraphic boundary. The ‘large’ specimens showed 

neither a sudden, nor a gradual increase in number anywhere in the section. This concludes that this 

interval is assigned to UC20c (see Enclosure 11).
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Nana-1XP

In the Nana-1XP well, there is a shift to higher numbers of the ’wide’ rimmed varieties from 7176.00' 

upwards (see Enclosure 12). The ‘large’ specimens also demonstrated an increase in abundance from 

around 7176.00'upwards.

N-22X

There is a shift to higher numbers of the ’wide’ rimmed varieties of Arkhangelskiella from 7245.00' 

upwards, in N-22X (see Enclosure 13). The ‘large’ specimens also demonstrated an increase in 

abundance from the same depth.

Karlslunde-1

The morphometric study applied to the North Sea wells (Enclosures 10-13) was also conducted in this 

well (Enclosure 14), but a pattern indicating a size increase (of rim width or coccolith length) was not 

recognised.

Discussion

Trends in Arkhangelskiella maastrichtiana abundance patterns have not been identified with confidence 

in this study, so the subdivision of subzones UC20b and c is tentative. However, the present 

morphometric study demonstrates that for this part of the upper Maastrichtian, the zonation of Burnett 

(1998) can be used in the Danish North Sea to divide subzones UC20b and c. In addition, the size 

variations described in Varol (1989b) also apply in the Danish Central Graben. Using variation in 

coccolith rim width patterns in M-10X, Nana-1 XP and N-22X, supplemented by changes in patterns of 

coccolith length in Nana-1 XP and N-22X, a tentative sub-division has been recognised. In the M-10X 

well, stratigraphically, the sub-division is in accordance with the stratigraphy from micropalaeontological 

(Lassen & Rasmussen 2004) palynological (Schioler 2004) and isotope (Schovsbo & Buchardt 2004) 

investigations. Sampling of the E-5X well did not reach subzone UC20b.

The UC20c/b boundary is not recognised in the Karlslunde-1 well. Based on results of this single well, 

where average coccolith size did not demonstrate a gradual or sharp change over the UC20b-c 

interval, the zonation of Burnett (1998) may not be so useful for the Danish Basin. Studies of further 

Danish Basin sections spanning this interval are necessary to confirm this finding. Specimens of A. 

maastrichtiana and A. cymbiformis are seen on Plates 9 and 10.
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10. Plates and plate descriptions

Plate 1

a Ahmuellerella octoradiata
Well Solr0d-2 
Depth 38.30 m

b Arkhangelskiella cymbiformis 
Well Nana-1 XP 
Depth 7139.42'

c Biantholithus sparsus
Well Tune-1 
Depth 85.06 m

d Biscutum magnum
Well Nana-1 XP 
Depth 7240.83'

e Cretarhabdus conicus
Well E-5X 
Depth 6953.92'

f Cribrosphaerella daniae
Well N-22X 
Depth 7096.58'

g Cribrosphaerella ehrenbergii
Well Solrod-2 
Depth 42.15 m

h Cyclagelosphaera reinhardtii
Well Nana-1 XP 
Depth 7144.33'
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Plate 2

a Cylindralithus serratus
Well Nana-1 XP 
Depth 7147.25'

b Discorhabdus ignotus
Well Nana-1 XP 
Depth 7235.92'

c Eiffellithus eximius
Well Karlslunde-1 
Depth 120.0 m

d Eiffellithus gorkae
Well Nana-1 XP 
Depth 7213.17'

e Eiffellithus turriseiffelii 
Well Solrod-2 
Depth 42.15 m

f Gartnerego segmentatum
Well Nana-1 XP 
Depth 7240.83'

g Gorkaea obliqueclausus
~ Well Tune-1 

Depth 90.0 m

h Kamptnerius magnificus
Well Nana-1 XP 
Depth 7144.33'
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Plate 3

a Lucianorhabdus cayeuxii

Well Nana-1 XP 
Depth 7124.42'

b Markalius apertus

Well Nana-1 XP 
Depth 7219.75'

c Micula decussata

Well Tuba-13 
Depth 102.75 m

d Misceomarginatus pleniporus

Well Karlslunde-1 
Depth 72.0 m

e Nannolith spp. 7 segments

Well Nana-1XP 
Depth 6995.33'

f Nephrolithus frequens 
Well Solr0d-2 
Depth 38.30 m

g Placozygus cf. P. fibuliformis

Well Nana-1 XP 
Depth 7144.33'
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Plate 4

a Prediscosphaera cretacea
Well Nana-1 XP 
Depth 7144.33'

b Prediscosphaera spinosa
Well Solr0d-2 
Depth 42.15 m

c Prediscosphaera stoveri
Well Nana-1 XP 
Depth 7182.0'

d Reinhardites levis
Well N-22X 
Depth 7069.33'

e Retecapsa crenulata
Well Nana-1 XP 
Depth 7144.33'

f Rhagodiscus reniformis
Well Nana-1 XP 
Depth 7216.83'

g Scapholithus fossilis
Well Karlslunde-1 
Depth 140.0 m

h Staurolithites integer
Well Nana-1 XP 
Depth 7213.17'
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Plate 5

a Staurolithites mielnicensis
Well Nana-1 XP 
Depth 7240.83'

b Watznaueria barnesiae
Well Tuba-13 
Depth 102.75 m
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Plate 6

a Biscutum harrisonii
Well N-22X 
Depth 7069.33'

b Chiasmolithus danicus
Well Nana-1 XP 
Depth 6967.00'

c Chiasmolithus edentulus
Well Nana-1 XP 
Depth 6918.17'

d Chiasmolithus edwardsii
Well N-22X 
Depth 7057.00'

e Chiasmolithus inconspicuus
Well Nana-1 XP 
Depth 6918.17'

f Chiasmolithus/Cruciplacolithus spp.

Well Nana-1 XP 
Depth 6928.00'

g Cruciplacolithus asymmetricus
Well N-22X 
Depth 7057.00'

h Cruciplacolithus intermedius
Well Nana-1 XP 
Depth 6918.17'
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PLATE 6
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Plate 7

a Cruciplacolithus primus
Well Nana-1 XP 
Depth 6967.00'

b Hornibrookina edwardsii
Well Nana-1 XP 
Depth 6995.33'

c Markalius inversus
Well Tuba-13 
Depth 102.75 m

d Neochiastozygus saepes
Well Nana-1 XP 
Depth 6918.17'

e Neocrepidolithus cohenii 
Well Tuba-13 
Depth 102.75 m

f Neocrepidolithus fossus
Well N-22X 
Depth 7071.33'

g Octolithus multiplus
Well Nana-1 XP 
Depth 6918.17'

h Prinsius dimorphosus
Well Nana-1 XP 
Depth 6918.17'
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Plate 8

a Prinsius sphere

Well N-22X 
Depth 7057.58'

b Prinsius martini
Well Nana-1 XP 
Depth 6918.17'

c Prinsius tenuiculus
Well N-22X 
Depth 7061.00'

d Thoracosphaera operculata
Well Nana-1 XP 
Depth 6918.17'

e Thoracosphaera spp.

Well Tuba-13 
Depth 102.75 m

f Unidentified ellipses

Well Nana-1 XP 
Depth 6967.00'

g Zeugrhabdotus sigmoides
Well Tuba-13 
Depth 102.75 m
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Plate 9

a Arkhangelskiella maastrichtiana 
Well E-5X 
Depth 6953.92'

b Arkhangelskiella maastrichtiana 
Well E-5X 
Depth 6953.92'

c Arkhangelskiella maastrichtiana 
Well Tune-1 
Depth 85.65 m

d Arkhangelskiella maastrichtiana 
Well Tune-1 
Depth 86.18

e Arkhangelskiella maastrichtiana 
Well Tuba-13 
Depth 125.00 m

f Arkhangelskiella maastrichtiana 
Well E-5X 
Depth 6953.92'

g Arkhangelskiella maastrichtiana 
Well N-22X 
Depth 7202.83'

h Arkhangelskiella maastrichtiana 
Well N-22X 
Depth 7202.83'
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PLATE 9
Arkhangelskiella maastrichtiana
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Plate 10

a Arkhangelskiella cymbiformis 
Well E-5X 
Depth 6953.92'

b Arkhangelskiella cymbiformis 
Well E-5X 
Depth 6953.92'

c Arkhangelskiella cymbiformis 
Well N-22X 
Depth 7312.08'

d Arkhangelskiella cymbiformis 
Well Tuba-13 
Depth 125.00 m
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PLATE 10
Arkhangelskiella cymbiformis

12 um

Rim width 1.5 um

9 urn

Rim width 1 pm Rim width 1 pm

354


