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Preface

This dissertation has been prepared for the degree of doctor philosophiae at the University of
Bergen. The thesis comprises seven papers, six of which are published, while one is a
manuscript in press. I am first author to these papers and have contributed with
biostratigraphical analyses, lithological examinations, integration of stratigraphical data and
synthesising the work. The main contributions of my co-authors have been seismic
interpretations, regional discussions, analyses of dinoflagellates, radiolarians (Bjernoya West
area) and agglutinated foraminifera (Svalbard Margin).

All my co-authors are gratefully acknowledged. I will also acknowledge the benefit of
discussions to Fridtjof Riis, Eystein Jansen, Jend Nagy, Yngve Rundberg and Robert
Williams which have been very important support throughout the work. Furthermore, I would
like to thank Finn Moe, Bjerg Ruus, Sigrun Torrissen and Inger M. Véage for their excellent
technical support and Rune Goa, Astrid Larsen and Per Torgersen for drafting and help with
the illustrations. I should also like to extend my thanks to other persons involved in various
parts of this research, including everyone who is acknowledged in the individual papers. I am
especially grateful to the Norwegian Petroleum Directorate (NPD) for supporting and funding
various projects, and allowing to publish the results. I am also very grateful to Norsk Hydro
ASA and Statoil for supplying many sidewall cores.

The papers are arranged such that the synthesis paper comes first, following this the

papers dealing with the different regions are arranged from south to north.



List of papers included in the thesis

1: Eidvin, T., Jansen, E., Rundberg, Y., Brekke, H. and Grogan, P. (2000). The Upper
Cainozoic of the Norwegian continental shelf correlated with the deep sea record of the

Norwegian Sea and North Atlantic. Marine and Petroleum Geology 17, 579-600.

2: Eidvin, T., Riis, F. and Rundberg, Y. (1999). Upper Cainozoic stratigraphy in the central
North Sea (Ekofisk and Sleipner fields). Norsk Geologisk Tidsskrift 79, 97-1217.

3: Eidvin, T. and Rundberg, Y. (In press). Late Cainozoic stratigraphy of the Tampen area
(Snorre and Visund fields) in the northern North Sea, with emphasis on the chronology

of early Neogene sands. Norsk Geologisk Tidsskrift.

4: Eidvin, T., Brekke, IH., Riis, F., and Renshaw, D. K. (1998a). Cenozoic stratigraphy of the
Norwegian Sea continental shelf, 64°N - 68°N. Norsk Geologisk Tidsskrift 78, 125-151.

5: Eidvin, T., Jansen, E. and Riis, F. (1993). Chronology of Tertiary fan deposits of the
western Barents Sea: implications for the uplift and erosion history of the Barents Shelf.
Marine Geology, 112, 109-131.

6: Eidvin, T., Goll, R. M., Grogan, P., Smelror, M. and Ulleberg, K. (1998b). The Pleistocene
to Middle Eocene stratigraphy and geological evolution of the western Barents Sea

continental margin at well site 7316/5-1 (Bjprngya West area). Norsk Geologisk
Tidsskrift 78, 99-123.

7: Eidvin, T. and Nagy, J. (1999). Foraminifer biostratigraphy of Pliocene deposits at Site
986, Svalbard Margin. In Raymo, M. E., Jansen, E., Blum, P. and Herbert, T. D. (Eds.),
Proceedings of the Ocean Drilling Program, Scientific Results 162: College Station, TX
(Ocean Drilling Program), 3-17.



Introduction

The research documented in this dissertation has its origin in the disappointing results of oil
exploration in the Barents Sea in the 1980s, when petroleum explorers realized that deep
erosion of the shelf was the cause to this problem.

When the exploration drilling for hydrocarbons in the Barents Sea started in the early
1980s, it soon become clear that the shelf area had been subject to extensive uplift and erosion
in the Tertiary to Pleistocene time. Regional mapping in the mid 1980s delineated the
erosional products as sedimentary wedges along the western and northern margin of the
Barents Shelf (Ngttvedt et al., 1988; Rassmussen and Fjeldskaar, 1996). Where Cainozoic
erosion prevailed the explorations yielded only gas discoveries and structural traps showed
evidence of late spillage and leakage of hydrocarbons (Nyland et al., 1992). As a
consequense, the magnitude, timing and causes of uplift became a matter of considerable
interest and debate both in the industry and the academia.

Wells 7117/9-1 and 7117/9-2 on the Senja Ridge, drilled in 1982 and 1983
respectively, were the first exploration wells to penetrate the large fan off Bjgrngyrenna on
the western margin of the Barents Sea. Major uncertainties were inherent in the earlier
biostratigraphic datings of the fan deposits in these wells. Different industry consultants
arrived at widely diverging ages varying from Eocene to Miocene for the sediments at the fan
base. This problem also affected the published literature; e.g. Spencer et al. (1984) concluded
that at the base of the sediment wedge a major hiatus is developed. Sediments above this
hiatus appeared to range from Miocene to Late Pliocene, which led the authors to conclude
that the lower boundary of the fan could be intra-Oligocene in age. Ngttvedt et al. (1988)
proposed a mid-Oligocene age for the base of the fan. A re-dating of the fan deposits was
required, and this research started at the NPD in 1988. The work was in progress when
preliminary data from the scientific results from the Leg 104 drillings on the Vgring Plateau
became available (Eldholm, Thiede, Taylor et al., 1989), and it facilitated a correlation with
boreholes close to Barents Sea margin where the biostratigraphic and lithostratigrapic units
were age calibrated by means of paleomagnetic data (Spiegler and Jansen, 1989; Jansen et al.,
1988). The results from the re-dating were published by Eidvin and Riis (1989) and Eidvin et
al. (1993; paper 5 in this thesis), and showed that the fan deposits in the wells were of Late

Pliocene and Pleistocene age and had a glacial origin.



The main reason for the earlier dating discrepancies originated from the strong
influence of re-deposited material in sediments comprising the fan. The proposed relatively
young ages were, however, initially challenged by numerous workers in the industry, and by
Vorren et al. (1990 and 1991), Richardesen et al. (1993) and Knudsen et al. (1993) suggesting
that the lower unit of the wedge off Bjgrngyrenna is of Middle to Late Miocene age based on
downlap on oceanic crust and magnetic anomalies. A late Pliocene-Pleistocene age for all the
late Cainozoic sedimentary wedges along the entire western margin of The Barents Sea is
later supported in numerous papers including Mgrk and Duncan (1993), Sxttem et al. (1994),
Fiedler and Faleide (1996), Eidvin et al. (1998b; paper 6), Eidvin and Nagy (1999; paper 7)
and Channell et al. (1999).

Exploration drilling in the North Sea area since the early 1970s and in the Norwegian
Sea continental shelf since the late 1970s has revealed thick deposits of late Cainozoic
deposits also in these areas. This is especially the case for the northern margin of North Sea
and the western margin of Norwegian Sea shelf where wedges similar to those of the Barents
Sea margin are developed. However, these fans contain smaller volumes of sediments. It was
assumed that the deposits were erosional products of an uplifted Fennoscandia, but the
question arose how these were related in genesis and age to the deposits of the Barents Sea
margin. The Mesozoic basins lying close to the coast were lifted together with Fennoscandia,
and these might share the same problems as the Barents Sea shelf. Precise dating and
correlation of the late Cainozoic succession along the entire Norwegian continental shelf
became therefore of importance for the petroleum explorers.

Parts of the late Cainozoic sections recovered in the exploration wells have
successively been dated by consultants commissioned by the oil companies. This work have
not, in the same extent as in the western Barents Sea, met the problems of extensive
reworking of microfossils, due to the fact that younger sedimentary rocks in lesser degree
have been the source for these deposits. However, the Upper Cainozoic has usually not been
given high priority by industrial research, and the datings are often inaccurate. Correlation of
wells based on a variety of consultant-generated data can often be problematic, because of
diverging taxonomic nomenclature and interpretations. These studies are often particularly
inadequate with regard to the use of planktonic microfossils, and therefore correlate poorly
with the deep sea record. The work at NPD with a detailed dating of the Upper Cainozoic
deposits on the Senja Ridge (Eidvin et al., 1993; paper 5) was consequently extended to the
entire Norwegian continental shelf, both southwards and northwards. This extended study was

divided into several projects: Eidvin et al. (1999; paper 2) study the Late Oligocene to



Pleistocene of the central North Sea in two exploration and production wells from the Ekofisk
and Sleipner fields. Eidvin and Rundberg (in press; paper 3) deals with the Oligocene to
Pleistocene in eight exploration and production wells from the Tampen area (Snorre and
Visund fields) and one well from the Troll field. This work emphasis the chronology of the
early Neogene sands. Eidvin et al. (1998a; paper 4) is an investigation of the Oligocene to
Pleistocene based on six exploration wells from the Utgard High, Halten Terrace and
Nordland Ridge areas of the Norwegian Sea continental shelf. Eidvin et al. (1998b; paper 6)
investigate the Middle Eocene to Pleistocene in well 7316/5-1 (Vestbakken Volcanic
Province) in the western Barents Sea. Eidvin and Nagy (1999; paper 7) study the Upper
Pliocene in ODP Hole 986D on the Svalbard Margin. Eidvin et al. (2000; paper 1)
summarizes the findings of the other papers, and form a synthesis of the results.

In these studies, we employed several dating and correlation methods available
including analyses of benthic and planktonic foraminifera, Bolboforma, radiolarians,
dinoflagellates, diatoms, Sr-isotope dating and paleomagnetic polarity reversal chronology.
Effort was made to apply the most efficient methods according to the stratigraphic level under
investigation. However, most emphasis was placed on correlating planktonic foraminifera and
Bolboforma assemblages with fossil zones from ODP and DSDP drillings in the Norwegian
Sea and the North Atlantic, as these zones are paleomagnetically calibrated. As additional
support to the correlation, lithological examination of the samples and petrophysical log
correlation of the wells were executed. The wells were also tied together by regional 2D and
3D seismic lines.

In sum these studies have put the Cainozoic stratigraphy on a more consistent footing.
We have developed a coherent stratigraphic scheme which is consistent for the entire margin
from the central North Sea in the south to the Barents Sea in the north, and is also correlative
to the deep sea record in the Norwegian Sea and North Atlantic. The studies have developed a

new picture of rapid sedimentation, erosion and uplift in the late Cainozoic.
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Abstract

A stratigraphic framework has been developed for the Cainozoic succession of the Norwegian continental shelf and margin.
This framework is consistent for the entire margin from the central North Sea to the Barents Sea and also facilitates a
correlation with the deep sea record of the Norwegian Sea and North Atlantic. A local system, mainly utilising planktonic and
benthic foraminiferal assemblages and Bolboforma species, is developed. It can be potentially used for regional stratigraphic
syntheses. Using this framework, a more precise and detailed identification and age assignments of Cainozoic, and in particular
Neogene, strata can be performed. Several revisions of previous age assignments and a more detailed dating of the various
sediment packages are presented. The most complete Neogene succession is recorded in the central North Sea. Further north the
succession is interrupted by an increasing number of hiati of increasing duration. After a period of erosion in the late Middle to
early Late Miocene there is a marked increase in the influx of terrigenous sediment in the Late Miocene., A period of
transgression in the Early Pliocene resulted in strongly reduced rates of deposition, and sediments of this age are preserved
mainly in the central North Sea. A period of regression in earliest Late Pliocene probably resulted in erosion of most of the
Norwegian continental shelf with the exception of the deeper areas of the Central and Viking Grabens. This period was
immediately followed in the later part of Late Pliocene, by rapid deposition of glacially derived sediment prograding along the
entire shelf. In general, Pleistocene development is a continuation of the Late Pliocene evolution, but is marked by more
extensive erosion of the inner shelf. This is inferred from the flat truncation of underlying prograding strata and the extensive
build up of debris flow sediments within glacial fan depocentres. The entire Neogene development is closely related to the
climatic evolution of high latitude regions surrounding the North Atlantic and the Norwegian-Greenland Sea. © 2000 Elsevier
Science Ltd. All rights reserved.

1. Introduction paper is a synthesis of several more detailed studies
(Eidvin, Jansen & Ruiis, 1993; Eidvin, Brekke, Riis &
Renshaw, 1998a; Eidvin, Goll, Grogan, Smelror &

The purpoge Of this paper I 10 present @ S Wijehery, 15981 Bidvin, Rils & Rusdbers, 1999 Fid:
graphic framework for the Upper Cainozoic of t.he vin & Nagy, 1999; Eidvin & Rundberg, in press).
l\.J.orw.eglan conlmen-tal sl‘lelf, a.nd to .document the dis- These studies, which are mainly biostratigraphic, but
t”b_L_ltlon of _Uppel CE’I]I‘i—OZOlC sed1me1.]ts a‘long thie also include seismostratigraphic, lithostratigraphic,
entire shelf from the North Sea to Spitsbergen. The strontium isotope and paleomagnetic analyses, investi-

gated petroleum wells and one ODP borehole in a

* Corresponding author. Tel: +47-51876473; fax: +47-51551571. transect from the central North Sea to the Svalbard
E-mail adedress: tor.eidvin@npd.no (T. Eidvin). Margin (Fig. 1). Their aims have been the dating of

" Present address: Norsk Hydro ASA, 0246 Oslo, Norway. the Upper Cainozoic succession and main seismic

0264-8172/00/% - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
PIl: S0264-8172(00)00008-8



580

T. Eidvin et al. | Marine and Petroleum Geology 17 (2000) 579-600

20°

72°

70°~4

i
SVALBA RDL\

65°

34/4-8
y34/8-1!8A-1 H

60° |

I

NORWEGIAN SEA

N 24-C117 \

/

ODP 642 @
ODP 8430
ODP 644 @

4
ity MR,

o

, 34/8-98

AY

3
6‘6101‘2-"1%
6610/7-2.
6610171
= 65

o
a
Ge

e ————

60°

-

SWEDEN BN

3
/!
7
i
i
/
!

e ey

€°

Fig. 1. Location of wells, ODP-boreholes and seismic lines studied. Thick lines show location of the regional profiles la-4 presented in Figs. 5-8.
The ODP sites 642, 643 and 644 are used for correlation purposes. The map of the western Barents Sea and Svalbard Margin is an isopach map
showing the thickness of glacial sediments in two-way travel time (s; modified after Faleide et al., 1996). The map of the North Sea and the Nor-
wegian Sea continental shelf is an isopach map showing the thickness of Late Pliocene and Pleistocene sediments in two-way travel time {(ms).
The zig-zag line indicates the subcrop of the Upper Pliocene below the Pleistocene (modified after Riis, 1996).
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boundaries in the various regions of the Norwegian
shelf, and the interpretation of depositional environ-
ments based on microfaunal content. Precise dating is
important in order to obtain a reliable correlation of
the preserved Neogene succession along the shelf.
Understanding of the Neogene geological development
1s necessary in order to construct basin models and to
analyse the Late Cainozoic tectonism and glaciation of
these areas.

The present paper emphasises the correlation of
planktonic fossil assemblages from different regions of
the shelf, and the correlation of shelf assemblages to
fossil zones observed in the ODP and DSDP sites in
the Norwegian Sea and North Atlantic. Most of the
ODP and DSDP zonations are calibrated with nanno-
plankton zones and paleomagnetic chrons. The main
emphasis is here placed on the age distribution of the
Neogene deposits. Upper Palaeogene deposits are in
most cases investigated in order to establish a lower
boundary for the Neogene. The Neogene, and es-
pecially the Upper Pliocene which is most widely dis-
tributed, is the most thoroughly analysed and mapped.
The following chapters are therefore presented starting
with the youngest deposits and continuing back in
time. In Eidvin et al. (1993, 1998a, 1998b, 1999) the
time scale of Berggren, Kent and van Couvering
(1985) was used, while in the present paper all absolute
ages are converted to the time scale of Berggren, Kent,
Swisher and Aubry (1995).

Since hydrocarbon exploration began in the North
Sea in the 1960s many exploration and production
wells have been drilled, and most areas along the Nor-
wegian shelf have been explored. In most of these
wells, routine biostratigraphic datings were carried out
by contracted consultants. Traditionally, the Upper
Cainozoic was not given high priority, and the datings
are consequently often insufficient. Correlation of wells
based on a variety of consultant-generated data can
often be problematic, because of the differing taxo-
nomic nomenclature and interpretations, Unpublished
consultant reports are often particularly inadequate
with regard to the use of planktonic foraminifera and
Bolboforma (calcareous microfossils of uncertain ori-
gin). One reason for this is that recently revised zona-
tions from ODP Leg 104 boreholes on the Vering
Plateau (Miiller & Spiegler, 1993) were not considered
in the interpretations. In addition, planktonic/benthic
ratios are very low in deposits from some shelf areas.
In this study, we overcame this problem by preparing
and analysing larger sediment samples.

In addition to the papers by Eidvin and co-
workers, several papers dating Upper Cainozoic
deposits in hydrocarbon wells and cored shallow
boreholes have been published in recent years:
North Sea: Moe (1983), Gradstein, Kaminski and
Berggren (1988), Rundberg and Smalley (1989),

Knudsen and Asbjorndottir (1991), Siedenkrantz
(1992), Gradstein, Kristiansen, Loemo and Kaminski
(1992), Gradstein, Kaminski, Berggren, Kristiansen
and D’Ioro (1994), Pedersen (1995), Sejrup, Aarseth,
Ellingsen, Reither and Jansen (1987), Sejrup et al.
(1995), Konradi (1996) and Laursen, Konradi and
Bidstrup (1997); Norwegian Sea continental  shelf:
Haflidason, Aarseth, Haugen, Sejrup, Lavlie and
Reither (1991) and Poole and Vorren (1993);
Barents Sea Margin: Smttem, Poole, Ellingsen and
Sejrup (1992), Swmttem et al. (1994) and Merk and
Duncan (1993). However, in most of these, little
attention was given to the analyses of planktonic
fossils. Based on samples from numerous wells,
King (1983, 1989) published a detailed foraminiferal
zonation for the Cainozoic of the North Sea area.
A detailed probabilistic zonation was also estab-
lished by Gradstein and Béckstrém (1996) for the
North Sea and Haltenbanken areas. Stratlab (1988)
published a broad biozonation of sediments from
Triassic to Pleistocene age for the entire Norwegian
Sea continental shelf.

Improved seismic mapping of the Cainozoic deposits
of Norwegian Sea continental shelf reveals the need of
improved age control of the major sequence bound-
aries. Papers important in this connection are listed
below: North Sea: Rokoengen and Renningsland
(1983), Bjerslev Nielsen, Sarensen, Thiede and Skarbe
(1986), Rundberg (1989), Cameron, Stoker and Long
(1987), Cameron, Bulat and Mesdag (1993), Jensen
and Schmidt (1992), Michelsen, Danielsen, Heilmann-
Clausen, Jordt, Laursen and Thomson (1994), Seren-
sen and Michelsen (1995), Jordt, Faleide, Bjerlykke
and Ibrahim (1995), King, Sejrup, Haflidason, Elver-
hei and Aarseth (1996), Sejrup, King, Aarseth, Hafli-
dason and Elverhei (1996), Serensen, Gregersen,
Breiner and Michelsen (1997), Danielsen, Michelse and
Rong Clausen (1997), Veeken (1997), Gregersen,
Michelsen and Serensen (1997), Gregersen (1998),
Michelsen, Thomsen, Danielsen, Helmann-Clausen,
Jordt and Laursen (1998), Martinsen, Baen, Charnock,
Mangerud and Nettvedt (1999), Clausen, Gregersen,
Michelsen and Serensen (1999) and Jordt, Faleide,
Thyberg and Bjerlykke (in press); Norwegian Sea con-
tinenial shelf: Rokoengen et al. (1995), Settem, Riise,
Rokoengen and By (1996), Henriksen and Vorren
(1996), Henriksen and Weimer (1996) and Swiecicki,
Gibbs, Farrow and Coward (1998); Barents Sea and
Svalbard Margin: Spencer, Home and Berglund (1984),
Nottvedt, Berglund, Rasmussen and Steel (1988), Vor-
ren, Lebesbye, Andreassen and Larsen, (1989), Vorren,
Richardsen, Knutsen and Henriksen (1990, 1991),
Richardsen, Knutsen, Vail and Vorren (1993), Knutsen
et al. (1993), Faleide, Solheim, Fiedler, Hjelstuen,
Andersen and Vanneste (1996), Fiedler and Faleide
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(1996), Hjelstuen, Elverhei and Faleide (1996) and Sol-
heim, Andersen, Elverhei and Fiedler (1996).

2. Geological setting

Exploration wells and boreholes located on a trans-
ect from the central North Sea to the Svalbard Margin
are situated in many different structural settings. Wells
2/4-C-11, 15/12-3, 31/3-1, 34/8-9S, 34/8A-1H, 34/8-1,
34/8-3A, 34/7-1, 34/4-7, 34/4-6 and 34/2-4 are all
located in the North Sea Basin (Fig. 1). The North
Sea Basin is epicontinental, confined by the Scandina-
vian and British landmases, with a marine connection
in the north te the Norwegian-Greenland Sea. The
basin comprises several major Mesozoic highs and gra-
bens of which the Central Graben in its south-central
region, and the Viking Graben in the north are domi-
nant. These structures were formed during several
periods of extensional tectonism during the Permian
and the Mesozoic. This extension ceased in the Cretac-
eous and the basin was subjected to post-rift subsi-
dence and filled by sediments derived from
surrounding topographical highs (Gregersen et al,
1997).

Well 2/4-C-11 is situated in the Central Graben, well
15/12-3 in the southern Viking Graben, well 31/3-1 on
the Horda Platform, wells 34/8-9S, 34/8A-1H, 34/8-1,
34/8-3A, 34/7-1, 34/4-7 and 34/4-6 on the Tampen
Spur High and well 34/2-4 on the northernmost Tam-
pen Spur.

Wells from the Norwegian Sea continental shelf are
situated in two different structural settings (Fig. 1).
Wells 6607/5-1, 6607/5-2 and 6506/12-4 are located in
the Vering Basin, which is characterised by an excep-
tionally thick Cretaceous succession and a complex
Cretaceous and Tertiary tectonic history (Blystad,
Brekke, Farseth, Larsen, Skogseid & Terudbakken
1995; Brekke, in press). Wells 6607/5-1 and 6607/5-2
are situated on the Utgard High which forms the east-
ern flank of the Late Cretaceous Négrind Syncline.
The wells reveal a complex and condensed Palacogene
and a very thick post-Cenomanian Cretaceous succes-
sion. Wells 6610/3-1, 6610/7-2 and 6610/7-1 are located
on the tectonically more stable Late Jurassic/Early
Cretaceous Treondelag Platform (Blystad et al., 1995;
Brekke, in press). The succession is here characterised
by a condensed Cretaceous sequence and, in places, a
deeply eroded Tertiary succession (Eidvin et al,
1998a).

Wells 7117/9-1, 7117/9-2, 7119/7-1, 7316/5-1 and the
ODP borehole 986D are situated on the Barents Sea
and Svalbard Margins (Fig. 1). The evolution of this
margin is closely linked to the gradual northward
opening of the Norwegian-Greenland Sea. The margin
consists of three main structural segments: (1) a

southern sheared margin along the Senja Fracture
Zone (70-72°30" N) where the wells 7117/9-1, 7117/9-2
and 7119/7-1 are located, (2) a central rift complex as-
sociated with volcanism (72°30°=75° N) where well
7316/5-1 is situated, and (3) a northern initially
sheared, and later rifted, margin along the Hornsund
Fault Zone (75-80° N) where the ODP Borehole 936D
is located (Faleide, Gudlaugsson, Eldholm, Myhre &
Jackson 1991; Faleide, Vagnes & Gudlaugsson 1993;
Faleide et al., 1996).

3. Material and analyses

This study is based on the investigation of approxi-
mately 1120 samples from 22 wells and boreholes
(Fig. 1). The biostratigraphic analyses are based lar-
gely on ditch cutting samples. Ditch cuttings are
usually taken at 10 m in those parts of the wells which
are outside the reservoir intervals. In some cases the
sampling interval is 3-5 m. Normally all the available
samples were analysed, excepl some thick intervals
which were analysed at 20 m segments, Short conven-
tional cores were available for some wells; 2/4-C-11
(six cores: approximately 1.3, 8.4, 5.5, 6.3, 15.0, 8.2
m), 34/8A-1H (one core: approximately 12.0 m), 34/8-
9S (one core: approximately 4.8 m) and 7316/5-1
(three cores: approximately 10.6, 26.9, 11.5 m). ODP
borehole 986D was cored continuously. Sidewall cores
were available in wells 2/4-C-11 (49 cores), 34/4-7 (12
cores), 34/7-1 (14 cores), 6610/3-1 (five cores), 6610/7-2
{(seven cores) and 7316/5-1 (34 cores).

During normal exploration operations, the sampling
of ditch cuttings does not usually commence before the
well has reached a depth between 100 and 300 m
below the sea floor. Consequently, the upper part of
the wells can not usually be analysed, but in some
wells sidewall cores are available. In some wells in
areas with very thick Upper Pliocene section, and
where this part was thoroughly investigated, the analy-
sis started in the lower part of the Upper Pliocene.

The biostratigraphic investigations are based primar-
ily on planktonic and benthic foraminifera. In ad-
dition, the Middle to Upper Miocene sections were
also analysed for Bolboforma. The Upper Oligocene to
Lower Miocene and the Upper Palaecocene to Lower
Eocene sections were analysed for diatoms and the
Lower/Middle Eocene sections for radiolarians. The
Lower Oligocene sections in wells 6610/7-1 and 6610/
3-1 were also analysed for dinoflagellates. In well
7316/5-1 the entire investigated column was analysed
for both dinoflagellates and radiolarians in addition to
foraminifera, but only the foraminiferal assemblages
are listed in the present paper.

Strontium isotope analyses were performed on the
entire section, or portions of sections in the wells 2/4-
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C-11, 31/3-1, 34/2-4, 34/4-6, 34/4-7, 34/7-1, 34/8-1, 34/
8A-1H, 34/8-9S, 6610/3-1, 7117/9-1, 7117/9-2, 7316/5-1
and ODP borehole 986D. In most cases, the tests of
calcareous foraminifera and Bolboforma were analysed
for strontium isotopes, but molluscs and Bryozoa frag-
ments were also used in some wells. The analysed ma-
terial was taken mainly from sidewall cores and
conventional cores, but ditch cutting samples were also
used. Ages for these samples were obtained by com-
paring the measured *'Sr/®*Sr-ratio to the global stron-
tium isotope curves of Farrell, Clemens and Gromet
(1995) and Howarth and McArthur (1997).

The lithologic analyses were based on the visual
examination of the samples both prior to treatment,
and of the dispersed and fractionated material after
preparation. Petrophysical logs were also employed in
the descriptions.

Paleomagnetic analyses were performed on two con-
ventional cores in the Pleistocene in well 2/4-C-11.

Descriptions of methods of fossil preparation, range
charts of the stratigraphically important fossils, results
of strontium isotope analyses, detailed lithological
descriptions and definitions of lithostratigraphic units
are reported in Eidvin et al. (1993, 1998a, 1998b,
1999), Eidvin and Nagy (1999) and Eidvin and Rund-
berg (in press). Lithostratigraphic units are shown in
Fig. 3(a) and (b) in the present paper, but are not dis-
cussed. The lithostratigraphic nomenclatures are after
Isaksen and Tonstad (1989) for the North Sea and
Dalland, Wosley and Ofstad (1988) for the Norwegian
Sea continental shelf and the Barents Sea.

4. Biostratigraphic correlation

The standard Cainozoic zonal scheme is based on
planktonic foraminiferal and calcareous nannoplank-
ton distributions established in tropical and sub-tropi-
cal areas. In middle and high latitudes, the
assemblages become progressively less diverse and
many key species are lacking (King, 1983). High-lati-
tude planktonic foraminiferal associations are charac-
teristically low diversity faunas composed of long-
ranging species. Consequently, it is not generally poss-
ible to apply the standard zonations established for
low latitudes (Blow, 1969, 1979: Bolli & Saunders,
1985), or for northern temperate regions (Berggren,
1972; Poore & Berggren, 1975; Poore, 1979; Weaver &
Clement, 1986) to high-latitude regions. Studies of
ODP Leg 104 sites on the Varing Plateau in the Nor-
wegian Sea and ODP/DSDP-boreholes in the North
Atlantic resulted in local high-latitude Neogene plank-
tonic foraminiferal and Bolboforma zonations (Spiegler
& Jansen, 1989; Quale & Spiegler, 1989; Spiegler &
Miiller, 1992; Miiller & Spiegler, 1993). Most of these
zones are calibrated with nannoplankton and paleo-

magnetic data. Comparing these zonations with plank-
tonic fossil assemblages from Norwegian shelf deposits
has proven useful for dating and correlation along the
entire Norwegian shelf.

Calcareous fossils are mostly dissolved in sediments
older than the late Middle Miocene in ODP/DSDP
boreholes on the Vering Plateau (Henrich, 1989: Spieg-
ler & Jansen, 1989; Miiller & Spiegler, 1993). However,
planktonic foraminifera from the early Middle and
Early Miocene are known from the North Atlantic
(DSDP Leg 49; Poore, 1979) and the North Sea (King,
1989; Gradstein & Bickstréom, 1996).

In some sections planktonic foraminifera are rare
due to nearshore environments of deposition or post-
mortem dissolution. Benthic foraminifera are therefore
also important for dating Cenozoic shelf sediments.
However, correlation of benthic foraminifera over long
distances is not always reliable due to variation in
assemblage composition resulting from environmental
factors.

The correlation of benthic foraminifera is generally
in accordance with the zonations of King (1983, 1989)
from the North Sea, Gradstein and Bickstrém (1996)
from the North Sea and Haltenbanken, and Stratlab
(1988) from the Norwegian Sea continental shelf,

Detailed presentation and discussion of the fossil
data in the investigated wells are found in Eidvin et al.
(1993, 1998a, 1998b, 1999), Eidvin and Nagy (1999)
and Eidvin and Rundberg (in press). The assemblages
discussed in the above papers are only listed in the
present paper (Tables 1-6; Figs. 2 and 3(a)-(b)). The
general planktonic fossil correlation between deep sea
and shelf deposits is however explained in the follow-
ing. In Eidvin et al. (1993, 1998a, 1998b) the downhole
fossil distribution patterns are classified as biozones.
The biozones were, however, defined by criteria that
are better described as ‘assemblages’. The term ‘assem-
blages’ therefore replaces ‘biozones’ in the present

paper.

5. Results
5.1. Pleistocene

5.1.1. Microfossil assemblages

Pleistocene sediments are observed in central North
Sea wells 2/4-C-11 (Ekofisk Field) and 15/12-3 (Sleip-
ner area; Fig. 1). In well 2/4-C-11 the Pleistocene cor-
responds to the benthic foraminiferal assemblages CE-
AB, CE-BB, CE-CB and the planktonic foraminiferal
assemblage CE-AP (Table I; Figs. 2 and 3(a)). In well
15/12-3 the Pleistocene corresponds to the benthic for-
aminiferal assemblages CS-AB, CS-BB and the upper
part of CS-CB (Table 2, Figs. 2 and 3(a)).

Of the nine wells from the northern North Sea,
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Pleistocene sediments are sampled only in well 31/3-1
(Troll Field) where these deposits correspond to the
foraminiferal assemblage N-A (Table 3; Figs. 1-3(a)).

In the Norwegian Sea continental shelf Pleistocene
sediments are observed in wells 6506/12-4 (Halten Ter-
race), 6607/5-1 (Utgard High) and 6610/7-2 (Nordland
Ridge; Fig. 1) and correspond to the foraminiferal
assemblage M-A (Table 4; Figs. 2 and 3(b)).

In the western Barents Sea continental margin Pleis-
tocene deposits are recorded in wells 7117/9-1, 7117/9-
2 and 7119/7-1 (Senja Ridge) and 7316/5-1 (Bjerneya
West area; Fig. 1). In wells 7117/9-1, 7117/9-2 and
7119/7-1 the Pleistocene corresponds to foraminiferal
assemblage BS-A (Table 5; Figs. 2 and 3(b)). In well
7316/5-1 the Pleistocene corresponds to the foraminif-
eral assemblage BB-FA and probably the upper part
of Unzoned Interval f1 (Table 6; Figs. 2 and 3(b)).

5.1.2. Correlation with the deep sea record

The planktonic foraminiferal faunas in all the wells
mentioned above can be correlated with the assem-
blages in the ODP/DSDP deep sea boreholes where a
N. pachyderma (sinistral) zone is described by Weaver
and Clement (1986) from the North Atlantic and by
Spiegler and Jansen (1989) from the Varing Plateau in
sediments younger than 1.8 Ma (Fig. 4). At the open

Table 1

ocean sites, an encrusted variety of the sinistrally
coiled N. pachyderma dominates over an unencrusted
form. The encrusted variety occurs only very sporadi-
cally in older sediments, while the unencrusted one
occurs also in Pliocene deposits. Except for the wells
2/4-C-11 and 15/12-3, N. pachyderma (sinistral;
encrusted) is recorded from all the analysed sections.
In well 2/4-C-11 and 15/12-3 only a few N. pachyderma
(sinistral, unencrusted) are recorded. The reason for
this is probably that the specimens observed in these
intervals are small juvenile forms, and that the larger
encrusted forms have not reached the shallow marine
environment that prevailed at these sites.

5.1.3. Regional synthesis

Over large areas of the Norwegian continental shelf
a hiatus is recorded between the Upper Pliocene and
the Pleistocene. In most areas, this hiatus is observed
on seismic sections as a distinct reflector. Flat-lying
Pleistocene beds lie with an angular unconformity on
more or less progradational Upper Pliocene deposils.
Older Tertiary and Mesozoic strata are tilted, dip
towards the west, and are truncated towards the coast
(Sigmond, 1992). The seismic reflector between the
Pleistocene and the Upper Pliocene becomes less dis-

Planktonic and benthic faunal assemblages with index fossils and ages in well 2/4-C-11 from the central North Sea, based on Eidvin et al. (1999)

Designation” Assemblage

Series/subseries

Planktonic fossil assemblages

CE-AP Neogloboquadrina pachyderma (sin.) Upper Pliocene—Pleistocene
CE-BP Neogloboquadring pachyderma (dex.) Upper Pliocene

CE-CP Globigerina bulloides Upper Pliocene

CE-DP Globigerina bulloides-Neogloboquadrina atlantica (sin.) Lower—Upper Pliocene
CE-EP Lower Neogloboguadrina atlanrica {dex.) Upper Miocene

CE-FP Neogloboguadrina acostaensis Upper Miocene

CE-GP Bolboforma metzmacheri Upper Miocene

CE-HP Bolboforma frageri-Bolboforma subfragori Middle-Upper Miocene
CE-IP Globigerina praehulloides-Globigerinoides quadiilobatus triloba Middle Miocene

CEIP - Globigerina ciperoensis Lower Miocene

CE-KP Diatom sp. 4 Lower Miocene

CE-LP Diatom sp. 3 Upper Oligocene

Benthic fossil assemblages

CE-AB Elphidium excavatum Pleistocene

CE-BB Elphidium excavatum-Haynesina orbiculare Pleistocene

CE-CB Elphidium excavatum-Cassidulina teretis Pleistocene

CE-DB Cibicides grossus Upper Pliocene

CE-EB Monspliensina pseudotepida Upper-Pliocene

CE-FB Cibicidoides limbatosuturalis Lower-Upper Pliocene
CE-GB Uvigerina vemusta saxonica Upper Miocene-Lower Pliocene
CE-HB Glomospira charoides Middle-Upper Miocene
CE-IB Bulimina elongata Middle Miocene

CE-IB Uvigerina tenuipustulata Lower Miocene

CE-KB Ammediscus sp. A-Cyclammina placenta Lower Miocene

CE-LB Spirosigmoilinella compressa Lower Miocene

CE-MB Annectina biedai Upper Oligocene-Lower Mioc.

“ Abbreviation of the assemblage designation: C = Central North Sea, E = Ekofisk Field, B = Benthic and P = Planktonic.
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Planktonic and benthic faunal assemblages with index fossils and ages in well 15/12-3 from the central North Sea, based on Eidvin ct al. (1999)

Designation®

Assemblage

Series/subseries

Planktonic fossil assemblages
CS-AP

Neogloboquadrina pachyderma (dex.)

Upper Pliocene

Upper Pliocene

Upper Pliocene
Lower-Upper Pliocene
Upper Miocene
Middle-Upper Miocene
Middle Miocene
Middle Miocene

Lower Miocene

CS-BP Upper Neogloboguaedrina atlantica (dex.)

CS-CP Globigering bulloides

CS-DP Globigerina bulloides-Neogloboquadrina atlantica (sin.)
CS-EP Neogloboguadrina atlantica (dex.)-N. acostaensis
CS-FP Boldoforma fragori-Bolboforma subfragori

CS-GP Bolboforma badenensis-Bolboforma reticuluta

CS-HP Globigerina pracbulloides

CS-1P Globigerina ciperoensis-Globigerina woodi

CS-JP Diatom sp.4

CS-KP Diatom sp.3

Benthic fossil assemblages

Lower Miocene
Upper Oligocene

CS-AB Elphidivm excavatum-Haynesina orbiculare Pleistocene

CS-BB Elphidium excavatum-Cassidulina teretis Pleistocene

CS-CB Cibicides grossus Upper Pliocene-Pleistocene
CS-DB Monspeliensina pseudotepida Upper Pliocene

CS-EB Cibicidoides limbatosuturalis-Unigerina venusta saxonica Upper Miocene—Lower Pliocene
CS-FB Uvigerina pygmea langenfeldensis Middle-Upper Miocene
CS-GB Uvigerina sp. A Middle Miocene

CS-HB Asterigerina guerichi staeschei Middle Miocene

CS-IB : Uvigerina tenuipustulata Lower Miocene

CS-JB Plectofrondicularia seminuda Lower Miocene

CS-KB Bolivina antigua Lower Miocene

CS-LB Cibicides sulzensis Upper Oligocene-Lower Mioc

* Abbreviation of the assemblage designation are as follows: C = Central North Sea, S = Sleipner Ficld, B = Benthic and P = Planklonic.

tinct towards both the central North Sea and towards
the continental shelf break in areas further north.

This reflector was investigated in a cored geotechni-
cal borehole from the Troll Field (close to well 31/3-1).
These cores have been subjected to among other paleo-
magnetic analyses, and the base of the Pleistocene sec-
tion is dated to 1.2 Ma (Sejrup et al., 1995). This
dating coincides with a marked intensification of gla-

Table 3

cial activity as is observed in the deep sea record
(Prell, 1982; Ruddiman, Raymo & Mclntyre, 1986;
Berger & Jansen, 1994). Erosion between the Upper
Pliocene and Pleistocene was probably caused either
by the advance of the glacial front or by a glacio-iso-
static drop in sea-level. The lower part of the Pleisto-
cene and uppermost part of the Upper Pliocene are
eroded over large areas of the continental shelf.

Faunal assemblages with index fossils and ages in wells 31/3-1, 34/8-9S, 34,8A-1H, 34/8-1, 34/8-3A, 34/7-1, 34/4-7, 34/4-6 and 34/2-4 from the

northern North Sea, based on Eidvin and Rundberg (in press)

Designation” Assemblage

Series/subseries

N-A Nonion labradoricum-Neoglohoguadrina pachyderma (sin.) Pleistocene

N-Bl Cibicides grossus-Elphidietla hannai-Globigerina bulloides-Neogloboquadrina atlantica (sin.) Upper Pliocene

N-B2 Cibicides grossus-Elphidium albiumbilicatum-Globigerina bulleides-Neogloboquadring atlantica (sin.) Upper Pliocene

N-ClI Ehrenbergina variahilis Upper Miocene-Lower Pliocene
N-C2 Cibicides dutempler Upper Miocene—-Lower Pliocene
N-D Eponides umbonatus-Stilosiomella sp.-Diatom sp. Lower Miocene

N-E Diatom sp.4-Diatom sp.5 Lower Miocene

N-F1 Turriling alsatica-Diatom sp.3 Lower—Upper Oligocene

N-F2 Turrilina alsatica Lower-Upper Oligocene

N-F3 Gyroiding soldanii girardana Lower-Upper Oligocene

N-F4 Diatom sp.3 Lower-Upper Oligocene

N-G Turrilina alsatica-Gyroiding soldanii mantillata-Stilostomella hirsura Lower Oligocene

* Abbreviation of assemblage designation: N = northern North Sea.
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Table 4

Faunal assemblages with index fossils and ages in wells 6506/12-4, 6607/5-1, 6607/5-2, 6610/7-2, 6610/7-1 and 6610/3-1 from the Norwegian Sea

continental shelf based on Eidvin et al. (1998a)

Designation® Assemblage Series/subseries

M-A Neogloboguadrina pachyderma (sin.)-Nonton labradoricum Pleistocene

M-B Cibicides grossus Upper Pliocene

M-C Cibicides grossus-Globigerina bulloides-Neoglobogquadrina atlantica (sin.) Upper Pliocene

M-D Cibicides grossus-Elphidiella hannai-Globigerina bulloides-Neogloboquadrina atlantica (sin.) Upper Pliocene

M-E Cibicides grossus- Elphidiella hannai Upper Pliocene

M-F Elphthidiella hannai Upper Pliocene

M-G Nonion affine-Neogloboguadring atlantica (dex.) Upper Miocene

M-H Cibicides telegdi-Eponides pygmeus-Neogloboguadring atlantica (dex.) Upper Miocene

M-I Ehrenbergina variabilis-Globocassidulina subglobosa-Neogloboquadrina atlantica (dex.) Upper Miocene

M-J Bolboforma metzmacheri Upper Miocene

M-K Bolboforma subfragori-Bolhoforma frageiri Middle-Upper Miocene

M-L Diatom sp. 3 Upper Oligocene-Lower Mioc.
M-M Gyroidina soldanii girardana-Bolivina cf. antiqua Lower Oligocene

M-N Cenosphaera sp. Lower-Middle Eocene

M-O Coscinodiscus sp. | Upper Palaeocene—Lower Eocene

*M = Mid-Norway.

Table 5

Faunal assemblages with index fossils and ages in wells 7117/9-2, 7117/ 9-1 and 7119/7-1 [rom the Senja Ridge on western Barents Sea margin,

based on Eidvin et al. (1993)

Designation® Assemblage Series/subseries
BS-A Neogloboquarina pachyderma (sin.)-Islandiella islandica Pleistocene

BS-B Cihicides grossus Upper Pliocene
BS-C Efphidiella hannai Upper Pliocene
BS-D Geodia sp.-Globigerina hilloides Upper Pliocene

*B = Barents Sea, S = Senja Ridge.

5.2. Upper Pliocene

5.2.1. Microfossil assemblages

Upper Pliocene deposits are recorded in the central
North Sea wells 2/4-C-11 (Ekofisk Field) and 15/12-3
(Sleipner area; Fig. 1). In well 2/4-C-11 these deposits
correspond to the benthic foraminiferal assemblages
CE-DB, CE-EB and upper part of CE-FB. Planktonic
foraminiferal assemblages include CE-BP, CE-CP and
the upper part of CE-DP (Table [; Figs. 2 and 3(a)).

Table 6

In well 15/12-3 the Upper Pliocene corresponds to the
benthic assemblages CS-CB (lower part) and CS-DB.
Planktonic foraminiferal assemblages include CS-BP,
CS-CP and the upper part of CS-EP (Table 2; Figs. 2
and 3(a)).

In the northern North Sea Upper Pliocene sediments
are recorded in wells 34/4-6, 34/4-7, 34/7-1 (Snorre
Field), 34/8-1, 34/8A-1H, 34/8-3A and 34/8-9S (Visund
Field) and 34/2-4 corresponding to the foraminiferal

Faunal assemblages with index fossils and ages in well 7316/5-1 from the Bjerneya West area on the weslern Barents Sea margin, based on Eid-

vin et al. (1998b)

Designation™  Assemblage Series/subseries

BB-FA Neogloboquadrina pachyderma (sin.)-Elphidium excavatum-Cassidulina reniforie Pleistocene

BB-FB Globigering bulloides-Cassidulina teretis Upper Pliocene

BB-FC Cyelammina placenta Upper Oligocene-Lower Mioc.
BB-FD Turrilina alsatice-Angulogering tenuistriata Lower Oligocene

BB-FE Cibicides proprius-Spiroplectanmming navarroana-Pseudohastigering micra-Pseudohastigering sp. Middle Eocene

BB-FF Cibicides propius-Vaginulinopsis decorata-Spiroplectaniminag navarroana-Pseudohastigerina micra Middle Eocene

BB-FG Spireplectamiminag navarroana-Spiroplectamming carinata Middle Eocene

*B = Barents Sea, B = Bjornoya WesL.
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assemblages N-Bl, and in well 34/8-9S to N-B2
(Table 3; Figs. 1-3(a)).

In the Norwegian Sea continental shelf Upper Plio-
cene sediments are found in wells 6506/12-4 (Halten
Terrace), 6607/5-1, 6607/5-2 (Utgard High), 6610/7-1
and 6610/7-2 (Nordland Ridge; Fig. 1). In well 6506/
12-4 these sediments correspond to the foraminiferal
assemblages M-C and M-D, in well 6607/5-1 to M-B
and M-C, in well 6607/5-2 to M-C, in well 6610/7-1 to
M-E and M-F and in well 6610/7-2 to M-D (Table 4;
Figs. 2 and 3(b)).

In the western Barents Sea continental margin
Upper Pliocene deposits are recorded in wells 7117/9-
I, 7117/9-2 (Senja Ridge), 7316/5-1 (Bjernsya West
area) and the borehole ODP 986D (Svalbard Margin;
Fig. 1). In well 7117/9-1 and 7117/9-2 the Upper Plio-
cene corresponds to foraminiferal assemblages BS-B,
BS-C and in well 7117/9-1 also to BS-D (Table 5; Figs.
2 and 3(b)). In well 7316/5-1 the Upper Pliocene corre-
sponds to the lower part of Unzoned Interval fl,
assemblage BB-FB and Unzoned Interval f2 (Table 6;
Figs. 2 and 3(b)). In ODP 986D the Upper Pliocene
corresponds to the benthic Melonis zaandamae—C. tere-
tis Assemblage and the planktonic N. atlantica (sinis-
tral) Assemblage (Figs. 2 and 3(b)).

5.2.2. Correlation with the deep sea record

In ODP/DSDP deep sea boreholes on the Vering
Plateau the planktonic foraminiferal fauna is charac-
terised by the N. atlantica (sinistral) Zone and the
upper N. atlantica (dextral) Zone of Spiegler and Jan-
sen (1989). The N. atluntica (sinistral) Zone spans the
Pliocene to latest Miocene in age (Fig. 4). This zone is
also rich in G. bulloides. On the Vering Plateau the LO
(last occurrence) of N. atlantica (sinistral) is no
younger than 24 Ma (Spiegler & Jansen, 1989).
Throughout the last 2.4 Ma G. bulloides is only rarely
found in the warmest interglacials of the last [ Ma
(Spiegler & Jansen, 1989; Kellogg, 1977). The LO of
N. atlantica (dextral) is close to the Pleistocene/Plio-
cene boundary. This species also occurs sporadically in
the N. atlantica (sinistral) Zone of Spiegler and Jansen
(1989).

In most wells studied, the planktonic foraminiferal
assemblages consist mainly of N. ailantica (sinistral)
and G. bulloides indicating an age no younger than 2.4
Ma for the top of the sections. The upper N. atlantica
(dextral) Zone of Spiegler and Jansen (1989) are only
recorded in well 15/12-3 (central North Sea). but sedi-
ments corresponding to this zone are most likely pre-
sent in wells 2/4-C-11 (central North Sea), 6607/5-1
(Utgard High), 7117/9-1, 7117/9-2 and 7316/5-1 (wes-
tern Barents Sea continental margin). This is probably
also the case for ODP 986D situated in deep water on
the continental slope of the Svalbard Margin, but only
the lower part of the Upper Pliocene has been

thoroughly examined in this borehole. However, a
short stratigraphical break between Pleistocene and
Upper Pliocene is probably present in all except the
central North Sea wells and the ODP 986D borehole.
The uppermost Upper Pliocene is probably also pre-
sent on the outermost margin in the northern parts of
the North Sea, offshore More and in the More Basin.
In some of these areas, one may also expect to find the
most complete Pleistocene sediment packages. These
are deep-water areas to which glaciers did not reach,
such that glacio-isostatic sea-level fall did not result in
substantial erosion.

Most Upper Pliocene and Pleistocene sections con-
sist of clay-rich diamictons containing ice rafted peb-
bles of both sedimentary and crystalline composition.
Some intervals consist of sandy diamictons. The excep-
tions to this are the lower parts of wells 2/4-C-11 and
15/12-3 in the central North Sea. In well 2/4-C-11 the
lower part consists of clay and in well 15/12-3 of a
well sorted sand. The lithologies observed in most sec-
tions are similar to glaciomarine sediments recorded in
the Norwegian Sea which were studied by Jansen and
Sjeholm (1991) and Fronval and Jansen (1996). These
studies revealed traces of ice rafted material in sedi-
ments as old as 12.6 Ma. The frequency of ice rafted
material increases during the period 7.2-6.0 Ma, but
remains relatively low between 6.0 and 2.75 Ma. A
large increase in the supply of such materials after
about 2.75 Ma reflects the marked expansion of north-
ern European glaciers (Fig. 4). 2.75 Ma is taken as the
maximum age of the Late Pliocene section in all wells
except for the lower parts of the sections in the central
North Sea wells 2/4-C-11 and 15/12-3. In these wells
both benthic foraminiferal and lithological evidence in-
dicate deposition in the early part of the Late Pliocene
(3.5-2.7 Ma), before the expansion of the northern
European glaciers began. Vail and Hardenbol (1979)
describe an extensive drop in global sea-levels during
the period 4.1-2.9 Ma. This regression appears to have
resulted in the erosion of much of the Norwegian con-
tinental shelf, with the exception of deeper water areas
in the Central and Viking Graben.

3.2.3. Regional synthesis

Seismic profiles of the Upper Pliocene show that
these sediments prograde from the east with distinct,
shallow-angled clinoforms. Regional seismic mapping
indicates that the Upper Pliocene changes character
towards the north. North of approximately 58°N, the
sequence is thicker and exhibits a more distinct progra-
dation from land with a depocentre developed closer
to the Norwegian mainland. Thick, glacially derived
Upper Pliocene prograding shelf sediments extend
along the continental margin of the northern parts of
the North Sea and the Norwegian Sea shelf. These
deposits are truncated in the east by the angular Pleis-
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tocene unconformity, and become thinner along the
lower part of the continental slope. In the Mare Basin
and in the area northeast of the Utgard High (Norwe-
gian Sea continental shelf), these sediments reach close
to 1500 m in thickness (Eidvin et al, 1998a; Figs. 1
and 7). In the southwestern parts of the Barents Sea,
the Upper Pliocene forms extremely large submarine
fans on the continental slope to the west of the Barents
Sea shelf. The largest depocentres, with thicknesses
close to 2500 m, are located west of the Bjgrneya and
Storfjord Troughs (Figs. 1 and 8; Eidvin et al. 1993,
1998b; Eidvin & Nagy, 1999). The seismic reflector at
the base of these fans can be traced to the Svalbard
Margin and ODP Site 986 where it has been dated to
<2.6 Ma by means of magnetostratigraphic methods
(Channell et al., 1999),

Differences in Pliocene and Pleistocene depositional
patterns are probably the result of changes in glacia-
tion cycles that occurred approximately 1.1 Ma.
During the period prior to this, glacial cycles had dur-
ations of approximately 41,000 years. After about 0.9
Ma, following a transition phase at 1.1 Ma, the domi-
nant cycle durations increased to approximately
100,000 years. Both glacial and interglacial periods
were most intense during the last period (Prell 1982,
Ruddiman et al. 1986 and Berger & Jansen, 1994).
During the period prior to approximately 1.1 Ma the
Fennoscandian ice cap probably extended only to the
present coast line (Jansen & Sjsholm, [991). Sub-
sequent to approximately 1.1 Ma, glaciers periodically
extended over the continental shelf and transported
sediments over greater distances (Sejrup et al., 1995,
1996; King et al, 1996). However, deep erosional
canals at the base of the Upper Pliocene in the Bjor-
ngya area (Fig. 1) indicate that glaciers had already
reached far on to the shelf at this time (Sattem et al.,
1992). Similarly, a base Upper Pliocene section in well
7316/5-1 from the same area indicate that the deposits
are derived from a melt water delta from a nearby gla-
cier (Eidvin et al., 1998b).

5.3. Lower Pliocene

5.3.1. Microfossil assemblages

The Lower Pliocene is observed in wells 2/4-C-11
(Ekofisk Field) and 15/12-3 (Sleipner area) from the
central part of the North Sea (Fig. 1). In well 2/4-C-11
these sediments correspond to benthic foraminiferal
assemblages CE-FB (lower part) and CE-GB (upper
part), and the planktonic assemblage CE-DP (lower
part), In well 15/12-3 the Lower Pliocene corresponds
to benthic assemblage CS-EB (upper part) and the
planktonic assemblage CS-DP (lower part; Tables 1
and 2; Figs. 1-3(a)). Sediment of earliest Early Plio-
cene age may also be present in the uppermost parts
of foraminiferal assemblages (N-CI) in the northern

North Sea wells 34/4-6, 34/4-7 (Snorre Field), 34/8-1,
34/8-3A (Visund Field), 34/2-4 and in assemblage N-
C2 in well 34/7-1 (Snorre Field; Table 3; Figs. | and
2).

5.3.2. Correlation with the deep sea record

The planktonic foraminiferal fauna in the central
North Sea wells 2/4-C-11 and 15/12-3 correlates with
the N. atlantica (sinistral) Zone of Spiegler and Jansen
(1989). However, this zone spans the Late Pliocene to
Late Miocene and no planktonic foraminiferal event in
the Norwegian Sea marks the Upper/Lower Pliocene
boundary (Fig. 4; Spiegler and Jansen, 1989). The
identification of Lower Pliocene deposits is based on
benthic foraminifera (Eidvin et al., 1999). The presence
of the lowermost Lower Pliocene in the northern
North Sea is based on strontium age determinations
(Eidvin and Rundberg, in press).

5.3.3. Regional synthesis

The Lower Pliocene is relatively thin in wells situ-
ated in the Ekofisk and the Sleipner areas. The Mio-
cene/Pliocene boundary does not have any clear
seismic expression, but the Lower Pliocene is inter-
preted to thin gradually northwards in the central
North Sea (Eidvin et al., 1999). In the same manner as
the lower part of the Upper Pliocene, most of the
Lower Pliocene is absent from the wells further north.

The Early Pliocene was a period of high relative glo-
bal sea-levels (Vail & Hardenbol, 1979), and it is likely
that little sediment was deposited in most areas of the
Norwegian shell. Most of the Lower Pliocene sedi-
ments, which may have existed, were probably eroded
in the subsequent period during an extensive relative
fall in the global sea-level (4.1-2.9 Ma; Vail & Harden-
bol, 1979).

5.4. Upper Miocene

5.4.1. Microfossil assemblages

Upper Miocene deposits are recorded in central
North Sea wells 2/4-C-11 (Ekofisk Field) and 15/12-3
(Sleipner area) (Fig. 1). In well 2/4-C-11, these deposits
correspond to benthic foraminiferal assemblages CE-
GB (lower part) and CE-HB (upper part). Planktonic
fossil assemblages include CE-EP, CE-FP, CE-GP and
CE-HP (upper part). In well 15/12-3 these deposits
correspond to benthic assemblages CS-EB (lower part)
and CS-FB. Planktonic fossil assemblages include CS-
EP and CS-FP (upper part) (Tables 1 and 2; Figs. 2
and 3(a)).

In the northern North Sea, very thin Upper Miocene
sections are known from wells 34/4-6, 34/4-7, 34/7-1
(Snorre Field), 34/8-1, 34/8-3A (Visund Field) and 34/
2-4 corresponding to foraminiferal assemblages N-Cl
and N-C2 (well 34/7-1) (Table 3; Figs. 1-3(a)).
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On the Norwegian Sea continental shelf, Upper
Miocene sediments are recorded in wells 6506/12-4 and
6607/5-1 (Fig. 1). In well 6506/12-4 these sediments
correspond to the foraminiferal assemblages M-G, M-
H and M-I In well 6607/5-1 the Upper Miocene corre-
sponds to the fossil assemblages M-H, M-I, M-J and
M-K (upper part) (Table 4; Figs. 2 and 3(b)).

5.4.2. Correlation with the deep sea record

In the ODP/DSDP deep sea boreholes on the Var-
ing Plateau the Upper Miocene planktonic foraminif-
eral and Bolboforma assemblages are characterised by
the lower N. atlantica (dextral) Zone and the N. acos-
taensis Zone of Spiegler and Jansen (1989) as well as
the B. metzmacheri Zone and the B. fragori/B. subfia-
gori Zone (upper part) of Miller and Spiegler (1993).
The B. metzmacheri Zone is described from deposits
with an age of approximately 10.0-8.7 Ma. The B. fra-
gori/B. subfragori Zone is known from deposits with
an age of approximately 11.9-10.3 Ma from the North
Atlantic and the Vering Plateau (Fig. 4; Spiegler &
Miiller, 1992; Miller and Spiegler, 1993). According to
Berggren et al. (1995) the Middle/Late Miocene
boundary is at 11.2 Ma.

All the index fossils from these zones are recognised
in the central North Sea wells 2/4-C-11 and 15/12-3
(Eidvin et al., 1999). The Upper Miocene sections in
the northern North sea wells 34/2-4, 34/4-6, 34/4-7, 34/
7-1, 34/8-1 and 34/8-3A contain only scarce N. atian-
tica (dextral) (Eidvin and Rundberg, in press). All the
index fossils from these zones are also recognised in
the Upper Miocene section of well 6607/5-1 (Utgard
High). In well 6506/12-4 (Halten Terrace) the section
contains N. atlantica (dextral) and N. acostaensis (Eid-
vin et al., 1998a).

5.4.3. Regional synthesis

The thickest Upper Miocene sequences are found in
wells located in the central North Sea and on the Nor-
wegian Sea continental shelf. In the northern North
Sea wells the Upper Miocene is thin and condensed.

In the central North Sea the Lower Pliocene, the
Upper Miocene and the uppermost Middle Miocene
form a single seismic unit. In the Ekofisk area, the sec-
tion appears as approximately horizontal, parallel and
rather continuous reflectors. The section thickens into
the Central Graben depocentre, but there are no clear
indications of progradation direction. In the Sleipner
area, the unit is thin and it is locally strongly
deformed, apparently by unstability of the underlying
clays. Local structures are interpreted as onlaps and
internal boundaries. The change in seismic character is
related to the facies shift from the clayey succession in
the south to the sandy Utsira Formation in the north.
To the east the unit thins and is truncated by the base

Pleistocene unconformity (Fig. 5(a) and (b); Eidvin et
al., 1999),

Thin glauconitic beds represent the Upper Miocene
in the northern North Sea wells. These beds are not
well resolved on seismic sections, but are readily ident-
ified on wireline logs. They may drape over parts of
the main Utsira sands as illustrated in Fig. 6, or may
partly interdigitate with these. The main body of the
Utsira sands is not penetrated by any of the wells used
in the present study. However, preliminary results
from a study of this almost totally fossil-barren unit in
well 35/11-1 indicate a Late Miocene and possible a
latest Middle Miocene age. In those areas where the
Utsira sands are absent the glauconitic beds lie above
Lower Miocene or Oligocene strata. To the north and
northeast, the Miocene is entirely absent due to severe
Pliocene incision and erosion, but equivalent sequences
are probably present to the west of the Agat Field and
west of the Mere margin (Eidvin and Rundberg, in
press). The relation between the glauconitic beds and
the Utsira Formation of the central North Sea has not
been investigated in this study.

On the Norwegian Sea continental shelf, the Upper
Miocene and the uppermost Middle Miocene compose
one seismic unit. The seismic reflectors within this unit
are often parallel, but exhibit minor faults and dome
structures. The layers are truncated at a very low angle
by the base of Upper Pliocene unconformity. Towards
the east the unit becomes thinner (Fig. 7). The sedi-
ments consist primarily of claystone with small pro-
portions of sand and silt (Eidvin et al., 1998a).

5.5, Middle Miocene

5.5.1. Microfossil assemblages

Middle Miocene deposits are recorded in central
North Sea wells 2/4-C-11 (Ekofisk Field) and 15/12-3
(Sleipner area; Fig. 1). In well 2/4-C-11 these sediments
correspond to benthic foraminiferal assemblages CE-
HB (lower part) and CE-IB. Planktonic fossil assem-
blages include CE-HP (lower part) and CE-IP. In well
15/12-3 the Middle Miocene corresponds to the
benthic assemblages CS-GB and CS-HB. Planktonic
fossil assemblages include CS-FP (lower part), CS-GP
and CS-HP (Tables 1 and 2; Figs. 2 and 3(a)).

Further north, the Middle Miocene sediments are
only present in the well 6607/5-1 from the Utgard
High on the Norwegian Sea shelf (Fig. 1). In this well
the uppermost Middle Miocene corresponds to the
lower part of the fossil assemblage M-K (Table 4;
Figs. 2 and 3(b)).

3.5.2. Correlation with the deep sea and other

planktonic fossil records :
In the ODP and DSDP boreholes on the Varing
Plateau the upper part of the Middle Miocene plank-
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tonic fossil assemblages are characterised by the B. fra-
gorilB. subfragori Zone (lower part), the B. compressis-
pinosa Zone and the B. badenensis/B. reticulata Zone
of Miiller and Spiegler (1993). According to Spiegler &
Miiller (1992) and Miiller and Spiegler (1993) the B.
subfragori - B. fragori Zone is described from deposits
with an age of approximately 11.9-10.3 Ma and the B.
badenensis{B. reticulata Zone from deposits with an
age of approximately 14-11.9 Ma. The B. compressis-
pinosa Zone, situated between these zones, is very thin
and is probably difficult to detect when working with
ditch cutting samples (Fig. 4). As mentioned pre-
viously, in sediments older than these zones the calcar-
eous fossils in the ODP and DSDP boreholes on the
Varing Plateau are for the most part dissolved (Hen-
rich, 1989; Spiegler and Jansen, 1989%; Miiller and
Spiegler, 1993). However, planktonic foraminifera
from the lower part of the Middle Miocene are known
from the North Atlantic (DSDP Leg 49; Poore, 1979)
and the North Sea (King, 1989; Gradstein and Béck-
strom, 1996). The Globigerina pracbulloides—-Globigeri-
noides quadiilobatus triloba Assemblage (CE-IP) in well
2/4-C-11 (Ekofisk Field) and the G. praebulloides
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Assemblage (CS-HP) in well 15/12-3 (Sleipner area)
are correlated with the planktonic foraminiferal record
from these areas.

An almost complete Middle Miocene column is
known only from well 15/12-3. In well 2/4-C-11 to the
south, the B. badenensis/B. reticuluta Zone 18 not
recorded and sediments with an age of approximately
14-11.9 Ma are absent (Mdller and Spiegler, 1993; Eid-
vin et al., 1999). To the north, the uppermost middle
Miocene deposits corresponding to the lower part of
the B. fragori/B. subfragori Zone of Spiegler and Miil-
ler (1992) and Mtller and Spiegler (1993) are recorded
in well 6607/5-1 (Utgard High). Middle Miocene sedi-
ments are not recorded in any of the other wells inves-
tigated in this study.

5.5.3. Regional synthesis

In the central North Sea a distinct, regionally con-
tinuous reflector is present in the upper part of the
Middle Miocene seismic sequence. As described above,
the uppermost Middle Miocene forms a single seismic
unit together with the Upper Miocene and Lower Plio-
cene. The part of the Middle Miocene situated below
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Fig. 5 (continued)

this reflector forms a single seismic unit together with
the upper part of the Lower Miocene. This unit is
clayey and exhibits small-scale faulting in both the
Ekofisk and the Sleipner areas. The unit is quite thin
in the area between Ekofisk and Sleipner. It is best
developed in the Central Graben depocentre and thins
out towards the east (Fig. 5(a) and (b); Eidvin et al.,
1999).

As described above, on the Norwegian Sea continen-
tal shelf the uppermost Middle Miocene forms one
seismic unit together with the Upper Miocene.

The stratigraphic break in the Ekofisk well 2/4-C-11
and the strong reflector tied to the Sleipner well 15/12-
3 (possibly related to a small hiatus), together with the
lack of Middle Miocene sediments in most of the other
wells, are probably the result of a tectonic phase with
regional uplift of a magnitude sufficient to affect the
entire continental shelf (Riis, 1996; Brekke, in press).

5.6. Lower Miocene

5.6.1. Microfossil assemblages

Lower Miocene deposits are best developed in the
central North Sea wells 2/4-C-11 and 15/12-3 (Fig. 1).
In well 2/4-C-11 these sediments correspond to benthic

foraminiferal assemblages CE-JB, CE-KB, CE-LB and
CE-MB (upper part). Planktonic fossil assemblages
include CE-JP and CE-KP. These assemblages are sep-
arated by a large interval with no planktonic index fos-
sils. In well 15/12-3 the Lower Miocene corresponds to
the benthic assemblages CS-IB, CS-JB, CS-KB and
CS-LB (upper part). Planktonic fossil assemblages
include CS-IP and CS-JP (Tables 1 and 2; Figs. 2 and
3(a)).

In the northern North Sea the lower part of Lower
Miocene is recorded in wells 34/8-1 and 34/8-3A corre-
sponding to the fossil assemblage N-E, and in well 34/
8-3A also to assemblage N-D (Table 3; Figs. 1-3(a)).

In the Bjerneya West area (Fig. 1) Lower Miocene
deposits are recorded in well 7316/5-1 designated as
the benthic foraminiferal assemblage BB-FC (upper
part) (Table 6; Fig. 1-3(b)).

5.6.2. Correlation with the deep sea and other
planktonic fossil records

The Globigerina ciperoencis Assemblage (CE-JP) in
well 2/4-C-11 and the Globigerina ciperoensis—=Globiger-
ina woodi Assemblage (CS-IP) in well 15/12-3, both
from the upper part of the Lower Miocene, are corre-
lated with the planktonic foraminiferal record of the
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North Atlantic (DSDP Leg 49; Poore, 1979). The Dia-
tom sp. 4 Assemblages in wells 2/4-C-11 (CE-KP), 15/
12-3 (CS-IB), 34/8-1 (N-D) and 34/8-3A (N-D) are
correlated with the Diatom sp. 4 Zone (NSP 10) of
King (1983) from the North Sea.

5.6.3. Regional synthesis

In the central North Sea wells a distinct, regionally
continuous seismic reflector is present in the upper
part of the Lower Miocene interval. However, biostra-
tigraphic data does not reveal any stratigraphic break
related to this reflector. As described above, the part
of the Lower Miocene situated above this reflector
forms a single seismic unit together with the lower part
of the Middle Miocene. That part of the Lower Mio-
cene interval situated below the reflector has not been
investigated in this study.

In the northern North Sea, the Lower Miocene com-
prises a seismically well-defined sequence reaching
about 200 m in thickness in the basin centre (Fig. 6).
The base is marked by onlap onto the irregular top
Oligocene nonconformity, whereas the top is identified
at a prominent reflector representing the base of the
sandy Utsira Formation. The succession pinches out
to the east and west as illustrated in Fig. 6 and is only
penetrated in the easternmost wells 34/8-3A and 34/8-
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1. To the north, the Lower Miocene pinches out at
about 61°30'N. Southwards, the sequence gradually
develop a chaotic seismic character and is more diffi-
cult to map. The Lower Miocene sequence exhibits
low amplitude, continuous reflection pattern displaying
an onlapping basin fill configuration (Eidvin & Rund-
berg, in press).

In well 7316/5-1 in the Bjernaya West area the
Lower Miocene section lies immediately below Upper
Pliocene deposits. The sequence is very thin and con-
sists primarily of clay. The seismic reflection at the
base of the interval is continuous and exhibits strong
amplitude across the area, defining a marked syncline
to the east of the well site. West and south of the well
site the reflection is truncated by the base Pliocene
nonconformity. In well 7316/5-1 a thin interval situ-
ated below the Lower Miocene is given an Early Mio-
cene to Early Oligocene age. The reflection described
above may represent an intra-Miocene event or the
base Miocene, but may also be associated with a larger
hiatus (Fig. 8; Eidvin et al., 1998b).

5.7. Upper Oligocene

5.7.1. Microfossil assemblages
Upper Oligocene deposits are recorded in the central
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North Sea wells 2/4-C-11 and 15/12-3 (Fig. 1),
although the base of the Upper Oligocene is not seen
in any of these wells. In well 2/4-C-11 the Upper Oli-
gocene corresponds to the benthic foraminiferal assem-
blage. CE-MB (lower part) and the planktonic
assemblage CE-LP. In well 15/12-3 the Upper Oligo-
cene corresponds to the benthic foraminiferal assem-
blage CS-LB (lower part) and the planktonic
assemblage CE-LP (Tables 1 and 2; Figs. 2 and 3(a)).

The lower part of the Upper Oligocene and the
uppermost part of Lower Oligocene are recorded in
the northern North Sea wells 34/4-6, 34/4-7, 34/7-1
(Snorre Field) and 34/8-1 (Visund Field), correspond-
ing to the fossil assemblage N-F1. This part of the Oli-
gocene is also recorded in well 34/8-3A (Visund Field)
corresponding to the assemblage N-F2, and in well 34/
2-4 corresponding to fossil assemblages N-F3 and N-
F4 (Table 3; Figs. 2 and 3(a)).

On the Norwegian Sea shelf a thin interval of Upper
Oligocene sediments is recorded in well 6506/12-4
(Halten Terrace) corresponding to fossil assemblage
M-L (Table 4; Figs. 2 and 3(b).

5.7.2. Correlation with planktonic fossil records

The Diatom sp. 3 Assemblage in the wells 2/4-C-11
(CE-LP), 15/12-3 (CS-KB), 34/4-6, 34/4-7, 34/7-1, 34/
8-1 (N-F1), 34/2-4 (N-F4) and 6506/12-4 (M-L) is cor-
related with the Diatom sp. 3 Zone (NSP 9¢) of King
(1989) from the North Sea.

5.7.3. Regional synthesis

In the central North Sea there is no well-defined
seismic boundary below the intra-Lower Miocene
reflector which represents the Oligocene—Miocene
boundary. In the wells the Upper Oligocene sediments
comprise mostly clay with small proportions of silt,
sand and some limestone stringers (Eidvin et al.,
1999).

In the northern North Sea the Lower-Upper Oligo-
cene lies immediately below Upper Miocene deposits
in wells 34/2-4, 34/4-6, 34/4-7 and 34/7-1, and immedi-
ately below the Lower Miocene in wells 34/8-1 and 34/
8-3A. The sediments are dominated by clay and silt
with minor amounts of sand (Eidvin and Rundberg, in
press).

The thin interval of Upper Oligocene clay-rich sedi-
ments in well 6506/12-4 on the Norwegian Sea shelf is
situated between Upper Miocene and Lower/Middle
Eocene deposits (Eidvin et al., 1998a). The areal extent
of the Upper Oligocene has also not been investigated
in this study.

3.8. Lower Oligocene

5.8.1. Microfossil assemblages
In the northern North Sea the lower part of Lower

Oligocene is recorded in well 31/3-1 (Troll Field) corre-
sponding to the foraminiferal assemblage N-G
(Table 3; Figs. 1-3(a)).

On the Norwegian Sea shelf the lowermost part of
Lower Oligocene is found in wells 6610/3-1 and 6610/
7-1 (Nordland Ridge). In well 6610/3-1 these deposits
correspond to the foraminiferal assemblage M-M. In
well 6610/7-1 the Lower Oligocene does not contain in
situ microfossils, and dating is based on seismic corre-
lation to well 6610/3-1 (Table 4; Figs. 1-3(b)).

In the western Barents Sea the lowermost part of
Lower Oligocene is recorded in well 7316/5-1 (Bjar-
ngya West area) corresponding to the benthic forami-
niferal assemblage BB-FD (Table 6; Figs. 1-3(b)).

5.8.2. Regional synthesis

In well 31/3-1 the lower part of Lower Oligocene
lies immediately below the Pleistocene. Clay and silt
with minor amounts of sand dominate the sediments.
The areal extent of these deposits has not been investi-
gated 1n this study.

In wells 6610/3-1 and 6610/7-1 on the Nordland
Ridge the lowermost Lower Oligocene contains mostly
sand with small, rounded pebbles. These sequences
form a part of extensive depositional unit which
extends parallel to the mid-Norwegian coast from
Mare to Lofoten (Rokoengen et al., 1995). According
to Rokoengen et al. (1995) the sediments are inter-
preted as deltaic and coastal deposits, probably formed
in a wave-dominated environment with extensive long-
shore drift. The seismic profile along the Nordland
Ridge (Fig. 7) shows that this sequence is represented
by an interval of steeply dipping reflectors which are
interpreted to be a set of prograding foresets. The base
of the succession is seismically identified as a downlap
surface. On the southwestern flank of the succession,
flat-lying Upper Pliocene strata onlap the prograding
coastal deposits. To the east the sequence becomes
thinner due to erosion at its upper surface. The wes-
tern boundary is a morphological ramp formed by the
distal forsets (Eidvin et al., 1998a).

In well 7316/5-1 (Fig. 1) the lowermost Lower Oli-
gocene lies immediately below a Lower Miocene—
Lower Oligocene section. In this well the Lower Oligo-
cene consists of silty clay. The profile on Fig. 8 shows
that the Lower Oligocene unit appears to become thin-
ner towards the east, but gradually thicker to the west.
West of the well site, parts of the Lower Oligocene
unit are eroded and rest directly beneath the base Plio-
cene (Eidvin et al., 1998b).

5.9. Middle Focene
3.9.1. Microfossil assemblages

In well 7316/5-1 (Fig. 1) a thick section of sediments
from the Middle Eocene has been investigated. The
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base of the Middle Eocene is not observed in this well.
The deposits correspond to the Unzoned Interval {3
and to the foraminiferal assemblages BB-FE, BB-FF
and BB-FG (Table 6; Figs. 1-3(b)).

5.9.2. Correlation with planktonic fossil records

The planktonic foraminiferal species Pseudohastiger-
ina sp. and P. micra, recorded in assemblages BB-FE
to BB-FG, have been described from Middle Eocene
sections from the Netherlands (Doppert & Neele,
1983) and from the North Sea (King, 1989).

5.9.3. Regional synthesis

In well 7316/5-1 the Middle Eocene lies immediately
below the Lower Oligocene. The sediments consist pri-
marily of slightly silty claystone. Thin limestone beds
are present throughout, and sand stringers and beds
also occur. A very thick Middle Eocene section is
observed to extend along the entire NE-SW profile il-
lustrated in Fig. 8 (Eidvin et al., 1998b).

5.10. Lower/Middle Eocene

5.10.1. Fossil assemblages

Thin intervals of Lower/Middle Eocene sediments
are recorded in the Norwegian Sea shelf wells 6506/12-
4 (Halten Terrace), 6607/5-1, 6607/5-2 (Utgard High)
and 6610/7-1 (Nordland Ridge). These correspond to
the radiolarian Cenosphaera sp. Assemblage (M-N).
The base of the Lower/Middle Eocene is only seen in
well 6607/5-1 (Table 4; Figs. 1-3(b)).

In the western Barents Sea the Lower/Middle
Eocene is recorded in well 7119/9-1 (Senja Ridge) cor-
responding to the Cenosphaera sp. Assemblage. The

6607/5-2 6607/5-1
km 0 A ZDA 4P 60 80 100 12‘0

base of the Lower/Middle Eocene is not observed
(Figs. 1-3(b)).

5.10.2. Correlation with planktonic fossil records

The Cenosphaera sp. Assemblage in all these wells is
correlated with the Cenosphaera sp. Zone (NSP 6) of
King (1989) from the North Sea.

5.10.3. Regional synthesis

The Lower/Middle Eocene lies immediately below
the Upper Oligocene in well 6500/12-4, below the
Middle Miocene in well 6607/5-1, and below the
Upper Pliocene in wells 6607/5-2, 6610/7-1 and 7119/7-
1 (Fig. 2). In all the wells the sediments consist primar-
ily of claystone. The areal extent of the Lower/Middle
Eocene has not been mapped.

5.11. Upper Palaeocene—Lower Eocene

5.11.1. Fossil assemblages

In the Norwegian Sea shelf uppermost Upper
Palacocene—lowermost Lower Eocene sediments are
recorded in well 6610/7-2 (Nordland Ridge) corre-
sponding to the diatom assemblage Coscinodiscus sp. 1
Assemblage (M-O). The base of the unit is not seen
(Table 4; Figs. 1-3(b)).

In the western Barents Sea the uppermost Upper
Palaecocene—lowermost Lower Eocene is recorded in
wells 7117/9-2 and 7119/7-1 (Senja Ridge) correspond-
ing to the Coscinodiscus sp. 1 Assemblage. The base of
the units is seen in neither of these wells (Figs. 1-3(b)).

5.11.2. Correlation with planktonic fossil records
The Coscinodiscus sp. 1 Assemblages in all these
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Fig. 7. Regional geoseismic line across the Utgard High and along the Nordland Ridge through wells 6607/5-1, 6607/5-2 and 6610/7-2 (modified
after Eidvin et al., 1998a). M. Miocene = Middle Miocene noncomformity Location in Fig. 1.
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wells is correlated with the Coscinodiscus sp. 1 Zone
(NSP 4) of King (1989) and the Coscinodiscus spp.
Zone (NSR 3) of Gradstein and Béackstrom (1996)
from the North Sea.

5.11.3. Regional synthesis

Where it i1s observed the uppermost Upper Palaco-
cene—lowermost Lower Eocene lies immediately below
the Upper Pliocene, and consists primarily of clays-
tone. The areal extent of these deposits have not been
investigated.

6. Discussion

We have identified the mam Neogene sedimentary
packages along the Norwegian shelf and assigned
more precise ages to these in order to elucidate the
Cainozoic geological evolution of this region. The
most complete Neogene succession is recorded in the
Central North Sea. Further north the successions are
interrupted by an increasing number of hiati of
increasing duration. After a peried of erosion in the
late Middle to early Late Miocene there was a marked
increase in the influx of terrigeneous sediment in the
Late Miocene. A period of transgression in the Early
Pliocene resulted in strongly reduced rates of depo-
sition, and sediments of this age are preserved mainly
in the Central North Sea. A period of regression in the
earliest Late Pliocene probably resulted in erosion of
most of the Norwegian continental shelf with the
exception of the deeper areas of the Central and Vik-
ing Grabens. This period was immediately followed in
the later part of Late Pliocene, by the rapid deposition
of glacially derived sediment prograding along the
entire shelf (Figs. 4, 6-8). In general, Pleistocene devel-
opment is a continuation of the Late Pliocene evol-
ution, but is marked by more extensive erosion of the
mner shelf. This is inferred from the flat truncation of
underlying prograding strata and the extensive build
up of debris flow sediments within glacial fan depocen-
tres (Vorren et al., 1989; King et al., 1996; Sejrup et
al., 1987; Solheim et al., 1996).

The entire Neogene development is closely related to
the climatic evolution of high latitude regions sur-
rounding the North Atlantic and the Norwegian-
Greenland Sea. The first signs of Northern Hemisphere
glaciation, recorded in ODP sites on the Vering Pla-
teau (Fig. 1), probably originated in Greenland and
date to ~12.6 Ma (latest Middle Miocene; Fronval &
Jansen, 1996). This event is associated with a global
reorganisation of ocean circulation which occurred at
the same time (Wright & Miller, 1993), and marks the
onset of continuous northern component deep water
and the subsequent increased water mass exchange
between the sub-Arctic and the world ocean. The

onset of a more erosive regime on the Norwegian
mainland also appears to be related to climatic devel-
opment 1n the Miocene, although there is no evidence
for the existence of glaciers on the eastern seaboard of
the Norwegian-Greenland Sea during this period.
There was a significant increase in the supply of ice-
rafted debris to the deep ocean, associated with cli-
matic cooling in the latest Miocene (Messinian event;
Jansen and Sjeholm, 1991; Fronval & Jansen, 1996).
To date, however, firm evidence for the existence of
glaciers has been documented only from Greenland
(Larsen et al., 1994; Jansen, Raymo, Blum et al,
1996).

The existing biostratigraphic framework consistently
assigns an age of Late Pliocene to the onset of high de-
position rates originating from glaciation on the east-
ern flanks of the Norwegian—Greenland Sea. This
event is most pronounced in marine isotope stage G6
at 2.75 Ma in the later part of the Gauss magnetic
epoch (Kleiven, 1995; Fronval & Jansen, 1996). The
event 15 also recorded as an intensification of glaciation
in North America, Greenland and in northern Europe,

"~ including Svalbard. There is a consistent biostrati-

graphic correlation between the glacial deposits
recorded on the shelf and continental margin, and the
deep sea drill sites. It follows that deposition of glacial
fans along the entire Norwegian Margin occurred pri-
marily during approximately the past 2.7 Ma. As is
recorded at ODP Site 986 west of Spitsbergen (Fig. 1),
there was a marked change in the character of depo-
sition in the Pleistocene; from a relatively well-sorted
sandy unit to a unit marked by extensive debris flows
and turbidities (King et al., 1996; Sejrup et al., 1996;
Solheim et al., 1999). This event reflects the movement
of glaciers onto the shelf break during which time the
resulting excess sediment supplied by ice streams to the
upper slope gave rise to repeated debris flows.

7. Conclusions

A stratigraphic framework for the Cainozoic strata
of most of the Norwegian continental shelf and margin
has been developed and described. This framework is
consistent for the entire margin from the central North
Sea in the south to the Barents Sea in the north, and
is also correlative to the deep sea record in the Norwe-
gian Sea and North Atlantic. Because it is impossible
to use standard low latitude zonation schemes to sub-
divide and correlate sequences for a regional strati-
graphic syntheses, a more lecally derived system
utilising mainly planktonic and benthic foraminiferal
assemblages and Bolboforma species has been devel-
oped. This biostratigraphic framework is generally
consistent with age information from Sr-isotope ana-
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lyses from the same sediment samples which were used
for the microfossil analyses.

The application of this framework permits a more
precise and detailed age determination of Cainozoic,
and especially Neogene, strata. Some of the main
advances are as follows: (1) An understanding that the
major part of the massive sediment wedges on the
Svalbard and western Barents Sea Margins were built
up over a relatively short time period during the Late
Pliocene—Pleistocene, mainly as a result of glacial ero-
sion of the Barents Shelf. (2) Documentation of the
occurrence of Lower Miocene and Lower Oligocene
sediments on the western Barents Sea Margin south-
west of Bjerneya. (3) A demonstration that the thick,
glacially derived Upper Pliocene—Pleistocene prograd-
ing shelf deposits extending along the continental mar-
gin of the northern North Sea and Norwegian Sea
continental shelf are coeval with the sediment wedges
of the Svalbard and western Barents Sea Margins. (4)
The record of a hiatus at the base of the Upper Plio-
cene along the entire Norwegian shelf north of the cen-
tral North Sea. (5) Determination of an Early
Oligocene age for the deltaic and coastal deposits of
the Molo Formation (informal), which are situated
both beneath and to the east of the proximal part of
the Upper Pliocene along the Norwegian Sea continen-
tal shelf. (6) Documentation that the Utsira Formation
of the central North Sea was deposited in the period
earliest Late Miocene to earliest Late Pliocene. (7)
Documentation that sediments interpreted to consti-
tute the upper part of the Utsira Formation of the
Tampen area (northern North Sea), which were
referred to the Late/Middle Miocene by Eidvin and
Riis (1992), Gradstein et al. (1992) and other workers,
consist partly of glacially derived Upper Pliocene
deposits. (8) Documentation of an uppermost Middle/
lowermost Upper Miocene hiatus along the Norwegian
shelf from the central North Sea to the Norwegian Sea
continental shelf.
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The investigation is based on analyses of planktonic and benthonic foraminifera and Bolbeferma carried out in the uppermost
Palacogene and Neogene of the production well 2/4-C-11 (56°33' N, 3°13' E) on the Ekofisk Field and the exploration well 15/12-3
(58°14' N, 1°53' E) on the Sleipner Field. The analyses are based primarily on ditch cuttings, but in well 2/4-C-11, 49 sidewall cores
and six short conventional cores were also available. Strontium isotope and paleomagnetic analyses were also carried out in well
2/4-C-11. A 420 m-thick accumulation of Lower Miocene sediments is present in the Ekofisk area. The Middle Miocene comprises
approximately 180 m, and the Upper Miocene is represented by an approximately 500 m-thick interval. A hiatus is present in the
Middle Miocene, and the middle part of the Middle Miocene is missing. A thin interval (approximately 120 m) of Lower Pliocene
sediments is found overlying the Upper Miocene. Uppermost, a thick accumulation of Upper Pliocene-Pleistocene sediments
(approximately 1000 m) is in place. More than half of this was deposited during the Pleistocene. The entire Upper Pliocene is
represented in this area. This contrasts to the northern North Sea, as well as areas further north, where sediments of this epoch are
partially missing in a hiatus comprising the lowermost part of the Upper Pliocene. In the Sleipner area the Lower and Middle
Miocene are approximately 160 m and 180 m thick, respectively. The Upper Miocene (approximately 100 m) and the Lower
Pliocene (approximately 40 m) thin from the Ekofisk towards the Sleipner Field. Uppermost, an approximately 900 m-thick
succession of Upper Pliocene—Pleistocene sediments is present. Nearly two-thirds of this accumulation are Pleistocene in age.

Tor Eidvin & F. Riis, Norwegian Petroleum Directorate, P.O. Box 600, N-4001 Stavanger, Norway; Y. Rundberg, Saga Petroleum

ASA, P.O. Box 490, 1301 Sandvika, Norway

Introduction

The study area is located in the intra-cratonic North Sea
Basin (Fig. 1). The central North Sea is a key area for
studying Upper Cainozoic sediments on the Norwegian
continental shelf. This area has subsided almost throughout
the entire period, allowing more than 2 km of mostly
marine clastic sediments to accumulate. Jordt et al. (19953)
subdivided the Cainozoic of the Norwegian sector of the
North Sea into 10 seismic sequences and documented large
hiati in Pliocene and Miocene deposits. In the Neogene,
major hiati are related to tectonic events in the Middle
Miocene and to the climatic changes causing glaciation in
the Late Pliocene and Pleistocene. Precise dating is
important in order to obtain a reliable correlation between
the preserved Neogene successions within the North Sea.
Understanding of the Neogene geological development is
necessary to construct basin models and to analyse the Late
Cainozoic tectonism and glaciation of the region.

In the present study, the Neogene sections are almost
complete. Consequently, the wells from this area are well
suited for a detailed biostratigraphical analysis, and they
allow the study of sediments not present further north and
cast.

The primary objective of this combined biostratigraphic
and seismostratigraphic study is to date the sediments and
main seismic sequence boundaries. A secondary objective
is to interpret depositional environments based on micro-
faunal contents. Using the various dating and correlation
methods available (Sr-isotope, paleomagnetic analyses,

planktonic foraminifera, etc.), our effort was placed on
applying the most effective methods according to the
stratigraphic level under investigation. Emphasis was
placed on correlating planktonic fossil fauna with fossil
zones from ODP/DSDP sites in the Norwegian Sea, as
these zones are paleomagnetically calibrated. The study of
well 2/4-C-11 is based on that of Eidvin et al. (1993b), but
it has been updated and revised.

Absolute ages used in the biostratigraphic schemes and
strontium isotope seawater curves are based on Berggren et
al. (1985). For comparison purposes, fossil zonation
schemes correlated to absolute ages of Berggren et al.
(1995) are also shown.

In order to ensure that the results reported here are
consistent with electric logs and other technical informa-
tion, all depths are expressed as meters below the rig floor
(mRKB).

Previous work

Many hydrocarbon exploration and production wells have
been drilled in the Norwegian, British and Danish sectors
in the central North Sea. Most of these wells were analysed
by biostratigraphic consultants, but none of these routine
biostratigraphic studies are publicly available. Tradition-
ally, the Upper Cainozoic has not been given high priority,
and consequently, the dating is often insufficient. This
applies particularly to the earliest drilled wells.
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Fig. 1. Location of investigated wells. Main structural features are after Bjgrslev
Nielsen et al. (1986). Stippled lines show boundaries between national sectors,

Based on material from numerous wells, King (1983,
1989) published a general foraminiferal zonation for
Cainozoic sediments, which comprises the whole North
Sea area. Gradstein & Backstrom (1996) provide a similar
zonation for the North Sea and Haltenbanken areas.
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Fig. 2. Map showing wells and seismic lines. Stippled lines show boundaries
between national sectors.
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Redatings of Cainozoic sediments in exploration and
production wells were published by Gradstein & Berggren
(1981), Moe (1983), Knudsen & Asbjorndottir (1991)
(Upper Pliocene and Pleistocene), Gradstein et al. (1992,
1994), Eidvin et al. (1993b), Michelsen et al. (1994),
Konradi (1996) and Laursen et al. (1997). Pedersen (1995)
made a biostratigraphic study of the Upper Pliocene/
Pleistocene boundary based on a number of exploration
wells from the central North Sea. Cores from a Pleistocene
geotectonic drilling on the Fladen area have been
investigated by Sejrup et al. (1987).

Important regional seismic studies were carried out by
Bjgrslev Nielsen et al. (1986), Cameron et al. (1987, 1993),
Jensen & Schmidt (1992), Jordt et al. (1995), Michelsen et
al. (1994), S¢grensen & Michelsen (1995) and Sgrensen et
al. (1997).

Seismic interpretation

As an additional support to the correlation, the two studied
wells were tied together by regional 2D seismic lines. Four
main seismic sequence boundaries were identified, tied to
the wells and interpreted along the transects shown in Fig.
2. The resulting seismic profiles (Figs. 3, 4) show the time
thickness variations in the Neogene succession, and
indicate a Neogene depocenter in the 2/4-C-11 area.

The wells have been tied by synthetic seismograms
provided by the operators. In well 2/4-C-11, a direct
correlation cannot be made, because the seismics do not
cover the platform area, and because a gas chimney was
present above the field. This problem was resolved by
tying the well 2/4-B-19 in the northern part of the field to
the seismics, and then correlating the logs between wells 2/
4-B-19 and 2/4-C-11.

Pleistocene

The BP (base Pleistocene) reflector is the lower boundary
of a heterogeneous succession. In the thick, basinal areas,
Pleistocene reflection patterns are commonly continuous
and parallel. Such a pattern is interpreted as typical for
glacio-marine sediments. In the upper 2-300 milliseconds,
deep erosional channels occur at different levels, and are
most abundant in the Norwegian-Danish Basin. Because of
their great and variable depths (200 m or more), the larger
channels have been tentatively interpreted as subglacial
features (Dangerfield 1992; Sejrup et al. 1991). In the
uppermost parts of this sediment package, and in the
eastern parts of profile A1-A3 (Fig. 3), the Pleistocene
sequence is characterized by discontinuous reflections,
indicating a stronger glacial influence on the sediments.
The BP reflector itself is defined as the boundary
between the heterogeneous Pleistocene reflectors and the
prograding Upper Pliocene succession. The exact location
of the reflector is not always easy to identify, particularly
in the westernmost areas where the Pliocene progradation
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Fig. 3. Interpreted seismic line across the Central Graben through well 2/4-C-11. BP =base Pleistocene, BUTp = base Upper Pliocene, IMM = intra-Middle Mio-
cene, ILM = intra-Lower Miocene, UMM-LP = uppermost Middle Miocene to Lower Pliccene, MM-LM = Middle to Lower Miccene, UO-MM = Upper Oligocene

to Middle Miocene.

is poorly defined. A weak onlap on the BP reflector is
indicated along the margins of the Pleistocene depocenter.

The BP reflector is correlated to the base of the
Pleistocene in the wells analysed. In well 2/4-C-11, the
logs and sediment samples show no significant difference
between the sections dated to Pleistocene and Late
Pliocene, respectively. In well 15/12-3, the BP reflector
is correlated to the top of a section with higher velocities
than the overlying clays.

Upper Pliocene

The BUTp (base Upper Pliocene) reflector is the base of a
seismic section which shows progradation from the east.
Low angle clinoforms with rather good continuity are
typical for most of the area covered by the profiles (Fig. 2).
The westernmost parts seem to be in a distal position
relative to the source area, and here the clinoforms are very
gently dipping or give way to parallel, nearly horizontal
reflections.

The BUTp reflector is correlated to the base of the Upper
Pliocene in the wells. In 2/4-C-11 logs, the reflector is
picked at the base of a section with upward coarsening,
silty clay succession. In 15/12-3, the reflector corresponds
to the top of the sands of the Utsira Formation.

Profile B1-B6 (Fig. 4) shows the decreasing thickness of
the Upper Pliocene clays from the Central Graben

depocenter towards the Sleipner area. In the northern
part of the profile, some channel-like features are noted in
the lower part of the sequence. Across these features,
reflectors seem to be deformed into synclines, which were
filled in with flat-lying sediments. The seismic pattern
indicates soft sediment deformation involving the under-
lying Upper Miocene-Lower Pliocene sediments. Soft
sediment deformation is extensively developed further
north, in the Utsira Formation.

Upper Miocene and Lower Pliocene

The IMM (intra-Middle Miocene) reflector is a prominent
seismic boundary which corresponds to the boundary
between the Hordaland and Nordland Groups. In the
Sleipner area, the seismic unit between the BUTp and
IMM reflectors comprises mainly the sandy Utsira
Formation, and its character is very different from that of
the Ekofisk area.

In the Ekofisk area, the Upper Miocene to Lower
Pliocene section consists of parallel, rather continuous,
close to horizontal reflectors. The section thickens into the
Central Graben depocenter, but there are no clear indica-
tions of any direction of progradation. At its base, a faint
onlap has been observed on the lower boundary at IMM. In
the Ekofisk area, the section may be tentatively divided
into a lower part with more continuous internal reflections
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Fig. 4. Interpreted seismic line along the Central Graben through wells 15/12-3 and 2/4-C-11. BP = base Pleistocene, BUTp = base Upper Pliocene, IMM = intra-

Middle Miocene, LM =intra-Lower Miocene.

and an upper part with less continuity. This change takes
place within the Upper Miocene, and the Miocene—
Pliocene boundary does not seem to have any seismic
expression.

At the lower boundary of the interval, the IMM reflector
is well defined by a conspicuous change in internal
deformation, the underlying unit being strongly faulted.
It is known from regional mapping that the IMM reflector
commonly defines the top of gas chimneys and that it
coincides with the latest phase of major salt movement in
the Central Graben. Pressure build-up above hydrostatic
commonly starts downhole at the IMM unconformity.
However, above the major chalk fields, gas chimneys and
undercompacted clays are also encountered in the Upper
Miocene and Lower Pliocene succession.

In the Sleipner area, the Upper Miocene and Lower
Pliocene succession is thin, and it is locally strongly
deformed, apparently by movement of the underlying
clays. Locally, onlaps and internal boundaries can be
interpreted. The difference in seismic character is related
to the facies shift from the clay succession in the south to
the sandy Utsira Formation in the north. The IMM reflector
at the base of the succession is a deformed surface with
variable reflection strength. It corresponds to the base of
the Utsira Formation.

In profile BI-B6 (Fig. 4), the deformation of the
Miocene in the northern part of line BPN-88-27 coincides
with the distribution of the Utsira Formation, which is well
constrained by well data. We suggest that the deposition of
the sand loaded and facilitated drainage of pore water in
the underlying clay, causing synsedimentary deformation.

It should also be noted that the correlation of the BUTp
reflector from the south to the north is not straightforward
because of the deformation and facies shifts. Biostrati-
graphic data show that the base of the Upper Pliocene is
situated within the Utsira Formation, while the seismic
boundary is interpreted on the top of the formation.
However, a detailed interpretation is difficult, and much
more seismic work would be required to define the exact
relation between the upper part of the Utsira Formation and
the lower parts of its clay-rich equivalent in the south.

Middle and Lower Miocene

The unit between the ILM (intra-Lower Miocene) and
IMM reflectors belongs to the upper part of the Hordaland
Group. The LM reflector is typically developed as the top
of a set of strong, continuous reflectors. In the Ekofisk area,
the ILM reflector, although faulted, seems to form the base
of several small-scale faults which deform the unit above.
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Table 1. Samples analysed in wells 2/4-C-11 and 15/12-3. SWC = sidewall core,
DC =ditch cutting sample, "samples not included in the range chart because of

lack of space.

SAMPLES ANALYSED IN WELL 2/4-C-11

190.0 m SWC 7133 mDC 13259 mDC 1719.9 m Core*
238.0 m SWC 731.5mDC 13420 m SWC 1724.9 m Core
2490 m SWC 737.0m SWC 13442 m DC 1728.2 m DC
313.0m SWC 749.8 m DC 1362.0 m SWC* 1745.0 m SWC*
330.0m SWC 766.0 m SWC 1362.5 mDC 17465 m DC
342.0m SWC 768.1 m DC 1380.7 mDC 1764.8 m DC
347.0m SWC 786.4 m DC 1400.0 m SWC 1783.1 mDC
360.0 m SWC 804.7 m DC 1405.0 m SWC 1792.0 m SWC
369.0 m SWC §12.0 m SWC 1408.2 m DC 1801.4 m DC
373.0 m SWC* 823.0m DC 1426.5 m DC 1819.7mDC
374.7 m Core* 859.5mDC 1453.9 m DC 18379 m DC
3749 m SWC 877.8 m DC 14722 m DC 1852.3 m SWC
383.2m DC 914.4m DC 14813 mDC 1856.7 m DC
399.0m SWC 932.7m DC 1486.0 m SWC 1874.5 m DC
402.0 m SWC 951.0m DC 14940 m SWC 1911.1 m DC
408.0 m SWC 965.0 m SWC 1499.6 m DC 1929.4m DC
411.0mDC 978.4m DC 1517.9 mDC 1953.8 m SWC
42]1.0 m SWC 996.7 m DC 1536.2 m DC 1956.8 m DC
429.8 m DC 1004.0 m SWC 1556.0 m SWC* 1975.0 m DC
436.0 m SWC 1015.0 m DC 15545 m DC 2002.5 mDC
457.0 m SWC* 10333 m DC 1557.7 m Core* 2020.5 m DC
457.2m DC 1051.6 m DC 1559.6 m Core* 2039.1 m DC
475.5m DC 1069.8 m DC 1563.2 m Core* 2057.4 m DC
487.0m SWC 1077.0 m SWC 1561.5 m Core* 2084.8 m DC
5029 mDC 1088.1 m DC 1563.6 m DC 21123 m DC
528.2 m Core* 1115.6 mDC 1581.9 m DC 2121.4mDC
530.3mDC 1133.9mDC 1600.2 m DC 2148.8 m DC
535.4 m Core 1161.3 m DC 1618.5mDC 2167.1 mDC
5319 m Core* 1166.0 m Core 1629.0 m SWC 2194.6 m DC
540.0 m SWC 1163.4 m Core* 16368 mDC 2203.7 m DC
557.7m DC 1162.6 m Core* 1655.1 mDC 2220.0 m DC
568.0 m SWC 1160.9 m Core* 1664.7 m DC 2240.3m DC
576.0 m SWC* 1188.7 mDC 1672.0 m SWC* 2258.6 mDC
576.0m DC 1197.9 m DC 1673.4 m DC 22769 m DC
5945 m DC 12253 m DC 1679.0 m SWC 2303.1 m Core*
621.8 m DC 12436 mDC 1691.6 m DC 2298.7 m Core
632.0m SWC* 1261.9 m DC 1707.0 m SWC 23043 mDC
630.9 m DC 1280.2 m DC 1709.9 m DC 2322.6 mDC
658.4m DC 1293.0 m SWC 1710.7 m Core* 23409 mDC
665.0 m SWC 1302.0 m SWC 1712.5 m Core* 2357.3 m SWC
676.7m DC 1307.0 m SWC* 1714.6 m Core 23683 m DC
685.8 m DC 1307.6 m DC 1718.2 m Core*

707.0 m SWC 13140 m SWC 1722.2 m Core

SAMPLES ANALYSED IN WELL 15/12-3

200.0m DC 620.0 m DC 970.0m DC 1280.0 m DC
220.0m DC 640.0 m DC 980.0 m DC 1280.0 m DC
240.0m DC 660.0 m DC 1000.0 m DC 1300.0 m DC
260.0 m DC 680.0 m DC 1010.0mDC 1310.0 mDC
280.0m DC 700.0 m DC 1020.0 m DC 13200 m DC
300.0m DC 7200 m DC 1040.0 m DC 1330.0 m DC
320.0mDC 740.0 m DC 1060.0 m DC 13400 m DC
340.0m DC 760.0m DC 1080.0 mDC 1360.0 m DC
360.0 m DC 780.0m DC 1100.0 m DC 1370.0 m DC
380.0m DC 790.0m DC 1110.0mDC 1380.0 m DC
400.0m DC 800.0 m DC 1120.0 m DC 1400.0 m DC
420.0m DC 820.0m DC 1140.0 m Dc 1420.0 m DC
440.0 m DC 840.0 m DC 1150.0 m DC 1430.0 m DC
460.0 m DC 850.0m DC 1160.0 m DC 1440.0 m DC
480.0m DC 860.0m DC 1180.0 m DC 1450.0 m DC
500.0 m DC 880.0m DC 1200.0 mDC 1460.0 m DC
520.0m DC 830.0m DC 12200 m DC 1480.0 m DC
540.0m DC 900.0m DC 12400 m DC 1500.0 m DC
560.0m DC 920.0 m DC 1250.0 mDC 1520.0 m DC
580.0 m DC 940.0 m DC 1260.0 m DC

600.0 m DC 960.0m DC 1270.0 m DC

In the Sleipner area, the ILM reflector commonly defines
the base of synsedimentary deformation. The unit between
the ILM and IMM thins to the east, and is best developed in
the Central Graben depocenter. Fig. 4 shows that the unit is
thin in an area between Sleipner and Ekofisk. The ILM
reflector can be identified with rather high confidence
across this saddle area. Seismically, there is no well-
defined boundary below the ILM reflector corresponding
to the Oligocene-Miocene boundary.
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Material and methods

Micropaleontological analyses

From both wells 2/4-C-11 and 15/12-3, ditch cutting
samples were obtained with a 10-m sampling interval
through most of the examined sections. In well 2/4-C-11,
six conventional cores were taken at the following
intervals:  373.5-374.8m, 527.3-535.7m, 1160.7-
1166.2 m, 1556.9-1563.2 m, 1710.5-1725.5 m and 2297—
2305.2 m. Forty-nine sidewall cores were also available
from this well. These were taken at variable intervals
throughout the investigated section. All the sidewall cores,
21 samples from the conventional cores and most of
the available ditch cutting samples were analysed for
planktonic and benthonic foraminifera. In addition, the
Middle to Upper Miocene section was also analysed for
Bolboforma (calcareous cysts), and the Upper Oligocene
to Lower Miocene section was analysed for diatoms
(Table 1).

When drilling with exploration rigs, the sampling does
not commence before the well has reached a depth of ca.
100 m below the sea floor. Consequently, the uppermost
84 m of well 2/4-C-11 and 89 m of well 15/12-3 could not
be analysed.

For analyses of conventional core samples and the
cuttings, 50-100 g material were used. Only 10-20 g were
available from the sidewall cores. The fossil identifications
were carried out in the 106-500 pm fraction. In some
samples the fractions <63-106 pm and >500 pm were
also investigated. Whenever possible, 300 individuals
were picked from each sample. In order to identify the
microfossil assemblages better, several samples rich in
mineral grains were also gravity-separated in a heavy
liquid. Consequently, in fossil-rich samples, 1000-1500
individuals were inspected. The stratigraphically important
fossils are reported in the range charts in Figs. 5a and b and
7a and b. Eidvin et al. (1993b) present range charts of all
registered species in well 2/4-C-11, but without some
modifications performed in this study. Complete range
charts for well 15/12-3 can be obtained from the first
author.

Other analyses

Strontium isotope analyses were performed by the Institute
for Energy Technology, Kjeller, Norway, on calcareous
material (i.e. mainly tests of calcareous foraminifera and
Bolboforma). The analysed material was mainly taken
from sidewall cores, but conventional core material and
one ditch cutting sample, all from well 2/4-C-11, were also
included. Ages for these samples were obtained by
comparing the ®”St/*Sr ratio to a global strontium isotope
curve.

The lithologic analyses are based on visual examination,
both of the samples prior to treatment and of the dispersed
and fractionated material after preparation. Petrophysical
logs were also employed in the descriptions.
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Fig. 5a. Range chart of the stratigraphically important microfossils in the upper part of the investigated interval of well 2/4-C-11. BP
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Fig. 5b. Range chart of the stratigraphically important microfossils in the lower part of the investigated interval of well 2/4-C-11. IMM = intra-Middle Miocene,

ILM = intra-Lower Miocene, mRKB = meters below rig floor.

Paleomagnetic analyses were performed by CB-
Magneto, Stavanger, Norway on material from the two
uppermost conventional cores (373.5-374.8 m and
527.2-535.7 m).

Biostratigraphic correlation

The standard Cainozoic biostratigraphic scheme is based

on planktonic foraminifera and calcareous nannoplankton
established for tropic and subtropic areas. Towards the
north the assemblages become progressively less diverse,
and many key species are missing in the North Sea (King
1983).

The fossil assemblages in the wells 2/4-C-11 and 15/12—
3 are primarily correlated with the biozonation of King
(1983, 1989), where a micropalaeontological zonation for
Cainozoic sediments of the North Sea is outlined.
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Gradstein & Backstrom’s (1996) faunal zonation from the
North Sea and Haltenbanken is also extensively used. In
the Pleistocene sections the work of Knudsen & Asbjorn-
déttr (1991) is used. In addition, several articles that
describe benthonic foraminifera from onshore basins from
the area surrounding central and southern North Sea are
used. Correlation with the planktonic foraminifer zones of
Poore (1979), Weaver (1987), Weaver & Clement (1986,
1987) and Spiegler & Jansen (1989) and the Botboforma
zones of Quale & Spiegler (1989), Spiegler & Miiller
(1992) and Miiller & Spiegler (1993), established through
ODP/DSDP drilling in the Norwegian Sea and the North
Atlantic, is especially important for dating of the sedi-
ments. Correlating with these zones may also yield quite
accurate ages, since the zones are calibrated with
nannoplankton and paleomagnetic data. The zonations of
King (1983, 1989) and Gradstein & Bickstrom (1996) are
based on the last appearance datums (LADs) of the various
taxa. The zonations of planktonic foraminifera and
Bolboforma from the ODP/DSDP drilling are based on
the first appearance datums (FADs). It is important to note
that King (1989) was published prior to the publications of
ODP Leg 104 on the Vgring Plateau in the Norwegian Sea.
Consequently, the ages of King’s planktonic foraminifer
and Bolboforma zones differ somewhat from the ages of
corresponding planktonic foraminifer zones of Spiegler &
Jansen (1989) and Bolboforma zones of Quale & Spiegler
(1989), and especially the revised Bolboforma zonation of
Miiller & Spiegler (1993).

The fossil assemblages are somewhat different in the
two investigated areas. The main difference is a larger
proportion of agglutinated forms in Miocene and Oligo-
cene deposits in the Ekofisk area compared to the Sleipner
site. Consequently, we describe the faunal trends at each
site separately.

Stratigraphy of well 2/4-C-11
Fossil assemblages

In this well, a system of 13 assemblages based on
benthonic foraminifera (CE-AB to CE-MB) and 12
assemblages based on planktonic fossils (CE-AP to CE-
LP) is devised. The boundaries between the assemblages
are based on the LADs of selected taxa, which have been
chosen because of their chronostratigraphic importance.
Most of the selected taxa have well-documented, consis-
tent ranges on a regional scale. The assemblages are
described from top to base of the succession, following the
order in which they are normally encountered in offshore
borehole studies. Abbreviations of the assemblage desig-
nations are as follows: C = Central North Sea, E = Ekofisk

Field, B = Benthonic and P = Planktonic (Figs. 5a, b, 8, 9).

Benthonic assemblages

ELPHIDIUM EXCAVATUM ASSEMBLAGE
Designation: CE-AB.
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Definition: The top of the assemblage extends to the
uppermost investigated sample (190m). The base is
marked by the highest occurrence of Haynesina orbicu-
lare.

Depth range: 190-313 m.

Material: Three very small sidewall cores.

Age: Middle to Late Pleistocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Zone NSB 17 of King (1983) and probably
Zones Jo 4 and Jo 5 of Knudsen & Asbjorndéttir (1991).

Description: Very few foraminifera occur in these small
sidewall cores. Rare occurrences of E. excavatum and
Elphidium sp. are the only representatives (Fig. 5a).

Remarks: This interval contains so few foraminifera that
it is difficult make a good correlation. However, the
assemblage is clearly of Pleistocene age (see below).

ELPHIDIUM EXCAVATUM — HAYNESINA
ORBICULARE ASSEMBLAGE

Designation: CE-BB.

Definition: The top of the assemblage is taken at the
highest occurrence of H. orbiculare. The base is marked by
the highest occurrence of Cassidulina teretis.

Depth range: 313-429.8 m.

Material: One conventional core sample at 374.7 m, 11
sidewall cores and three ditch cutting samples.

Age: Early Pleistocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Zone Jo 6 of Knudsen & Asbjorndéttir
(1991) and Zone NSB 17 of King (1983).

Description: This assemblage contains a medium-rich
benthonic fauna of calcareous foraminifera. E. excava-
tum and H. orbiculare occur most frequently. Other
characteristic species include Elphidium ustulatum,
Buccella tenerrima, Elphidium asklundi and Elphidium
albiumbilicatum (Fig. 5a). Mollusc fragments are also
COImmaorn.

Remarks: The benthonic foraminifera in this assem-
blage are characteristic Pliocene-Pleistocene taxa. All the
recorded species are extant. Knudsen & Asbjorndottir
(1991} have described an E. excavatum — H. orbiculare
assemblage Zone (Jo 6) from the Josephine boring (30/13-
2x) in the easternmost part of the British sector. Correla-
tion based on benthonic foraminifera between 30/13-2x
and the BGS borehole BH 81/34 indicates that Zone Jo 6 is
slightly older than the Brunhes/Matuyama boundary
(Knudsen & Asbjorndéttir 1991). BH 81/34 has been
cored, and the cores have been magneto-stratigraphically
investigated (Stoker et al. 1983). In well 2/4-C-11, material
in the core present at 373.5-374.8 m shows reverse
polarity, which supports deposition during the Matuyama
Chron.

CASSIDULINA TERETIS — ELPHIDIUM
EXCAVATUM ASSEMBLAGE

Designation: CE-CB.

Definition: The top of the assemblage is taken at the
highest occurrence of C. teretis. The base is marked by the
highest occurrence of Cibicides grossus.

Depth range: 429.8-530.3 m.
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Material: One conventional core sample at 528.2 m,
three sidewall cores and four ditch cutting samples.

Age: Early Pleistocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Zone Jo 7 of Knudsen & Asbjorndéttir
(1991), Zone NSR 13 of Gradstein & Backstrom (1996)
and Zone NSB 17 of King (1983).

Description: This assemblage contains a rich benthonic
fauna of calcarcous foraminifera. E. excavatum occurs
frequently throughout. Other important species include
H. orbiculare, E. ustulatum, B. tenerrima, E. askiundi and
C. teretis (Fig. 5a). Mollusc fragments are also common.

Remarks: The foraminifera in this assemblage are
characteristic Pliocene—Pleistocene taxa. All the recorded
species are extant. Knudsen & Asbjorndéttir (1991)
describe a C. feretis — E. excavarum assemblage Zone
(Jo 7) in Lower Pleistocene sediments of borehole 30/13-
2X.

CIBICIDES GROSSUS ASSEMBLAGE

Designation: CE-DB.

Definition: The top of the assemblage is taken at the
highest occurrence of C. grossus. The base is marked by
the highest occurrence of Monspeliensina pseudotepida.

Depth range: 530.3-823 m.

Material: Two conventional core samples at 531.9 and
535.4 m, nine sidewall cores and 15 ditch cutting samples.

Age: Late Pliocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Subzones NSB 15a and b of King (1989),
Zone Jo 8 of Knudsen & Asbjorndéttir (1991), C. grossus
Zone of Pedersen (1995) and Zone NSR 12B of Gradstein
& Backstrom (1996).

Description: This interval contains a rich benthonic
fauna of calcareous foraminifera. E. excavarum and C.
teretis occur most frequently. Other important species
include Bulimina marginata, C. grossus, H. orbiculare, N,
affine, B. tenerrima, E. albiumbilicatum and Elphidiella
hannai (lower part) (Fig. 5a).

Remarks: King (1989), Gradstein & Béckstrom (1996),
Knudsen & Asbjérndéttir (1991) and Pedersen (1995)
place the Pliocene/Pleistocene boundary at the highest
occurrence of C. grossus. According to Knudsen &
Asbjorndottir (1991) and Pedersen (1995), the age of the
Pliocene/Pleistocene boundary is 2.3 m.y. based on
Zagwijn (1985, 1989). However, King (1989) gives this
boundary an age of 1.61 m.y. based on Berggren et al.
(1985). A calibration of the C. grossus Zone (CE-DB) in
well 2/4-C-11 based on a comparison with the planktonic
foraminiferal zones indicates that the top of the C. grossus
Zone is close to ca. 1.6 m.y. in this area. However, the core
at 527.3-535.7m shows reverse polarity, indicating
deposition slightly before or slightly after the Olduvai
normal polarity Subchron (1.66—1.88 Ma).

MONSPELIENSINA PSEUDOTEPIDA
ASSEMBLAGE

Designation: CE-EB.

Definition: The top of the assemblage is placed at the
highest occurrences of M. pseudotepida. The base is
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defined by the highest occurrence of Cibicidoides limba-
tosuturalis.

Depth range: 823-932.7 m.

Material: Two sidewall cores and four ditch cutting
samples.

Age: Late Pliocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Subzone NSB 14b of King (1989), Zone
NSR 12A of Gradstein & Backstrom (1996) and Zone Jo
10 of Knudsen & Asbjornddttir (1991).

Description: This assemblage contains a rich benthonic
fauna of mainly calcareous foraminifera. A few aggluti-
nated taxa are also present. C. teretis, B. marginata, M.
pseudotepida and E. excavatum are common. Other
characteristic species include N. affine and B. tenerrima
(Fig. 5a).

Remarks: A M. pseudotepida Subzone (NSB 14b) is
described from lower part of Upper Pliocene in the North
Sea (King 1989).

C. grossus and E. hannai are also recorded in
assemblage CE-EB in ditch cutting samples. These forms
are not recorded in sidewall cores, indicating that the
specimens are caved.

CIBICIDOIDES LIMBATOSUTURALIS
ASSEMBLAGE

Designation: CE-FB.

Definition: The top of the assemblage is taken at the
highest occurrence of C. limbatosuturalis. The base is
marked by the highest occurrence of Uvigerina venusta
saxonica.

Depth range: 932.7-1015 m.

Material: Two sidewall cores and four ditch cutting
samples.

Age: Early to Late Pliocene.

Lithostratigraphic unit: Nordland group.

Correlation: Subzone NSB 14a of King (1989).

Description: This interval is characterized by a rich
benthonic fauna of mainly calcareous foraminifera. Taxa
are slightly more numerous in this assemblage than in the
immediately overlying section. M. pseudotepida and
Cassidulina pliocarinata occur frequently throughout.
Other important species include C. limbatosuturalis, N.
affine, Pullenia bulloides, B. marginata, Sigmoilopsis
celata (agglutinated), Bolivina cf. robusta, Globocassidu-
lina subglobosa and E. excavatum (Fig. 5a).

Remarks: King (1989) describes a C. limbatosuturalis
Subzone (NSB 14a) from Lower to Upper Pliocene in the
North Sea. According to King (1989), the lower part of
Subzone NSB 14a is close to the Lower/Upper Pliocene
boundary.

E. excavatum is recorded in ditch cutting samples, not in
sidewall cores, indicating that this species is caved.

UVIGERINA VENUSTA SAXONICA ASSEMBLAGE

Designation: CE-GB.

Definition: The top of the assemblage is defined by the
highest occurrence of U. venusta saxonica. The base is
indicated by the highest occurrence of Glomospira
charoides.
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Depth range: 1015-1426.5 m.

Material: Three conventional core samples from
1162.6-1166 m, nine sidewall cores and 20 ditch cutting
samples.

Age: Late Miocene to Early Pliocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Zone NSB 13 of King (1989).

Description: This interval contains a very rich benthenic
fauna of mainly calcareous foraminifera. Taxa are even
more numerous in this assemblage than in the immediately
overlying assemblage. U. venusta saxonica, Florilus
boueanus, C. pliocarinata and C. limbatosuturalis occur
most frequently. Other important species include Bolivina
cf. robusta, G. subglobosa, B. marginata, A. fluens, P.
bulloides and N. affine (Figs. 5a, b).

Remarks: An U. venusta saxonica Zone (NSB 13) is
described from Upper Miocene to Lower Pliocene deposits
in the North Sea (King 1989).

GLOMOSPIRA CHAROIDES ASSEMBLAGE

Designation: CE-HB.

Definition: The top of the assemblage is defined by the
highest occurrence of G. charoides. The base is indicated
by the highest consistent occurrence of Bulimina elongata.

Depth range: 1426.5-1664.7 m.

Material: Three conventional core samples from
1559.6-1563.2 m, four sidewall cores and 14 ditch cutting
samples.

Age: Middle to Late Miocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Zone NSA 12 of King (1989) and probably
Zone NSR 9B of Gradstein & Béackstrom (1996).

In-place assemblage composition: There are signifi-
cantly fewer foraminifera in this interval than in the
overlying assemblages. Both agglutinated and calcareous
taxa are present, but the agglutinated species are dominant.
G. charoides is the most common agglutinated species.
Other important agglutinated taxa include Bathysiphon ? sp.
A (King 1989), Bathysiphon spp., Trochammina spp.,
Cyclammina placenta, Haplophragmoides spp. and Ammo-
discus sp. M. pseudotepida, Eponides umbonatus, Sphaero-
idina bulloides, N. affine and P. bulloides are the dominant
calcareous taxa. In addition, sponge spicules (rod-shaped
and Geodia sp.) occur in this assemblage (Fig. 5b).

Reworked assemblage composition: Valvulineria petro-
lei, Trifarina gracilis, Gyroidina soldanii girardana,
Elphidium antoninum and Turrilina alsatica are recorded
from the lower part of the interval. These taxa have been
derived from Upper Oligocene to Lower Miocene sedi-
ments.

Remarks: King (1989) describes an unnamed Zone
(NSA 12), which is the youngest significant assemblage
with agglutinated foraminifera in the North Sea, character-
ized mainly by long-ranging species. This zone is known
from Middle to Upper Miocene sediments. The base of
assemblage CE-HB coincides with a regional seismic
reflector.

BULIMINA ELONGATA ASSEMBLAGE

Designation: CE-1B.
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Definition: The top of the assemblage is taken at the
highest occurrence of B. elongata. The base is marked by
the highest occurrence of Uvigerina tenuipustulata.

Depth range: 1664.7-1783.1 m.

Material: Seven conventional core samples from
1710.7-1724.9 m, three sidewall cores and six ditch
cutting samples.

Age: Middle Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Probably Subzone NSB 12a and Zone NSB
11 of King (1989) and probably Zone NSR 8B of Gradstein
& Bickstrom (1996).

Description: There are even fewer foraminifera in this
assemblage than in the immediately overlying assemblage.
Both calcareous and agglutinated taxa are present. Calcar-
eous taxa are somewhat more numerous. B. elongata is
most common. Other characteristic species include P.
bulloides, Valvulineria mexicana grammensis, Stain-
Jorthia schreibersina, Virgulinella pertusa, Bolivina dila-
tata, T. alsatica, Alabamina tangentialis and Uvigerina
semiornata saprophila. C. placenta, G. charoides, Tro-
chammina sp., Bathysiphon sp. and Reophax sp. are the
most important agglutinated taxa (Fig. 5b).

Remarks: According to King (1989), the LAD of B.
elongata is observed somewhat above the Middle/Upper
Miocene boundary, but this form is common only in the
Middle Miocene. U. semiornata saprophila (recorded at
one level in the middle part of the unit), B. dilatata, A.
tangentialis, S. schreibersiana and V. pertusa are known
from the lower part of Middle Miocene (King 1989;
Doppert 1980). The index fossils of Subzones NSB 12a
and b (middle part of the Middle Miocene), designated by
King (1989), are missing in this interval. This indicates
that this unit only represents sediments of the lower part of
the Middle Miocene and that there is a hiatus between this
unit and the overlying unit. T. alsatica is probably
reworked from Oligocene deposits.

UVIGERINA TENUIPUSTULATA ASSEMBLAGE

Designation: CE-JB.

Definition: The top of the assemblage is defined by the
highest occurrence of U. tenuipustuiata. The base is
marked by the highest occurrence of Ammodiscus sp. A
(King 1989).

Depth range: 1783.1-1856.7 m.

Material: The assemblage has been observed in two
sidewall cores and four ditch cutting samples.

Age: Barly Miccene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Zone NSB 10 of King (1989), lower part of
Zone NSR 8B of Gradstein & Backstrom (1996) and Zone
FD of Doppert (1980).

Description: In this interval, foraminifera are as sparse
as in the immediately overlying assemblage. Both agglu-
tinated and calcareous taxa are present. Calcareous forms
are most important in the upper part of the assemblage, and
agglutinated forms are most common in the lower part. B.
elongata is the most frequent calcareous form. Other
characteristic calcareous taxa include U. tenuipustulata, A.
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querichi staeschei, V. petrolei and Loxostomum sinuosum.
G. charoides, Bathysiphon spp., Martinottiella bradyana,
Haplohragmoides spp. and Ammodiscus sp. are the most
important agglutinated taxa (Fig. 5b).

Remarks: King (1989) defined an U. tenuipustulata
Zone (NSB 10) from the upper part of the Lower Miocene
in the North Sea. According to King (1989), the LAD of A.
staeschei is in the lower part of the Middle Miocene. In
well 2/4-C-11, A. querichi staeschei does not reach higher
than U. tenuipustulata. This may indicate that A. querichi
staeschei is caved from the overlying interval, without
being recorded there, or that the LAD of this form is
different in well 2/4-C-11 than in the zonation of King
(1989). The base of the CE-JB assemblage coincides with a
regional seismic reflector.

AMMODISCUS SP. A — CYCLAMMINA PLACENTA
ASSEMBLAGE

Designation: CE-KB.

Definition: The top of the assemblage is taken at the
highest occurrence of Ammodiscus sp. A. The base is
marked by the highest occurrence of Spirosigmoilinella
compressa, which is synonymous with Spirosigmoilinella
sp. A of King (1989) according to S. Bickstrom and F.
Gradstein (personal communication 1998),

Depth range: 1856.7-1975 m.

Material: One sidewall core and five ditch cutting
samples.

Age: Early Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Probably lower part of Zone NSA 11 of
King (1989) and lower part of Zone NSR 8B of Gradstein
& Bickstrom (1996).

Description: This assemblage contains a rich benthonic
fauna of agglutinated foraminifera. G. charoides is most
common. Other important taxa include Ammodiscus sp. A,
Ammodiscus spp., C. placenta, Reticulophragmium rotun-
didorsatum, Haplophragmoides spp., Bathysiphon spp.,
Haplophragmoides walteri and Bathysiphon eocenicus
(Fig. 5b).

Remarks: According to King (1989), the LAD of
Ammodiscus sp. A in the lower part of the Lower Miocene
is slightly above the LAD of S. compressa. This is also the
case in well 2/4-C-11.

SPIROSIGMOILINELLA COMPRESSA
ASSEMBLAGE

Designation: CE-LB.

Definition: The top of the assemblage is taken at the
highest occurrence of S. compressa. The base is marked
the highest occurrence of Annectina biedai (Gradstein &
Kaminski 1997), which is synonymous with Ammodiscus
sp. B of King (1989) according to S. Bickstrém and F.
Gradstein (personal communication 1998).

Depth range: 1975-2039.1 m.

Material: Three ditch cutting samples.

Age: Barly Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Zone NSA 10 of King (1989) and lower
part of Zone NSR 8B of Gradstein & Backstrom (1996).
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Description: A rich foraminiferal fauna of agglutinated
species 1s found in this unit. S. compressa appears
frequently throughout the entire unit. Other important
taxa include C. placenta, H. walteri, B. eocenicus, B.
nodosariformis and Recurvoides spp. (Fig. 5b).

Remarks: King (1989) describes a Spirosigmoilinella
sp. A (synonymous with S. compressa) Zone (NSA 10) in
Lower Miocene deposits in the North Sea.

ANNECTINA BIEDAI ASSEMBLAGE

Designation: CE-MB.

Definition: The top of the assemblage is taken at the
highest occurrence of A. biedai. The base of the
assemblage is undefined.

Depth range: 2039.1-2368.3m (lowermost studied
sample).

Material: Two conventional core samples at 2298.7 and
2303.1 m, one sidewall core and 17 ditch cutting samples.

Age: Late Oligocene to Early Miocene.

Lithostratigraphic unir: Hordaland Group.

Correlation: Zone NSA 9 and probably the lower part of
Zone NSR 8A of King (1989), and the upper part of Zone
NSR 7A of Gradstein & Bickstrom (1996).

Description: This interval contains a rich benthonic
fauna of mainly agglutinated foraminifera. S. compressa,
B. eocenicus and C. placenta all occur frequently
throughout. Other important species include Ammodiscus
sp. A, A. biedai, R. rotundidorsatum and Rhabdammina
(Fig. 5b).

The calcareous forms have sporadic occurrences with
the following taxa present: Plectofrondicularia seminuda,
Cibicides sulzensis and Rolfina arnei. According to
Laursen (1994), R. arnei is synonymous with Rotalia sp.
| of Larsen & Dinesen (1959) and Glabratella ? sp. A of
King (1989).

Remarks: King (1989) described an Ammodiscus sp. B
(synonymous with A. biedai) Zone (NSA 9) from Upper
Oligocene to Lower Miocene sediments in the North Sea.
P. seminuda is known from the Lower Oligocene to the
Lower Miocene in the North Sea (King 1989). C. sulzensis
is described from Oligocene deposits on the Norwegian
continental shelf (Skarbg & Verdenius 1986). R. arnei is
recorded from Upper Oligocene to Lower Miocene
deposits in Denmark (Larsen & Dinesen 1959) and in the
North Sea (King 1989; Laursen 1994).

Planktonic assemblages

NEOGLOBOQUADRINA PACHYDERMA (SINISTRAL)
ASSEMBLAGE

Designation: CE-AP.

Definition: The top of the assemblage extends to the
uppermost investigated sample (190 m). The base of the
assemblage is marked by the highest consistent occurrence
of N. pachyderma (dextral).

Depth range: 190-568 m.

Material: One conventional core sample at 3747 m and
three conventional core samples from 528.2-535.4 m, 18
sidewall cores and nine ditch cutting samples.
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Age: Pleistocene.

Lithostratigraphic unit: Nordland Group.

Correlation: N. pachyderma (sinistral) Zone of Weaver
& Clement (1986), N. pachyderma (sinistral) Zone of
Spiegler & Jansen (1989) and Subzone NSP 16b of King
(1989).

Description: Very few planktonic foraminifera are
recorded from this unit. Sporadic occurrences of M.
pachyderma (sinistral), N. pachyderma (dextral) (in one
interval) and the reworked Upper Cretaceous forms
Hedbergella sp. and Heterohelix sp. are the only repre-
sentatives (Fig. 5a).

Remarks: A N. pachyderma (sinistral) Zone is described
by Weaver & Clement (1986) from the North Atlantic and
by Spiegler & Jansen (1989) from the Vgring Plateau in
sediments younger than 1.7 Ma. At these open ocean sites,
an encrusted variety of the sinistrally coiled N. pachy-
derma dominates over an unencrusted form. The encrusted
variety occurs only very sporadically in older sediments,
but the unencrusted variety also occurs in older Pliocene
deposits. In well 2/4-C-11, only N. pachyderma (sinistral,
unencrusted) is recorded. The reason for this is not that the
deposits are older than 1.7 Ma, but probably that the
specimens registered in this interval are small juvenile
forms, and that the larger encrusted forms have not reached
this shallow marine area.

NEOGLOBOQUADRINA PACHYDERMA
(DEXTRAL) ASSEMBLAGE

Designation: CE-BP.

Definition: The top of the assemblage is taken at the
highest consistent occurrence of N. pachyderma (dextral).
The base is placed at the highest consistent occurrence of
Globigerina bulloides.

Depth range: 568-914.4 m.

Material: Seven sidewall cores and 16 ditch cutting
samples.

Age: Late Pliocene.

Lithostratigraphic unit: Nordland Group.

Correlation: N. pachyderma (dextral) Zone of Weaver
(1987), Weaver & Clement (1987) and Spiegler & Jansen
(1989) and Subzone NSP 16a of King (1989).

Description: Although planktonic foraminifera are
sparse in this interval, they are significantly more common
than in the immediately overlying section. N. pachyderma
(dextral) are dominant. Other species include N. pachy-
derma (sinistral, unencrusted), G. bulloides and Turbo-
rotalia quingueloba (Fig. 5a).

Remarks: A N. pachyderma (dextral) Zone is described
by Weaver (1987) and Weaver & Clement (1987) from the
North Atlantic (DSDP Leg 94) and by Spiegler & Jansen
(1989) from the Vgring Plateau in Upper Pliocene
deposits. On the Vering Plateau the zone is accurately
dated to 1.84-1.7 Ma.

GLOBIGERINA BULLOIDES ASSEMBLAGE

Designation: CE-CP.

Definition: The top of the assemblage is taken at the
highest consistent occurrence of G. bulloides. The base is
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marked by the highest occurrence of Neogloboquadrina
atlantica (sinistral).

Depth range: 914.4-951 m.

Material: Two ditch cutting samples.

Age: Late Pliocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Globigerina bulloides Zone of Weaver &
Clement (1986).

Description: Planktonic foraminifera are significantly
more common in this assemblage than in the immediately
overlying section. G. bulloides and T. guingueloba occur
most frequently. Other species include N. pachyderma
(sinistral, unencrested) and N. pachyderma (dextral) (Fig.
5a).

Remarks: A G. bulloides Zoune is described from the
North Atlantic (DSDP Leg 94) in Upper Pliocene deposits
and is accurately dated to 2.3-2.1 Ma (Weaver & Clement
1986).

GLOBIGERINA BULLOIDES —
NEOGLOBOQUADRINA ATLANTICA (SINISTRAL)
ASSEMBLAGE

Designation: CE-DP.

Definition: The top of the assemblage is taken at the
highest occurrence of N. atlantica (sinistral). The base
is taken at the highest occurrence of N. atlantica
(dextral).

Depth range: 951-1115.6 m.

Material: Three sidewall cores and eight ditch cutting
samples.

Age: Barly to Late Pliocene.

Lithostratigraphic unit: Nordland Group.

Correlation: N. atlantica (sinistral) Zone of Weaver &
Clement (1986), N. atlantica (sinistral) Zone of Spiegler &
Jansen (1989) and Subzone NSP 15d of King (1989).

Description: This interval contains a rich planktonic
foraminiferal fauna. G. bulloides and N. atlantica (sinis-
tral) occur frequently throughout the unit. N. pachyderma
(sinistral, unencrusted) is recorded from the upper part of
the interval (Fig. 5a).

Remarks: A N. atlantica (sinistral) Zone is described
from the North Atlantic in Upper Pliocene deposits (Weaver
& Clement 1986), and from the Vgring Plateau in Lower to
Upper Pliocene deposits (Spiegler & Jansen 1989). The
LAD of N. atlantica (sinistral) is, in both areas, ca. 2.3 Ma
(Weaver & Clement 1986; Spiegler & Jansen 1989). On the
Vgring Plateau, there is a marked dominance of this species
together with G. bulloides in Pliocene deposits older than
this. G. bulloides is also found in the warmest interglacials
of the last 1 Ma, however (Kellogg 1977).

NEOGLOBOQUADRINA ATLANTICA (DEXTRAL)
ASSEMBLAGE

Designation: CE-EP.

Definition: The top of the assemblage is defined by the
highest occurrence of N. arlantica (dextral). The base is
characterized by the highest occurrence of Neoglobogua-
drina acostaensis.

Depth range: 1115.6-1197.9 m.



NORSK GEOLOGISK TIDSSKRIFT 79 (1999)

Material: Three conventional core samples from
1162.6-1166 m and four ditch cutting samples.

Age: Late Miocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Lower N. atlantica (dextral) Zone of
Spiegler & Jansen (1989) and upper part of N. atlantica
(dextral)/N. acostaensis Zone of Weaver (1987) and
Weaver & Clement (1987).

Description: This assemblage contains a rich planktonic
foraminiferal fauna, where G. bulloides and N. atlantica
(sinistral) are most common. N. atlantica (dextral) also
occurs throughout (Fig. 5a).

Remartks: Spiegler & Jansen (1989) describe a lower M.
atlantica (dextral) Zone from Upper Miocene sediments
on the Vgring Plateau. Weaver (1987) and Weaver &
Clement (1987) report a N. atlantica (dextral)/N. acosta-
ensis Zone from Upper Miocene sediments in the North
Atlantic (DSDP Leg 94).

NEOGLOBOQUADRINA ACOSTAENSIS
ASSEMBLAGE

Designation: CE-FP.

Definition: The top of the assemblage is taken at the
highest occurrence of N. acostaensis. The base is taken at
the highest occurrence of Bolboforma metzmacheri.

Depth range: 1197.9-1554.5 m.

Material: Ten sidewall cores and 18 ditch cutting
samples.

Age: Late Miocene.

Lithostratigraphic unit: Nordland Group.

Correlation: N. acostaensis Zone of Spiegler & Jansen
(1989), lower part of N. atlantica (dextral)/N. acostaensis
Zone of Weaver (1987) and Weaver & Clement (1987) and
Subzone NSP 15a of King (1989).

Description: The upper part of this assemblage
contains a moderately rich planktonic foraminiferal
fauna. In the lower part planktonic foraminifera are
much less frequent. Pyritized diatoms occur sporadically
throughout the interval. G. bulloides, N. atlantica
(sinistral) and N. acostaensis occur most frequently.
Other species include Globorotalia puncticulata, Neo-
globoquadrina praehumerosa and N. atlantica (dextral)
(Figs. Sa, b).

Remarks: N. acostaensis is reported from deposits of
Late to Middle Miocene age on the Vgring Plateau
(Spiegler & Jansen 1989; Miiller & Spiegler 1993).
Weaver (1987) and Weaver & Clement (1987) describe a
N. atlantica (dextral)/N. acostaensis Zone from the Upper
Miocene in the North Atlantic. King (1989) describes a N.
acostaensis Zone above a B. metzmacheri Zone from the
Upper Miocene in the North Sea.

BOLBOFORMA METZMACHERI ASSEMBLAGE

Designation: CE-GP.

Definition: The top of the assemblage is taken at the
highest occurrence of B. metzmacheri. The base is marked
by the highest occurrence of Bolboforma fragori and B.
subfragori.

Depth range: 1554.5-1600.2 m.

Material: Three conventional core samples from
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1559.6-1563.2 m, one sidewall core and three ditch cutting
samples.

Age: Late Miocene.

Lithostratigraphic unit: Nordland Group.

Correlation: B. metzmacheri Zone of Spiegler & Miiller
(1992) and Miiller & Spiegler (1993), Zone NSR 10 of
Gradstein & Backstrom (1996) and Subzone NSP 14b of
King (1983).

Description: This assemblage contains a rich planktonic
fauna of foraminifera and Bolboforma. The most important
foraminfera are N. atlantica (sinistral) and N. atlantica
(dextral). N. continuosa and Orbulina universa are also
recorded. B. laevis is the most common Bolboforma. B.
metzmacheri is also recorded (Fig. 5b).

Remarks: The stratigraphically important planktonic
foraminifera registered in this interval are mentioned
above. B. metzmacheri is described from deposits with
an age of 9.2-7.9 Ma from the North Atlantic and the
Vygring Plateau (Spiegler & Miiller 1992; Miiller &
Spiegler 1993).

BOLBOFORMA FRAGORI — BOLBOFORMA
SUBFRAGORI ASSEMBLAGE

Designation: CE-HP.

Definition: The top of the assemblage is taken at the
highest occurrence of B. fragori and B. subfragori. The
base is marked by the highest occurrence of Globigerina
praebulloides.

Depth range: 1600.2-1664.7 m.

Material: One sidewall core and four ditch cutting
samples.

Age: Middle Miocene.

Lithostratigraphic unit: Nordland Group.

Correlation: B. fragori/B. subfragori Zone of Spiegler
& Miiller (1992) and Miiller & Spiegler (1993) and
Subzone NSP 14a of King (1983).

Description: The upper part of this interval contains a
moderately rich planktonic fauna, while its lower part
contains a sparse planktonic assemblage. Bolboforma are
dominant, with subordinate foraminifera. B. clodiusi and
B. subfragori are the most common Bolboforma species. B.
fragori, B. pseudohystrix and one specimen of B. reticulata
are also recorded. N. atlantica (dextral) is the most
important foraminifer. Other foraminifera include N.
atlantica (sinistral), N. acostaensis, N. pachyderma (sinis-
tral, unencrusted) and the Globorotalia zealandica/G.
praescitula group (Fig. 5b).

Remarks: The known stratigraphic ranges of the most
important planktonic foraminifera are discussed above
under the descriptions of assemblages CE-EP and CE-FP.
A B. fragori/B. subfragori Zone is described from deposits
with an age of ca. 11.5-9.6 Ma from the North Atlantic and
the Vgring Plateau (Spiegler & Miiller 1992; Miiller &
Spiegler 1993).

Poore (1979) describes G. zealandica and G. praes-
citula from Lower Miocene to lower Middle Miocene
deposits of the North Atlantic (Leg 49). These
foraminifera have probably been reworked from depos-
its which correspond to the immediately underlying
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assemblage. The base of assemblage CE-HP coincides
with a regional seismic reflector which represents a
depositional hiatus.

GLOBIGERINA PRAEBULLOIDES —
GLOBIGERINOIDES QUADRILOBATUS TRILOBA
ASSEMBLAGE

Designation: CE-IP.

Definition: The top of the assemblage is taken at the
highest occurrence of G. praebulloides. The base is
marked by the highest occurrence of Globigerina cipero-
ENSIS.

Depth range: 1664.7-1783.1 m.

Muaterial: Seven conventional core samples from
1710.7-1724.9 m, three sidewall cores and six ditch
cutting samples.

Age: Middle Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Zone NSP 12 of King (1983) and Zone
NSR 8B of Gradstein & Backstrom (1996).

Description: This assemblage contains a rich planktonic
fauna of foraminifera and radiolaria, where G. praebui-
loides is the most common foraminifer. Other species
include G. quadrilobatus triloba, G. zealandica/G. praes-
citula and Sphaeroidinellopsis disjuncta (Fig. 5b).

Remarks: G. quadrilobatus triloba is described from
Middle Miocene deposits in the North Sea (King 1983). G.
zealandica/G. praescitula are described from the Lower
Miocene to lower Middle Miocene in the North Atlantic
(Leg 49) (Poore 1979) and in the North Sea (King 1983).
G. praebulloides is known from Oligocene to lower Upper
Miocene (common in Middle Miocene) deposits in the
North Atlantic (Poore 1979) and from Oligocene to lower
Middle Miocene deposits in the North Sea (Gradstein &
Bickstrom 1996). Poore (1979) suggests that a clear
separation of G. praebulloides and G. bulloides may be
difficult in extra-tropical regions. This is supported by the
present study. S. disjuncta is known from Lower to Middle
Miocene sediments in the North Sea (Gradstein & Bick-
strom 1996).

The Bolboforma badenensis and B. reticulata Zones
known from the North Atlantic (Spiegler & Miiller 1992)
and the B. badenensis/B. reticulata Zone known from the
Vgring Plateau (Miiller & Spiegler 1993) are not recorded
in this well. These zones are recorded from deposits with
an age of ca. 14-11.5 Ma (Spiegler & Miiller 1992). This
indicates that the CE-IP assemblage only represents
sediments of the lower part of the Middle Miocene and
that there is a hiatus between this unit and the overlying
unit.

GLOBIGERINA CIPEROENCIS ASSEMBLAGE

Designation: CE-JP.

Definition: The top of the assemblage is taken at the
highest occurrence of G. ciperoensis. The base is marked
by the lowest consistent occurrence of G. ciperoensis.

Depth range: 1783.1-1856.7 m.

Material: Two sidewall cores and four ditch cutting
samples.

Age: Early Miocene.
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Lithostratigraphic unit: Hordaland Group.

Correlation: Lower part of Zone NSR 8B of Gradstein
& Bickstrom (1996).

Description: This assemblage contains a rich planktonic
fauna of foraminifera and radiolaria. G. ciperoensis and
Globigerina angustiumbilicata are the most common
foraminifera. Other characteristic species include Globi-
gerina woodi, G. praebulloides and G. quadrilobatus
triloba (Fig. 5b).

Remarks: G. ciperoensis is described from Upper
Oligocene to Lower Miocene deposits in the North
Atlantic (Poore 1979) and in the North Sea (Gradstein &
Bickstrom 1996). G. woodi is known from Upper
Oligocene to Lower Pliocene sediments in the North
Atlantic (Poore 1979). G. angustiumbilicata is recorded
from Upper Oligocene to Lower Pliocene deposits (Kennet
& Srinivasan 1983). This indicates an Early Miocene age
for this interval, since Late Oligocene can be ruled out (see
below).

UNDEFINED INTERVAL

Depth range: 1856.7-2167.1 m.

Material: One sidewall core and 14 ditch cutting
samples.

Lithostratigraphic unit: Hordaland Group.

Description: This interval contains no planktonic fossils
of stratigraphic importance. Only a few unidentified
radiolaria and pyritized diatoms are recorded (Fig. 5b).

DIATOM SP. 4 ASSEMBLAGE

Designation: CE-KP.,

Definition: The top of the assemblage is taken at the
highest consistent occurrence of Diatom sp. 4 (King 1983).
The base is marked by the highest consistent occurrence of
Diatom sp. 3 (King 1983).

Depth range: 2167.1-2203.7 m.

Material: One ditch cuttings sample.

Age: Early Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Zone NSP 10 of King (1983).

Description: This interval contains a moderately rich
flora of pyritized diatoms. The index fossils Diatom sp. 4
and Diatom sp. 5 (King 1983) are found in this flora (Fig.
5b).

Remarks: Diatom sp. 4 and Diatom sp. 5 are both known
from Lower Miocene deposits in the North Sea (King
1983).

DIATOM SP. 3 ASSEMBLAGE

Designation: CE-LP.

Definition: The top of the assemblage is taken at the
highest consistent occurrence of Diatom sp. 3 (King 1983).
The base of the assemblage is undefined.

Depth range: 2203.7-2368.3m (lowermost studied
sample).

Material: Two conventional core samples at 2298.7 and
2303.1 m, one sidewall core and nine ditch cutting
samples.

Age: Late Oligocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Subzone NSP 9¢ of King (1989).
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Description: This assemblage contains a moderately
rich flora of pyritized diatoms. In this flora the index fossil
Diatom sp. 3 is found. The assemblage also contains a few
specimens of the following planktonic foraminiferal taxa:
G. ciperoensis, G. angustiumbilicata and G. praebulloides

(Fig. 5b).

Table 2. Strontium isotope data from well 2/4-C-11. All measurements refer to the

international standard NBS 987 = 0.710240.

Depth (m)  Sample' RS TAN SE? Age (m.y)® Comments*
5354 BF 0.709105 + 15 1.4 Core, 8 bl.
596 BF 0.709068 i W 2.0 SwcC
707 BF 0.709047 i W 2.5-4.5 SWC
737A BF 0.709108 = =bi 1.4 SwC
737B BRY 0.709047 ol ) 2.54.5 SWC
965 BF 0.709051 =3 Bl 2.5-45 SWC

1004A PF 0.709056 &3 2545 SWC
1004B BF 0.708964 +:10 55 SWC

1004C MOL 0.709003 +8 5.0 SWC

1077 BF 0.708993 + 16 5.1 SWC

1160.7 BF 0.709007 £ 10 5.0 Core

1163.4 BF 0.709022 = 4.8 Core

1293 BF 0.709004 £ 19 5.0 SWC, 7 bl

1494 BF 0.708951 £ 10 5.5-8.0 SwC

1600 BOL 0.708928 + 28 8.0 Cuttings,

2bl.
1724A MOL 0.708781 %9 14.0 Core
1724B BF 0.708756 +13 14.8 Core

1792 PF 0.708697 + 18 16.9 SWC, 4bl.

1953 BF 0.708407 + 12 21.3 SWC

23573 BF 0.708165 25.6 SWC, 2bl.

! BF =bethonic foraminifera; PF= planktonic foraminifera; BRY = bryozoan
fragment; MOL = mollusc fragment; BOL = Bolboforma.

% S.E. = standard error of the mean (26)- 107°.

B Age according to Hodell et al. (1990, 1992). Max. precision + 0.5 Ma.

g Samples from: sidewall core (SWC), core or cuttings. bl, = blocks.

Depth (m)

Remarks: Diatom sp. 3 is known from Upper Oligocene
to lowermost Lower Miocene deposits in the North Sea
(King 1989). Strontium isotope analyses indicate that an
Early Miocene age can be ruled out.

Strontium isotope stratigraphy

Several papers describing the strontium (Sr) isotopic
evolution of Cainozoic seawater were published during
the 1980s (Burke et al. 1982; Koepnick et al. 1985;
DePaolo & Ingram 1985; DePaolo 1986; Hess et al. 1986).
Since these studies, segments of the seawater curve have
been increasingly well documented, and for the Neogene
portion of the curve, the most detailed record was
presented by Hodell et al. (1990, 1991). As a consequence
of these studies, Sr isotope stratigraphy is emerging as a
powerful tool of dating and correlation of marine
sediments. The method has particularly high potential for
chronostratigraphical studies of post-Eocene sections.

In this study, we use Sr isotope stratigraphy to constrain
better the ages for the Neogene section in well 2/4-C-11. In
order to avoid problems with cavings, we used samples
from sidewall cores and conventional cores (except for one
ditch cutting sample). Most of the samples consisted of
benthonic foraminifera, but at some levels we also used
planktonic foraminifera, Bolboforma, Bryozoa and mol-
lusc fragments. Furthermore, to avoid problems with
reworking, we preferentially used taxa of well-documen-
ted stratigraphic range. Consequently, at some levels,
relatively small samples were used.

A problem with obtaining Sr ages from foraminifera in
siliciclastic basins is the common presence of impurities
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such as clay, pyrite, glauconite, etc. within the forami-
niferal chambers. Addition of Sr from such materials leads
to increased Sr isotopic ratios and hence younger ages, as
demonstrated by Eidvin et al. (1993b). Careful cleaning of
the foraminifera by washing and centrifugation processes
normally does not help to resolve this problem. In this
study, we overcame the problem by using a very weak acid
(0.1 N HCD to dissolve the foraminiferal tests. Such a
weak acid is thought effective in minimizing addition of Sr
from foreign matter. Stronger acids (e.g. 2.0 N HCI)
dissolve the whole sample, and Sr from foreign matter thus
increases the Sr isotopic ratios, resulting accordingly in
younger ages.

The results from our study are presented in Table 2 and
Fig. 6. The Sr ratios in Fig. 6 are plotted as a function of
depth in the well. Biostratigraphic ages, as interpreted
from the well data, are also shown along the horizontal
axis. This illustration provides an adequate way of
comparing results obtained from biostratigraphy and Sr
isotope stratigraphy. Also shown in Fig. 6 are Sr isotopic
zonations of Neogene seawater.

From Fig. 6 we can see a good correlation between
biostratigraphy and Sr isotopic data. The uppermost
sample (535 m) has a Sr isotopic composition that gives
an Early Pleistocene age (ca. 1.4 Ma), whereas the sample
from 596 m gives a Late Pliocene age (ca. 2.0 Ma).
Assuming a constant sedimentation rate, these two results
indicate the Upper Pliocene/Pleistocene boundary (ca. 1.6
Ma) to be at about 560 m, which is close to the
biostratigraphic placing of this boundary (ca. 530 m).

The Sr values are then essentially stable from 596-
1004 m, and correspond to deposition within the 2.5-4.5
m.y. time span, a period with little changes in seawater Sr
composition (Hodell et al. 1990, 1991). These ages are also
in good agreement with the biostratigraphic interpretation.

Between depths of 1004 and 1077 m, there is a small,
but clear drop in the Sr isotopic ratio, and from 1077 to
1293 m we again measure stable Sr ratios. The isotopic
composition at 1077 m corresponds to an age of 5.1 Ma,
which suggests that the drop in Sr ratio corresponds to the
time period 4.5-5.5 m.y., in which seawater Sr isotopic
composition changed rapidly (Hodell et al. 1990, 1991).

Our data (from 596-1293 m) apparently mirror the two
Sr isotopic plateaus (2.5—4.5 and 5.5-9.0 m.y.) published
by Hodell et al. (1989, 1991). The isotopic difference we
measure between the plateaus is, however, only half of that
measured by Hodell et al. (1990, 1991). As the biostrati-
graphic data for samples at 1160, 1163 and 1293 m point to
Late Miocene ages, we believe therefore that our Sr values
for this lower plateau are slightly elevated. This could be
explained by slight Sr contamination, or the values could
reflect the uppermost level of uncertainty of the isotopic
analyses.

The sample at 1600.2 m is the only one taken from ditch
cuttings. It consists of specimens of the index fossils
Bolboforma subfragori, and is taken from the top of the
CE-HP assemblage. The top of the equivalent assemblage
in the North Atlantic and in the Norwegian Sea is dated to
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9.6 Ma (Spiegler & Miiller 1992; Miiller & Spiegler 1993).
The Sr composition of this sample corresponds to
deposition during the Late Miocene period with stable Sr
seawater composition (5.5-9 m.y.). Because of the precise
biostratigraphic dating for this sample, we suggest that the
oldest age (ca. 9.0 Ma) is most correct.

Below 1600 m the samples show distinctly decreasing
Sr signatures with depth, yielding ages between 14 and
25 Ma. Through this interval, Sr isotope stratigraphy has
extremely good resolution. At 1724 m two samples were
analysed: a mollusc fragment {sample A) gave an age of
14.0 Ma, whereas benthonic foraminifera (sample B) gave
an age of 14.8 Ma. The isotopic difference between these
two samples falls within the resolution of the method
(£0.000030).

Samples at 1792, 1852 and 1953 m all yield Early
Miocene ages, viz. 16.9, 17.8 and 21.3 Ma. These ages
support the biostratigraphic datings in this interval. The
deepest sample (2357 m) was very small, and was there-
fore treated manually in the mass spectrometer. The sparse
amount of Sr gave 20 stable measurements corresponding
to a Late Oligocene age of 25.6 Ma. This age is in good
agreement with the biostratigraphic data.

Lithology and lithostratigraphy

Upper Oligocene and Middle Miocene (Hordaland and
Nordland Groups)

This interval belongs to the Hordaland and Nordland
Groups after Isaksen & Tonstad (1989). Studies of the
petrophysical logs, the sidewall core samples and the ditch
cutting samples show that this section contains mostly fine-
grained material. Mostly clay is found in the samples, but
small proportions of silt and fine-grained sand are also
recorded. The conventional cores at 2297-2305.2m
(Upper Oligocene) and 1710.5-1725.5m (Middle Mio-
cene) contain mainly clay, but throughout the cores there
are several thin beds with silt and fine-grained sand. These
beds are probably distal turbidites.

Upper Miocene and Lower Pliocene (Nordland Group)

This section alse contains mostly clay. The conventional
cores at 1556.9-1563.2m and 1160.7-1166.2 m (Upper
Miocene) both consist of homogeneous clay-rich material.

Upper Pliocene and Pleistocene (Nordland Group)

In the lower part of the Pleistocene and the Upper Pliocene
sections, the petrophysical logs indicate fine-grained
deposits. The drill cuttings, sidewall cores and conven-
tional cores from this section all contain a clay-rich
diamicton with small proportions of sand, silt and pebbles.
The pebbles, of both sedimentary and crystalline lithology,
are interpreted as ice-rafted material and are found down to
500 m.
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Petrophysical logs show that the uppermost ca. 300 m of
the well contains thick sand beds with a fine-grained
interval in between. The few sidewall cores from this unit
contain mostly clay. These deposits are interpreted as
glacial and glaciofluvial sediments.

The glaciomarine sediments of the Vegring Plateau have
been the subjects of studies by Jansen & Sjgholm (1991)
and Fronval & Jansen (1996). These investigations show
traces of ice-rafted material in sediments as old as nearly
12 Ma. The frequency of such ice-rafted material increases
during the period of 6.5-5.5 Ma, which correlates with the
Messinian Stage. The frequency of ice-rafted material
remains relatively low between 5.5 Ma and 2.6 Ma, but the
great increase in the supply of such material after about
2.6 Ma reflects the marked expansion of northern Euro-
pean glaciers (Fig. 8). Shelf deposits from the last period
contain large quantities of ice-rafted material further north
in the North Sea (well 15/12-3, Eidvin & Riis 1992), on
the Norwegian Sea continental shelf (Eidvin et al. 1998a)
and in the Barents Sea (Eidvin et al. 1993a, 1998b).

The comparatively small quantities of ice-rafted detritus
found in the Lower Pleistocene/Upper Pliocene section of
well 2/4-C-11 indicate a smaller frequency of icebergs
over this area than over the areas further north.

Paleoenvironments

Definition of bathymeteric zones are according to van
Hinte (1978); inner neritic: 0-30 m, middle neritic: 30—
100 m, ocuter neritic: 100-200 m and upper bathyal: 200~
600 m.

Upper Oligocene and lower part of Lower Miocene

The fossil assemblage in this interval consists mainly of
agglutinated foraminifera and pyritized diatoms. This
foraminiferal fauna indicates deep water with dysoxic
bottom conditions. A small proportion of benthonic
calcareous foraminifera indicates short periods with better
vertical water circulation and more oxygen at the sea
bottom. The envircnment was probably upper bathyal
during deposition of this section.

Upper part of Lower Miocene and lower part of Middle
Miocene

This interval contains a rich planktonic foraminiferal
fauna. A large proportion of planktonic foraminifera in
coastal areas indicates open marine and fairly deep water
conditions. The benthonic faunal component is dominated
by calcareous forms, but agglutinated taxa are also
recorded. At this time the sea level was probably at its
highest during the Neogene, and during periods with high
relative sea level there was better vertical water circulation
in the Central Graben area (King 1989). Regional seismics
show that this section thins out on the flanks of the Central
Graben, but it is possible that the flank areas are covered
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with a thin transgressive section not detectable on seismic
data. This section was probably also deposited in an upper
bathyal environment.

Upper part of Middle Miocene and lower part of Upper
Miocene

This interval shows a consistent occurrence of agglutinated
foraminifera. The lower part of the interval is quite rich in
planktonic taxa, but in its upper part only a few planktonic
foraminifera occur. Such an agglutinated foraminiferal
fauna, as found in this well in Middle/Upper Miocene
deposits, is restricted to the deeper part of the Central
Graben (King 1989). The scarcity of planktonic foramini-
fera in the upper part is probably due to dissolution of
calcareous tests. According to King (1989), the sea level
was somewhat lower during the Middle/Late Miocene than
during than during the Early/Middle Miocene, causing less
vertical water circulation in the deeper part of the Central
Graben. The interval was probably deposited in an outer
neritic to upper bathyal environment.

Upper part of Upper Miocene and Lower Pliocene

This section contains a rich planktonic fauna. The
calcareous benthonic forms N. affine and P. bulloides
occur consistently throughout the section. Today, P.
bulloides and N. affine have a biogeographic range
extending mainly along the upper part of the continental
slope. N. affine is also common in outer shelf areas (Sejrup
et al. 1981; Mackensen et al. 1985). Very few shallow
water indicators belonging to the genus Elphidium are
recorded. According to King (1989), the sea level was
rising again during the late part of the Late Miocene and
Early Pliocene. This section was probably deposited in an
upper bathyal to outer neritic environment.

Lower part of Upper Pliocene

In most of the lower part of the Upper Pliocene planktonic
foraminifera occur consistently (Fig. 5a). In this part, M.
affine and P. bulloides also occur consistently. Shallow
water indicators belonging to the genus Elphidium are
scarce. The lower part of Upper Pliocene was probably
deposited in an outer to middle neritic environment. A
large proportion of boreal benthonic foraminifera, a small
number of arctic forms and absence of glacigenic material
all indicate transitional water conditions.

Upper part of Upper Pliocene

Planktonic foraminifera vary from scarce to common in
this interval (Fig. 5a). The deep water form N. affine occurs
consistently throughout most of the interval. Shallow water
indicators belonging to the genus Elphidium are scarce to
common. This interval was probably deposited in a middle
neritic environment. Glacigenic material, a larger content
of arctic benthonic foraminifera and a smaller content of
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Fig. 7b. Range chart of the most important index fossils in the lower part of the investigated interval of well 15/12-3. IMM = intra-Middle Miocene, ILM = intra-

Lower Miocene, mRKB = meters below rig floor.
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boreal forms all indicate considerably colder water than
during the early Late Pliocene.

Pleistocene

The Pleistocene deposits contain very few planktonic
foraminifera, indicating fairly shallow marine conditions.
A shallow marine environment is also indicated by a large
proportion of the benthonic foraminiferal genus Elphi-
dium. Glacigenic material and a high content of arctic
benthonic foraminifera indicate cold water conditions. The

Pleistocene interval was probably deposited in an inner
neritic environment.

Stratigraphy of well 15/12-3
Fossil assemblages

In this well, a systemm of 12 assemblages based on
bentheonic foraminifera (CS-AB to CS-LB) and 11 assem-
blages based on planktonic fossils (CS-AP to CS-KP) is
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employed (Figs. 7a, b, 8, 9). As in well 2/4-C-11, the
boundaries between the assemblages are based on the
LADs of selected taxa. S = Sleipner Field.

Benthonic assemblages

ELPHIDIUM EXCAVATUM — HAYNESINA
ORBICULARE ASSEMBLAGE

Designation: CS-AB.

Definition: The top of the assemblage extends to the
uppermost investigated sample (200 m). The base is taken
at the highest consistent occurrence of Cassidulina teretis.

Depth range: 200-380 m.

Material: Nine ditch cutting samples.

Age: Early to Middle Pleistocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Zone Jo 6 of Knudsen & Asbjornddttir
(1991) and Zone NSB 17 of King (1983).

Descriprion: The assemblage contains a medium-rich
benthonic fauna of calcareous foraminifera. E£. excavatim
occurs most frequently. Other important taxa include H.
orbiculare, C. reniforme, E. ustulatum and E. asklundi
(Fig. 7a).

Remarks: The benthonic foraminifera in this assem-
blage belong to characteristic Pliocene—Pleistocene taxa.
All the recorded taxa are extant. Knudsen & Asbjorndéttir
(1991) have described an E. excavatum — H. orbiculare
assemblage Zone (Jo 6) from the well 30/13-2x in the
British sector. This zone is slightly older than the Brunhes/
Matuyama boundary.

ELPHIDIUM EXCAVATUM — CASSIDULINA
TERETIS ASSEMBLAGE

Designation: CS-BB.

Description: The top of the assemblage is taken at the
highest consistent occurrence of Cassidulina teretis. The
base is marked by the highest occurrence of Cibicides
grossus.

Depth range: 380—600 m.

Material: 11 ditch cutting samples.

Age: Early Pleistocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Zone Jo 6 of Knudsen & Asbjorndéttir
(1991) and Zone NSB 17 of King (1983).

Description: This interval contains a rich benthonic
fauna of calcareous foraminifera. E. excavatum occurs
frequently throughout. Other important taxa include C.
teretis, H. orbiculare, C. reniforme, A. fluens, E. ustulatum
and Q. seminulum (Fig. 7a).

Remarks: The foraminifera in this interval are char-
acteristic Pliocene—Pleistocene taxa, and all the recorded
species are extant. Knudsen & Asbjorndottir (1991)
describe a C. teretis — E. excavatum assemblage Zone
(Jo 7) in Lower Pleistocene sediments of borehole 30/13-
2X (British sector).

CIBICIDES GROSSUS ASSEMBLAGE

Designation: CS-CB.

Definition: The top of the assemblage is taken at the
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highest occurrence of C. grossus. The base is marked by
the highest occurrence of M. pseudotepida.

Depth range: 600-900 m.

Material: 18 ditch cutting samples.

Age. Late Pliocene to Early Pleistocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Subzones NSB [5a and b of King (1989),
Zone Jo 8 of Knudsen & Asbjorndéttir (1991) and Zone
NSR 12 of Gradstein & Backstrom (1996).

Description: This assemblage contains a very rich
benthonic fauna of mainly calcareous foraminifera. Taxa
are slightly more numerous in this assemblage than in
the immediately overlying section. E. excavarum, A.
fluens and C. teretis all occur frequently throughout.
Other important species include C. grossus, H. orbicu-
lare, Isiandiella islandica, Virgulina loeblichi and N,
affine (Fig. 7a).

Remarks: The LAD of C. grossus, in the southern part of
the North Sea, is close to the Upper Pliocene/Pleistocene
boundary. Further north it became extinct somewhat later
(King 1989). This becomes apparent when one compares
the LAD of C. grossus in wells 2/4-C-11 and 15/12-3. In
the Ekofisk area, the LAD of C. grossus is just above the N.
pachyderma (dextral) assemblage (Fig. 5a). In the Sleipner
area, the LAD of C. grossus is quite high above this
planktonic foraminiferal assemblage (Fig. 7a). On the
Vgring Plateau, the base of the N. pachyderma (dextral)
Zone is dated to 1.84 m.y. based on paleomagnetic
investigations (Spiegler & Jansen 1989). This indicates
that C. grossus becomes extinct as late as Early Pleistocene
in the Sleipner area.

In this well we have placed the Upper Pliocene/
Pleistocene boundary at the regional seismic reflector at
ca. 670 m. However, it is not possible to conclude definitely
that this level accurately represents the boundary.

MONSPELIENSINA PSEUDOTEPIDA
ASSEMBLAGE

Designation: CS-DB.

Description: The top of the assemblage is taken at the
highest occurrence of M. pseudorepida. The base is marked
by the highest consistent occurrence of C. limbatosuturalis
and U. venusta saxonica.

Depth range: 900-970 m.

Material: Four ditch cutting samples.

Age: Late Pliocene.

Lithostratigraphic unit: Nordland Group and Utsira
Formation.

Correlation: Subzone NSB 14b of King (1989), Zone
NSR 12A of Gradstein & Bickstrom (1996) and Zone Jo
10 of Knudsen & Asbjcérndéttir (1991).

Description: This assemblage contains a very rich
benthonic fauna of mainly calcareous foraminifera. C.
teretis and N. affine are common. Other characteristic
species include M. pseudotepida, E. groenlandicum, A.
Sfluens, B. marginata and C. lobatulus (Fig. 7a).

Remarks: A M. pseudotepida Subzone (NSB 14b) is
described from the lower part of the Upper Pliocene of the
North Sea (King 1989).
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CIBICIDOIDES LIMBATOSUTURALIS -
UVIGERINA VENUSTA SAXONICA ASSEMBLAGE

Designation: CS-EB.

Definition: The top of the assemblage is taken at the
highest consistent occurrence of C. limbatosuturalis and U.
venusta saxonica. The base i1s marked by the highest
occurrence of U. pygmea langenfeldensis.

Depth range: 970-1110 m.

Material: Nine ditch cutting samples.

Age: Late Miocene to Early Pliocene.

Lithostratigraphic unit: Utsira Formation.

Correlation: Subzone NSB 14a and Subzone NSB 13b
of King (1989).

Description: This interval contains a rich benthonic
fauna of mainly calcareous foraminifera. C. limbatosutur-
alis, U. venusta saxonica, N. affine, A. fluens, C. teretis
(upper part) and C. pliocarinata (lower part) all occur
frequently. Other important taxa include P. bulloides, G.
subglobosa, M. pseudotepida and F. boueanus (Figs. 7a, b).

Remarks: King (1989) describe a C. limbatosuturalis
Subzone (NSB 14a) and an U. venusta saxonica Subzone
(NSB 13b) from Lower Pliocene to Upper Miocene
deposits in the North Sea. According to King (1989),
Subzone NSB 14a is very thin in the northern part of the
North Sea. This is probably also the case in the Sleipner
area, where the LADs of C. limbatosuturalis and U.
venusta saxonica are found in the same sample. The result
is that only Subzone NSB 13b can be recorded in well 15/
12-3. The top of this zone is of Early Pliocene age,
according to King (1989).

UVIGERINA PYGMFEA LANGENFELDENSIS
ASSEMBLAGE

Designation: CS-FB.

Definition: The top of the assemblage is taken at the
highest occurrence of U. pygmea langenfeldensis. The base
is marked by the highest occurrence of Uvigerina sp. A
(King 1989).

Depth range: 1110-1160 m.

Material: Four ditch cutting samples.

Age: Middle Miocene.

Lithostratigraphic unit: Utsira Formation and Horda-
land Group.

Equivalent zones: Subzone NSB 13a of King (1989).

Description: This assemblage contains a moderately
rich benthonic fauna of mainly calcareous foraminifera.
There are somewhat fewer specimens than in the imme-
diately overlying section. U. pygmea langenfeldensis and
C. pliocarinata are botn common. Other characteristic taxa
include P. bulloides, G. subglobosa, C. limbatosuturalis,
B. elongata and Sphaeroidina bulloides (Fig. 7b).

Remarks: U. pygmea langenfeldensis is described from
Middle Miocene deposits of the North Sea (King 1989). S.
bulloides 1s known from Upper Oligocene to Upper
Miocene sediments of The Netherlands (Doppert 1980).

UVIGERINA SP. A ASSEMBLAGE

Designation: CS-GB.

Definition: The top of the assemblage is taken at the
highest occurrence of Uvigerina sp. A (King 1989). The
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base is marked by the highest consistent occurrence of
Asterigerina guerichi staeschei.

Depth range: 1160-1250 m.

Material: Five ditch cutting samples.

Age: Middle Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Subzone NSB 12b of King (1989).

Description: This interval contains a moderately rich
benthonic fauna of mainly calcarecus foraminifera. There
are somewhat fewer taxa in this interval than in the
immediately overlying section. U. pygmea langenfeldensis
occurs most frequently. Other characteristic taxa include
P. bulloides, G. subglobosa, C. limbatosuturalis, Uviger-
ina sp. A, B. elongata and S. bulloides (Fig. Th).

Remarks: A Uvigerina sp. A Subzone (NSB 12b) is
described from Middle Miocene sediments in the North
Sea (King 1989).

ASTERIGERINA GUERICHI STAESCHEI
ASSEMBLAGE

Designation: CS-HB.

Definition: The top of the assemblage is taken at the
highest consistent occurrence of A. guerichi staeschei. The
base is marked by the highest occurrence of U. tenuipus-
tulata.

Depth range: 1250-1300 m.

Material: Five ditch cutting samples.

Age: Middle Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Zone NSB 11 of King (1989), probably
Zone FD of Doppert (1980) and probably Zone NSR 9A of
Gradstein & Backstrom (1996).

Description: This assemblage contains a moderately
rich benthonic fauna of mainly calcareous foraminifera.
There are slightly fewer specimens in this assemblage than
in the immediately overlying section. No species occur
frequently, but important taxa are U. pygmea langenfel-
densis, B. elongata, A. guerichi staeschei, U. semiornata
saprophila, Cibicidoides d. peelensis, Hoeglundina ele-
gans, N. affine and P. bulloides (Fig. 7b).

Remarks: An A. guerichi staeschei Zone (NSB 11) is
described from lower Middle Miocene deposits in the
North Sea (King 1989).

UVIGERINA TENUIPUSTULATA ASSEMBLAGE

Designation: CS-1B.

Description: The top of the assemblage is taken at the
highest occurrence of U. tenuipustulata. The base is
marked by the highest occurrence of Plectofrondicularia
seminuda.

Depth range: 1300-1340 m.

Material: Four ditch cutting samples.

Age: Early Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Zone NSB 10 of King (1989).

Description: Benthonic taxa are slightly more numer-
ous In this assemblage than in the immediately over-
lying section. Calcareous foraminifera are dominant, but
a few agglutinated forms are also recorded. U.
tenuipustulata and A. guerichi staeschei occur most
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frequently. Other characteristic taxa include B. elongata,
Cibicidoides d. peelensis, H. elegans, S. compressa
(agglutinated), Chilostomellina fimbriata, Stainforthia
screibersina, P. bulloides, N. affine and Cibicidoides
pachyderma (Fig. 7b).

Remarks: An U. tenuipustulata Zone (NSB 10) is
described from Lower Miocene sediments in the North
Sea (King [989).

PLECTOFRONDICULARIA SEMINUDA
ASSEMBLAGE

Designation: CS-JB.

Definition: The top of the assemblage is taken at the
highest occurrence of P. seminuda. The base is marked by
the highest occurrence of Bolivina antigua.

Depth range: 1340-1380 m.

Material: Three ditch cutting samples.

Lithostratigraphic unit: Hordaland Group.

Age. Early Miocene.

Correlation: Zone NSB 9 of King (1989).

Description: There are somewhat fewer taxa in this
assemblage than in the immediately overlying assem-
blage. Calcareous benthonic foraminifera are dominant,
but a few agglutinated species are also recorded. No
species occur frequently, but important taxa are Epo-
nides wmbonatus, A. guerichi staeschei, Turrilina
alsatica, H. elegans, U. tenuipustulata, G. soldanii
girardana, P. seminuda, A. guerichi guerichi, P.
bulloides, N. affine, C. pachyderma and Haplophrag-
moides sp. (agglutinated) (Fig. 7b).

Remarks: A P. seminuda Zone (NSB 9) is described
from Lower Miocene deposits of the North Sea (King
1989).

BOLIVINA ANTIQUA ASSEMBLAGE

Designation: CS-KB.

Definition: The top of the assemblage is taken at the
highest occurrence of B. antiqua. The base is marked by
the highest occurrence of Cibicides sulzensis.

Depth range: 1380-1420 m.,

Material: Two ditch cutting samples.

Age: Early Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Subzone NSB 8c of King (1989).

Description: This assemblage contains a moderately
rich benthonic fauna of calcareous foraminifera. No
species occur frequently, but important taxa are B.
elongata, A. guerichi staeschei, T. alsatica, H. elegans,
U. tenuipustulata, C. fimbriata, B. antiqua, N. affine and P.
bulloides (Fig. 7b).

Remarks: King (1989) describes a B. antigua Subzone
(NSB 8c) from Upper Oligocene to lowermost Lower
Miocene deposits in the North Sea. Here, the assemblage is
of Early Miocene age.

CIBICIDES SULZENSIS ASSEMBLAGE

Designation: CS-LB.

Definition: The top of the assemblage is taken at the
highest occurrence of C. sulzensis, The base of the
assemblage 1s undefined.
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Depth 1420-1520 m studied
sample).

Material: Eight ditch cutting samples.

Age: Late Oligocene to Early Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Probably Subzone NSB 8c or Subzone
NSB 8b of King (1989), and probably the lower part of
Zone NSR 8B or Zone NSR 8A of Gradstein & Backstrom
{1996).

Description: Taxa are slightly more numerous in this
interval than in the immediately overlying section.
Calcareous forms are most important, but agglutinated
forms are also common. No species are very numerous, but
important calcareous taxa are C. sulzensis, E. umbonatus,
B. elongata, A. guerichi staeschei, T. alsatica, H. elegans,
U. tenuipustulata, B. antiqua, Trifarina gracilis, Valvuli-
neria petrolei, Karreria fallax, Buliminella carteri,
Nonion pompilioides, P. billoides and N. affine. Important
agglutinated taxa are S. compressa, Bathysiphon eoceni-
cus, Ammodiscus sp. A, A. biedal, Glomospira charoides,
R. rotundidorsatum and Spirosigmoilinella spp. (Fig. 7b).

Remarks: C. sulzensis 1s originally described from
Upper Oligocene deposits in Belgium (Batjes 1958).
According to King (1989), the following taxa are known
from Lower Oligocene to Lower Miocene deposits in the
North Sea: T. alsatica, V. petrolei, K. fallax, S. compressa,
Ammodiscus sp. A and A. biedai. According to Batjes
(1958), N. pompilioides, T. gracilis and B. carteri are
known from Upper Oligocene sediments in Belgium.

range: (lowermost

Planktonic assemblages

UNDEFINED INTERVAL

Depth range: 200 (uppermost investigated sample)-790
m.

Material: 30 ditch cutting samples.

Lithostratigraphic unit: Nordland Group.

In-place assemblage composition. Just a few specimens
of N. pachyderma (sinistral, unencrusted) are recorded
from the upper and lower parts of this interval.

Reworked assemblage composition: Heterohelix sp. and
Hedbergella sp. are recorded sporadically throughout the
interval. These taxa are derived from Upper Cretaceous
sediments.

NEOGLOBOQUADRINA PACHYDERMA
(DEXTRAL) ASSEMBLAGE

Designation: CS-AP.

Definition: The top of the assemblage is taken at the
highest occurrence of N. pachyderma (dextral). The base is
marked by the highest occurrence of N. atlantica (dextral).

Depth range: 790-840 m.

Material: Three ditch cutting samples.

Age: Late Pliocene.

Lithostratigraphic unit: Nordland Group.

Correlation: N. pachyderma (dextral) Zone of Weaver
(1987), Weaver & Clement (1987) and Spiegler & Jansen
(1989); Subzone NSP 16a of King (1989).

Description: Although planktonic foraminifera are
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sparse in this interval, they are significantly more common
than in the immediately overlying section. Most important
species are N. pachyderma (dextral) and N. pachyderma
(sinistral, unencrusted). T. guinqgueloba and the Upper
Cretaceous forms Hedbergella sp. and Heterohelix sp. are
also recorded (Fig. 7a).

Remarks: A N. pachyderma (dextral) Zone is described
by Weaver (1987) and Weaver & Clement (1987) from the
North Atlantic (DSDP Leg 94) and by Spiegler & Jansen
(1989) from the Vgring Plateaun in Upper Pliocene
deposits. On the Vgring Plateau, the zone is accurately
dated to 1.84-1.7 Ma.

NEOGLOBOQUADRINA ATLANTICA (DEXTRAL)
ASSEMBLAGE

Designation: CS-BP.

Definition: The top of the assemblage is taken at the
highest occurrence of N. atlantica (dextral). The base is
marked by the highest occurrence of G. bulloides.

Depth range: 840-850 m.

Material: One ditch cutting sample.

Age: Late Pliocene.

Lithostratigraphic unit: Nordland Group.

Correlation: Upper N. atlantica (dextral) Zone of
Spiegler & Jansen (1989).

Description: Planktonic foraminifera are slightly more
numerous in this assemblage than in the immediately
overlying assemblage. The following taxa are recorded: N.
atlantica (dextral), N. pachyderma (sinistral, unencrusted),
N. pachyderma (dextral) and T. quingueloba (Fig. 7a).

Remarks: An upper N. atlantica (dextral) Zone is
described from the Vgring Plateau in Upper Pliocene
deposits, and is accurately dated to 2.3—1.84 Ma (Spiegler
& Jansen 1989).

GLOBIGERINA BULLOIDES ASSEMBLAGE

Designation: CS-CP.

Definition: The top of the assemblage is taken at the
highest occurrence of G. bulloides. The base is marked by
the highest occurrence of N. atlantica (sinistral).

Depth range: §50-860 m.

Material: One ditch cutting sample.

Age: Late Pliocene.

Lithostratigraphic unit: Nordland Group.

Correlation: G. bulloides Zone of Weaver & Clement
(1986).

Description: In this assemblage, planktonic foramini-
fera are as numerous as in the immediately overlying
assemblage. G. bulloides, N. atlantica (dextral), N.
pachyderma (dextral) and N. pachyderma (sinistral,
unencrusted) occur most frequently. Other species include
T. quinqueloba and the redeposited Upper Cretaceous
forms Hedbergella sp. and Heterohelix sp. (Fig. 7a).

Remarks: A G. bulloides Zone is described from the
North Atlantic (DSDP Leg 94) in Upper Pliocene deposits
and is accurately dated to 2.3-2.1 Ma (Weaver & Clement
1986).

GLOBIGERINA BULLOIDES —
NEOGLOBOQUADRINA ATLANTICA (SINISTRAL)
ASSEMBLAGE
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Designation: CS-DP.

Definition: The top of the assemblage is taken at the
highest occurrence of N. atlantica (sinistral). The base is
marked by the highest occurrence of N. acostaensis.

Depth range: 860-1010 m.

Material: 10 ditch cutting samples.

Age: Early to Late Pliocene.

Lithostratigraphic unit: Nordland Group and Utsira
Formation.

Correlation: N. atlantica (sinistral) Zone of Weaver &
Clement (1986), N. atlantica (sinistral) Zone of Spiegler &
Jansen (1989) and Subzone NSP 15d of King (1989).

Description: This interval contains a moderately rich
planktonic foraminiferal fauna. Taxa are significantly
more numerous in this interval than in the immediately
overlying section. G. bulloides, N. atlantica (sinistral), V.
pachyderma (sinistral, unencrusted) and N. pachyderma
(dextral) occur most frequently. Other species include
Globigerina falconensis, T. quingueloba and the Upper
Cretaceous forms Hedbergella sp. and Heterohelix sp.
(Fig. 7a).

Remarks: A N. atlantica (sinistral) Zone is described
from the North Atlantic in Upper Pliocene deposits
(Weaver & Clement 1986), and from the Vgring Plateau
in Lower to Upper Pliocene deposits (Spiegler & Jansen
1989). The LAD of N. atlantica (sinistral) is, in both
areas, ca. 2.3 Ma (Weaver & Clement 1986; Spiegler &
Jansen 1989). On the Vgring Plateau, there is a marked
dominance of this species together with G. bulloides in
Pliocene deposits older than this. G. bulloides is also
found in the warmest interglacials of the last 1 Ma
(Kellogg 1977).

NEOGLOBOQUADRINA ATLANTICA (DEXTRAL) -
NEOGLOBOQUADRINA ACOSTAENSIS
ASSEMBLAGE

Designation: CS-EP.

Definition: The top of the assemblage is taken at the
highest occurrence of N. acostaensis. The base is marked
by the highest occurrence of B. fragori and B. subfragori.

Depth range: 1010-1110 m.

Material: Six ditch cutting samples.

Age: Late Miocene.

Lithostratigraphic unit: Utsira Formation.

Correlation: Lower N. atlantica (dextral) Zone of
Spiegler & Jansen (1989); N. atlantica (dextral)/N.
acostaensis Zone of Weaver (1987) and Weaver &
Clement (1987); Subzone NSP 15a of King (1989).

In-place assemblage composition: There are somewhat
fewer planktonic foraminifera in this interval than in the
immediately overlying section. N. acostaensis, G. bul-
loides and N. atlantica (sinistral) occur most frequently.
Other important taxa include N. atlantica (dextral), T.
quingueloba, N. pachyderma (dextral), Globigerinita
inflata (upper part) and G. puncticulata (lower part)
(Figs. 7a, b).

Reworked assemblage composition: A few specimens of
B. clodiusi are recorded from the middle part of the
interval. This form has probably been derived from
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deposits which correspond to the immediately underlying
assemblage.

Remarks: Spiegler & Jansen (1989) describe a lower V.
atlantica (dextral) Zone from Upper Miocene sediments
on the Vgring Plateau, and Weaver (1987) and Weaver &
Clement (1987) record a N. atlantica (dextral)/N. acos-
taensis Zone from Upper Miocene sediments in the North
Atlantic (DSDP Leg 94). N. acostaensis is reported from
deposits of Late to Middle Miocene age on the Vgring
Plateau (Spiegler & Jansen 1989; Miiller & Spiegler 1993).
King (1989) describes a N. acostaensis Zone from Upper
Miocene deposits in the North Sea.

BOLBOFORMA FRAGORI — BOLBOFORMA
SUBFRAGORI ASSEMBLAGE

Designation: CS-FP.

Definition: The top of the assemblage is taken at the
highest occurrence of B. fragori and B. subfragori. The
base is marked by the highest occurrence of Bolboforma
badenensis.

Depth range: 1110-1200 m.

Material: Six ditch cutting samples.

Age: Middle Miocene.

Lithostratigraphic unit: Utsira Formation and Horda-
land Group.

Correlation: B. fragori/B. subfragori Zone of Spiegler
& Miiller (1992) and Miller & Spiegler (1993) and
Subzone NSP 14a of King (1983).

Description: This assemblage contains a rich planktonic
fauna of foraminifera and Bolboforma. Bolboforma are
dominant, while foraminifera are subordinate. B. clodiusi
is the most common Bolboforma. Other important species
include B. fragori, B. subfragori, B. pseudohystrix and B.
laevis. B. metzmacheri, B. aculeata and B. compressispi-
nosa are also recorded. G. bulloides, N. atlantica (sinis-
tral), N. atlantica (dextral) and N. acostaensis are the most
important foraminifera (Fig. 7b).

Remarks: The known stratigraphic ranges of the most
important planktonic foraminifera are discussed above
under the descriptions of the CE-DP and CS-EP assem-
blages. A B. fragori/B. subfragori Zone is described from
deposits with an age of ca. 11.5-9.6 Ma from the North
Atlantic and the Vgring Plateau (Spiegler & Miiller 1992;
Miiller & Spiegler 1993).

Spiegler & Miiller (1992) and Miiller & Spiegler (1993)
describe a B. metzmacheri Zone {(lowermost Upper
Miocene) above the B. fragori/B. subfragori Zone in the
North Atlantic and on the Vgring Plateau. In well 15/12-3,
B. metzmacheri does not reach higher than B. fragori and
B. subfragori. This may indicate that B. metzmacheri is
caved from the overlying assemblage, without being
recorded there, or that the LAD of this form is slightly
different in the Sleipner area than in the North Atlantic and
in the Norwegian Sea.

BOLBOFORMA BADENENSIS — BOLBOFORMA
RETICULATA ASSEMBLAGE

Designation: CS-GP.

Definition: The top of the assemblage is taken at the
highest occurrence of B. badenensis. The base is marked
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by the highest consistent occurrence of Globigerina
praebulloides.

Depth range: 1200-1260 m.

Material: Four ditch cutting samples.

Age: Middle Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: B. badenensis and B. reticulata Zones of
Spiegler & Miiller (1992); B. badenensis/B. reticulata
Zone of Miiller & Spiegler (1993), and probably Zone NSP
13 of King (1983).

Description: This assemblage contains a rich planktonic
fauna of mainly Bolboforma. A few planktonic foramini-
fera are also recorded. B. clodiusi, B. pseudohystrix, B.
badenensis and B. reticulata are the most common
Bolboforma. Other species include B. laevis, B. subfragori,
B. fragori, B. compressispinosa and B. compressibaden-
ensis. The few foraminifera include G. bulloides, N.
atlantica (sinistral) and N. acostaensis (Fig. 7b).

Remarks: Spiegler & Miller (1992) describe a B.
badenensis Zone and a B. reticulata Zone from the North
Atlantic, and Miiller & Spiegler (1993) describe a B.
badenensis/B. reticulata Zone from the Vgring Plateau.
These zones are recorded from deposits with an age of ca.
14-11.5 Ma (Spiegler & Miiller 1992).

GLOBIGERINA PRAEBULLOIDES ASSEMBLAGE

Designation: CS-HP.

Definition: The top of the assemblage is taken at the
highest consistent occurrence of G. praebulloides. The
base is marked by the highest occurrence of G. ciperoensis
and the highest consistent occurrence of G. woodi.

Depth range: 1260-1300 m.

Material: Four ditch cutting samples.

Age: Middle Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Zone NSP 12 of King (1983) and Zone
NSR 8B of Gradstein & Backstrom (1996).

Description: This interval contains a rich planktonic
fossil assemblage of radiolaria, Bolboforma, foraminifera
and pyritized diatoms. Radiolaria and Bolboforma are
dominant, while foraminifera and diatoms being subordi-
nate. B. pseudohystrix is the most common Bolboforma,
followed by B. reticulata, B. badenensis, B. compressiba-
denensis and B. subfragori. G. praebulloides is the most
common foraminifer. Other species include N. mayeri, G.
angustiumbilicata, G. woodi and S. disjuncta (Fig. 7b).

Remarks: G. praebulloides is known from Oligocene to
lower Upper Miocene (common in Middle Miocene)
deposits in the North Atlantic (Poore 1979) and from
Oligocene to lower Middle Miocene deposits in the North
Sea (Gradstein & Backstrom 1996). G. woodi is known
from Upper Oligocene to Lower Pliocene sediments in the
North Atlantic (Poore 1979). S. disjuncta is known from
Lower to Middle Miocene sediments in the North Sea
(Gradstein & Backstrom 1996). G. angustiumbilicata is
known from Upper Oligocene to Lower Pliocene deposits
(Kennet & Srinivasan 1983). This indicates an early
Middle Miocene age for this interval. The Bolboforma
recorded in this interval are probably caved.
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GLOBIGERINA CIPEROENSIS — GLOBIGERINA
WOoODI ASSEMBLAGE

Designation: CS-IP.

Definition: The top of the assemblage is taken at the
highest occurrence of G. ciperoensis and the highest
consistent occurrence of G. woodi. The base is marked
by the highest occurrence of Diatom sp. 4 (King 1983).

Depth range: 1300-1340 m.

Material: Four ditch cutting samples.

Age: Early Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Lower part of Zone NSR 8B of Gradstein
& Bickstrom (1996).

Description: This interval contains a rich planktonic
fossil assemblage of foraminifera, radiolaria and pyr-
itized diatoms. G. ciperoensis and G. woodi occur most
frequently of the foraminifera. Other important species
are G. praebulloides, G. angustiumbilicata, G. zealan-
dica, G. praescitula and G. quadrilobatus triloba (Fig.
7b).

Remarks: The known stratigraphic ranges of most of the
planktonic foraminifera are discussed above under the
description of assemblage CS-GP. G. ciperoencis is
described from Upper Oligocene to Lower Miocene
deposits in the North Atlantic (Leg 49) (Poore 1979) and
in the North Sea (Gradstein & Backstrom 1996). G.
zealandica and G. praescitula are known from Lower
Miocene to lower Middle Miocene sediments from the
North Atlantic (Poore 1979). This indicates an Early
Miocene age for this interval.

DIATOM SP. 4 ASSEMBLAGE

Designation: CS-JP.

Definition: The top of the assemblage is taken at the
highest occurrence of Diatom sp. 4 (King 1983). The base
is marked by the highest occurrence of Diatom sp. 3 (King
1983).

Depth range: 1340-1460 m.

Material: Nine ditch cutting samples.

Age: Early Miocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Zone NSP 10 of King (1983).

Definition: This assemblage contains a rich planktonic
fossil assemblage of pyritized diatoms, foraminifera and
radiolaria. Diatom sp. 4 occurs throughout the zone. G.
ciperoensis and G. woodi occur most frequently of the
foraminifera. Other important species include G. praebul-
loides, G. zealandica, G. praescitula, G. angustiumbilicata
and S. disjuncta (Fig. 7b).

Remarks: The known stratigraphic ranges of the
planktonic foraminifera are discussed previously, under
the descriptions of the CS-HP and CS-IP assemblages.
Diatom sp. 4 is known from Lower Miocene deposits in the
North Sea (King 1983).

DIATOM SP. 3 ASSEMBLAGE

Designation: CS-KP.

Definition: The top of the assemblage is taken at the
highest occurrence of Diatom sp. 3 (King 1983). The base
of the assemblage is undefined.
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Depth range: 1460-1520 m.

Material: Four ditch cutting samples.

Age: Late Oligocene.

Lithostratigraphic unit: Hordaland Group.

Correlation: Subzone NSP 9c of King (1989).

Description: This interval contains a moderately rich
planktonic fossil assemblage of pyritized diatoms and
foraminifera. Diatom sp. 3 and Diatom sp. 4 occur
throughout. G. praebulloides, G. angustiumbilicata, S.
disjuncta and G. ciperoensis occur most frequently among
foraminifera (Fig. 7b).

Remarks: Diatom sp. 3 is known from Upper Oligocene
to lowermost Lower Miocene deposits in the North Sea
(King 1989). The stratigraphic range of the benthonic
foraminifera in this interval indicates that Lower Miocene
can be ruled out. Most of the recorded planktonic
foraminifera are probably caved.

Lithology and lithostratigraphy

Upper Oligocene to lower part of Middle Miocene
(Hordaland Group)

The petrophysical logs and ditch cutting samples show that
this section contains mostly clay, with small proportions of
sand, silt and limestone.

Upper part of Middle Miocene to lower part of Upper
Pliocene (Utsira Formation)

Light grey sand dominates this interval. The sand contains
mainly quartz grains, but some glauconite grains are also
present. The lower part of the section also contains quite a
large proportion of silt and clay. Mollusc fragments are
common in the sandiest part of the section.

Robertson Research (1996) describes a Tampen Spur
Sandstone Member (informal name) which lies above and
is separated from the Utsira Formation by a clay-rich
interval. According to Robertson Research (1996), the
Tampen Spur Sandstone Member is of latest Early
Pliocene age and is mainly located in the northern North
Sea, but can perhaps also be followed to the Norwegian
Quadrant 15.

The sandy section in well 15/12-3 is interpreted as a
single unit not subdivided by significant clay intervals.
This sandy unit corresponds to the Utsira Formation of the
type well (Isaksen & Tonstad 1989), and in this paper is
called the Utsira Formation. However, the age of its upper
part is younger than in the type well. The relation between
the younger part of the sandy unit in well 15/12-3 and the
Tampen Spur Sandstone Member of Robertson Research
{1996) has not been investigated in this study.

Upper part of Upper Pliocene and Pleistocene (Nordland
Group)

The samples in the lower part of the Pleistocene/upper part
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of the Upper Pliocene section contain a diamicton
dominated by clay, but with a large proportion of pebbles
of both crystalline and sedimentary origin. These sedi-
ments are attributed to glaciomarine environments.

The ditch cutting samples from the uppermost ca. 300 m
of the well contain a sandy diamicton. The petrophysical
logs from this section show that the sand is concentrated in
thick beds with fine-grained intervals between. These
sediments are interpreted as glacial and glaciofluvial
depositions.

The large proportion of ice-rafted pebbles indicates that
sediments are deposited after the great increase in ice-
rafted detritus at the Vgring Plateau. This event started at
about 2.6 Ma (Jansen & Sjgholm 1991; Fronval & Jansen
1596).

Paleoenvironments
Upper Oligocene

Pyritized diatoms dominate the planktonic fossil assem-
blage in this interval. Foraminifera and radiolaria are far
less numerous. Calcareous foraminifera dominate the
benthonic fauna, but agglutinated forms are also common.
Calcareous benthonic deep water indicators such as P.
seminuda and C. sulzensis (Skarbg & Verdenius 1986) are
recorded. The content of agglutinated foraminifera is
probably a response to somewhat restricted vertical water
circulation. The Upper Oligocene section was probably
deposited in an upper bathyal environment.

Lower Miocene

The Lower Miocene contains a rich planktonic assemblage
including foraminifera, radiolaria and pyritized diatoms.
The deep water indicators N. affine and P. bulloides occur
consistently throughout. Several more deep water indica-
tors, such as P. seminuda, B. antiqua and C. sulzensis
(Skarbg & Verdenius 1986), are also recorded. This
section was probably deposited in an upper bathyal
environment.

Middle Miocene

In this interval planktonic fossils are common. Species of
Bolboforma is the dominant group. Planktonic foramini-
fera are far less numerous, except in the lower part, where
these are also common. The deep water indicators N. affine
and P. bulloides occur consistently throughout the interval.
This section was probably deposited in an outer neritic
environment.

Upper Miocene and Lower Pliocene

The Upper Miocene and Lower Pliocene make up of the
bulk of the sandy Utsira Formation. According to Isaksen
& Tonstad (1989), the Utsira Formation is a shallow
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marine deposit. However, the consistent occurrence of
planktonic foraminifera and Bolboforma, and the bentho-
nic deep water indicators N. affine and P. bulloides,
suggest that the formation was deposited in deeper water in
this area. According to Rundberg (1989), the northern
North Sea area was a shallow marine passage between
deeper water to the south and north during the Late
Miocene. The corresponding sediments in the Ekofisk area
are deep water depositions. The depositional environment
in the Sleipner area was probably in a middle position
between the Ekofisk area and the northern North Sea area,
and was probably middle to outer neritic.

Upper Pliocene

Planktonic foraminifera are commeon throughout most of
this section; the largest proportion is found in its middle
part. The upper and lower parts contain fewer planktonic
specimens. The deep water indicator N. affine and the
shallow water indicators of the genus Elphidium occur
consistently in the Upper Pliocene. The Upper Pliocene
section was probably deposited in a middle neritic
environment. Glacigenic material and the consistent
occurrence of both boreal and arctic benthonic foramini-
fera indicate cold to transitional water conditions.

Pleistocene

The Pleistocene section contains very few planktonic
foraminifera, indicating little contact with open ocean
and fairly shallow marine conditions. Shallow marine
conditions are also indicated by a large proportion of the
benthonic genus Elphidium. A large proportion of ice-
rafted pebbles in the sediments and a high content of arctic
benthonic foraminifera indicate cold water conditions. The
Pleistocene section was probably deposited in an inner
neritic environment.

Summary and correlation between well sites
Upper Oligocene to lower part of Lower Miocene

The unit below the intra-Lower Miocene reflector (ILM on
Fig. 4), i.e. the lower part of the Lower Miocene and the
investigated part of the Upper Oligocene, contains mostly
clay with small proportions of silt, sand and some
limestone stringers.

No planktonic index fossils are found in the upper part
of this unit in the Ekofisk well. In the lower part, the same
diatom index fossils are found in both areas (assemblages
CE-KP/CE-LP and CS-JP/CS-KP). The benthonic fauna is
very different in the two areas. In the Ekofisk well almost
exclusively agglutinated forms have been recorded, while
in the Sleipner well there are almost exclusively calcareous
forms in the upper part of the unit. In the lower part
calcareous forms are dominant, but some agglutinated
forms are also found. This indicates deposition in a
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somewhat restricted basin in the Ekofisk area, as opposed
to the better ventilated basin at the Sleipner site. The water
depth was probably upper bathyal in both areas (Fig. 9).

Upper part of Lower Miocene to lower part of the Mid-
dle Miocene

The ILM reflector (Fig. 4), which lies in the upper part of
the Lower Miocene in both wells, marks the base of two
basins with a threshold in between. The wells penetrate the
deepest part of each basin. The IMM reflector (Fig. 4) is
developed in the upper part of the Middle Miocene in both
wells. Below this reflector there is a hiatus in the Ekofisk
well, and the middle part of Middle Miocene is missing in
this area. In the Sleipner well it is not possible to detect a
hiatus. In both areas this unit contains mostly clay with
small proportions of silt and sand.

The same planktonic index fossils are found in both
areas. However, in the lowermost planktonic assemblages
(CE-JP and CS-IP), there are far more G. woodi compared
to G. cipervensis in the Sleipner area than in the Ekofisk
area. This indicates somewhat different pathways to the
open ocean from the two areas. In addition, the benthonic
index foraminifera are identical in the two areas within the
lower part of the unit (assemblages CE-JB and CS-IB).
This is not the case for the upper part, but this interval can
be correlated by means of the planktonic fossils. Through-
out the whole unit there are far more agglutinated
foraminifera in the Ekofisk area than in the Sleipner
area. This indicates deposition in a more restricted basin in
the Ekofisk area. The water depth was probably upper
bathyal in both areas during the late Early Miocene, and
during the early Middle Miocene in the Ekofisk area. In the
Sleipner area the water depth was probably outer neritic
during the early Middle Miocene (Fig. 9). The late
Cenozoic climatic cooling had not yet commenced
(Fronval & Jansen 1996).

The sedimentary unit between the seismic reflectors
ILM and IMM can only be detected on seismic data in the
Central Graben. This unit thins out on the flanks of the
basin. These sediments have probably very little perme-
ability, since they function as a pressure barrier in the
Tertiary in the Central Graben.

Upper part of Middle Miocene to Lower Pliocene

Lower Pliocene, Upper Miocene and the uppermost part of
Middle Miocene form one seismic unit. This unit thins
towards north, and the IMM reflector lies much deeper in
the Ekofisk area than in the Sleipner area (Fig. 4). In the
Ekofisk area the unit contains mostly clay. Northwards
there is a shift in lithology, and the deposits turn into the
Utsira sand in the Sleipner area.

The same planktonic index fossils are found in both
areas. This is also the case for the benthonic fauna in the
Lower Pliocene and upper part of the Upper Miocene, but
in the lower part of the Upper Miocene and upper part of
the Middle Miocene, the benthonic fauna is somewhat
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different. In the Ekofisk well this section contains a large
proportion of agglutinated forms, while the Sleipner well
contains only calcareous foraminifera. This indicates
deposition in a deeper and more restricted basin in the
Ekofisk area than at the Sleipner site. A greater water depth
in the Ekofisk area is also indicated by the faunas in the
Early Pliocene and late part of the Late Miocene, but at that
time there was well developed vertical water circulation in
both areas (Fig. 9). The foraminiferal fauna indicates an
upwards cooling trend.

Upper Pliocene

The BUTDp reflector (Fig. 4) lies at approximately the same
depth level in the two areas, and the Upper Pliocene
section thins towards the north. In the Sleipner area the
BUTp reflector marks the top of the Utsira Formation, and
in well 15/12-3 the top of this formation is slightly above
the Lower/Upper Pliocene boundary.

In the Ekofisk area the Upper Pliocene section contains a
clay-rich diamicton with small proportions of sand, silt and
ice-rafted pebbles (down to 900 m). In the Sleipner area the
Upper Pliocene section above the Utsira Formation also
contains a clay-rich diamicton, but with larger proportions
of silt, sand and ice-rafted pebbles. The Utsira Formation is
dominated by sand.

The same benthonic and planktonic index foraminifera
are found in both areas. The only major exception is the
upper N. atlantica (dextral) assemblage, which is only
recorded in well 2/4-C-11. However, this unit is very thin
both in the Ekofisk area and on the Vgring Plateau
(Spiegler & Jansen 1989), and therefore its absence does
not necessarily suggest the presence of a hiatus. The water
was probably somewhat deeper in the Ekofisk (outer to
middle neritic) than in the Sleipner area (middle neritic) in
the early part of the Late Pliocene. In the late part of Late
Pliocene the water depth was probably middle neritic in
both areas (Fig. 9). The water conditions during the Late
Pliocene were probably cold to transitional.

The Upper Pliocene is relatively complete in both wells,
and its lower part, i.e. deposits from 3.5-2.6 Ma, is also
present. In most areas on the Norwegian continental shelf
north of the Central Graben, there is probably a hiatus in
the Upper Pliocene, and the lower part of Upper Pliocene is
probably missing (Eidvin & Riis 1992; Eidvin et al. 1993a,
1998a, 1998b).

Pleistocene

The seismic profile (Fig. 4) shows that the Pleistocene
deposits thicken towards north, from the Ekofisk towards
the Sleipner area. The lower part of the Pleistocene section
in well 2/4-C-11 contains a clay-rich diamicton with small
proportions of sand, silt and ice-rafted pebbles. In well 15/
12-3 this part also contains a diamicton dominated by clay,
but with a much larger proportion of ice-rafted pebbles.
The Lower Pleistocene deposits are, in both areas,
interpreted as glaciomarine and marine sediments. The
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uppermost ca. 300 m of both wells 2/4-C-11 and 15/12-3
(Middle to Upper Pleistocene) contain thick sand beds with
fine-grained intervals between. These deposits are inter-
preted as glacial and glaciofluvial sediments.

The same Pleistocene benthonic index foraminifera are
found in both areas (Figs. 8, 9). However, the LAD of C.
grossus is somewhat later in the Sleipner area than in the
Ekofisk area. The planktonic foraminifera are too few to
erect a planktonic zonation scheme. The foraminiferal
fauna indicates shallow marine, cold water conditions in
both areas (Fig. 9).

The Lower Pleistocene accumulation area in the Central
Graben probably represents the depocenter for the sedi-
ments transported by the rivers flowing northwards from
the northwestern European mainland. The Middle and
Upper Pleistocene depositional processes were probably
controlled mainly by the three latest and largest glacia-
tions, i.e. Elsterian, Saalian and Weichselian (Cameron et
al. 1987; Sejrup et al. 1987).
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This study is based on biostratigraphic analysis of upper Cainozoic strata in eight exploration
and production wells from the Tampen area (Snorre and Visund fields), and one well from the
Troll Field. Dating of the units is based primarily on planktonic and benthic foraminifera.
Eleven fossil assemblages have been defined in sediments from the Lower Oligocene to the
Pleistocene. In addition, strontium isotope, lithologic and petrophysical log analyses have
been performed, and the studied wells have been correlated along regional 2-D and 3-D
seismic lines.

In the Troll area the Pleistocene rests unconformably on the Lower Oligocene. The
upper part of the Upper Oligocene is absent in all the Tampen wells. In the Visund area (block
34/8) there is a hiatus of more than 2 m.y. between Oligocene and Lower Miocene strata, and
in the Snorre area (blocks 34/4 and 34/7) there is a hiatus of more than 18 m.y. between
Oligocene and Upper Miocene deposits.

The Neogene section has been subdivided into five major lithologic units. In the
Visund area, a Lower Miocene unit (1) of dominantly fine-grained, silty sediments has been
identified. A major hiatus separates this unit from the overlying Utsira Formation (2), which
in the northern North Sea comprises a thick lower part composed of quartzose sand and a
thinner upper part of glauconitic sand. The main sands of the Utsira Formation are not present
in any of the studied wells, but preliminary results from well 35/11-1 indicate a Late Miocene
to possible latest Middle Miocene age for this unit. The glauconitic part of the Utsira

Formation (Late Miocene to earliest Early Pliocene in age) overlies the Oligocene strata in the



Snorre area and the Lower Miocene deposits in the Visund area. To the east it may drape over
the main Utsira Formation sands or partly interfinger with these. It is overlain by a basal
upper Pliocene unit (3) consisting of gravity flow deposits. Cores from this unit exhibit ice-
rafted pebbles and have a glacio-marine affinity. A thick complex of Upper Pliocene
prograding wedges (4) downlap the basal Pliocene unit in the Tampen area and the Utsira
Formation in the eastern part of the basin. It is unconformably overlain by a Pleistocene unit
at the top (5).

An important feature of the Neogene succession is a large incised valley/canyon
system which is developed in a north-westerly direction from block 35/8 (off Sognefjorden) to
about 62°N. This erosive system cuts into the basal Upper Pliocene unit in block 34/3 and is

thus much younger than has been previously suggested.
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Introduction

Sands are commonplace in the Lower Neogene succession of the northern North Sea. These
sands usually occur at the base of the Neogene and are separated by a large hiatus from the
Oligocene sediments of the underlying Hordaland Group (Isaksen & Tonstad 1989). They
reach a gross thickness in excess of 200 m in the central parts of the basin (Quadrant 30; Fig.
1), and are distributed laterally as a composite sand body with an elongate, north-south
orientation.

The Utsira Formation was first defined by Deegan & Scull (1977) and later by Isaksen
& Tonstad (1989) as a sand rich interval of Middle to Late Miocene age (well type section in
16/1-1).

However, the term "Utsira Formation" has commonly been used imprecisely by

geological consultants and other scientists/geologists, and has in many cases been applied to



all sandy Neogene units in the northern North Sea, regardless of lithofacies, age and
depositional environment. In the Snorre and Visund areas (Fig. 1), for example, Upper
Pliocene turbiditic sands and lowstand sequences have been included in the Utsira Formation,
The reason for this is that these sands were previously assigned a Miocene age, based on
Miocene index fossils which we now consider to be reworked. However, our work on recently
cored sections and sidewall cores from wells in the Snorre and Visund fields provides new
information regarding the Neogene succession of this part of the North Sea.

Our investigation of nine hydrocarbon exploration and production wells is a combined
biostratigraphical, seismostratigraphical, lithostratigraphical and geochemical study. The main
purpose was to improve the chronology of the Neogene sequences and to better constrain the
age of the main sequence boundaries. A secondary objective has been to use microfauna to
interpret depositional environments. Emphasis has been placed on the lower part of the
Nordland Group (Isaksen & Tonstad 1989), including the Utsira Formation. The prograding
Upper Pliocene unit has been studied in details in two wells, whereas the Pleistocene is
considered in one well only. All absolute ages referred to in the present study are based on
Berggren et al. (1995). In order to ensure that the results reported here are consistent with
electric logs and other technical information, all depths are expressed as metres below the rig
floor (m RKB).

In the Viking Graben, the main period of hydrocarbon generation took place during
the late Cainozoic. Precise dating of the Neogene succession is therefore important in oil and
gas exploration because it provides constraints on burial history models. An improved
chronology of the Neogene succession is also of crucial importance in understanding the basin

evolution and sedimentary history of the area.

Previous work

The northern North Sea has been extensively explored, and many hydrocarbon exploration
and production wells have been drilled. Unpublished routine biostratigraphic datings for most
of these wells have been performed by consultants commissioned by the oil companies.
However, the upper Cainozoic succession has usually not been given high priority, and the

datings are often inadequate.



Based on the analysis of mainly ditch cutting samples from a number of wells, King
(1983, 1989) published a detailed foraminiferal zonation for the Cainozoic of the entire North
Sea. A detailed probabilistic foraminiferal zonation was established by Gradstein &
Bickstrom (1996) for the North Sea and the Haltenbanken areas.

In recent years, several papers and reports have been published dealing with the
chronology of upper Cainozoic deposits in exploration wells from the northern North Sea
area; Eidvin et al. (1991), Steurbaut et al. (1991), Seidenkrantz (1992; Upper Pliocene and
Pleistocene), Eidvin & Riis (1992) and Gradstein et al. (1992, 1994). Rundberg & Smalley
(1989) performed age determinations from exploration wells based on strontium isotope
stratigraphy. In the present paper we present the results of new analyses of the three wells
described in the report by Eidvin & Riis (1992) and one of the wells described in that of
Eidvin et al. (1991) and the paper of Rundberg & Smalley (1989). In addition the present
study includes analyses of five new wells.

Sejrup et al. (1995) have investigated cores from a geotechnical borehole from the
Troll Field (Fig. 1), which penetrated the base Pleistocene unconformity. The cores from this
borehole were subjected to palacomagnetic, amino acid and foraminiferal analyses.

Rokoengen et al. (1983), Rundberg (1989), Jordt et al. (1995 and in press), King et
al. (1996), Sejrup et al. (1996), Gregersen et al. (1997), Gregersen (1998) and Martinsen et al.
(1999) have performed important regional seismic studies from the Neogene succession of the

northern North Sea area.

The study area and geologic setting

Eight of the wells selected for this study are situated in the Tampen Spur area of the northern
North Sea (Fig. 1). Wells 34/7-1, 34/4-7 and 34/4-6 are located on the Snorre field. Wells
34/8-9S, 34/8A-1H, 34/8-1, 34/8-3A are situated on the Visund field and 34/2-4 is located on
the northern Tampen Spur close to the Mare Basin.

The Tampen Spur is a Mesozoic structural high situated west of the northern Viking
Graben. The high exhibits a NNE-orientation, plunging towards the Mere Basin to the north.
The structure at Lower Cretaceous level is overlain by Upper Cretaceous and Cainozoic
sediments. Deep marine mudstones dominate the lower Tertiary sediments of the

northernmost North Sea. Turbiditic sands are found adjacent to the Shetland Platform to the



west, and to the Fennoscandian High to the east. The Eocene-Oligocene transition is
characterised by an abrupt lithological shift from greenish, very fine-grained mudstones, to
brownish, coarser mudstones. This change in lithology marks a shift to a colder climate, and
also coincides with the onset of the “mid-Tertiary” compressional regime that affected the
entire North Atlantic region. Oligocene sediments comprise coarsening-upward mudstones
with glauconitic siltstones at the top, introducing shallower marine environments at the

transition to the Neogene deposits (Rundberg 1989).

Seismic stratigraphic framework

A cross-section showing the post-Oligocene succession in the Norwegian part of the northern
North Sea is illustrated on the seismic line in Fig. 2. The succession has been subdivided into
sequences as follows: (1) the lower Miocene sequence at the base; (2) the Middle/Upper
Miocene-basal Lower Pliocene sequence comprising the Utsira Formation; (3) the basal
Upper Pliocene sequence; (4) the thick prograding Upper Pliocene complex; and (5) the
Pleistocene sequence at the top.

Along the axis of the basin, there is a well-defined seismic sequence (1) reaching
about 200 m in thickness (Fig. 2). The sequence (Early Miocene in age) has a low amplitude,
continuous reflection pattern internally, and appears to onlap the basin margins. The base is
marked by onlap onto the top Oligocene unconformity. The top is defined to the west by
toplap truncation, and to the east by a prominent reflector marking the base of the sandy
Utsira Formation. The sequence pinches out to the east and west respectively (Fig. 2). It is
only recorded in wells in the Visund Field in the Tampen area. The areal distribution of the
sequence is shown in Fig. 1. To the north, the sequence pinches out at about 61°30'N.
Southwards, the sequence is more difficult to map due to the gradual development of a
chaotic internal seismic character.

The overlying Utsira Formation (2) comprises a thick lower part of mainly quartzose
sand, and a thinner upper part of glauconitic sand. The lower part is not present in any of the
studied wells, but preliminary results from a study of this almost totally fossil-barren unit in
well 35/11-1 (Fig. 1) indicate a Late Miocene to possible latest Middle Miocene age. It is
thickest in the east and thins westwards towards the Tampen area (Fig. 2). The areal extent of

the lower sand is shown in Fig. 1. The upper glauconitic part of the Utsira Formation (Late



Miocene-earliest Early Pliocene in age) is present in the Tampen wells. It is not clearly
resolved on seismic sections, but is readily defined on wireline logs. It is about 15 m thick in
block 34/4 and up to 50 m thick in block 34/8. In Fig. 2, the glauconitic part is shown
overlying the Lower Miocene deposits in Visund well 34/8-3A and the Oligocene deposits in
Snorre well 34/7-1. It may drape over, or may partly interfinger with the main Utsira
Formation sands. The top of the Utsira Formation is defined on seismic in the east by the
noticeable downlap of Upper Pliocene clinoforms. To the west, the transition to the overlying
glauconitic sands and the basal Upper Pliocene sequence can be identified by a strong seismic
event. To the north and northeast, the Utsira Formation sands were removed by erosion during
the Pliocene, but time-equivalent sequences are probably present to the west of the Agat area
(Fig. 1) and along the Mgre margin (Y. Rundberg, personal observation).

In the Tampen area, a distinct seismic sequence (3) is identified at the base of the
prograding Upper Pliocene complex. It is about 70 m thick in the Snorre wells and pinches
out towards the east and west. The sequence is interpreted to consist of lowstand gravity
deposits, laid down at the head of the prograding complex during an early phase of
development.

The extensive incised valley/canyon system shown in Fig. 1 is an important feature of
the Neogene strata of the northern North Sea. The system incises into the Oligocene deposits
in the eastern part of the basin over an extensive area. As shown in Fig. 3, the incision
postdates the basal Upper Pliocene sequence seen in well 34/2-4 (see discussion).

The Upper Pliocene complex is characterised by thick, westward prograding
clinoforms (4). The base of the prograding complex is defined by the termination of downlap
reflections against the underlying surface. In the Tampen area a thickness of up to 700 ms
(approximately 650 m) is recorded. The Upper Pliocene strata comprise a number of
individual sequences that prograde in a northwesterly direction. These are separated by
several truncation surfaces, three of which are shown in Fig. 2. The lowermost truncation
surface is only partly preserved. The middle truncation surface is the most pronounced and
can be mapped across the entire northern North Sea. At certain locations in the eastern part of
the northern North Sea, the Upper Pliocene strata rest directly on Oligocene sediments (Fig.
2).

The Pleistocene sequence (5) is identified below the seaﬂoof with its prominent lower
boundary showing distinct onlap reflection terminations above and toplap truncations below.
The seismic sequence attains a thickness of about 200 m close to the Norwegian margin, as

seen in well 31/3-1 (Fig. 1), and thins to a few tens of metres in the Tampen area.



Material and methods

In most of the studied wells, the biostratigraphic analyses were performed largely on ditch
cutting samples. Sidewall cores were available in wells 34/4-7 (12 cores) and 34/7-1 (14
cores). In wells 34/8A-1H and 34/8-9S the work is based on material from cored sections in
the base Upper Pliocene.

In general, no samples have been available from shallower than about 100 m below the
seafloor. Consequently the Pleistocene section is not sampled in the Snorre and Visund fields.
However, this section is investigated in well 31/3-1 in the Troll Field and by Sejrup et al.
(1995). In wells 34/2-4, 34/4-7, 34/7-1 and 34/8-3 A the work started in the lower part of the
Upper Pliocene strata. Samples from the upper part of the Upper Pliocene deposits were not
used. Ditch cuttings are usually sampled at 10 m intervals in upper Cainozoic sections. All the
available samples were analysed, with the exception of some of the thicker units where
intervals of 20-30 m were chosen (Tables 1 and 2).

The samples were analysed primarily for planktonic and benthic foraminifera.
Reworked Bolboforma (calcareous cysts) were recorded in the Upper Miocene and Upper
Pliocene sections in several wells. Pyritised diatoms were used to establish the stratigraphy in
Lower Miocene and Oligocene deposits.

Between 50 and 100 g of material were used to analyse conventional core samples and
cuttings. Sidewall cores contain less sample material, and thus produce incomplete, non-
representative faunal assemblages. Sidewall core and conventional core analyses do, however,
provide useful in situ assemblages, because the material is generally not contaminated by
cavings.

Fossil identifications were performed in the 106-500 um fraction. In some cases the
fraction larger than 500 pum and the fraction less than 106 um were also studied. If possible,
300 individual fossils were picked from each sample. In order to optimise identification of the
foraminiferal assemblages, a number of samples rich in terrigenous grains were gravity-
separated in heavy liquid. In such cases, 1000-1500 individuals were analysed in fossil rich
samples. The stratigraphically important fossils are reported in the range charts in Figs. 5-13.
For wells 34/4-7 and 34/7-1 separate range charts for fossils recorded in ditch cutting samples



and those recorded in sidewall cores are presented. The range charts for the sidewall cores in
wells 34/4-7 and 34/7-1, and those for the cored sections in wells 34/8 A-1H and 34/8-9S,
show all the fossils recorded.

The lithologic analyses are based on a visual examination both of the samples prior to
treatment, and also of the dissolved and fractionated material after preparation. Owing to
problems caused by caved material, only a very generalised description was deemed
appropriate for most sections. However, the sidewall cores in wells 34/4-7 and 34/7-1 and the
short conventional cores in wells 34/8A-1H and 34/8-9S allowed more accurate lithologic
descriptions of these parts. These samples are of crucial importance to the reconstruction of
the basin history.

Strontium isotope analyses were performed on parts of sections in most wells.
Analysis was conducted mainly on tests of calcareous foraminifera, but mollusc fragments
were also utilised in some wells. The material was taken mainly from sidewall and
conventional cores, but ditch cutting samples were also used. Ages for these samples were
obtained by comparing the $7Sr/%Sr-ratio to the global strontium isotope curves of Farrell et

al. (1995) and Howarth and McArthur (1997).

Lithology, lithostratigraphy and log correlations

A lithostratigraphic log correlation of the studied wells is presented in Fig. 4.

The Lower-Upper Oligocene strata of the Hordaland Group represents the oldest
sediments sampled in the Tampen wells. In the Snorre wells (blocks 34/4 and 34/7), there is
an abrupt change in lithology at about 1150-1200 m, and the Oligocene deposits can readily
be distinguished from the overlying strata by a change in colour and mineral composition. The
upper part of the section displays a weakly serrated, low gamma log profile in all wells (Fig.
4). Oligocene sediments consist primarily of silty mudstones at the top, and are characterised
by a brown to yellow colour and the ubiquitous presence of sponge spicules and glauconite.
The microflora is dominantly siliceous, but small amounts of calcareous microfossils are also
recorded.

In the Visund area (block 34/8), the Oligocene deposits are overlain by Lower
Miocene sediments of the Hordaland Group (unit 1) which attain thickness of almost 100 m in
well 34/8-3A. The log responses show a stable, weakly serrated pattern which indicates



uniform lithology. The upper boundary is defined by an abrupt increase in both gamma
radiation and sonic velocities (Fig. 4). Lithologically, these sediments are very similar to the
Oligocene deposits with common glauconite and a rich siliceous flora. Calcareous
microfossils are largely absent.

Overlying the Oligocene strata, a 15 m thick, highly radioactive unit 2 is clearly
distinguished in the three Snorre wells 34/7-1, 34/4-7, 34/4-6. We propose that this unit is part
of the Utsira Formation, and probably represents an upper glauconitic part of this formation.
The transition from the underlying Oligocene sediments is marked by an abrupt change to
higher gamma and sonic values (Fig. 4). In the Snorre wells, gamma radiation decreases
towards the top of the unit, which is also defined by marked changes in the sonic and gamma
log responses.

The unit expands eastwards to about 50 m in Visund wells 34/8-1 and 34/8-3A. The
upper boundary is less well defined in this area, but is taken at a pattern change in the velocity
logs. The gamma radiation is also lower than in the Snorre wells (Fig. 4). Sidewall cores taken
from this unit in wells 34/4-7 and 34/7-1 contain almost exclusively glauconitic sand, which
explains the high gamma radiation in the Snorre area, and suggests that the entire interval
consists of such sediments. Slightly lower gamma levels and a greater thickness in the Visund
wells probably indicate a lower glauconite content than is observed in the wells to the west.
However, ditch cutting samples from these sections are also rich in glauconitic sand. The
glauconite grains vary in shape and vary in their green colouration from dark to light. The
dark fractions are indicative of high maturity and a high content of K;0 (Smalley & Rundberg
1990). The samples contain fair amounts of microfossils, comprising mostly calcareous
benthic foraminifera and sponge spicules.

The basal Upper Pliocene unit of the Nordland Group (unit 3) is distinguished from
the overlying and the underlying units by its characteristic monotonous gamma and sonic log
profile. This is best illustrated in the Snorre wells, where the sonic logs clearly display a more
serrated profile than in the units above and below (Fig. 4). The upper boundary is defined by
an abrupt increase in gamma and sonic values. This is particularly marked in wells 34/7-1 and
34/4-7. The thickness of the unit is relatively uniform in blocks 34/4 and 34/7 (65-75 m).

Towards the east in the Visund area, the unit expands to about 100 m in well 34/8-1
and to 145 m in well 34/8-9S. In wells 34/8-1 and 34/8-A-1H, repeated cycles of increasing
gamma radiation at intervals of 5-10 m are recorded. These probably reflect a series of small
scale coarsening-upward units. In well 34/8-A-1H, about 11 m of core was recovered from a

30 m interval from the lower part of the unit (Fig. 4). The lithology encountered in the core is
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dominantly a very fine sandy siltstone throughout with a fine sandstone at the base. The sands
are generally structureless, although faint laminations have been observed in the siltstones.
The gamma log indicates that the cores have most likely been taken in the fine-grained
sections. Three large (up to 5 cm) and several small ice-rafted pebbles of metamorphic rock
have been found at different levels in the core. Coarse fragments of coal and small mud clasts
also occur at some levels. At the base there is a diffuse transition to fine-grained, structureless
sand.

In well 34/8-9S, a 4 m long core was recovered from the base of the unit. This core
consists mainly of homogeneous, silty mudstone. Large (5-10 cm), mud clasts occur scattered
throughout the core, and ice-rafted pebbles are common. The mud clasts mainly exhibit a
shallow marine foraminiferal fauna in contrast to the deeper shelf fauna which is present
elsewhere in the unit. The sediments in the two cores are interpreted as gravity flow deposits
with a glacio-marine imprint.

The prograding Upper Pliocene complex of the Nordland Group (unit 4) reaches a
maximum thickness of about 700 m in the Tampen area. Log responses are characterised by
fairly stable patterns throughout, and commonly show higher gamma levels than the
underlying sediments. The relatively high radioactive character of the Upper Pliocene
deposits are most likely the result of the high potassium content of the sediments with
abundant illite and K-feldspar (Rundberg 1989). The dominant lithology consists of
immature, poorly sorted and sand-poor clastics. Sands are rare in the Tampen wells, with the
exception of a 20 m thick interval at the base of the unit (Fig. 4). This interval consists of two
blocky sand bodies separated by a thinner mudstone. It can be correlated between all of the
Snorre wells in this study, and is interpreted as the eastern extension of thicker sands that
occur in wells further to the west (Fig. 2). The sands in well 34/2-4 occur at an equivalent
stratigraphic position and are most likely the same as those of the Snorre wells.

According to Rundberg (1989), the coarser constituents include quartz, plagioclase,
K -feldspar, epidot, amphiboles and rock fragments (chiefly gneissose and granitic).
Glauconites are rare, but shell debris is occasionally observed. The clay mineralogy also
differs markedly from the underlying Miocene and Oligocene units. Illite and chlorite are
most abundant, but smectite and kaolinite are also present.

In well 31/3-1 on the Troll field, the Pleistocene (unit 5) can be distinguished from
the underlying Oligocene sediments by abrupt wireline log changes. The lithology of this unit

is very similar to that of the Upper Pliocene, reflecting deposition in a partly glacial
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environment. A detailed lithologic description based on shallow cores from a geotechnical

borehole near well 31/3-1 has been presented by Sejrup et al. (1995).

Biostratigraphic correlation

The standard Cainozoic biostratigraphic zonation is based on planktonic foraminifera and
calcareous nannoplankton and is established for tropic and subtropic areas. In northern
latitudes, the assemblages become progressively less diverse, and many key species are absent
in the North Sea (King 1983).

In this study the fossil assemblages are correlated primarily with the biozonation of
King (1983, 1989), who outlines a micropalaeontological zonation for Cainozoic sediments in
the North Sea. Gradstein & Béckstrém's (1996) faunal zonation from the North Sea and
Haltenbanken, the zonation by Stratlab (1986) and the work of Eidvin et al. (1998) are also
used extensively. In addition, a number of articles describing benthic foraminifera from
onshore basins in the area surrounding central and southern North Sea are utilised. The
zonations of planktonic foraminifera (Weaver 1987, Weaver & Clement 1986, 1987, Spiegler
& Jansen 1989) and Bolboforma (Spiegler & Miiller 1992, Miiller & Spiegler 1993) from
ODP and DSDP drillings in the Norwegian Sea and the North Atlantic are also very important
for the dating of the sediments. Correlation with these zones yields the most accurate age
determinations, because the zones are calibrated with both nannoplankton and palacomagnetic
data. The zonations of King (1983, 1989) and Gradstein & Bickstrém (1996) are based on the
last appearance datums (LADs) of the various taxa. The planktonic foraminifera and
Bolboforma zonations from the ODP and DSDP drillings are based on first appearance

datums (FADs).

Fossil assemblages

In the nine wells examined in this study a system of eleven fossil assemblages is devised (N-
A to N-G; Figs. 5-13). These stratigraphical units are informally designated as assemblages

and are regarded as informal zones. This designation is preferred because the stratigraphy of
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the region seems not yet mature for introduction of a detailed, formal zonal scheme. The
boundaries between the assemblages are based on the last appearance datums (LADs) of
selected taxa which mostly have been chosen because of their chronostratigraphic importance.
Most of the selected taxa have well-documented, consistent ranges on a regional scale. The
individual assemblages comprise both planktonic and benthic forms. Fossil assemblages
based on a combination of planktonic and benthic forms are applicable on a regional scale
where planktonic/benthic ratios are often highly variable. The assemblages are described from
top to base of the successions, following the order in which they are normally encountered in
offshore borehole studies. Abbreviation of the assemblage designation are: N = northern

North Sea.

WELL 31/3-1

NONION LABRADORICUM - NEOGLOBOQUADRINA PACHYDERMA (SINISTRAL)
ASSEMBLAGE
Designation: N-A. |
Definition: The top of the assemblage extends to the uppermost investigated sample (430 m).
The base is marked by the highest occurrence of Turrilina alsatica.
Depth range: 430-540 m
Material: Eleven ditch cutting samples at 10 m intervals.
Age: Pleistocene.
Lithostratigraphic group: Nordland Group.
Correlation: Subzone NSB 16x of King (1989), Zone NSR 13 of Gradstein & Béckstrom
(1996) and Neogloboquadrina pachyderma (sinistral) Zone of Spiegler & Jansen (1989).
In-place assemblage: This interval contains a rich benthic fauna of mainly calcareous
foraminifera. Elphidium excavatum, Bulimina marginata, Nonion affine, Cassidulina teretis,
Islandiella norcrossi and N. labradoricum occur most frequently. Other important species
include Cibicides lobatulus, Haynesina orbiculare, Angulogerina angulosa, Bolivina
skagerrakensis, Islandiella helenae and Virgulina loeblichi (Fig. 5).

Planktonic foraminifera are quite common, but less frequent than the benthic taxa. N.

pachyderma (both encrusted and unencrusted varieties of sinistrally coiled individuals) is
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dominant. Other important species include N. pachyderma (dextral) and Turborotalia
quinqueloba. A few specimens of Globigerina bulloides are also recorded.
Reworked assemblage: Reworked benthic calcareous and planktonic foraminifera from the
Upper Cretaceous are recorded sporadically throughout the interval.
Remarks: All the benthic foraminifera here regarded as in situ are extant species typically
associated with Pliocene-Pleistocene deposits of the Norwegian margin. N. pachyderma
(sinistral, encrusted) has its first frequent occurrence at 1.8 Ma (Weaver & Clement 1986,
Spiegler & Jansen 1989). This test morphology has only sporadic occurrences in older
sediments. N. labradoricum also appears to be restricted to Pleistocene deposits on the
Norwegian shelf. King (1989) employs N. labradoricum as the nominate taxa for the
Pleistocene Subzone NSB 16x of the northern North Sea. This indicates a Pleistocene age for
this interval. The lowermost part of the Pleistocene is probably not present. This is based on
the fact that C. grossus and E. hannai are not recorded. According to King (1989) and Eidvin
et al. (1999) the LADs of both these species are in early part of Early Pleistocene.

Sejrup et al. (1995) have investigated a cored geotechnical borehole, also from the
Troll Field, near well 31/3-1. The borehole just penetrates the base Pleistocene angular
unconformity. The cores from this borehole have been subjected to palacomagnetic, amino
acid and foraminiferal analyses. The base of the Pleistocene section in this borehole is dated
to approximately 1.2 Ma by means of paleomagnetic polarity reversal chronology. A similar

age is probable for the base of the N-A assemblage.

TURRILINA ALSATICA — GYROIDINA SOLDANI MAMILLATA — STILOSTOMELLA
HIRSUTA ASSEMBLAGE

Designation: N-G

Definition: The top of assemblage is taken at the highest occurrence of 7. alsatica. The base
of the assemblage is not defined.

Depth range: 540-580 m.

Age: Early Oligocene.

Material: Four ditch cutting samples at 10-20 m intervals.

Lithostratigraphic group: Hordaland Group.

Correlation: Subzones NSB 7a or 7b of King (1989) and Zones NSR 7A or 7B of Gradstein
& Bickstrom (1996).
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Assemblage: This interval contains a high diversity fauna of mainly calcareous benthic
foraminifera. The most important taxa are G. soldanii girardana and T. alsatica. Other
characteristic species include Stilostomella longiscata, S. adolphina, S. hirsuta, Karreriella
siphonella, Ceratobulimina contraria, G. soldanii mamillata, P. bulloides, Bulimina alsatica,
Loxostomum digitale, Alabamina wolterstoffi and Alabamina tangentialis (Fig. 5).

Remarks: T. alsatica and G. soldanii girardana are known from the Lower Oligocene to the
lowermost Lower Miocene succession in the North Sea (King 1989). According to Gradstein
& Biickstrdm (1996) these species are known from Lower Oligocene to lowermost Upper
Oligocene deposits in the North Sea. G. soldanii mamillata is also known from Lower
Oligocene to the lowermost Upper Oligocene strata from the same area (King 1989, Gradstein
& Bickstrdm 1996). L. digitale and A. wolterstoffi are known from the Oligocene succession
in Belgium (Batjes 1958) and S. longiscata, S. adolphina, S. hirsuta, A. tangentialis and C.
contraria are recorded from the upper part of the Lower Oligocene succession in Denmark

(Ulleberg 1974).

WELL 34/8-1

CIBICIDES GROSSUS - ELPHIDIELLA HANNAI - GLOBIGERINA BULLOIDES -
NEOGLOBOQUADRINA ATLANTICA (SINISTRAL) ASSEMBLAGE

Designation: N-B1.

Definition: The top of the assemblage extends to the uppermost investigated sample (440 m).
The base is marked by the highest occurrence of Ehrenbergina variabilis.

Depth range: 440-1090 m.

Material: 34 ditch cutting samples at 10-30 m intervals.

Age: Late Pliocene.

Lithostratigraphic group: Nordland Group.

Correlation: Subzones NSB 15a of King (1989) and Neogloboquadrina atlantica (sinistral)
Zone of Spiegler & Jansen (1989).

In-place assemblage: This interval contains a rich benthic fauna of mainly calcareous
foraminifera. The fauna is relatively uniform throughout the entire section, but this

observation is partly due to extensive caving. E. excavatum occurs most frequently. Other
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characteristic taxa include Angulogerina fluens, Cibicides scaldisiensis, B. marginata, N.
affine, C. grossus, E. hannai and Islandiella islandica (upper and lower part; Fig. 6).

Planktonic foraminifera are also quite common, but less frequent than the benthic
foraminifera. Important planktonic species include G. bulloides, N. atlantica (sinistral), N.
pachyderma (sinistral, unencrusted), N. pachyderma (dextral), Globorotalia inflata (upper
part) and N. atlantica (dextral; upper part). 7. quinqueloba is scarce throughout.

Reworked assemblage: Reworked fossils are recorded sporadically throughout. These are
agglutinated foraminifera from the lower Tertiary, benthic calcareous and planktonic
foraminifera from the Upper Cretaceous and /noceramus prisms from the Upper Cretaceous.
At the base of the interval a few specimens of Eponides pygmeus and Cibicides telegdi,
probably from the Miocene and Bolboforma subfragori from the Middle-Upper Miocene, are
recorded.

Remarks: With the exception of C. grossus and E. hannai all the in situ benthic foraminifera
are extant species. According to King (1989) C. grossus and E. hannai are found in the
northern North Sea in Upper Pliocene to Lower Pleistocene deposits. FADs of these species
are considerably higher than the Lower/Upper Pliocene boundary (3.56 Ma). C. grossus is,
however, recorded in deposits as old as the late Middle Miocene on the Vering Plateau (T.
Eidvin, personal observation) and as old as the Late Miocene in the Netherlands. However, E.
hannai is known from Upper Pliocene deposits in the latter area (Doppert 1980).

Only the unencrusted variety of sinistrally coiled N. pachyderma is recorded in this
interval. The encrusted variety of this form is dominating the planktonic foraminiferal fauna
in the Norwegian Sea after 1.8 Ma (Weaver & Clement 1986, Spiegler & Jansen 1989). The
fact that this form is not recorded indicates that Pleistocene sediments are not sampled in this
well. This is also supported by the fact that Nonion labradoricum is also missing in this
assemblage. King (1989) use N. labradoricum as the nominate taxon for the Pleistocene Zone
NSB 16x of the northern North Sea, and this taxa has been recognised in the Pleistocene
section in well 31/3-1. However, Pleistocene sediments are probably present in parts of the 90
m unsampled section.

N. atlantica (dextral) is quite common in the upper part of this unit. This taxa is known
from an upper N. atlantica (dextral) Zone which is described from the Vering Plateau in
Upper Pliocene deposits. LAD of this species is approximately 1.9 Ma in that area (Spiegler
& Jansen 1989). On the Vering Plateau the upper N. atlantica (dextral) Zone lies above a N.
atlantica (sinistral) Zone. The N. atlantica (sinistral) Zone is also rich on G. bulloides, but N.

atlantica (dextral) is scarce in this zone. LAD of N. aflantica (sinistral) is about 2.4 Ma on the



16

Vering Plateau. In well 34/8-1 N. atlantica (dextral) occurs, quite numerously, together with
N. atlantica (sinistral) and G. bulloides, and consequently seems to have a somewhat different
occurrence than in the Norwegian Sea. The top of the N-B1 assemblage is probably close to
2.4 Ma.

EHRENBERGINA VARIABILIS ASSEMBLAGE

Designation: N-C1.

Definition: The top of the assemblage is taken at the highest occurrence of E. variabilis. The
base is marked by the highest occurrence of Diatom sp. 4 (King 1983) and Diatom sp. 5 (King
1983).

Depth range: 1090-1140 m.

Material: Five ditch cutting samples at 10 m intervals.

Age: Late Miocene to earliest Early Pliocene (partly based on strontium isotope analysis).
Lithostratigraphic formation: Utsira Formation.

Correlation: Lower N. atlantica (dextral) Zone of Spiegler & Jansen (1989), G. subglobosa -
E. variabilis Zone of Stratlab (1986), C. telegdi — E. pygmeus — N. atlantica (dextral) Zone
(M-H) and E. variabilis - G. subglobosa - N. atlantica (dextral) Zone (M-I) of Eidvin et al.
(1998).

In-place assemblage: There are slightly fewer microfossils in this interval than in the
overlying interval. In this assemblage the benthic fauna includes calcareous foraminifera and
sponge spicules. A few agglutinated foraminifera are also recorded. Sponge spicules (both
rod-shaped and Geodia sp.) are significantly more common than foraminifera. The most
frequently occurring foraminifera are 4. fluens, C. teretis and N. affine. Other important
species include E. variabilis, Pullenia bulloides, E. pygmeus and Globocassidulina
subglobosa. C. telegdi and Martinottiella communis (agglutinated) are also recorded at a few
levels (Fig. 6).

Planktonic foraminifera include G. bulloides and N. atlantica (sinistral) which are
dominant. Other species are N. pachyderma (sinistral, unencrusted), N. atlantica (dexiral), N.
pachyderma (dextral), T. quinqueloba and G. inflata.

Reworked assemblage: Presumed reworked Bolboforma from the uppermost Middle Miocene
and lowermost Upper Miocene are recorded sporadically throughout and include B.
subfragori, B. metzmacheri, B. clodiusi, B. compressibadenensis, B. fragori and B.

pseudohystrix.
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Remarks: Most of the benthic foraminifera are known from almost the entire Neogene
succession. Some of these and some of the planktonic foraminifera are probably caved. E.
variabilis is recorded from the Upper Oligocene to Lower Miocene of Germany (Grossheide
& Trunco 1965, Spiegler 1974), from the Upper Miocene on the Norwegian Sea continental
shelf (Stratlab 1986, Eidvin et al. 1998) and from the Upper Oligocene to Lower Pliocene on
the Norwegian continental shelf (Skarbg & Verdenius 1986). E. pygmeus and C. telegdi are
recorded from the Upper Oligocene and older deposits in Denmark and Germany (Grossheide
& Trunko 1965, Hausmann 1964, Kummerle 1963 and Ulleberg 1974). On the Norwegian
Sea continental shelf these species are known from Upper Miocene deposits according to
Eidvin et al. (1998) and from Upper Miocene-Lower Pliocene deposits according to Stratlab
(1986). G. subglobosa is known from the Middle to Upper Miocene of Belgium (Doppert
1980) and from the Upper Oligocene to Upper Miocene of Germany (Spiegler 1974). In the
central North Sea G. subglobosa is recorded from Upper Oligocene to basal Upper Pliocene
deposits (Eidvin et al. 1999), and on the Norwegian Sea continental shelf from Upper
Miocene deposits (Stratlab 1986, Eidvin et al. 1998). M. communis is known from Middle to
Upper Miocene deposits on the Vering Plateau (Osterman & Qvale 1989).

N. atlantica (dextral) is known to occur in the uppermost Upper Pliocene and in the
Upper Miocene on the Vering Plateau (Spiegler & Jansen 1992, Miiller & Spiegler 1993).

Consequently, these can be caved from the overlying assemblage or they can be in situ Upper

Miocene specimens.

DIATOM SP. 4 — DIATOM SP. 5 ASSEMBLAGE

Designation: N-E.

Definition: The top of the assemblage is taken at the highest occurrence of Diatom sp. 4 and
Diatom sp. 5. The base is marked by the highest occurrence of Turrilina alsatica and Diatom
sp. 3 (King 1983).

Depth range: 1140-1170 m.

Material: Three ditch cutting samples at 10 m intervals.

Age: Early Miocene.

Lithostratigraphic group: Hordaland Group.

Correlation: Zone NSP 10 of King (1983).
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Description: The greater proportion of the fossils recorded in this interval are sponge spicules
( both rod-shaped and Geodia sp.) and radiolarians. Far fewer pyritised diatoms are recorded.

Most of the diatoms are Diatom sp. 4 and Diatom sp. 5 (Fig. 6).

Remarks: Diatom sp. 4 and Diatom sp. 5 are both known from Lower Miocene deposits in the
North Sea (King 1983).

TURRILINA ALSATICA - DIATOM SP. 3 ASSEMBLAGE

Designation: N-F1.

Definition: The top of the assemblage is taken at the highest occurrence of T. alsatica and
Diatom sp. 3. The base of the assemblage is undefined.

Depth range: 1170-1320 m (lowermost investigated sample).

Material: 10 ditch cutting samples at 10-20 m intervals.

Age: Early-Late Oligocene.

Lithostratigraphic group: Hordaland Group.

Correlation: Lower part of Subzones NSB 8a and NSP 9¢ and upper part of Subzone NSB 7b
of King (1989) and upper part of Zone NSR 7B of Gradstein & Béckstrom (1996).
Description: The fossil assemblage in this interval is also dominated by sponge spicules. -
Radiolarians and pyritised diatoms are also quite common. Far fewer benthic foraminifera,
mainly calcareous but also some agglutinated forms, are recorded. In the diatom flora the
index fossil Diatom sp. 3 is recorded. T. alsatica is the dominant foraminifer. Other
characteristic foraminifera include G. soldanii girardana, Trifarina gracilis, Eponides
umbonatus and Trochammina sp. Rotaliatina bulimoides and G. soldanii mamillata are also
recorded at two levels (Fig. 6).

Remarks: T. gracilis is recorded from Lower Oligocene to Lower Miocene deposits on the
Norwegian continental shelf (Skarbe & Verdenius 1986). Diatom sp. 3 is known from
uppermost Lower Oligocene to lowermost Lower Miocene deposits in the North Sea (King
1989). According to King (1989) 7. alsatica and G. soldanii girardana are also known from
Lower Oligocene to lowermost Lower Miocene sediments in the same area. According to
Gradstein & Bickstrom (1996) are these species known from Lower Oligocene to lowermost
Upper Oligocene deposits in the North Sea. G. soldanii mamillata i§ known from the Lower
Oligocene to the lowermost Upper Oligocene from the same area (King 1989, Gradstein &
Bickstrém 1996). R. bulimoides is known from the Lower Oligocene to the lowermost Upper
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Oligocene according to King (1989) and from the Lower Oligocene according to Gradstein &
Béckstrom (1996).

WELL 34/8-9S

CIBICIDES GROSSUS — ELPHIDIUM ALBIUMBILICATUM — GLOBIGERINA
BULLOIDES — NEOGLOBOQUADRINA ATLANTICA (SINISTRAL) ASSEMBLAGE
Designation: N-B2.

Definition: The top of the assemblage extends to the uppermost investigated sample. The base
extends to the lowermost investigated sample.

Depth range: 1109.68-1112.63 m.

Material: Four conventional core samples.

Age: Late Pliocene.

Lithostratigraphic group: Nordland Group.

Correlation: Subzones NSB 15a of King (1989) and N. atlantica (sinistral) Zone of Spiegler
& Jansen (1989).

In-place assemblage: This interval contains a rich benthic fauna of mainly calcareous
foraminifera. The fauna varies considerably throughout this short section. N. affine, C.
lobatulus, C. teretis and E. excavatum occur most frequently throughout the assemblage. B.
marginata, A. fluens and Loxostomoides lammersi also appear consistently throughout. .
albiumbilicatum, C. grossus and Elphidium groenlandicum are common in parts of the
interval. Cibicidoides pachyderma, C. scaldisiensis, Elphidium bartletti and Sigmoilosis
schlumbergeri (agglutinated) are also found in parts of the section (Fig. 7).

Planktonic foraminifera are less frequent than benthic taxa. G. bulloides and N,
atlantica (sinistral) are dominant. Globigerinita glutinata, N. atlantica (dextral) and 7.
quinqueloba occur sporadically.

Reworked assemblage: Reworked foraminifera are recorded sporadically. These are E.
pygmeus from Miocene deposits, Uvigerina pygmea langeri from the Upper Miocene,
Bolboforma laevis, B. clodiusi, B. subfragori and B. fragori from the Middle-Upper Miocene.
A few specimens of Heterohelix sp. and Inoceramus prisms from the Upper Cretaceous are

also recorded.
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Remarks: According to King (1989) FADs of C. grossus, E. albiumbilicatum and E.
groenlandicum are in the late part of Late Pliocene in the North Sea area. However, the
occurrence of N. atlantica (sinistral) indicates an age no younger than 2.4 Ma (Spiegler &

Jansen 1989).

WELL 34/8A-1H

CIBICIDES GROSSUS — ELPHIDIELLA HANNAI — GLOBIGERIA BULLOIDES —
NEOGLOBOQUADRINA ATLANTICA (SINISTRAL) ASSEMBLAGE

Designation: N-B1.

Definition: The top of the assemblage extends to the uppermost investigated sample. The base
extends to the lowermost investigated sample.

Depth range: 1070.2-1102 m.

Material: Seven conventional core samples.

Age: Late Pliocene.

Lithostratigraphic group: Nordland Group.

Correlation: Subzones NSB 15a of King (1989) and N. atlantica (sinistral) Zone of Spiegler
& Jansen (1989).

In-place assemblage: This interval contains a rich benthic fauna of calcareous foraminifera.
The fauna varies considerably throughout this short section. N. affine, C. lobatulus, C. teretis
all occur frequently throughout the interval. C. grossus, E. hannai, E. albiumbilicatum, E.
excavatum, A. fluens and Buccella tenerrima are recorded in the middle part of the unit (Fig.
8).

Planktonic foraminifera are less frequent than benthic taxa, but these are also quite
common in parts of the interval. G. bulloides and N. atlantica (sinistral) are dominant. 7.
quingueloba, N. pachyderma (dextral) and N. atlantica (dextral) occur sporadically.
Reworked assemblage: Reworked foraminifera are recorded sporadically. These are C.
telegdi, from Miocene deposits and T. alsatica and G. soldanii girardana from the Oligocene.
Remarks: The occurrence of C. grossus, E. hannai, E. albiumbilicatum, N. atlantica (sinistral)
and G. bulloides indicates a Late Pliocene age no younger than 2.4 Ma (King 1989, Spiegler
& Jansen 1989). '
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WELL 34/8-3A

CIBICIDES GROSSUS — ELPHIDIELLA HANNAI — GLOBIGERINA BULLOIDES —
NEOGLOBOQUADRINA ATLANTICA (SINISTRAL) ASSEMBLAGE

Designation: N-B1.

Definition: The top of the assemblage extends to the uppermost investigated sample (1000 m).
The base is marked by the highest occurrence of E. variabilis.

Depth range: 1000-1110 m.

Material: Eleven ditch cutting samples at 10 m intervals.

Age: Late Pliocene.

Lithostratigraphic group: Nordland Group.

Correlation: Subzones NSB 15a of King (1989) and N. atlantica (sinistral) Zone of Spiegler
& Jansen (1989).

In-place assemblage: This assemblage contains a rich benthic fauna of calcareous
foraminifera. The fauna is relatively uniform throughout the interval, but this is probably
partly due to extensively caved material. N. affine, A. fluens, C. terefis and C. grossus occur
most frequently. Other characteristic taxa include C. lobatulus, E. hannai, Buccella tenerrima,
E. excavatum, Cassidulina reniforme and I islandica (lower part; Fig. 9).

Planktonic foraminifera are less frequent than the benthic taxa. G. bulloides and N.
pachyderma (dextral) are dominant. Other important species include 7. quinqueloba and N.
atlantica (sinistral; lower part). N. pachyderma (sinistral) and G. glutinata occur sporadically.
Remarks: The occurrence of C. grossus, E. hannai, E. albiumbilicatum, N. atlantica (sinistral)

and G. bulloides indicate a Late Pliocene age no younger than 2.4 Ma (King 1989, Spiegler &
Jansen 1989).

EHRENBERGINA VARIABILIS ASSEMBLAGE

Designation: N-C1.
Definition: The top of the assemblage is taken at the highest occurrence of E. variabilis. The

highest occurrence of Eponides umbonatus, Stilostomella sp. and the highest abundant
occurrence of diatoms mark the base of the assemblage.

Depth range: 1110-1180 m.
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Material: Seven ditch cutting samples at 10 m intervals.
Age: Late Miocene to earliest Early Pliocene (partly based on log correlation).
Lithostratigraphic formation: Utsira Formation.
Correlation: Lower N. atlantica (dextral) Zone of Spiegler & Jansen (1989), G. subglobosa -
E. variabilis Zone of Stratlab (1986), C. telegdi — E. pygmeus — N. atlantica (dextral) Zone
(M-H) and E. variabilis - G. subglobosa - N. atlantica (dextral) Zone (M-I) of Eidvin et al.
(1998).
In-place assemblage: There are slightly fewer microfossils in this interval than in the
overlying assemblage. In this interval the benthic fauna is dominated of calcareous
foraminifera and sponge spicules. A few agglutinated foraminifera are also recorded. The
most frequently occurring foraminifera are Cibicides dutemplei, C. teretis and N. affine (upper
part). Other characteristic taxa include E. variabilis, A. fluens, E. pygmeus, P. bulloides,
Uvigerina pygmea langeri, G. subglobosa and M. communis (agglutinated; Fig. 9).

Far fewer planktonic than benthic foraminifera are recorded. Planktonic forms include
G. bulloides, N. pachyderma (dextral), T. quinqueloba, N. atlantica (sinistral), G. glutinata
and N. atlantica (dextral).
Reworked assemblage: A few specimens of presumed reworked Bolboforma from the
uppermost Middle Miocene and lowermost Upper Miocene are recorded and include B.
metzmacheri, B. fragori and B. clodiusi.
Remarks: U. pygmea langeri is described from Upper Miocene deposits of the North Sea
(King 1989). C. dutemplei is known from the Upper Eocene to Middle Miocene of Belgium
(Kaasschieter 1961, Skarbg & Verdenius 1986), from Upper Eocene to Lower Pliocene
deposits in the Netherlands (Doppert 1980) and from Upper Oligocene to Upper Miocene
sediments on the Norwegian continental shelf (Skarbg & Verdenius 1986).

This assemblage corresponds to the N-C1 assemblage in wells 34/8-1, 34/2-4, 34/4-

6, 34/4-7 and the N-C2 assemblage in well 34/7-1.

EPONIDES UMBONATUS — STILOSTOMELLA SP. — DIATOM SP. ASSEMBLAGE
Designation: N-D.

Definition: The top of the assemblage is taken at the highest occurrence of E. umbonatus and
Stilostomella sp. and the highest abundant occurrence of diatoms. The base is marked by the
highest occurrence of Diatom sp. 5.

Depth range: 1180-1210 m.



23

Material: Three ditch cutting samples at 10 m intervals.

Age: Early Miocene.

Lithostratigraphic group: Hordaland Group.

Correlation: Probably Zone NSP 10 of King (1983).

Description: The greater proportion of the fossils recorded in this interval are diatoms,
radiolarians and sponge spicules (both rod-shaped and Geodia sp.). Far fewer foraminifera are
recorded and most of these are probably caved. However, the calcareous benthic forms E.
umbonatus and Stilostomella sp. are probably in situ (Fig. 9).

Remarks: It is difficult to determine the precise age of this assemblage. No short-range index
fossils are recorded. E. umbonatus are known from deposits from the Eocene to recent
(Kaasschieter 1961, Mackensen 1985). Stilostomella sp., the sponge spicules, the radiolarians
and the diatoms give only a general Early Neogene to Late Palacogene age. However, this
assemblage is very similar to the immediately underlying, Early Miocene, Diatom sp. 4 and
Diatom sp. 5 assemblage (N-E). Several of the pyritised diatoms are very similar to Diatom
sp. 4 and Diatom sp. 5, but the projections near the valve margin of the specimens are smaller
and not as equally spaced as on the Diatom sp. 4 and Diatom sp. 5 of King (1983). However,
the diatoms probably descend from Diatom sp. 4 and Diatom sp. 5 and it is probable that the

N-F assemblage also is of Early Miocene age.

DIATOM SP. 4 - DIATOM SP. 5 ASSEMBLAGE

Designation: N-E.

Definition: The top of the assemblage is taken at the highest occurrence of Diatom sp. 5. The
base is marked by the highest occurrence of T. alsatica.

Depth range: 1210-1240 m.

Material: Three ditch cutting samples at 10 m intervals.

Age: Early Miocene.

Lithostratigraphic group: Hordaland Group.

Correlation: Zone NSP 10 of King (1983).

Description: Also this assemblage is completely dominated by diatoms, radiolarians and
sponge spicules (both rod-shaped and Geodia sp.; Fig. 9). Just a few foraminifera are recorded
and these are probably caved. Several of the diatoms are Diatom sp. 4 and Diatom sp. 5.

Remarks: Diatom sp. 4 and Diatom sp. 5 are both known from Lower Miocene deposits in the

North Sea (King 1983).
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TURRILINA ALSATICA ASSEMBLAGE
Designation: N-F2.
Definition: The top of the assemblage is taken at the highest occurrence of 7. alsatica. The
base of the assemblage is undefined.
Depth range: 1240-1300 m (lowermost investigated sample).
Material: Six ditch cutting samples at 10-20 m intervals.
Age: Early-Late Oligocene.
Lithostratigraphic group: Hordaland Group.
Correlation: Lower part of Subzone NSB 8a and upper part of Subzone NSB 7b of King
(1989) and upper part of Zone NSR 7B of Gradstein & Béckstrom (1996).
Description: The fossil assemblage in this interval is also dominated by diatoms, radiolarians
and sponge spicules. Far fewer foraminifera are recorded. Some of these are probably caved,
but in situ forms include 7. alsatica, G. soldanii girardana, T. gracilis and Nonion sp. A
(King 1989) (Fig. 9).
Remarks: Nonion sp. A is recorded from Lower Oligocene to Lower Miocene deposits in the
North Sea (King 1989).

This assemblage is coeval with the N-F1 assemblage in wells 34/8-1, 34/4-6, 34/4-7,
34/7-1 and the N-F3 and N-F4 assemblages in well 34/2-4.

WELL 34/4-6

CIBICIDES GROSSUS — ELPHIDIELLA HANNAI - GLOBIGERINA BULLOIDES —
NEOGLOBOQUADRINA ATLANTICA (SINISTRAL) ASSEMBLAGE

Designation: N-B1.

Definition: The top of the assemblage extends to the uppermost investigated sample (540 m).
The base is marked by the highest occurrence of E. variabilis.

Depth range: 540-1210 m.

Material: 34 ditch cutting samples at 10-30 m intervals.

Age: Late Pliocene.

Lithostratigraphic group: Nordland Group.
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Correlation: Subzones NSB 15a of King (1989) and N. atlantica (sinistral) Zone of Spiegler
& Jansen (1989).
In-place assemblage: This assemblage contains a rich benthic fauna of mainly calcareous
foraminifera. The upper and lower parts of the assemblage contain more specimens than the
middle part. The fauna is relatively uniform throughout, but this observation is partly due to
extensive caving. E. excavatum and C. teretis occur most frequently. Other important species
include E. hannai, B. marginata, Cibicides lobatulus, C. grossus, E. albiumbilicatum, B.
tenerrima, H. orbiculare, C. scaldisiensis, Uvigerina mediterranea (upper part), N. affine
(upper and lower part) and I islandica (upper and lower part).

Planktonic foraminifera are also less common in the middle part of the interval. They
are overall less frequent than benthic taxa and include N. atlantica (sinistral), G. bulloides, N.
pachyderma (sinistral, unencrusted), N. pachyderma (dextral), G. Inflata, N. atlantica
(dextral) and T. quinqueloba (scarce throughout; Fig. 10).
Reworked assemblage: Reworked fossils are recorded sporadically throughout. These are
agglutinated foraminifera from the lower Tertiary and benthic calcareous and planktonic
foraminifera from the Upper Cretaceous. At the base of the assemblage C. dutemplei, E.
pygmeus and C. telegdi are recorded at some levels. These are probably reworked from
Miocene deposits.
Remarks: The occurrence of C. grossus, E. hannai, N. atlantica (sinistral) and G. bulloides
indicates a Late Pliocene age no younger than 2.4 Ma (King 1989, Spiegler & Jansen 1989).

Pleistocene sediments are probably present in parts of the 140 m unsampled section.

EHRENBERGINA VARIABILIS ASSEMBLAGE

Designation: N-C1.

Definition: The top of the assemblage is taken at the highest occurrence of E. variabilis. The
base is marked by the highest occurrence of T alsatica and Diatom sp. 3.

Depth range: 1210-1250 m.

Material: Four ditch cutting samples at 10 m intervals.

Age: Late Miocene to earliest Early Pliocene (partly based on strontium isotope analysis).
Lithostratigraphic formation: Utsira Formation.

Correlation: Lower N. atlantica (dextral) Zone of Spiegler & Jansen (1989), G. subglobosa -
E. variabilis Zone of Stratlab (1986), C. telegdi — E. pygmeus — N. atlantica (dextral) Zone
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(M-H) and E. variabilis - G. subglobosa - N. atlantica (dextral) Zone (M-I) of Eidvin et al.
(1998).

Description: There are slightly fewer foraminifera in this interval than in the lower part of the
overlying interval. In addition, specimens of sponge spicules (both rod-shaped and Geodia
sp.) are common in this assemblage. The most important benthic calcareous species are V.
affine and C. teretis. Other species include A. fluens, E. variabilis, P. bulloides, E. pygmeus,
C. telegdi and C. dutemplei (Fig. 10). Some of these are probably caved.

Planktonic foraminifera are less frequent than the benthic taxa and include G.
bulloides, N. atlantica (sinistral), G. inflata, N. pachyderma (sinistral, unencrusted), N.
pachyderma (dextral), N. atlantica (dextral) and T. quinqueloba. Some of these are also
probably caved.

Remarks: This assemblage corresponds to the N-C1 assemblage in wells 34/8-1, 34/8-3A,
34/2-4, 34/4-7 and the N-C2 assemblage in well 34/7-1.

TURRILINA ALSATICA - DIATOM SP. 3 ASSEMBLAGE

Designation: N-F1.

Definition: The top of the assemblage is taken at the highest occurrence of 7. alsatica and
Diatom sp. 3. The base of the assemblage is undefined.

Depth range: 1250-1370 m (lowermost investigated sample).

Material: Nine ditch cutting samples at 10-20 m intervals.

Age: Early-Late Oligocene.

Lithostratigraphic group: Hordaland Group.

Correlation: Lower part of Subzones NSB 8a and NSP 9¢ and upper part of Subzone NSB 7b
of King (1989) and upper part of Zone NSR 7B of Gradstein & Béckstrdm (1996).
Description: The fossil assemblage in this interval is dominated by sponge spicules,
radiolarians and bryozoan fragments. Far fewer benthic calcareous foraminifera and pyritised
diatoms are recorded. In the diatom flora the index fossil Diatom sp. 3 occurs consistent
throughout. T. alsatica, G. soldanii girardana and T. gracilis are the dominant foraminifera.
Several specimens of G. soldanii mamillata and R. bulimoides are also recorded at a few
levels (Fig. 10).

Remarks: This assemblage is coeval with the N-F1 assemblage in wells 34/8-1, 34/4-7, 34/7-
1, the N-F2 assemblage in well 34/8-3A and the N-F3 and N-F4 assemblages in well 34/2-4.
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WELL 34/4-7

CIBICIDES GROSSUS — ELPHIDIELLA HANNAI — GLOBIGERINA BULLOIDES —
NEOGLOBOQUADRINA ATLANTICA (SINISTRAL) ASSEMBLAGE

Designation: N-B1.

Description: The top of the assemblage extends to the uppermost investigated sample (1000
m). The base is marked by the highest occurrence of E. variabilis.

Depth range: 1000-1180 m.

Material: Nine sidewall cores and 18 ditch cutting samples at 10 m intervals.

Age: Late Pliocene.

Lithostratigraphic group: Nordland Group.

Correlation: Subzones NSB 15a of King (1989) and N. atlantica (sinistral) Zone of Spiegler
& Jansen (1989).

In-place assemblage: This assemblage contains a rich benthic fauna of mainly calcareous
foraminifera. E. excavatum, C. teretis and C. grossus (lower part) occur most frequently.
Other important species include Islandiella helenae, C. lobatulus, E. hannai, B. marginata, H.
orbiculare, C. scaldisiensis, B. tenerrima, 1. islandica and N. affine (lower part) (Figs. 11a
and b).

Planktonic foraminifera are less frequent than benthic taxa and include N. atlantica
(sinistral), G. bulloides, N. pachyderma (sinistral, unencrusted), N. pachyderma (dextral) and
G. inflata. T. quinqueloba and N. atlantica (dextral) are also recorded at a few levels.
Reworked assemblage: Reworked fossils are recorded sporadically in the lower part of the
assemblage. These are C. dutemplei, E. pygmeus and C. telegdi from Miocene deposits,
Inoceramus prisms from the Upper Cretaceous and Diatom sp. 3 from the Oligocene.
Remarks: The occurrence of C. grossus, E. hannai, N. atlantica (sinistral) and G. bulloides

indicates a Late Pliocene age no younger than 2.4 Ma (King 1989, Spiegler & Jansen 1989).

EHRENBERGINA VARIABILIS ASSEMBLAGE
Designation: N-C1.
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Definition: The top of the assemblage is taken at the highest occurrence of E. variabilis. The
base is marked by the highest occurrence of T alsatica and the highest consistent occurrence
of Diatom sp. 3.

Depth range: 1180-1200 m.

Material: Two sidewall cores and two ditch cutting samples at 10 m intervals.

Age: Late Miocene to earliest Early Pliocene (partly based on strontium isotope analysis).
Lithostratigraphic formation: Utsira Formation.

Correlation: Lower N. atlantica (dextral) Zone of Spiegler & Jansen (1989), G. subglobosa -
E. variabilis Zone of Stratlab (1986), C. telegdi — E. pygmeus — N. atlantica (dextral) Zone
(M-H) and E. variabilis - G. subglobosa - N. atlantica (dextral) Zone (M-I) of Eidvin et al.
(1998).

In-place assemblage: There are slightly fewer foraminifera in this interval than in the
bverlying assemblage. In addition specimens of sponge spicules (both rod-shaped and Geodia
sp.) are common in this interval. Many foraminifera, which are recorded in the ditch cutting
samples (Fig. 11b), are not recorded in the sidewall cores samples (Fig. 11a), and most of
these are probably caved. The following benthic foraminifera are probably in situ: C. teretis,
N. affine, E. variabilis, P. bulloides, E. pygmeus, C. telegdi and C. dutemplei. N. atlantica
(sinistral), N. atlantica (dextral) and G. bulloides are probably in situ planktonic foraminifera.
Reworked assemblage: T. gracilis is probably reworked from Lower Oligocene-Lower
Miocene deposits and Diatom sp. 4 is probably reworked from Lower Miocene sediments.
Remarks: This assemblage corresponds to the N-C1 assemblage in wells 34/8-1, 34/8-3A,
34/2-4, 34/4-6 and the N-C2 assemblage in well 34/7-1.

TURRILINA ALSATICA - DIATOM SP. 3 ASSEMBLAGE

Designation: N-E1.

Definition: The top of the assemblage is taken at the highest occurrence of 7. alsatica and the
highest consistent occurrence of Diatom sp. 3. The base of the assemblage is not defined.
Depth range: 1200-1220 m (lowermost investigated sample).

Material: One sidewall core and three ditch cutting samples at 10 m intervals.

Age: Early-Late Oligocene.

Lithostratigraphic group: Hordaland Group.

Correlation: Lower part of Subzones NSB 8a and NSP 9¢ and upper part of Subzone NSB 7b
of King (1989) and upper part of Zone NSR 7B of Gradstein & Béckstrom (1996).
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Description: Sponge spicules and radiolarians dominate the fossil assemblage in this interval.
Far fewer planktonic and benthic calcareous foraminifera and pyritised diatoms are recorded.
The sidewall core sample contains only sponge spicules and diatoms (Fig. 11a). The
planktonic foraminifera and several of the benthic calcareous forms are probably caved, but
the following benthic forms are probably in situ: T. alsatica, G. soldanii girardana, C.
dutemplei and Guttulina sp. (Fig. 11Db).

Remarks: This assemblage is coeval with the N-F1 assemblage in wells 34/8-1, 34/4-6 and
34/7-1, the N-F2 assemblage in well 34/8-3A and the N-F3 and N-F4 assemblages in well

34/2-4.

Well 34/7-1

CIBICIDES GROSSUS - ELPHIDIELLA HANNAI — GLOBIGERINA BULLOIDES —
NEOGLOBOQUADRINA ATLANTICA (SINISTRAL) ASSEMBLAGE

Designation: N-B1.

Definition: The top of the assemblage extends to the uppermost investigated sample. The base
is marked by the highest consistent occurrence of C. dutemplei.

Depth range: 1000-1150 m.

Material: 12 sidewall cores and 15 ditch cutting samples at 10 m intervals.

Age: Late Pliocene.

Lithostratigraphic group: Nordland Group.

Correlation: Subzones NSB 15a of King (1989) and N. atlantica (sinistral) Zone of Spiegler
& Jansen (1989).

In-place assemblage: This interval contains a rich benthic fauna of mainly calcareous
foraminifera. E. excavatum, C. teretis and N. affine occur most frequently. Other important
species include C. lobatulus, E. hannai, B. marginata, A. fluens, C. grossus, C. scaldisiensis
and [. islandica (lower part) (Figs. 12a and b).

Planktonic foraminifera are less frequent than benthic taxa and include N. atlantica
(sinistral), G. bulloides, N. pachyderma (sinistral, unencrusted), N. pachyderma (dextral), N.
atlantica (dextral; scarce) and G. inflata (scarce).

Reworked assemblage: Reworked fossils are recorded sporadically throughout. These are

agglutinated foraminifera from the lower Tertiary and C. dutemplei from Miocene deposits.
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Remarks: The occurrence of C. grossus, E. hannai, N. atlantica (sinistral) and G. bulloides

indicates a Late Pliocene age no younger than 2.4 Ma (King 1989, Spiegler & Jansen 1989).

CIBICIDES DUTEMPLEI ASSEMBLAGE

Designation: N-C2.

Definition: The top of the assemblage is taken at the highest consistent occurrence of C.
dutemplei. The base is marked by the highest occurrence of T. alsatica and Diatom sp. 3.
Depth range: 1150-1170 m.

Material: Two sidewall cores and two ditch cutting samples at 10 m intervals.

Age: Late Miocene to earliest Early Pliocene (partly based on log correlation).
Lithostratigraphic formation: Utsira Formation.

Correlation: Lower N. atlantica (dextral) Zone of Spiegler & Jansen (1989), G. subglobosa -
E. variabilis Zone of Stratlab (1986), C. telegdi — E. pygmeus — N. atlantica (dextral) Zone
(M-H) and E. variabilis - G. subglobosa - N. atlantica (dexiral) Zone (M-I) of Eidvin et al.
(1998).

Assemblage: There are slightly fewer foraminifera in this assemblage than in the overlying
interval. In addition, specimens of sponge spicules and radiolarians are common. Calcareous
foraminifera are only recorded in the ditch cutting samples (Fig. 12b) and most of these are
probably caved. The small sidewall core samples contain only sponge spicules and
agglutinated foraminifera (Fig. 12a), but the following benthic foraminifera are probably in
situ: C. dutemplei, C. teretis, N. affine, E. pygmeus, C. telegdi and Trochammina quinqueloba
(agglutinated). N. atlantica (sinistral) and G. bulloides are probably in situ planktonic
foraminifera.

Remarks: Although E. variabilis is not recorded in any of the samples, the assemblage is
correlated with the N-C1 assemblage in wells 34/8-1, 34/8-3A, 34/4-6, 34/4-7 and 34/2-4.
However, E. variabilis are recorded in the uppermost sample in the immediately underlying

assemblage, and are probably caved from this interval.

TURRILINA ALSATICA - DIATOM SP. 3 ASSEMBLAGE
Designation: N-F1.
Definition: The top of the assemblage is taken at the highest occurrence of 7. alsatica and G.

soldanii girardana. The base of the assemblage is not defined.
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Depth range: 1170-1200 m (lowermost investigated sample).

Material: Four ditch cutting samples at 10 m intervals.

Age: Early-Late Oligocene.

Lithostratigraphic group: Hordaland Group.

Correlation: Lower part of Subzones NSB 8a and NSP 9c¢ and upper part of Subzone NSB 7b
of King (1989) and upper part of Zone NSR 7B of Gradstein & Béckstrém (1996).
Description: There are fewer foraminifera in this assemblage than in the overlying interval.
The assemblage contains radiolarians, diatoms and calcareous foraminifera. In the diatom
flora the index fossil Diatom sp. 3 is recorded. The planktonic foraminifera and several of the
benthic calcareous forms are probably caved, but the following benthic foraminifera are
probably in situ: T. alsatica, T. gracilis, G. soldanii girardana, R. bulimoides and C.
dutemplei (Fig. 12b).

Remarks: This assemblage is coeval with the N-F1 assemblage in wells 34/8-1, 34/4-6, 34/4-
7, the N-F2 assemblage in well 34/8-3A and the N-F3 and N-F4 assemblages in well 34/2-4.

WELL 34/2-4

CIBICIDES GROSSUS — ELPHIDIELLA HANNAI — GLOBIGERINA BULLOIDES —
NEOGLOBOQUADRINA ATLANTICA (SINISTRAL) ASSEMBLAGE

Designation: N-B1.

Definition: The top of the assemblage extends to the uppermost investigated sample (1300 m).
The base is marked by the highest occurrence of E. variabilis.

Depth range: 1300-1470 m.

Material: 16 ditch cutting samples at 10-20 m intervals.

Age: Late Pliocene.

Lithostratigraphic group: Nordland Group.

Correlation: Subzones NSB 15a of King (1989) and N. atlantica (sinistral) Zone of Spiegler
& Jansen (1989).

In-place assemblage: This interval contains a rich benthic fauna of mainly calcareous
foraminifera. C. feretis occurs most frequently. Other important species include C. grossus, E.

hannai, B. marginata, A. fluens, B. tenerrima, C. scaldisiensis, Quinqueloculina seminulum

and E. excavatum.
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Planktonic foraminifera are also quite common, but less frequent than the benthic taxa.
The most important planktonic foraminifera include G. bulloides, N. atlantica (sinistral), N.
pachyderma (sinistral, unencrusted) and N. pachyderma (dextral). N. atlantica (dextral) and 7.
quinqueloba are recorded as rare at a few levels (Fig. 13).
Reworked assemblage: Reworked fossils are recorded sporadically throughout. These are
agglutinated foraminifera from the lower Tertiary and Inoceramus prisms from the Upper
Cretaceous. At the base of the interval C. dutemplei, G. subglobosa, E. pygmeus, C. telegdi
and T. alsatica are recorded at some levels. C. dutemplei, G. subglobosa, E. pygmeus and C.
telegdi are probably reworked from the Miocene and T. alsatica from the Oligocene.
Remarks: The occurrence of C. grossus, E. hannai, N. atlantica (sinistral) and G. bulloides

indicates a Late Pliocene age no younger than 2.4 Ma (King 1989, Spiegler & Jansen 1989).

EHRENBERGINA VARIABILIS ASSEMBLAGE
Designation: N-C1.
Definition: The top of the assemblage is taken at the highest occurrence of E. variabilis. The
base is marked by the highest occurrence of G. soldanii girardana.
Depth range: 1470-1520 m.
Maiterial: Five ditch cutting samples at 10 m intervals.
Age: Late Miocene to earliest Early Pliocene (partly based on strontium isotope analysis).
Lithostratigraphic group: Nordland Group.
Correlation: Lower N. atlantica (dextral) Zone of Spiegler & Jansen (1989), G. subglobosa -
E. variabilis Zone of Stratlab (1986), C. telegdi — E. pygmeus — N. atlantica (dextral) Zone
(M-H) and E. variabilis - G. subglobosa - N. atlantica (dextral) Zone (M-I) of Eidvin et al.
(1998).
Description: There are slightly fewer foraminifera in this assemblage than in the lower part of
the overlying assemblage. In addition, specimens of sponge spicules (rod-shaped and Geodia
sp.) are common in this assemblage. The most important benthic calcareous foraminifera
include E. variabilis, E. pygmeus, C. dutemplei, C. telegdi, C. teretis and N. affine. A few
specimens of G. subglobosa are also recorded. Some of these and a few of the other recorded
species (Fig. 13) are probably caved.

Planktonic foraminifera are less frequent than in the immediately overlying interval.

N. atlantica (sinistral) and G. bulloides occur most frequently. N. atlantica (dextral), T.
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quinqueloba and G. inflata are also recorded at a few levels. Some of these are also probably
caved.

Remarks: This assemblage corresponds to the N-C1 assemblage in wells 34/8-1, 34/8-3A,
34/4-6, 34/4-7 and the N-C2 assemblage in well 34/7-1.

GYROIDINA SOLDANII GIRARDANA ASSEMBLAGE

Designation: N-F3.

Definition: The top of the assemblage is taken at the highest occurrence of G. soldanii
girardana. The base is marked by the highest occurrence of Diatom sp. 3.

Depth range: 1520-1550 m.

Material: Three ditch cutting samples at 10 m intervals.

Age: Early-Late Oligocene.

Lithostratigraphic group: Hordaland Group.

Correlation: Lower part of Subzone NSB 8a and upper part of Subzone NSB 7b of King
(1989) and upper part of Zone NSR 7B of Gradstein & Béckstrém (1996).

Description: The fossil assemblage in this interval is dominated by sponge spicules. Far fewer
benthic foraminifera (mostly calcareous but also a few agglutinated forms), planktonic
foraminifera, radiolarians and pyritised diatoms are recorded. The planktonic foraminifera and
several of the benthic calcareous forms are probably caved, but the following benthic
foraminifera are probably in situ: C. dutemplei, G. soldanii girardana, T. gracilis, C. placenta
(agglutinated) and Cribrostomoides sp. (agglutinated) (Fig. 13).

Remarks: T. gracilis is recorded from Lower Oligocene to Lower Miocene deposits on the
Norwegian continental shelf (Skarbg & Verdenius 1986). G. soldanii girardana is known
from Lower Oligocene to lowermost Lower Miocene sediments in the North Sea (King 1989).
According to Gradstein & Backstrom (1996) is G. soldanii girardana known from the Lower
Oligocene to the lowermost Upper Oligocene in the same area. This assemblage is probably

coeval with the N-F1 assemblage in wells 34/8-1, 34/4-6, 34/4-7, 34/7-1 and the N-F2
assemblage in well 34/8-3A.

DIATOM SP. 3 ASSEMBLAGE
Designation: N-F4,
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Definition: The top of the assemblage is taken at the highest occurrence of Diatom sp. 3. The
base of the assemblage is not defined.

Depth range: 1550-1600 m (lowermost investigated sample).

Material: Six ditch cutting samples at 10 m intervals.

Age: Early-Late Oligocene.

Lithostratigraphic group: Hordaland Group.

Correlation: Lower part of Subzone NSP 9c¢ of King (1989).

Description: The fossil assemblage in this interval is nearly completely dominated by sponge
spicules (both rod-shaped and Geodia sp.), radiolarians and pyritised diatoms. In the diatom
flora the index fossil Diatom sp. 3 is recorded (Fig. 13).

Remarks: This assemblage is probably coeval with the N-F1 assemblage in wells 34/8-1,
34/4-6, 34/4-7, 34/7-1 and the N-F2 assemblage in well 34/8-3A.

Strontium isotope stratigraphy

The strontium isotopic record of Neogene seawater is documented by Hodell et al. (1990,
1991) and Farrell et al. (1995). In order to better constrain the age determinations of
stratigraphic boundaries recognised in this study, strontium isotope analyses were performed
on 30 samples from selected parts of sections in most wells (Tables 3 and 4, Figs. 5-8 and 10-
14). The samples were analysed according to procedures described by Eidvin et al. (1999).

The analyses chiefly utilised tests of calcareous foraminifera, but in a few cases,
samples of mollusc shell fragments were used. The tests were taken mainly from sidewall and
conventional cores, but ditch cutting samples were also used. Analyses were performed
preferentially on foraminifer taxa with well-documented stratigraphic ranges, especially when
analysing tests from ditch cutting samples.

In Tables 3 and 4, the ages of samples younger than 6.5 Ma are determined according
to the Sr-record of both Farrell et al. (1995) and Howarth & McArthur (1997). The ages of
older samples are based on the Sr-record of Howarth & McArthur (1997). If not stated
otherwise, all ages reported in the text are based on Farrell et al. (1995). Our discussions in
this paper are chiefly based on ages derived from the mean strontium isotope value of two or

more samples.
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It is important to note that the curve of Farrell et al. (1995) gives slightly younger
ages than that of Howarth & McArthur (1997) in the range between 2 and 6 Ma. The results
from the analyses of the Neogene parts of the wells are plotted in Fig. 14. This figure also
shows a slightly modified version of the Farrell et al.'s (1995) curve. The figure demonstrates
the precision of the method and the margin of error of a single data point. In the flat part of
the curve (2.5-4.5 Ma), the *’Sr/**Sr-ratio changes very little through time. As a result, the
precision, using a standard deviation of 0.0000020, is much less (about 1 Ma) than in the
steeper part of the curve (about +0.2Ma).

The Pleistocene succession was sampled in well 31/3-1 on the Troll field. The two
ditch cutting samples taken just above the base of the section (sample number 1 and 2 in
Table 4 and Fig. 5), have a Sr-isotope composition close to that of present day seawater.
Taking the uncertainty of the method into account this corresponds to a maximum age of 0.5
Ma. According to Sejrup et al. (1995), the base of the Pleistocene section is dated to
approximately 1.2 Ma in a cored geotechnical borehole, located nearby. The young ages in
well 31/3-1 might be derived from caved material in the Sr samples.

Samples 20 and 25 (Table 3) were sidewall cores taken from the prograding Upper
Pliocene succession in wells 34/7-1 and 34/4-7, respectively. Their mean value (0.709074)
corresponds to an age of 1.9 Ma according to Farrell et al. (1995) and 2.1 Ma according to
Howard & McArthur (1997). These ages agree with those suggested by biostratigraphic data.

Most of our samples have been taken from the basal Upper Pliocene unit. Samples
from the core in well 34/8A-1H were analysed in two different laboratories. The strontium
isotope values measured at laboratory A (Table 3, Fig. 8) were systematically higher than
those obtained from laboratory B (Table 4, Fig. 8). The mean values of seven samples (11-17)
analysed at laboratory A (0.709026), and of the same samples analysed at laboratory B
(0.709061), give ages of 4.5 and 2.3 Ma, respectively. This suggests both Early and Late
Pliocene ages for the core samples in this unit. Four sidewall cores analysed at laboratory A,
also from the basal Upper Pliocene unit (samples 21, 26-28, Table 3), give a mean value of
0.709050 and a corresponding age of 3.0 Ma. Four core samples from the base of this unit in
well 34/8-9S were analysed at laboratory B only (samples 7-10 in Table 4 and Fig. 7). The
results obtained from these samples varied significantly, yielding ages from 1.9 to 5.6 Ma.

The upper glauconitic unit of the Utsira Formation sands has been sampled in five of
the Tampen wells. The Sr-isotopic results are very similar for all samples, with the exception
of sample 30 in well 34/2-4 which is probably erroneous. The values from samples 4, 18, 22
and 23 (Table 3) correspond to ages of 4.6, 5.1, 4.7 and 5.0 Ma, respectively, according to
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Farrell et al. (1995). Following Howarth & McArthur (1997), the corresponding ages are 5.0,
5.6, 5.1 and 5.4 Ma. These samples are taken from a period when the isotopic composition of
seawater changed rapidly. The data suggest that the glauconitic unit was deposited close to the
Miocene/Pliocene boundary (5.23 Ma), which agrees with the age estimated from
biostratigrapic data.

The Oligocene was sampled from ditch cuttings in four of the Tampen wells. All
samples were taken from the upper part of the unit (samples 5, 6, 19, 24, 29, Table 3). The St
values range from 0.708026 to 0.708120, and correspond to ages of about 26-28 Ma. The
values are similar to those obtained from the Branden Clay and the lower part of the Vejle
Fjord Formation in Denmark (Y. Rundberg, unpublished data). These results indicate that
deposits from a large interval in the Upper Oligocene is absent in the Tampen area.

The lower part of the Oligocene succession was analysed in well 31/3-1 on the Troll
field. One sample from this unit, taken just below the base Pleistocene unconformity, gives an
age of 32.8 Ma (sample 3 in Table 4 and Fig. 1). This agrees with the age reported by
Rundberg & Smalley (1989) from the same well, and also with that reported by Sejrup et al.
(1995) for the same unit.

In summary, strontium isotope stratigraphy has been useful for dating all analysed
units, with the exception of the basal Upper Pliocene section. Values from this interval varied
considerably and gave no conclusive age determination. There could be several other reasons
for inconsistent strontium ages in addition to precision problems in the interval 2.5-4.5 Ma.
These may include analytical errors, reworking or caved fossil tests, impurities within the
tests and other factors. Although many of the values obtained in this unit correspond to an
Early Pliocene age, we suggest a Late Pliocene age required that the biostratigraphic data and
the age correlation of these are correct. This age is also in agreement with sequence
stratigraphic interpretation, inasmuch as that the unit consists of gravity flow deposits which

we interpret to be genetically linked to the Upper Pliocene prograding system.

Palacoenvironments

The determination of bathymetric environments used in this study is according to van Hinte
(1978), who defines the following; inner neritic: 0-30 m, middle neritic: 30-100 m, outer

neritic: 100-200 m and upper bathyal: 200-600 m.
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Lower Oligocene

The Lower Oligocene N-G assemblage is only recorded in well 31/3-1 from the Troll Field
(Figs. 15-17). The assemblage contains a medium to high diversity calcareous benthic
foraminiferal fauna. Radiolarians and pyritised diatoms are also quite common. A few
agglutinated benthic foraminifera are recorded, but no planktonic foraminifera. With the
exception of P. bulloides, all of the recorded foraminifera are extinct species. According to
Skarbg & Verdenius (1986) were S. longiscata, S. adolphina and S. hirsuta shallow water
dwelling forms. T. alsatica and G. soldanii mamillata are described as shallow to deep water
forms (Skarbe & Verdenius 1986, Gradstein & Bickstrom 1996), and C. contraria, K.
siphonella and P. bulloides as deep water forms (Skarbg & Verdenius 1986). The absence of
planktonic foraminifera suggests a restricted connection with the open ocean, or the fact that
thin walled tests of planktonic foraminifera are more prone to dissolution. The N-G

assemblage indicates an outer neritic to upper bathyal depositional environment.

Lower to Upper Oligocene

Lower-Upper Oligocene deposits are recorded in wells 34/8-1 (assemblage N-F1; Visund
Field), 34/8-3A (assemblage N-F2; Visund Field), 34/7-1, 34/4-7, 34/4-6 (assemblage N-F1;
Snorre Field) and well 34/2-4 (assemblages N-F3 and N-F4; Figs. 15 and 16). The fossil
assemblages in these intervals are dominated by sponge spicules, radiolarians and pyritised
diatoms. Far fewer benthic foraminifera are recorded, and these are mainly calcareous forms,
although some agglutinated forms are also present. No in situ planktonic foraminifera are
recorded. Assemblage N-F4 in well 34/2-4 contains only sponge spicules, radiolarians and
pyritised diatoms. All the recorded foraminifera are extinct species with the exception of E.
umbonatus. G. soldanii girardana and T. gracilis occur in most intervals and were deep water
forms (Skarbe & Verdenius 1986). G. soldanii mamillata and T. alsatica were deep to
shallow water forms (Skarbe & Verdenius 1986, Gradstein & Béckstrom 1996). C. dutemplei,
which is recorded in some of the units, was a deep to shallow water form (Skarbe &
Verdenius 1986). E. umbonatus, which is recorded over only limited intervals, has a recent
bathymeteric range extending mainly along the lower part of the continental slope
(Mackensen et al. 1985, Sejrup et al. 1981), but it is suggested that this species inhabited
shallower water during the Oligocene. The high concentration of radiolarians and diatoms
indicates a relatively deep, open marine environment. Low oxic to hypoxic bottom conditions,

indicated by the presence of agglutinated foraminifera, may have caused the dissolution of
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planktonic foraminiferal tests. In conclusion, the bathymetric environment was probably

upper bathyal during deposition of the Lower-Upper Oligocene succession.

Lower Miocene

Lower Miocene deposits are recorded in the Visund wells 34/8-1 (assemblage N-E) and 34/8-
3A (assemblages N-D and N-E; Figs. 15 and 16). Most of the fossils recorded in these units
are diatoms, radiolarians and sponge spicules (both rod-shaped and Geodia sp.). The N-D
assemblage in well 34/8-3A contains sporadic calcareous benthic foraminifera including E.
umbonatus, which in recent sedimentary environments is a deep water form (Mackensen et
al., 1985, Sejrup et al. 1981). The high concentration of radiolarians and diatoms indicates
relatively deep, open marine environments. The scarcity of planktonic and benthic calcareous
foraminifera indicates hypoxic bottom conditions and dissolution of most calcareous tests.
The bathymetric environment was probably upper bathyal during deposition of the Lower

Miocene succession.

Upper Miocene to lowermost Lower Pliocene

Upper Miocene to lowermost Lower Pliocene deposits contain the N-C1 assemblage which is
recorded in wells 34/8-1, 34/8-3A (Visund Field), 34/4-7, 34/4-6 (Snorre Field) and well
34/2-4 to the north. Sediments of this age also contain the N-C2 assemblage in well 34/7-1
(Snorre Field; Figs. 15 and 16). These glauconitic sandy units contain only a fair number of
microfossils. The benthic assemblages in these deposits include calcareous foraminifera and
sponge spicules. A few agglutinated foraminifera are also recorded. Sponge spicules (both
rod-shaped and Geodia sp.) are significantly more common than foraminifera. In situ
planktonic foraminifera are scarce. Of the in situ benthic foraminiferal species, about one half
is extinct. According to Skarbg & Verdenius (1986) the extinct E. variabilis, C. dutemplei and
U. pygmea langeri are indicaters of deep to shallow water conditions, whereas M. communis
was a deep water form. In recent deposits, P. bulloides, N. affine and C. feretis have a
bathymeteric range extending mainly along the upper part of the continental slope and outer
shelf. However, N. affine and C. teretis also occur on middle and inner shelf areas in smaller
numbers (Mackensen et al. 1985, Sejrup et al. 1981). The sponge spicules Geodia sp. are
indicators of deep to shallow water environments (Skarbe & Verdenius 1986). No fossils
typical of shallow marine conditions are recorded in these deposits, and most of the benthic
fossils indicate deposition in the deeper part of the shelf. However, planktonic foraminifera

are few in number, and these are common in the deep shelf deposits of Late Miocene age in



39

the central North Sea (Eidvin et al. 1999) and on the Norwegian Sea continental shelf (Eidvin
et al. 1998). This may be explained by the fact that planktonic foraminifera are more buoyant
and more readily sorted out than most benthic foraminifera, or that the thin walled tests of
planktonic foraminifera are more readily dissolved. A further explanation may be that some of
the benthic forms known from recent deposits, inhabited shallower water depths during the
Late Miocene. The interpretation of bathymetric conditions based only on biostratigrapic
criteria during deposition of these units is therefore somewhat complex and inconclusive.
However, glauconitic facies are most common on outer present-day shelves (200-300 m; Odin
& Matter 1981, Van Houten & Purucker 1984), and we propose that the sedimentary

environments during the latest Miocene to earliest Pliocene probably were outer neritic.

Upper Pliocene
Upper Pliocene sediments containing the N-B1 assemblage are recorded in wells 34/8-1,

34/8A-1H, 34/8-3A (Visund Field), 34/7-1, 34/4-7, 34/4-6 (Snorre Field) and 34/2-4.
Sediments of this age also contain the N-B2 assemblage in well 34/8-9S (Visund Field; Figs.
15 and 16). The assemblages in these deposits are dominated by calcareous benthic
foraminifera. Planktonic foraminifera are also quite common in certain intervals, but are
generally less frequent than benthic species. The fauna is relatively uniform throughout these
units, but this observation is partly due to extensive caving. With the exception of C. grossus
and E. hannai, all the in situ benthic foraminifera are extant. According to Skarbg &
Verdenius (1986) and King (1989), E. hannai inhabited shallow water, whereas C. grossus
was a deep to shallow water form. The extant N. affine and C. teretis which are common in
most intervals are most common in deeper shelf environments. C. reniforme which is
common in certain intervals primarily inhabits upper slope and outer shelf. It is also found in
smaller numbers on the middle and inner shelf (Mackensen et al. 1985, Sejrup et al. 1981). C.
lobatulus which is common in most sections primarily inhabits the inner part of the shelf, but
is also found on the middle and outer shelf (Sejrup et al. 1981). Several shallow water forms
of the genus Elphidium including E. groenlandicum, E. albiumbilicatum and E. bartletti,
occur in varying abundances in most intervals (Skarbe & Verdenius 1986). The deep to
shallow water forms E. excavatum, C. scaldisiensis, H. orbiculare, B. marginata, I norcrossi
and I islandica, also occur in varying numbers in most intervals (Skarbg & Verdenius 1986).

The basal Upper Pliocene unit was sampled in detail in the cored sections in wells
34/8A-1H and 34/8-9S. Analyses revealed that shallow marine foraminifera were

concentrated in clasts interpreted as being included within the debris flow deposits and
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therefore transported into position. In the autochthonous clays and silts the observed
planktonic species and benthic foraminifera are typical of the deeper parts of the shelf. The
fossil fauna in most intervals within the Upper Pliocene units indicates deposition in outer
neritic to upper bathyal bathymetric environments. The presence of a high concentration of
ice-rafted pebbles, together with the occurrence of several polar foraminifera of the genera
Elphidium and Islandica indicate cold water conditions during most of the Late Pliocene.

The well resolved clinoformal pattern of the Upper Pliocene deposits (Fig. 2) gives a
direct estimate of the palaco-waterdepths of this time. During a late stage of progradation the
height of the prograding system is close to 400 m. Such large depths were probably not
present at the initial phase of progradation and at the time when the basal Upper Pliocene unit
was deposited. Although much of the oldest part of the system has been eroded, we suggest
that the water depth was in the order of 150-200 m at the onset of progradation, and that it
gradually increased to a maximum of about 400 m as the system evolved during Late
Pliocene. Significant changes in water depths, however, took place at periods when the

erosion surfaces were formed.

Pleistocene

Pleistocene sediments, containing the N-A assemblage, are sampled only in well 31/3-1 (Troll
Field; Figs. 15-17). This assemblage is also dominated by calcareous benthic foraminifera.
Planktonic foraminifera are noticeably less frequent than the benthic taxa, but even these are
quite numerous in the lower part of the unit. All the taxa are extant species. According to
Skarbe & Verdenius (1986) N. labradoricum, C. reniforme, B. marginata, E. excavatum, H.
orbiculare, C. teretis, A. angulosa, I norcrossi, I helenae, I islandica, and A. fluens inhabit
deep to shallow water environments. N. affine and Pyrgo bulloides are deep water forms and
C. lobatulus and U. mediterranea inhabit shallow water environments. This indicates that
Pleistocene sediments were probably deposited in middle neritic environments. A higher
concentration of planktonic foraminifera in the lower part of the interval may indicate
somewhat greater water depth during the deposition of this unit (middle to outer neritic). A
high concentration of ice-rafted pebbles and the common occurrences of polar foraminifera of
the genera Elphidium and Islandiella plus C. reniforme indicate cold water condition. The
presence of several boreal forms, such as U. mediterranea, A. angulosa and B. skagerrakensis
indicates that the cold environments were separated by shorter and warmer interglacials

(Feyling-Hanssen 1983).
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Discussion

Utsira Formation

In the type section in the southern Viking Graben, the Utsira Formation comprises an
alternating series of sands and claystones with a gross thickness in excess of 400 m. Isaksen &
Tonstad (1989) suggested a shallow marine depositional environment for the Utsira
Formation sands and a Middle to Late Miocene age. Rundberg & Smalley (1989) and Smalley
& Rundberg (1990) reported Sr-isotopic ages in well 30/3-1 of 13.5 and 18.0 Ma for the
Utsira Formation based on analyses of mollusc fragments taken from ditch cutting samples.
However, Goll & Skarbe (1990) challenged these datings by disputing the use of unidentified
mollusc fragments, and themselves proposed an age of 8-9 Ma for the formation in the same
well. Their conclusions were based on a biostratigraphical correlation with boreholes on the
Vering Plateau. In recent work by Eidvin et al. (1999; referring to well 15/12-3) and
supported by the same author's personal observation in wells 16/1-2, 16/1-4 and 24/12-1, a
latest Middle Miocene to Early Pliocene age is proposed for the Utsira Formation.
Preliminary results from well 35/11-1 to the east of the study area indicate a Late Miocene to
possible latest Middle Miocene age (T. Eidvin, personal observation). In this well the
formation occurs as a coarse-grained, quartzose sand.

In blocks 30/6 and 30/3, the Utsira Formation comprises an approximately 200 m thick
stacked series of sands with minor finer-grained interbeds. The sands are dominantly
quartzose, but contain also beds rich in calcareous shell debris and glauconite. Rundberg
(1989) discussed the overall depositional framework of the Utsira Formation and suggested a
model involving accumulation of sands in a shallow marine setting following tectonic uplift
of the northernmost North Sea area. In his regional study, Gregersen (1997) favoured a
turbiditic origin of the sands, whereas Martinsen et al. (1999) indicated a shallow marine
origin largely in agreement with the model of Rundberg (1989).

The main Utsira Formation sands are not recorded in any of the wells examined in the
present work, and we have not made detailed seismic investigations of these deposits. The
overlying glauconite rich sands in the Tampen area contain no shallow marine fossils. This
may give indirect support to a turbiditic origin for the underlying main Utsira Formation

sands, and this is in turn indicated by their massive character and blocky gamma-ray nature.



42

As mentioned previously, the term “Utsira Formation” has been used imprecisely by
many consultants and other scientists/geologists and has generally been applied to all sandy
intervals at the base of the Neogene section in the northern North Sea. Investigations of the
Tampen wells described in this paper, show that lowstand deposits and turbiditic sands that
belong to the Upper Pliocene prograding complex have erroneously been included in the
Utsira Formation (Fig. 2). These sediments are separated from the underlying Utsira
Formation proper by a hiatus encompassing the later Early Pliocene and earliest Late
Pliocene. In some areas, it is difficult to differentiate between sands of Miocene and Late
Pliocene age, and it has therefore been appropriate to include all lower Neogene sands within
the Utsira Formation. We propose that the term “Utsira Formation” should only be used for
sands of Miocene to Early Pliocene age and not for those belonging to the Upper Pliocene
prograding complex. The top of the Utsira Formation is, in this part of the basin, defined as
the top of the glauconite-rich unit close to the Miocene-Pliocene transition. Further work on
the lower Neogene sandy sequences, particularly in the Gullfaks/Statfjord region, will be
required in order to obtain a regional lithostratigraphic overview, and to resolve the

chronostratigraphy of the late Tertiary in the northern North Sea.

Utsira Formation/glauconitic unit

We interpret that the glauconite-rich sand that overlies the Oligocene deposits in the Snorre
wells and the lower Miocene in the Visund wells drapes over the main Utsira Formation
further east. This interpretation is illustrated in Fig. 2. This model is based on the observation
of comparable glauconite-rich intervals at the top of the Utsira Formation sand in wells from
blocks 30/3 and 30/6 to the south (Rundberg 1989). Gregersen (1998) reported a high gamma
peak which was interpreted to represent a glauconite-rich sand bed at the top of the Utsira
Formation in blocks 35/10 and 35/11 (north-west of the Troll Field; Fig. 1). The present work
proposes that the glauconitic sand of the Tampen area was deposited during the latest
Miocene and into the earliest Pliocene. However, there are indications that these sands may
have been deposited over a longer period, and that they interfinger with the main Utsira
Formation sands to the east. Firstly, the sand unit is about 15 m thick, homogeneous, and
according to sidewall cores and log data, rich in glauconite minerals. This may indicate that
the unit consists of a series of stacked units, each representing a condensed interval. Secondly,

the recorded Bolboforma species observed in wells 34/8-1 and 34/8-3 A, indicate an age of 12
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Ma (Spiegler & Miiller 1992) for this unit. This age, combined with the Sr-isotopic data from
the unit, indicate a period of about 6-7 m.y. characterised by an overall low rate of
sedimentation. However, Bolboforma are not recorded in any of the other wells in the Tampen
area, indicating that they most likely are reworked. If this is the case, it is likely that the E.
variabilis (N-C1) assemblage is younger than the Bolboforma zones of Spiegler & Miiller
(1992) and Miiller & Spiegler (1993) recorded in the North Atlantic and the Norwegian Sea.
The youngest of these zones (B. metzmacheri Zone) corresponds to an interval of between
10.0-8.7 Ma based on calibration with nannoplankton and palacomagnetic data. This
suggestion is based on the comparison of the observations from the Norwegian Sea
continental shelf where the E. variabilis and Bolboforma assemblages are present in the same
wells (Stratlab 1986, Eidvin et al. 1998). The young Sr-ages obtained from this unit also
support this view, and indicate a period of condensed deposition of approximately 3.5 m.y.
However, Gradstein & Béckstrom (1996) have observed the LAD of B. metzmacheri
stratigraphically above that of E. variabilis in the North Sea, which is not in concurrence with
our view. The authors agree with Gradstein & Backstrom (1996) that further studies of the

late Miocene are required to resolve this question.

The basal Upper Pliocene unit

In previous papers and in well reports from the Snorre and Visund areas, the basal Upper
Pliocene unit has commonly been assigned a Miocene age and consequently been included in
the Utsira Formation. In a study of wells 34/2-4 and 34/2-6, Eidvin & Riis (1992) reported a
Late Miocene age for this unit and also included it in the Utsira Formation. Gradstein et al.
(1992) assigned the unit an Early Miocene age in well 34/8-1. Steurbaut et al. (1991),
assigned the lower part of the unit in well 34/4-1 to the Early Pliocene, but were unable to
determine the age of the upper part. It must be emphasised that all of these datings were based
on ditch cuttings, and that consequently the unit boundaries were based on the LADs of
selected taxa. The present work, which has utilised cores from wells 34/8-9S and 34/8A-1H
(Figs. 7 and 8), and sidewall cores from wells 34/4-7 and 34/7-1 (Figs. 11a and 12a), has
demonstrated an in situ Upper Pliocene fauna within this unit, and has shown that the older
fossils are reworked.

There is good evidence from the cores of a glacio-marine influence within the
sediments from this unit. Glacio-marine sediments of the Vering Plateau have been the

subject of studies by Jansen & Sjeholm (1991) and Fronval & Jansen (1996). These studies
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demonstrated the presence of ice-rafted material in sediments as old as 12.6 Ma. The
frequency of ice-rafted material increases during the period between 7.2 and 6.0 Ma, but
remains relatively low between 6.0 Ma and 2.75 Ma. A marked increase in the supply of such
material after about 2.75 Ma reflects the expansion of the northern European glaciers (Fig.
17). The maximum age of the basal Upper Pliocene unit of the Tampen area is therefore

assigned to be 2.75 Ma.

Origin of the incised valley/canyon system west of Sognefjorden

The large incised valley/canyon system (Fig. 1) was first described by Rundberg et al. (1995).
These workers proposed that it was formed as part of a fluvial system resulting from uplift of
the northernmost North Sea during the Miocene. Martinsen et al. (1999) also favoured a
Miocene age and a fluvial origin. Gregersen (1998) published a study based on the
interpretation of 3-D seismic and concluded that the channel-like system was formed prior to
deposition of the Utsira Formation, and further proposed a latest Oligocene or earliest
Miocene age for the incision.

The present authours' seismic interpretation indicates that the timing of the
valley/canyon incision is best resolved by correlating from wells in the northernmost part of
the North Sea where the Neogene succession is preserved. In this area, it is evident from both
2-D and 3-D seismic data that the erosive event postdates deposition of the basal Upper
Pliocene unit. This relationship is illustrated in Fig. 3. Therefore, we propose that the elongate
erosive system is Late Pliocene in age. The dimension of the erosive form, from 1-4 km wide
and 150-200 m deep (Figs. 1 and 3), is a magnitude larger than for normal large fluvial
streams. The structure is therefore considered to have formed by valley incision more than
single fluvial channeling, alternatively as a submarine canyon, or a combination.

Although glacial conditions prevailed at North Sea latitudes during Late Pliocene, a
subglacial origin of the canyon is not considered likely. Expansion of ice sheets out onto the
shelf probably first took place at about 1.2 Ma (Jansen & Sjeholm 1991, Sejrup et al. 1995).
The climatic deterioration at this time is also shown in the oxygen isotope record (Mix et al.
1995).

At this time, the northern North Sea area is interpreted to have been a shelf platform
with slope and deeper basin settings developed in the present day Mare Basin to the north.
The incised valley system thus cuts deeply into the entire palaeoshelf. This would require a

large fall in relative sea level, as indicated from seismic data. This fall in relative sea level
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resulted in subaerial exposure of marginal parts of the northern North Sea basin. The fluvial
incision of the emerged shelf was accompanied by uplift and erosion of the Fennoscandian
landmass, followed by large-scale progradation and rapid subsidence of the palacoshelf. The
progradational Upper Pliocene shelf sediments demonstrate that the fall in relative sea level
was succeeded by a rapid rise in relative sea level, creating the accommodation needed for
this regressive unit.

We propose that, at the time of valley/canyon incision, the shelf edge probably
exhibited an east-west orientation close to 62°N. Subaerial exposure has affected much of the
eastern part of the basin, such as the areas between 61°15’N and the Agat area at 62°N, where
another deep erosive system is observed (Rundberg & Eidvin 1999). This latter system cuts
into shelf sediments which are eroded to the south, and is most likely fluvial in origin. The
west of Sognefjorden valley incision is closely contemporaneous with the Agat incision, but
the shelf exposure was probably more extensive in the west of Sognefjorden area.

The present authors therefore favour a model whereby fluvial drainage prevailed over
much of quadrant 35. However, in block 34/3 we propose a continuation of the incised valley
as a submarine canyon migrating towards the north and cutting into the outer palacoshelf.
This submarine canyon may have supplied sediment to a slope canyon or a turbidite channel
system at the southern margin of the Mere Basin. It is also possible that large-scale slumping
on the palacoslope of the More Basin may have introduced retrogressive failure and the
development of elongate shelf canyons or channels similar to those described in models
presented by Talling (1998) and Eyles & Lagoe (1998).

The question if the incision was controlled by glacial eustacy or tectonics remains to
be aired. According to data presented by Shackleton et al. (1995), a eustatic sea-level fall in
the order of 50-60 m was associated with glacial stage G6 at about 2.75 Ma. Our seismic
interpretation and palacogeographic reconstruction suggest that a larger relative sea-level fall
than this must have taken place in the northern North Sea at the time of incision. It is
important to note that our model also requires a succeeding rapid rise in sea level to create the
accommodation space needed for the regressive Upper Pliocene unit. We therefore propose
that tectonic mechanisms exerted major control of sea-level changes that led to exposure and

incision of the eastern marginal parts of the northern North Sea basin.

Summary and conclusion
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In summary, we conclude the following:

1) In the Troll area Pleistocene deposits rest unconformably on Lower Oligocene
strata. The upper part of the Upper Oligocene is absent in all the Tampen wells studied. In the
Visund area (block 34/8) there is a hiatus of more than 2 m.y. between Oligocene and Lower
Miocene deposits. In the Snorre area (blocks 34/4 and 34/7) there is a hiatus of more than 18
m.y. between the Oligocene and the Upper Miocene (Fig. 16).

2) A previously undescribed Lower Miocene unit has been identified and mapped at
the top of the Hordaland Group in the Visund area. A large hiatus separates this unit from the
overlying beds.

3) The quartzose sands of the Utsira Formation are not recorded in any of the studied
wells, but preliminary results from well 35/11-1 indicate a Late Miocene to possible latest
Middle Miocene age for the formation. A glauconitic part of the Utsira Formation (Late
Miocene to earliest Early Pliocene in age) is present in the Tampen wells. This unit overlies
the Oligocene strata in the Snorre area and the Lower Miocene strata in the Visund area. East
of these areas, we propose that the unit drapes over, or partly interfingers with the main Utsira
Formation sands.

4) A distinct seismic unit is identified at the base of the Upper Pliocene prograding
complex. Cores from this unit contain sands and silts interpreted to be gravity flow deposits,
and contain mudstone clasts that include shallow marine faunas interpreted to have been
transported into deeper water. Ice-rafted debris are also common in the cores. The fauna is
typical of the Late Pliocene, but reworked Miocene forms are also quite common.

5) We believe that the Utsira Formation requires a new and precise definition as a
basis for further stratigraphic study in the northern North Sea. The present authors propose
that the top of the formation should be assigned to end of the period of restricted
sedimentation, characterised by glauconite rich sands. This point in time is close to the
Miocene-Pliocene boundary, as we have demonstrated in the Tampen wells. Thus, we
recommend that sands belonging to the basal Upper Pliocene unit or to the Upper Pliocene
prograding complex should not be included in the Utsira Formation. There is also a need for a
clearer definition of the base of the Utsira Formation because there remains considerable
confusion, in some areas further to the south, whether the sands belong to the Skade or to the
Utsira Formations.

6) The elongate erosive channel-like structure west of Sognefjorden, which has been

described as Miocene in age, appears to be younger. The structure is inferred to have formed
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as an incised valley in the proximal areas and as a submarine canyon in its extension further to
the north into the Mere Basin. The valley/canyon incision postdates deposition of the basal
Upper Pliocene unit in the Tampen area, which was deposited in a lowstand setting. We
propose that the erosive drainage system evolved during Late Pliocene time, initiated by a
large fall in relative sea level. This was succeeded by a rise in relative sea level giving

accommodation for the progradation of the Upper Pliocene shelf wedge.
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Tables

Table 1. Samples analysed in wells 31/3-1, 34/8-1, 34/8-9S, 34/8A-1H and 34/8-3A. DC =

ditch cutting sample.

Table 2. Samples analysed in wells 34/4-6, 34/4-7, 34/7-1 and 34/2-4. SWC = sidewall cores,
DC = ditch cutting sample.

Table 3. Strontium isotope ratios of Cainozoic samples analysed in laboratory A.

Table 4. Strontium isotope ratios of Cainozoic samples analysed in laboratory B.

Figures

Fig. 1. Map showing the following key elements of this work: location of studied wells of the
Snorre Field area (blocks 34/4, 34/7), Visund Field area (block 34/8), northern Tampen Spur
(34/2-4) and Troll Field area (block 31/3); lateral distribution of the main Utsira Formation
sand (full line) and approximate outline of the Lower Miocene unit (broken line); location of
seismic lines shown in Figs. 2 and 3; outline of the Upper Pliocene incised valley/canyon

system and truncation line of top Oligocene surface. Studied wells are marked with black fill.
F. = Field.

Fig. 2. (A) Seismic line NVGTI-92-105 across the Norwegian northern North Sea through
wells 34/8-3A (Visund area) and 34/8-1 (Snorre area) illustrating the basin architecture and
major depositional sequences of the upper Cainozoic. (B) Interpreted version of line NVGTI-
92-105 showing major depositional sequences. The glauconitic sand unit is considered to
overlie or partly interdigitate with the main Utsira Formation sand to the east. Note that the
Upper Pliocene sand penetrated in well 34/7-1 is not a part of the Utsira Formation. Location

of the line is shown in Fig. 1.
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Fig. 3. Seismic composite line (NVGT-88-11 and MS97M inline 3794) showing the
stratigraphy in well 34/2-4 and a deep canyon, incised into Oligocene strata. The line
illustrates that the incision postdates deposition of the basal Upper Pliocene sequence.

Location of the line is shown in Fig. 1.

Fig. 4. Log correlation diagram of wells from the Visund area (block 34/8), wells from the
Snorre area (blocks 34/4 and 34/7) and well 34/2-4 on the northern Tampen Spur. Note
position of conventional cores in wells 34/8-9S and 34/8-A-1H. GR = gamma ray log. Depth
in metres below rig floor (RKB).

Fig. 5. Range chart of the most important index fossils in the investigated interval of well
31/3-1. Legend for columns: rare 0-5 %, common 5-20 %, abundant 20 % or more. DC =
ditch cutting samples, m RKB = metres below rig floor, m MSL = metres below mean sea

level, SR. ANALYSES = strontium isotope analyses.

Fig. 6. Range chart of the most important index fossils in the investigated interval of well
34/8-1. Legend for columns: rare 0-5 %, common 5-20 %, abundant 20 % or more. DC =
ditch cutting samples, m RKB = metres below rig floor, m MSL = metres below mean sea
level, gAPI = American Petroleum Institute gamma ray units, ps/f = microseconds per foot,

SR. ANALYSES = strontium isotope analyses.

Fig. 7. Range chart of the most important index fossils in the investigated interval of well
34/8-9S. Legend for columns: rare 0-5 %, common 5-20 %, abundant 20 % or more. C = core,
m RKB = metres below rig floor, m MSL = metres below mean sea level, SR. ANALYSES =

strontium isotope analyses.

Fig. 8. Range chart of the most important index fossils in the investigated interval of well
34/8 A-1H. Legend for columns: rare 0-5 %, common 5-20 %, abundant 20 % or more. C =
core, m RKB = metres below rig floor, m MSL = metres below mean sea level, SR.

ANALYSES = strontium isotope analyses.

Fig. 9. Range chart of the most important index fossils in the investigated interval of well

34/8-3A. Legend for columns: rare 0-5 %, common 5-20 %, abundant 20 % or more. DC =
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ditch cutting samples, m RKB = metres below rig floor, m MSL = metres below mean sea

level, gAPI = American Petroleum Institute gamma ray units, pus/f = microseconds per foot.

Fig. 10. Range chart of the most important index fossils in the investigated interval of well
34/4-6. Legend for columns: rare 0-5 %, common 5-20 %, abundant 20 % or more. DC =
ditch cutting samples, m RKB = metres below rig floor, m MSL = metres below mean sea
level, gAPI = American Petroleum Institute gamma ray units, ps/f = microseconds per foot,

SR. ANALYSES = strontium isotope analyses.

Fig. 11a. Range chart of the recorded fossils in the sidewall core samples in the investigated
interval of well 34/4-7. Legend for columns: rare 0-5 %, common 5-20 %, abundant 20 % or
more. SWC = sidewall core samples, m RKB = metres below rig floor, m MSL = metres
below mean sea level, gAPI = American Petroleum Institute gamma ray units, ps/f =

microseconds per foot, SR. ANALYSES = strontium isotope analyses.

Fig. 11b. Range chart of the most important index fossils in the ditch cutting samples in the
investigated interval of well 34/4-7. Legend for columns: rare 0-5 %, common 5-20 %,
abundant 20 % or more. DC = ditch cutting samples, m RKB = metres below rig floor, m
MSL = metres below mean sea level, gAPI = American Petroleum Institute gamma ray units,

ps/f = microseconds per foot, SR. ANALYSES = strontium isotope analyses.

Fig. 12a. Range chart of the recorded fossils in the sidewall core samples in the investigated
interval of well 34/7-1. Legend for columns: rare 0-5 %, common 5-20 %, abundant 20 % or
more. SWC = sidewall core samples, m RKB = metres below rig floor, m MSL = metres
below mean sea level, gAPI = American Petroleum Institute gamma ray units, ps/f =

microseconds per foot, SR. ANALYSES = strontium isotope analyses.

Fig. 12b. Range chart of the most important index fossils in the ditch cutting samples in the
investigated interval of well 34/7-1. Legend for columns: rare 0-5 %, common 5-20 %,
abundant 20 % or more. DC = ditch cutting samples, m RKB = metres below rig floor, m
MSL = metres below mean sea level, gAPI = American Petroleum Institute gamma ray units,

ps/f = microseconds per foot, SR. ANALYSES = strontium isotope analyses.
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Fig. 13. Range chart of the most important index fossils in the investigated interval of well
34/8-1. Legend for columns: rare 0-5 %, common 5-20 %, abundant 20 % or more. DC =
ditch cutting samples, m RKB = metres below rig floor, m MSL = metres below mean sea
level, gAPI = American Petroleum Institute gamma ray units, us/f = microseconds per foot,

SR. ANALYSES = strontium isotope analyses.

Fig. 14. Curve showing strontium isotope evolution of seawater from 6.5 Ma to recent
(modified after Farrell et al. 1995). Outer envelope represents confidence interval (+19x1 0.
Ages have been derived by plotting the Sr-isotope results to the mean polynomial curve. Only
Sr-isotope results from laboratory A are shown. All values are plotted relative to SRM-987 =
0.710235.

Fig. 15. Correlation of fossil assemblages between the wells studied. Vertical axis is metres

below rig floor.

Fig. 16. Correlation of the fossil assemblages between the well studied. Vertical axis is in Ma.

FA = fossil assemblages.

Fig. 17. Correlation of faunal assemblages between well 31/3-1, 34/8-1 and 34/4-6 as well as
from the wells to King's (1989) North Sea fossil zonation and to the fossil zonation of the
ODP sites 642 and 643 on the Varing Plateau (Spiegler & Jansen 1989, Miiller & Spiegler
1993). The shaded part of the wells is not sampled. The IRD curve is after Jansen & Sjogholm
(1991) and Fronval & Jansen (1996). S = series/subseries, L = lithostratigraphic units, FA =

fossil assemblages.



SAMPLES ANALYSED IN WELL 31/3-1

430.0 m DC 470.0 m DC 510.0 m DC 550.0 m DC
440.0 m DC 480.0m DC 520.0m DC 560.0 m DC
450.0m DC 490.0 m DC 530.0 mDC 580.0 m DC
460.0 m DC 500.0 m DC 5400 m DC

SAMPLES ANALYSED IN WELL 34/8-1

440.0 m DC 680.0 m DC 10200 m DC |1160.0 m DC
460.0 m DC 700.0 m DC 10300 m DC | 1170.0 m DC
480.0 m DC 730.0 m DC 10500 mDC | 1180.0 m DC
490.0 m DC 750.0 m DC 1060.0 mDC | 1150.0 m DC
500.0 m DC 780.0 m D¢ 10700 m DC | 1200.0 m DC
510.0 m DC 800.0 m DC 1080.0 mDC |1220.0 m DC
520.0 m DC 830.0 m DC 1090.0 mDC [1240.0 m DC
530.0 m DC 850.0 m DC 1100.0 m DC | 1260.0 m DC
550.0 m DC 880.0 m DC 11100 m DC [ 1280.0 m DC
560.0 m DC 900.0 m DC 11200 m DC | 1300.0 m DC
580.0 m DC 920.0 m DC 1130.0mDC [1320.0 m DC
600.0 m DC 950.0 m DC 11400 m DC [ 1340.0 m DC
630.0 m DC 980.0 m DC 11500 m DC  [1360.0 m DC
650.0 m DC 1000.0 m DC

SAMPLES ANALYSED IN WELL 34/8-9S

1109.68 m Core

1110. 52 m Core

1111.74 m Core

1112.63 m Core

SAMPLES ANALYSED IN WELL 34/8A-1H

1070.2 m Core

1084.1 m Core

1088.2 m Core

1102.0 m Core

1083.2 m Core |1086.1 m Core |1101.3 m Core

SAMPLES ANALYSED IN WELL 34/8-3A

1000.0 m DC 1080.0 m DC 1160.0 m DC | 1230.0 m DC
1010.0 m DC 1090.0 mDC | 1170.0 mDC |1240.0 m DC
10200 m DC  |1100.0 mDC |1180.0 mDC |1260.0 m DC
10300 m DC (11100 mDC [1190.0 mDC |1270.0 m DC
10400 mDC |1120.0 m DC 12000 mDC | 1280.0 m DC
1050.0 m DC 1130.0 m DC 12100 mDC | 1290.0 m DC
1060.0 m DC 11400 m DC | 12200 mDC |1300.0 m DC
10700 mDC | 1150.0 m DC

Table 1



SAMPLES ANALYSED IN WELL 34/4-6

540.0 m DC 800.0 m DC 10700 m DC |1210.0 m DC
550.0 m DC 820.0 m DC 1100.0 m DC 11220.0 m DC
560.0m DC 850.0 m DC 1110.0 m DC 1230.0 m DC
570.0 m DC 870.0 m DC 11200 m DC | 1240.0 m DC
600.0 m DC 900.0 m DC 11300 m DC | 1250.0 m DC
620.0 m DC 920.0 m DC 11400 m DC |1270.0 m DC
650.0 m DC 950.0 m DC 11500 mDC  |1290.0 m DC
670.0 m DC 970.0 m DC 11700 mDC | 1310.0 m DC
700.0 m DC 1000.0 m DC 1180.0 mDC |1330.0 m DC
720.0 m DC 1020.0 m DC 11900 mDC | 1350.0 m DC
750.0 m DC 10500 mDC |[12000 mDC |[1370.0 m DC
770.0 m DC

SAMPLES ANALYSED IN WELL 34/4-7

1000.0mDC |1060.0 mDC [11000mDC |1180.0 mDC
1010.0 mDC |1061.0 m SWC |11200 mDC |1190.0 m DC
1010.0 m SWC |1063.0 m SWC |1130.0 mDC |1190.0 m SWC
10200 mDC  |1070.0 m DC  |1134.0 m SWC | 1192.0 m SWC
1030.0 m DC  |1076.0 m SWC |1140.0 m DC | 1200.0 m DC
1038.0 m SWC |1080.0 m DC {11500 mDC | 1204.0 m SWC
1040.0m DC  |1090.0 m DC [1160.0 m DC 1210.0 m DC
10500 mDC  |11000 mDC |1168.0 m SWC | 1220.0 m DC
1057.0 m SWC |1104.0 m SWC [1170.0 DC

SAMPLES ANALYSED IN WELL 34/7-1

1000.0 mDC 10600 m DC |1102.5 m SWC |1150.0 m DC
10100 mDC [ 1062.6 m SWC | 11100 m DC | 11550 m SWC
10200 mDC (10700 mDC  |1114.4 m SWC | 1160.0 m DC
1020.5 m SWC | 1973.0 m SWC |1120.0 m DC | 1166.0 m SWC
1030.0 mDC |1080.0 mDC |1123.0m SWC |1170.0 m DC
1040.0 m DC | 1083.5 m SWC |1130.0m DC |1180.0 m DC
10415 m SWC [ 10900 m DC  |1130.0 m SWC | 1190.0 m DC
1050.0 mDC | 1094.0 m SWC |1140.0 m DC | 1200.0 m DC
1052.0 m SWC | 11000 m DC | 1143.0 m SWC

SAMPLES ANALYSED IN WELL 34/2-4

13000 mDC  |13900mDC |1470.0 mDC |15400mDC
13100 mDC  |14000 m DC | 1480.0 mDC |1550.0 m DC
13200 mDC  |14100 m DC | 1490.0 m DC | 1560.0 m DC
13300 mDC 14200 mDC {15000 mDC | 15700 m DC
13400 m DC 14300 mDC |15100 mDC |1580.0 m DC
13500 mDC  [14400mDC |15200 mDC | 1590.0 m DC
13600 m DC  [14500m DC [1530.0m DC | 1600.0 m DC
13700 m DC | 1460.0 m DC

Table 2



Sample | Well Depth Sequence | ¥Sr/®sr | S.E. @ |Age ¥ | Age ® | Remarks ©
no. (m) LabA @ (Ma) | (Ma)
4 34/8-1 1110-1130 | Glauc. sand | 0.709023 17 4.6 5.0 DC
5 34/8-1 1280 Oligocene | 0.708026 45 - 28.3 DC, 4 bl.
6 34/8-1 1300 QOligocene | 0.708042 47 - 27.8 DC, 1 bl.
11 34/8A-1H 1070.2 B. U. Plioc. | 0.708999 29 5.1 5.6 Core, 4 bl.
12 34/8A-1H 1083.2 B. U. Plioc. | 0.709018 12 4.7 5.2 Core
13 34/8A-1H 1084.1 B. U. Plioc. | 0.709029 16 4.4 4.9 Core
14 34/8A-1H 1086.1 B. U. Plioc. | 0.709011 13 4.8 5.3 Core
15 34/8A-1H 1088.2 B. U. Plioc. | 0.709026 14 4.5 5.0 Core
16 34/8A-1H 1101.3 B. U. Plioc. | 0.709038 18 4.0 4.5 Core, 8 bl.
17 34/8A-1H 1102.0 B. U. Plioc. | 0.709062 13 2.3 2.4 Core
18 34/4-6 1220-1240 | Glauc. sand | 0.708997 14 5.1 5.6 DC
19 34/4-6 1250-1280 | Oligocene |0.708114 17 - 26.2 DC
20 34/4-7 1063 Progr. Plioc. | 0.709068 15 2.0 2.2 SWC
21 34/4-7 1168 B. U. Plioc |0.709046 13 3.5 3.7 SWC
22 34/4-7 1192 Glauc. sand [ 0.709019| 13 4.7 5.1 SWC
23 34/4-7 1180-1200 | Glauc. sand | 0.709007 13 5.0 5.4 DC
24 34/4-7 1210 Oligocene | 0.708064 39 - 27.4 DC, 5 bl.
25 34/7-1 1062.5 Progr. Plioc. | 0.709080 14 1.7 1.9 SWC
26 34/7-1 1094 B. U. Plioc. | 0.709075 15 1.8 2.0 SWC
26A 34/7-1 1102.5 B. U. Plioc. | 0.709022 15 4.6 5.1 SWC, 3 bl
27 34/7-1 1123 B. U. Plioc. | 0.709034 20 4.2 4.7 SWC
28 34/7-1 1130 B. U. Plioc. | 0.708073 29 1.8 2.1 SWC, 8 bl.
29 34/7-1 1190-1200 | Oligocene |0.708120 29 - 26.1 DC, 4 bl.
30 34/2-4 1470-1490 |Glauc. Sand| 0.709055 11 2.5 2.6 DC

TEBBS
SEBEZ

Sample numbers refer to Figs. 5-13
All results are normalised to SRM-987 = 0.710235 and to *Sr/®Sr = 0.1194
S.E. = standard error of the mean (two-sigma x 10°)

Age according to Farrell et al. (1995), (0-6 m.y. interval only)
Age according to Howarth and McArthur (1997). Note that all results have been normalised to

0.710248 when using the Look-up Table

x/10 blocks; 1 bl = 10 individual measurements)

DC = ditch cuttings; SWC = sidewall core; bl = blocks (denotes small sample, age based on

Table 3



Sample | Well Depth | Sequence | ¥Sr/®sr | S.E.© | Age ™ | Age ® | Remarks ©
no. (m) LabA® (Ma) | (Ma)
1 31/3-1 520 Pleistocene | 0.709177 12 0 0 DC
2 31/3-1 530 Pleistocene | 0.709174 12 0 0.2 DC
3 31/3-1 570 - 580 | Oligocene | 0.707863 12 - 32.8 DC
7 34/8-95 1109.68 | B. U. Plioc. | 0.709086 11 1.9 24 Core
8 34/8-9S 1110.52 | B. U. Plioc. | 0.709013 13 5.1 523 Core
9 34/8-9S 1111.74 | B. U. Plioc. | 0.709007 13 52 5.6 Core
10 34/8-9S 1112.63 | B. U. Plicc. | 0.709054 12 3.9 4.3 Core
10A 34/8-95 1112.63 | B. U. Plicc. | 0.708978 10 56 6.2 Core
11 34/8A-1H 1070.2 B. U. Plioc. | 0.709078 9 2.2 2.3 Core
12 34/8A-1H 1083.2 B. U. Plioc. | 0.709080 9 2.2 2.2 Core
13 34/8A-1H 1084.1 B. U. Plioc. | 0.709057 9 3.9 3.9 Core
14 34/8A-1H 1086.1 B. U. Plicc. | 0.709050 9 4.2 4.5 Core
15 34/8A-1H 1088.2 B. U. Plicc. | 0.709073 9 2.3 2.4 Core
16 34/8A-1H 1101.3 B. U. Plicc. | 0.709097 10 1.7 2.1 Core

All explanations as in Table 3

Table 4
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Water depth: 343 m (MSL)
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Figure 9
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Figure 10

Water depth: 374 m (MSL)
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Figure 11a

Water depth : 354 m (MSL)



OTHER

¥'dS WOLVIa
vidv10/avy

SWSIYd SNWYYIIONI
£dS WOLVId

FORAMINIFERA | FOSSILS

PLANKTONIC

("X3a) ¥OILNYTLY YNIYQYNDOE0TO0IN
YE013N0ONIND V1ITVI0H08HNL
$3Q107INE ¥NI¥39I8CT19

('X30) YWHIAAHOVL YNINGYNO0E0TI0IN
YiVYT4INI ¥VIT¥YL0H080179

("NIS] VOIINYTLY YNIHGYNDOEOTI0IN
("NIS) YWHITAHIVL YNIYQYNOOE0TO03IN

BENTHIC FORAMINIFERA

YNVYQEVYYHI9 JINVGTOS YNIGIOHAD
YOILYSTY YNITIHENL
SITOVYO YNIYVSIdL

dS VNIINLLNG
$3010711N8 YINITING
SITNGVIMVYA YNIOYTENIHHT
YiINIIVId VNINWYTOAD
1093131 $30121810
SNINOAd §IAINOJIT
131dW3LNA $30121810
SNSS0Y9 $30101810
3INid4V NOINON
VYOIONVYISI YT113IGNYIS!
YWIHHYINTL ¥17300N8
SISN3ISIQTYOS §30121810
SI13HIL YNITNAISSYD
JEVINIIGHO YNISINAVH
WNLVAYIX3 WNITIHG 13
YIVNIOYYW YNIWITNG
IVNNYH Y117310IHd 13
SNINLY807 §30101810
JYNITIH YTT13/ANVISI

WELL 34/4-7 (DC)

(gxyw) HLd3a

('ON ONY ,
WAYILNI @31diys) STSATVNY dS

23I
2

SJOVIgW3SSY 11SSO4

(10N
NSSY
srma
VYA
LURIEL]
“NIUH3]

(18- N) IOVIGNISSY ( NIS ) VOLINYTLY ‘N
- $301077N9G YNIYIOIFGOT9 - IYNNYH
V17310IH473 - SNSSOY9 S3aIDIFID

£°dS

(L4-N)
‘WassY
WOL1via

- VOILYSTV
YNITIHENL

NOILYIWHO4 / dNOHO

‘WHO4
VIS
“1n

dNOYO ANVTHON

dNOYo

ONYIVOYOH

SHOL03743d DINSIZS

|

S31¥3SENS / S3I¥IS

ond
MO7
“20IW
H3ddn

ElE]

AN300Td ¥3ddn "d4d

009110
N-"MO71

=
~r

Units ; psf

140

SONIC

WL

b [N,

T

100

GAMMA RAY
Units : gAPI

Figure

11b

Water depth: 354 m (MS L)
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Figure 12a

Water depth: 328 m (M S L)
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Figure 12b

Water depth : 328 m (MSL)
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