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Abstract

The presence of abundant age-diagnostic dinoflagellate cysts in Ocean Drilling Program (ODP) Hole 913B (Leg
151), Deep Sea Drilling Project Hole 338 (Leg 38) and ODP Hole 643A (Leg 104) has enabled the development of a
new biostratigraphy for the Eocene^Oligocene interval in the Norwegian^Greenland Sea. This development is
important because the calcareous microfossils usually used for biostratigraphy in this age interval are generally absent
in high latitude sediments as a result of dissolution. In parallel with this biostratigraphic analysis, we developed a
magnetic reversal stratigraphy for these Norwegian^Greenland Sea sequences. This has allowed independent age
determination and has enabled the dinocyst biostratigraphy to be firmly tied into the global geomagnetic polarity
timescale (GPTS). The relatively high resolution of this study has enabled identification of dinoflagellate cyst
assemblages that have affinities with those from the North Sea and the North Atlantic, which allows regional
correlation. Correlation of each site with the GPTS has also allowed comparison of the stratigraphic record preserved
in each drill-hole. Hole 913B is the most complete and is the best-preserved record of the Eocene and Oligocene in the
Northern Hemisphere high latitudes, and can serve as a reference section for palaeoenvironmental reconstructions of
this age interval.
= 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The Eocene^Oligocene interval was a critical

phase in Earth history, marking a major climatic
transition from greenhouse conditions in the Cre-
taceous to icehouse conditions in the Cenozoic.
Stable oxygen isotope data indicate that, after
the late Palaeocene^early Eocene thermal maxi-
mum, a long-term cooling trend began at about
52 Ma (Shackleton and Kennett, 1975; Miller et
al., 1987; Prentice and Matthews, 1988; Zachos et
al., 1994, 2001), with several distinct cooling
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events throughout the Eocene culminating in a
permanent drop in oceanic bottom water temper-
atures at the Eocene^Oligocene boundary (Abreu
and Anderson, 1998). In the Norwegian^Green-
land Sea, early Cenozoic continental separation
of Eurasia from Greenland and the subsequent
submergence of land bridges, which acted as im-
portant barriers to the exchange of surface and
deep waters among the Norwegian^Greenland
Sea, the Arctic Ocean and the North Atlantic
(Eldholm et al., 1994), resulted in major oceano-
graphic and environmental changes.

Stepwise faunal and £oral extinctions were
associated with this global cooling and evolving
hydrographic regime, as temperature sensitive
species were replaced by more tolerant taxa (Mo-
lina et al., 1993; Bujak, pers. commun. 2001).
Dino£agellate cysts (dinocysts), in particular, are
abundant and are extremely diverse throughout
the Eocene sequences of the Norwegian^Green-
land Sea, and provide a good record of environ-
mental change associated with local tectonic and
global climate events.

2. Previous Norwegian^Greenland Sea Palaeogene
dinocyst biostratigraphies

Biostratigraphy of high latitude sediments can
be di⁄cult because the low-latitude marker spe-
cies used in many zonation schemes are rarely
found in these sediments. In addition, the Eo-
cene^Oligocene (E/O) transition in many high lat-
itude sites is missing in unconformities, which pre-
vents identi¢cation of the E/O boundary. The
situation has been further complicated by the per-
ceived high level of provincialism of dinocysts in
the Norwegian^Greenland Sea, which has made
correlation with other sites over wide geographic
regions problematical (Damassa and Williams,
1996). The net e¡ect is that the Cenozoic dinocyst
biostratigraphy of this region remains in a rela-
tively early stage of development compared to the
levels of sophistication achieved for low latitude
regions. Previous Palaeogene biostratigraphic di-
nocyst studies of the Norwegian^Greenland Sea
include those of Manum (1976), Manum et al.
(1989), Firth (1996), and Poulsen et al. (1996).

Manum (1976) provided the ¢rst attempt to
develop a dinocyst zonation for this period in
the Norwegian^Greenland Sea, based on material
from Deep Sea Drilling Project (DSDP) Leg 38,
Site 338 (67‡47.11PN, 05‡23.26PE). This study was
limited by low sampling resolution (i.e. one sam-
ple every 9 m) and by a rudimentary taxonomy,
which was partly a re£ection of the exploratory
nature of the ¢rst DSDP leg in the region (Firth,
1996). Subsequent studies have greatly bene¢ted
from better core recovery, enhanced sampling res-
olution and an improved taxonomic database.
However, the later studies of Ocean Drilling Pro-
gram (ODP) Leg 104, Site 643 (67‡47.11PN,
01‡02.0PE) by Manum et al. (1989) and Leg 151,
Site 913 (75‡29.356PN, 6‡56.810PW) by Firth
(1996) were also limited due to time constraints
associated with the ODP publication schedules,
which prevented more detailed and quantitative
analysis.

Magnetostratigraphic analyses for ODP Legs
104 (Eldholm et al., 1987) and 151 (Myhre et
al., 1995) yielded incomplete data, and no palaeo-
magnetic stratigraphy exists for DSDP Leg 38
(Talwani et al., 1976), which prevents correlation
with the geomagnetic polarity timescale (GPTS).
In addition, the stratigraphic utility of calcareous
and siliceous microfossils, used to constrain the
dinocyst biostratigraphy, was also limited by fre-
quent barren intervals that resulted from carbon-
ate and silica dissolution. Therefore, even the syn-
thesised biostratigraphic zonations that resulted
from these drilling legs (e.g. Schrader et al.,
1976; Goll, 1989; Thiede and Myhre, 1996)
have proved problematical in their application.

Gradstein et al. (1992) developed an integrated
Cenozoic biostratigraphy for Palaeogene sedi-
ments from o¡shore mid-Norway and the central
North Sea, using both dinocysts and foraminifera.
However, this scheme has relatively low resolu-
tion, with six broad dinocyst zones based on the
average last occurrences of dinocyst and forami-
niferal taxa. Bujak and Mudge (1994) developed a
more detailed Eocene North Sea dinocyst zona-
tion, based on last occurrence and abundance
events of dinocyst species. They de¢ned eight Eo-
cene dinocyst zones and twenty-three subzones,
which provide a potential source for detailed com-
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parison between the North Sea and the Norwe-
gian^Greenland Sea. However, the North Sea zo-
nation of Bujak and Mudge (1994), like the pre-
vious Norwegian^Greenland Sea dinocyst
biostratigraphies, is not directly calibrated to the
GPTS nor to the standard calcareous microplank-
ton zonations as a result of carbonate dissolution
in the studied sediments. These authors therefore
indirectly calibrated their zonations to the stan-
dard calcareous microplankton zonations by com-
paring their dinocyst successions to those from
onshore northwestern Europe where calcareous
microfossil age constraints are available.

The relatively high-resolution study presented
here has resulted in the identi¢cation of abundant
age-diagnostic species, which has enabled the de-
velopment of an improved dinocyst biostratigra-
phy for this region. Taxonomic advances over the
last decade, including discovery of new taxa from
the North Sea (Bujak, 1994), have helped to in-
crease the biostratigraphic resolution of our
study. Moreover, we also present a new magnetic
reversal stratigraphy for the Norwegian^Green-
land Sea, which provides the ¢rst opportunity to
tie the dinocyst biostratigraphy to the GPTS.

3. Materials and methods

3.1. Palynological methods

Dinocysts were counted from approximately
250 palynological slides (average of one sample
per V2.5 m) from ODP holes 913B and 643A
and from DSDP Hole 338 in the Norwegian^
Greenland Sea (Fig. 1). One of us (J.S.E.) ob-
tained 122 processed samples from Hole 913B
(via J.V.F.), which had been subjected to standard
palynological preparation techniques (Firth,
1996). Slides from Hole 643A, which had been
processed using the method outlined by Manum
et al. (1989), were reviewed (by J.S.E.) at the Uni-
versity of Oslo. Additional samples from holes
913B and 338 were processed at the School of
Ocean and Earth Science (SOES), University of
Southampton, using the standard palynological
techniques outlined below.

Samples were demineralised using cold hydro-

chloric (30% HCl) and hydro£uoric (60% HF)
acids. Lycopodium spore tablets were added ac-
cording to the method of Stockmarr (1971) to
facilitate the estimation of cyst concentrations.
For some samples (V30), one or another of the
following procedures were employed. Concen-
trated nitric acid (70% HNO3) was employed for
oxidation purposes; a tuneable ultrasonic probe
was used to break up and remove amorphous
organic matter (AOM) from AOM-rich samples,
and heavy liquid separation (sodium polytung-
state, sp. gr. = 2) was used to remove heavy min-
erals in samples containing higher concentrations
of heavy minerals. Ten-micron sieves were used to
concentrate the remaining residues, which were
then air-dried on coverslips and mounted on
slides using Elvacite. We have used the taxonomic
nomenclature of Williams et al. (1998) and the
timescales of Berggren et al. (1995) and Cande
and Kent (1995) in this study.

Slides were scanned under a stereo-binocular
microscope and counting continued until approx-
imately 300 particles had been counted for quan-
titative analysis. The entire slide was then scanned
in order to identify any other diagnostic species
that were present in the assemblage. A few sam-
ples (V55) were found to contain rather sparse
assemblages of dinocysts, in which case the entire
slide was counted even when there were fewer
than 300 specimens. Only presence^absence data
were collected from Site 643A, and each entire
slide was scanned to ensure that all species present
were identi¢ed.

Reworking may be a problem when identifying
species range tops, particularly in deep-sea drill-
holes (i.e. 913B), as dinocysts may be transported
from the shelf and subsequently re-deposited in
more distal environments (Dale, 1996). Low spe-
cies abundance, which characterises deep-sea di-
nocyst assemblages, makes the identi¢cation of
range tops and the possibility of reworking in
Hole 913B di⁄cult. Therefore, species range
tops were identi¢ed by the occurrence of two or
more specimens in a sample. Care was taken only
to count unbroken specimens; furthermore, the
samples in which these specimens occurred
showed no other evidence of reworking (e.g. the
occurrence of Cretaceous palynomorphs; see
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Fig. 1. Map of the Norwegian^Greenland Sea with the locations of sites used in this study: Site 913 (ODP Leg 151), Site 338
(DSDP Leg 38) and Site 643 (ODP Leg 104). Bathymetric contour interval is 500 metres.
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Firth, 1996). In addition, species ranges occurred
consistently in the same stratigraphic order when
compared to adjacent regions (i.e. North Sea; Bu-
jak and Mudge, 1994), which suggests that re-
working of range tops is not a signi¢cant problem
in the studied drill-holes from the Norwegian^
Greenland Sea.

3.2. Palaeomagnetic methods

Approximately 500 palaeomagnetic samples
were obtained from holes 913B, 338 and 643A,
with a sampling resolution of between two and
three samples per core section (i.e. one sample
every 50^70 cm). Palaeomagnetic measurements
were made on discrete samples (7 cm3 cubes)
with a 2-G Enterprises narrow-access pass-
through cryogenic magnetometer equipped with
high-resolution pick-up coils. All measurements
were made in the magnetically shielded palaeo-
magnetic laboratory at the SOES. The natural
remanent magnetisation (NRM) of the samples
was subjected to stepwise alternating ¢eld (AF)
demagnetisation at peak alternating ¢elds of 5,
10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, and
100 mT using an AF demagnetiser that is con¢g-
ured in-line with the cryogenic magnetometer.
The stability of the NRM was investigated by
inspection of vector component plots. If the mag-
netisation of the sediment decayed to the origin
along a straight path, the characteristic remanent
magnetisation (ChRM) was calculated using prin-
cipal component analysis (PCA) with a minimum
of four data points (Kirschvink, 1980). The qual-
ity of ¢t of the best-¢t line to the selected demag-
netisation steps was quanti¢ed by determining the
maximum angular deviation (MAD) for each
measured sample (Kirschvink, 1980). A minimum
of four data points was used for PCA, and sam-
ples with MAD values s 15‡ were not considered
when constructing the magnetic polarity stratigra-
phy. The studied cores were not azimuthally ori-
ented, however. At the high latitude of the studied
sites, the ambient geomagnetic ¢eld is dominated
by a near-vertical component, which makes it pos-
sible to uniquely determine the polarity using the
palaeomagnetic inclination alone, without azimu-
thal orientation of the cores. However, ODP cores

can sometimes be dominated by a near-vertical
drilling-induced overprint (e.g. Roberts et al.,
1996; Fuller et al., 1998; Acton et al., 2002) and
it can be di⁄cult to discriminate the ChRM com-
ponent from the drilling-induced overprint. In
such cases, a conservative interpretation was em-
ployed and samples suspected of a drilling-in-
duced remagnetisation were excluded from further
analysis. Magnetic polarity zones were identi¢ed
on the basis of two or more samples of a single
polarity.

Thermal demagnetisation of an isothermal rem-
anent magnetisation (IRM) was performed on a
representative set of samples from di¡erent lithol-
ogies in the studied holes. IRMs were imparted
using an inducing ¢eld of 0.9 T. Thermal demag-
netisation was done at temperatures of 50, 100,
150, 200, 250, 300, 350, 400, 450, 500, 550, and
580‡C.

4. Results

4.1. Palynological results

The present study has resulted in the recovery
of an extremely diverse dinocyst assemblage, with
over 250 taxa identi¢ed, many of which can be
used to correlate both between holes and with
adjacent sedimentary basins (see background da-
taset1). The main dinocyst datum events identi¢ed
at each hole are summarised in Table 1.

4.2. Palaeomagnetic behaviour

A near-vertical, normal polarity remanence
component, which can be interpreted as a drill-
ing-induced overprint, a¡ects most samples. This
overprint is usually removed at peak ¢elds of 5^10
mT (Fig. 2). AF demagnetisation between 10 and
50 mT enabled separation of the stable remanence
directions from the near-vertical drilling-induced
overprint for the majority of samples (e.g. Fig.
2a^d). Some samples contained higher coercivity
components and required AF demagnetisation up

1 See online version of this article.
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Table 1
Dinocyst datum events from the Eocene^Oligocene of the Norwegian^Greenland Sea

Event Key Hole 913B Hole 643A Hole 338 CSRS 3 Published literature

Depth Chron Age Depth Chron Age Depth Chron Age Chron Age Age
(mbsf) (Ma) (mbsf) (Ma) (mbsf) (Ma) (Ma) (Ma)

LO Adnatosphaeridium vittatum Av 623.03 C21n 46.5 540.40 C20r^C21n 45.5^47.0 288.33 C21n 46.5 C21n 46.6 46.1k

LO Areoligera medusettiformis Am 684.73 C21r 48.9 540.40 C21n 47.0 287.35 C20r 45.6 C21n 46.7 48.0j

FO Areoligera? semicirculata As ^ ^ ^ 488.08 C18n.1n 38.5 ^ ^ ^ C18n.1n 38.5 33.7d

LO Areoligera tauloma At ^ ^ ^ 510.00 C19r^C19n 41.8^41.3 260.60 C18n.2n 39.8 C18r 40.2 40.3k

LO Areosphaeridium diktyoplokum Ad 452.80 C13n 33.3 481.00 No data ^ 253.84 C13n 33.0 C13n 33.4 33.7k^33.3m

FO Areosphaeridium ebdonii Ae 655.73 C21r 47.8 541.90 C21r^C21n 48.0^47.2 293.38 C21r 48.9 C21r^C21n 48.0 49.9j

LO Areosphaeridium ebdonii 582.94 C20r 45.2 524.20 C20n 43.5 261.25 C18r 40.3 C20n 43.5 45.2a

LO Areosphaeridium michoudii Ami 464.30 C16n.1n 35.3 481.00 No data ^ 260.60 No data ^ C16n.1n 35.4 35.4a

LO Batiacasphaera compta Bc 452.80 C13n 33.3 ^ ^ ^ 453.84 C13n 33.0 C13n 33.4 33.7j

FO Cerebrocysta magna Cm 675.13 C21r 48.5 556.21 C21r 49.0 293.38 C21r 48.9 C21r 48.6 51.0j

LO Cerebrocysta magna 611.94 C20r 46.1 540.40 C20r^C21n 45.5^47.0 286.74 C20r 45.6 C20r 46.2 46.3a

LO Cereodinium depressum Cd 589.57 C20r 45.4 ^ ^ ^ 277.16 C19r 42.3 C20r 44.9 45.2a

LO Charlesdowniea tenuivirgula Ct 578.43 C20r 44.2 ^ ^ ^ 262.00 C18r 40.3 ^ ^ 43.7j

LO Charlesdowniea columna Cc 703.73 C22n 48.8^49.2 ^ ^ ^ 295.52 C21r 48.9 C22n 49.0 50.1a

FO Chiropteridium galea Cg 453.59 C13n 33.2 464.70 C13n^C13r 33.1^33.6 253.84 C12r^C13n 33.2 C13n^C13r 33.2^33.6 33.5d

FO Chiropteridium lobospinosum Cl 453.59 C13n 33.2 464.70 C13n^C13r 33.1^33.6 253.84 C12r^C13n 33.2 C13n^C13r 33.2^33.6 33.5p

LO Cordosphaeridium funiculatum Cf 464.30 16n.1n 35.3 ^ ^ ^ 257.21 No data ^ 16n.1n 35.3 35.0f

LO Diphyes colligerum Dc 531.15 C19n 41.3 507.00 C19n 41.4 257.75 C18n.1r 39.7 C19n 41.3 41.3k

FO Diphyes ¢cusoides Df 703.73 C22n 49.5 ^ ^ ^ 320.40 C22n 49.5 C22n 49.6 50.2j

LO Diphyes ¢cusoides 598.28 C20r 45.4 540.40 C20r^C21n 45.5^47.0 287.35 C20r 45.6 C20r 45.4 45.8a

FO Distatodinium ellipticum De 549.40 C20n 42.1 507.00 C19n 41.4 268.41 C19n 41.4 C19r 41.7 41.4j

FO Dracodinium pachydermum Dp 709.56 C22n 49.7 ^ ^ ^ 320.40 C22n 49.5 C22n 49.7 50.7L

LO Dracodinium pachydermum 630.39 C21n 46.8 546.15 C21n 47.2 289.75 C21n 47.3 C21n 47.1 48.0k

LO Eatonicysta ursulae Eu 661.54 C21r 48.5 556.20 C21r 48.5 291.91 C21r 49.0 C21r 48.6 49.0k^48.5b

FO Enneadocysta arcuata Ea 550.90 C19r 42.3 524.20 C20n 43.4 268.41 C19n 41.4 C19r 41.7 47.9j

LO Glaphyrocysta ordinata Go 510.89 C18r 39.9 524.20 C20n 43.4 258.30 C18n.2n 39.6 ^ ^ 46.3f

FO Heteraulacacysta porosa Hp 579.91 C20r 45.3 530.80 C20r 45.3 268.41 C19n 41.2 C20r 44.8 41.0g

LO Heteraulacacysta porosa 474.20 C16r 36.4 478.00 No data ^ 257.75 No data ^ C16r 36.4 37.0a

LO Hystrichosphaeropsis costae Hc 625.94 C21n 46.7 ^ ^ ^ 290.65 C21n 47.4 C21n 46.7 47.1a

LO Hystrichostrogylon clausenii Hcl ^ ^ ^ ^ ^ ^ 288.90 C21n 47.1 C21n 47.1 47.0a

LO Hystrichosphaeridium tubiferum Ht 602.78 C20r 45.8 ^ ^ ^ ^ ^ ^ C20r 45.8 47.1a

LO Lentinia wetzelii Lw 601.28 C20r 45.5 ^ ^ ^ ^ ^ ^ C20r 45.5 ^
LO Melitasphaeridium pseudorecurvatum Mp 463.07 C15r 35.1 478.00 C15n 34.6 257.21 C13r 33.6 C15n 34.7 34.5m^33.0h

FO Phthanoperidinium distinctum Pd 579.91 C20r 44.2 518.20 C20n 43.9 267.67 C19r^C19n 41.3 C20n 43.2 44.6L

LO Phthanoperidinium distinctum 483.60 C17n.2n 37.6 479.50 C17n 38.0 260.60 C18.2n 39.8 C17n.2n 37.7 42.0k

FFPhthanoperidinium geminatum Pg 568.73 C20n 43.6 513.00 C20n 42.7 278.07 C19r^C20n 42.4 C20n 42.9 ^
FPhthanoperidinium geminatum 531.15 C19n 41.3 507.00 C19n 41.4 257.21 C18n.1r 39.7 C19n 41.3 ^
FO Phthanoperidinium regalis^clithridium Pc 602.78 C20r 45.8 540.40 C21n 46.9 287.35 C20r^C21n 46.2 C20r 46.1 46.8j

LO Phthanoperidinium regalis^clithridium 582.94 C20r 45.2 530.80 C20r 44.2 278.59 C19r^C20n 42.4 C20r 44.6 45.2k

FO Reticulatosphaera actinocoronata Ra 464.30 C15r 35.3 482.50 No data ^ ^ ^ ^ C15r 35.3 35.1f

FO Rhombodinium rhomboideum Rr 513.84 C18n.2n 40.1 ^ ^ ^ 263.90 C18n.2n 39.9 C18n.2n 39.9 44.2L

LO Rhombodinium rhomboideum 500.65 C18n.1n 39.5 ^ ^ ^ 263.40 C18n.1r 39.8 C18n.1r 39.6 41.3k

LO Rottnestia borussica Rb 502.15 C18n.1n 39.1 507.00 C18.2n^C19n 39.7^41.4 257.21 C18n.1r 39.6 C18n.1r 39.6 37.8a

FO Spiniferites sp. 1 Ssp1 453.59 No Data 33.3 463.20 C13n 33.0 ^ ^ ^ C13n^C13r 33.2^33.6 31.5c

LO Spiniferites sp. 1 438.30 C12n 30.9 458.70 C12r 32.0 ^ ^ ^ C12r 31.0 31.3c

FO Svalbardella cooksoniae Sc 541.34 C19r 42.0 507.00 C19r 41.4 268.41 C19r 42.2 C19r 41.9 ^
LO Svalbardella cooksoniae 463.07 C15r 35.1 468.40 C13r 33.6 257.21 C13r 33.6 C13r 33.6 32.8f ^30.5c

FO Wetzeliella gochtii Wg 453.59 C13n 33.3 478.00 C15n 34.6 ^ ^ ^ C13n^C13r 33.2^33.6 32.8f

FO Wetzeliella ovalis Wo 578.43 C20r 44.1 540.40 C21n 46.9 267.67 C19n 41.3 C20r 44.3 44.2f

LO Wetzeliella ovalis 573.27 C20r 43.9 507.00 C19n 41.4 260.60 C18n.2n 39.9 C18r 40.2 41.3a

Abbreviations used in Figs. 5^10 and 12 are given in the column labelled ‘Key’. Superscripted letters refer to references from which ages for ¢rst occurrence (FO)
and last occurrence (LO) datum events are taken: a=Bujak (1994), b=Williams and Bujak (1985), c =Williams and Manum (1999), d=Stover and Hardenbol
(1994), e =Ko«the (1990), f =Williams et al. (2001), g =Bujak (1980), h=Williams et al. (1993), j =Williams et al. (1999), k=Bujak and Mudge (1994), L=Mudge
and Bujak (1996), m=Brinkhuis and Bi⁄ (1993), Powell (1992). mbsf =metres below sea £oor.
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Fig. 2. Vector component diagrams of demagnetisation behaviour for representative samples from holes 913B, 338 and 643A.
(a,b) Demagnetised to 60 mT, stable behaviour, normal polarity. (c,d) Demagnetised to 60 mT, stable behaviour, reversed polar-
ity. (e,f) Demagnetised to 100 mT, stable behaviour, normal polarity. (g) Unstable magnetisation. (h) Dominantly drilling-induced
overprint.
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to 100 mT in order to isolate the ChRM direction
(e.g. Fig. 2e,f).

For 88% of the samples, stable palaeomagnetic
behaviour was evident in the vector component
diagrams with ChRM directions generally tending
toward the origin of the diagrams. ChRM direc-
tions could not be obtained for 12% of the sam-
ples, either because the sample was unstably mag-
netised (Fig. 2g) or because of a near-vertical
drilling-induced remagnetisation (Fig. 2h). Most
of these samples were weakly magnetised and ex-
hibited no systematic behaviour during AF de-
magnetisation (e.g. Fig. 2g). These samples were
mainly from holes 338 and 913B and are from
biosiliceous ooze intervals. The weak magnetisa-
tions in the biosiliceous ooze intervals have sev-
eral possible causes including dilution of terrige-
nous material by non-magnetic biogenic silica,
diagenetic dissolution resulting from microbial

degradation of elevated organic carbon contents
(e.g. Karlin and Levi, 1983), and diagenetic dis-
solution resulting from likely elevated porewater
silica concentrations (e.g. Florindo et al., 2003).
Despite the weak magnetisations in these biosili-
ceous ooze intervals it was still possible to obtain
reliable palaeomagnetic directions for a majority
of samples, which represents a major re¢nement
of previous shipboard palaeomagnetic studies and
has enabled the development of useful magnetic
polarity stratigraphies for holes 913B, 338 and
643A.

4.3. Rock magnetism

In each case, regardless of lithology, the IRM
decreases to near-zero values at 580‡C (Fig. 3),
which suggests that magnetite is the dominant
magnetic mineral in the studied sediments. The

Fig. 3. Results of thermal demagnetisation of an isothermal remanent magnetisation for representative lithologies for the studied
holes. In each case, the magnetisation decreases to near-zero values near 580‡C, which indicates that magnetite is the dominant
magnetic mineral in the studied sediments.
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magnetisation of the biosiliceous ooze (Fig. 3c) is
more than 2 orders of magnitude less than that of
the terrigenous lithologies. This suggests that ei-
ther the elevated organic carbon contents or dis-
solved silica contents have given rise to diagenetic
dissolution of magnetite (e.g. Karlin and Levi,
1983; Florindo et al., 2003). Regardless, it is clear
that small concentrations of magnetite have sur-
vived (Fig. 3c), which gives rise to a measurable
palaeomagnetic signal even in the biosiliceous
oozes.

4.4. Magnetic polarity stratigraphy

Previous palaeomagnetic studies in the Norwe-
gian^Greenland Sea for the Eocene^Oligocene in-
terval have not enabled development of robust
magnetostratigraphies. It was not possible for
Hole 913B because the remanence intensity in
weakly magnetised intervals dropped below the
noise level of the shipboard cryogenic magneto-
meter. Shipboard palaeomagnetic analysis for

Hole 643A was restricted to the uppermost Qua-
ternary section, and no previous palaeomagnetic
studies have been attempted for Hole 338. The
higher sensitivity of the cryogenic magnetometer
used in the present study (nominal noise level of
1036 A/m) has resulted in successful isolation of
the ChRM for most samples and has enabled the
development of magnetic reversal stratigraphies
for holes 913B, 338 and 643A, as illustrated in
Fig. 4. The timescale of Berggren et al. (1995)
and Cande and Kent (1995) was used to correlate
the magnetic reversal stratigraphies for each hole
with the GPTS. Correlation was accomplished
by determining the best ¢t of the reversal strat-
igraphies with the GPTS for this time period
(Figs. 5^7), using the chronostratigraphic control
from Firth (1996) as a ¢rst constraint for Hole
913B.

4.5. Graphic correlation

Shaw (1964) discussed methods of correlating

Fig. 4. For each studied hole, the magnetic reversal stratigraphies are illustrated alongside the down-core variation of inclination
of characteristic remanent magnetisation following stepwise alternating ¢eld demagnetisation. Magnetic polarity reversal stratigra-
phy: black, normal polarity; white, reversed polarity; hatched, unknown polarity.
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geological sequences and his technique, now
known as graphic correlation, has been widely
employed for resolving geological problems (e.g.
Dowsett, 1989; Neal et al., 1994; Armstrong,
1999). Graphic correlation is now well established

(Miller, 1977; Edwards, 1984; Carney and Pierce,
1995) and is employed here.

Graphic correlation was performed using the
new palaeomagnetic stratigraphies and the ¢rst
and last occurrences (FO and LO, respectively)

Fig. 5. Age^depth plot for Hole 913B against the GPTS of Cande and Kent (1992, 1995) and Berggren et al. (1995). Magnetic
polarity reversal stratigraphy symbols are de¢ned in Fig. 4. Line of correlation: solid line, correlation is unambiguous; dashed
line, correlation is inferred. Dinocyst species abbreviations are de¢ned in Table 1.
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of dinocyst taxa in the measured sections of
holes 913B, 338 and 643A. Hole 913B was used
as a standard reference section (SRS) because
it has the most complete sedimentary record, the

greatest sampling density and the most FO/LO
events. Hole 338 was then plotted against the
SRS and time equivalent levels were correlated
(Fig. 8). Conventions have been maintained

Fig. 6. Age^depth plot for Hole 338 against the GPTS of Cande and Kent (1992, 1995) and Berggren et al. (1995). Magnetic po-
larity reversal stratigraphy symbols are de¢ned in Fig. 4. Line of correlation: solid line, correlation is unambiguous; dashed line,
correlation is inferred. Dinocyst species abbreviations are de¢ned in Table 1.
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when plotting di¡erent types of data in Figs. 5^
10: open circles indicate ¢rst occurrences, crosses
(+) indicate last occurrences and x’s indicate mag-
netic reversal tie-points. This procedure has re-
sulted in development of a composite standard
reference section (CSRS), which is calibrated in
composite units (CU). The process of graphic cor-

relation was continued by plotting the data from
Hole 643A against the CSRS, and adjusting
events as appropriate (Fig. 9). This completed
the ¢rst round of compositing, resulting in
CSRS 1.

After the ¢rst round of compositing the proce-
dure was repeated several times in order to reduce

Fig. 7. Age^depth plot for Hole 643A against the GPTS of Cande and Kent (1992, 1995) and Berggren et al. (1995). Magnetic
polarity reversal stratigraphy symbols are de¢ned in Fig. 4. Line of correlation: solid line, correlation is unambiguous; dashed
line, correlation is inferred. Dinocyst species abbreviations are de¢ned in Table 1.
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the scatter of datum events around the line of
correlation. In further rounds, each section was
compared in turn with the composite section ex-
clusive of those values in the composite that are
derived from the sections being compared. Two
further rounds of compositing were performed
until the position of events in the CSRS stabilised,
resulting in CSRS 3.

5. Magnetostratigraphic calibration of
palynological datum events

To calibrate the main datum events against an
numerical timescale, CSRS 3 was plotted against
the GPTS (Fig. 10). The main datum events from
the Norwegian^Greenland Sea that have been

calibrated against the GPTS are presented in
Fig. 11, and are discussed below in stratigraphic
order from oldest to youngest.

FO Dracodinium pachydermum (Dp)
Direct calibration : magnetic polarity chronozone:
C22n.
Indirect calibration : calcareous nannofossil zone:
NP14a; planktonic foraminiferal zone: P9.
Age assignment : 49.7 Ma.
Discussion : in the North Sea, the FO of Dracodi-
nium pachydermum was indirectly correlated with
NP13 (Bujak and Mudge, 1994; Mudge and Bu-
jak, 1996). Occurrences of D. pachydermum have
also been recorded in northwestern Europe, where
it appears in the standardised Northwest Euro-
pean Zone D9, which is indirectly correlated to

Fig. 8. Graphic correlation of stratigraphic events from Hole 338 displayed against the standard reference section (Hole 913B).
Dinocyst species abbreviations are de¢ned in Table 1. Lithological symbols are de¢ned in Fig. 5. The line of correlation repre-
sents a best-¢t through the calibrated datum events.

MARGO 3439 4-2-04

J.S. Eldrett et al. /Marine Geology 204 (2004) 91^127 103



NP13^NP14 (Costa et al., 1988). In holes 913B
and 338 from the Norwegian^Greenland Sea, we
correlate the FO of D. pachydermum to Chron
C22n, which corresponds to NP14a.

FO Diphyes ¢cusoides (Df)
Direct calibration : magnetic polarity chronozone:
C22n.
Indirect calibration : calcareous nannofossil zone:
NP14a; planktonic foraminiferal zone: P9.
Age assignment : 49.6 Ma.
Discussion : in the North Sea, Mudge and Bujak
(1996) recorded the FO of Diphyes ¢cusoides near
the base of their E2b Subzone, which is indirectly
correlated to NP12. However, the worldwide FO
of D. ¢cusoides is correlated with NP13, and is
assigned an age of 50.2 Ma (Williams et al.,
2001). In the Norwegian^Greenland Sea, the FO

of D. ¢cusoides is directly correlated with Chron
C22n, with an age (49.6 Ma) that is slightly youn-
ger, although better constrained, than that previ-
ously proposed (Fig. 11).

LO Charlesdowniea columna (Cc)
Direct calibration : magnetic polarity chronozone:
top of C22n.
Indirect calibration : calcareous nannofossil zone:
NP14a; planktonic foraminiferal zone top of P9.
Age assignment : 49.0 Ma.
Discussion : Charlesdowniea columna was ¢rst de-
scribed by Michoux (1988) from southwestern
France, in strata assigned to NP13 by Kapellos
and Schaub (1975) and Bigg (1982), and has also
been documented in lower Eocene sediments from
the North Sea (Ioakim, 1979; Bujak and Mudge,
1994). This species was also recorded as Kisselovia

Fig. 9. Graphic correlation of stratigraphic events from Hole 643A displayed against the composite standard reference section
(CSRS). Dinocyst species abbreviations are de¢ned in Table 1. Lithological symbols de¢ned in Fig. 5. The line of correlation rep-
resents a best-¢t through the calibrated datum events.
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edwardsii in Zone NP13 from the Rockall Plateau
(Brown and Downie, 1984) and as Kisselovia ed-
wardsii sensu Caro 1979 from the Labrador Sea
(Head and Norris, 1989). The LO of C. columna
(as Kisselovia cf. edwardsii) has also been recorded
between strata assigned to NP12 and NP14 (Heil-
mann-Clausen and Costa, 1989) in the Heiligen
Hafen Formation in the Wursterheide borehole
of northwest Germany. The magnetic reversal

stratigraphy developed for the Norwegian^Green-
land Sea enables direct calibration of the LO of
C. columna with Chron C22n, giving a later LO
for this species in the Norwegian^Greenland Sea
than in adjacent basins (Fig. 12).

LO Eatonicysta ursulae (Eu)
Direct calibration : magnetic polarity chronozone:
C21r.

Fig. 10. Graphic correlation diagram (Shaw plot) of the Composite Standard Reference Section after composite round III (CSRS
3) against the GPTS of Cande and Kent (1992, 1995) and Berggren et al. (1995). Magnetic polarity reversal stratigraphy symbols
are de¢ned in Fig. 4. Dinocyst species abbreviations are de¢ned in Table 1.
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Fig. 11. New magnetobiostratigraphic calibration of the main bioevents for the Norwegian^Greenland Sea, based on the compo-
site section developed from holes 913B, 338 and 643A (CSRS 3).
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Indirect calibration : calcareous nannofossil zone:
top of NP14a; planktonic foraminiferal zone:
base of P10.
Age assignment : 48.6 Ma.
Discussion : Eatonicysta ursulae has been reported
to have a worldwide LO in the Lutetian NP15
nannoplankton biozone (Stover and Williams,
1995). However, in the North Sea, the LO of E.

ursulae has been correlated with the top of the
Ypresian (Harland et al., 1992) and with the low-
er Lutetian (Gradstein et al., 1992). Bujak and
Mudge (1994) assigned the top of their E. ursulae
Biozone and Subzone to NP14a, with the LO of
E. ursulae occurring at 49 Ma. The LO of E.
ursulae has also been documented from several
northwestern European onshore sections that

Fig. 12. Correlation of the main dinocyst datum bioevents for the Norwegian^Greenland Sea (this study) with the North Sea
(Bujak and Mudge, 1994; Gradstein et al., 1992).
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have been assigned to NP14 (Eaton, 1976; De
Coninck, 1977; Cepek et al., 1988; Costa et al.,
1988; Heilmann-Clausen and Costa, 1989). Our
magnetic reversal stratigraphy constrains the LO
of E. ursulae in the Norwegian^Greenland Sea to
Chron C21r (V48.6 Ma). The LO of E. ursulae in
the Norwegian^Greenland Sea is equivalent to the
top of the Eatonicysta ursulae Biozone (E3) of the
North Sea (Bujak and Mudge, 1994). This bio-
zone corresponds in part with Zone T3C of Grad-
stein et al. (1992). A slight o¡set between the two
schemes occurs because Gradstein et al. (1992)
identi¢ed the top of Zone T3C using the top
acme of E. ursulae, whereas we follow Bujak
and Mudge (1994) in using the LO of E. ursulae
(Fig. 12).

LO Azolla spp. (Az)
Direct calibration : magnetic polarity chronozone:
C21r.
Indirect calibration : calcareous nannofossil zone:
top of NP14a; planktonic foraminiferal zone:
base of P10.
Age assignment : 48.6 Ma.
Discussion : lower Eocene sediments from the
Norwegian^Greenland Sea, in particular in Hole
913B, are characterised by abundant glochidia
and massulae of the hydropterid fern Azolla.
Azolla spp. is also widespread in the early Eocene
in the North Sea (Bujak and Mudge, 1994). In
the Norwegian^Greenland Sea, the LO of Azolla
spp. is coincident with the LO of Eatonicysta
ursulae, which we directly correlate to Chron
C21r.

FO Cerebrocysta magna (Cm)
Direct calibration : magnetic polarity chronozone:
C21r.
Indirect calibration : calcareous nannofossil zone:
top of NP14a; planktonic foraminiferal zone:
base of P10.
Age assignment : 48.6 Ma.
Discussion : published range charts for the North
Sea (Mudge and Bujak, 1996) indicate that the
FO of Cerebrocysta magna occurs at the top of
Bujak and Mudge’s (1994) Subzone E2b, which
they indirectly correlate to NP12. Cerebrocysta
magna has not previously been recorded outside

the North Sea, so temporal variation in its range
is poorly known. We directly correlate the FO of
C. magna to Chron C21r, which provides the ¢rst
calibrated occurrence of this species outside the
North Sea.

FO Areosphaeridium ebdonii (Ae)
Direct calibration : magnetic polarity chronozone:
C21r^C21n transition.
Indirect calibration : calcareous nannofossil zone:
top of NP14b; planktonic foraminiferal zone:
P10.
Age assignment : 48.0 Ma.
Discussion : published range charts for the North
Sea (Mudge and Bujak, 1996) indicate that the
FO of Areosphaeridium ebdonii occurs in Zone
E3c of Bujak and Mudge (1994), which is indi-
rectly correlated to NP14a. Areosphaeridium ebdo-
nii has not been previously recorded outside the
North Sea, so our direct calibration to the GPTS
constrains its total stratigraphic range.

LO Hystrichostrogylon clausenii (Hcl)
Direct calibration : magnetic polarity chronozone:
C21n.
Indirect calibration : calcareous nannofossil zone:
NP15a; planktonic foraminiferal zone: P10.
Age assignment : 47.1 Ma.
Discussion : the Lutetian interval in the Norwe-
gian^Greenland Sea contains the LO of Hystri-
chostrogylon clausenii, which, according to its oc-
currence within the Glinde Formation of north-
west Germany had been assigned to NP14 (Heil-
mann-Clausen and Costa, 1989). Bujak and
Mudge (1994) used the LO of H. clausenii as a
zonal marker and assigned the base of their E4c
Subzone to NP15. However, their scheme has no
direct calibration to the standard calcareous nan-
noplankton zonation, so they stated that it was
possible that the lower part of E4c could correlate
with the upper part of NP14. The palaeomagnetic
constraint provided here indicates that the LO of
H. clausenii occurs in Chron C21n, which corre-
sponds to NP15a.

LO Dracodinium pachydermum (Dp)
Direct calibration : magnetic polarity chronozone:
C21n.
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Indirect calibration : calcareous nannofossil zone:
NP15a; planktonic foraminiferal zone: P10.
Age assignment : 47.1 Ma.
Discussion : the LO of Dracodinium pachydermum
is an important palynological event in the North
Sea and has been assigned to NP14b (Bujak and
Mudge, 1994). In our results from the Norwe-
gian^Greenland Sea, the LO of D. pachydermum
consistently occurs in Chron C21n and is assigned
an age of 47.1 Ma, which corresponds to NP15a.

LO Areoligera medusettiformis plexus (Am)
Direct calibration : magnetic polarity chronozone:
C21n.
Indirect calibration : calcareous nannofossil zone:
NP15a; planktonic foraminiferal zone: P10.
Age assignment : 46.7 Ma.
Discussion : we include morphologically similar
species Areoligera medusettiformis, Areoligera se-
nonensis and Areoligera coronata in the Areoligera
medusettiformis plexus. In the Norwegian^Green-
land Sea, the A. medusettiformis plexus has its LO
in Chron C21n, which is similar to other records
from the Northern Hemisphere (Williams and Bu-
jak, 1985).

LO Hystrichosphaeropsis costae (Hc)
Direct calibration : magnetic polarity chronozone:
C21n.
Indirect calibration : calcareous nannofossil zone:
NP15a; planktonic foraminiferal zone: P10.
Age assignment : 46.7 Ma.
Discussion : Hystrichosphaeropsis costae was for-
mally described by Bujak (1994), with its LO
being recorded from the North Sea Cerebrocysta
magna Subzone (E4c), which was indirectly corre-
lated to NP15 (Bujak and Mudge, 1994). Hystri-
chosphaeropsis costae is considered to be conspe-
ci¢c with Hystrichosphaeropsis sp. 1, which
Heilmann-Clausen and Costa (1989) described
from the Wusterheide research well, northwest
Germany, where its LO is within the Glinde For-
mation, which is assigned to NP14. In the Nor-
wegian^Greenland Sea, the LO of H. costae can
be directly correlated to Chron C21n, and as-
signed an age of 46.7 Ma, which correlates to
the lower part of NP15a.

LO Adnatosphaeridium vittatum (Av)
Direct calibration : magnetic polarity chronozone:
C21n.
Indirect calibration : calcareous nannofossil zone:
NP15a; planktonic foraminiferal zone: P10.
Age assignment : 46.6 Ma.
Discussion : in all three sites studied in the Norwe-
gian^Greenland Sea, Adnatosphaeridium vittatum
has a similar range to that recorded from the
North Sea (Bujak, 1994; upper NP15). The LO
of A. vittatum consistently occurs in Chron C21n,
which is indirectly correlated to NP15a.

FO Phthanoperidinium regalis-clithridium complex
(Pc)
Direct calibration : magnetic polarity chronozone:
C20r.
Indirect calibration : calcareous nannofossil zone:
NP15b; planktonic foraminiferal zone: upper P10.
Age assignment : 46.1 Ma.
Discussion : Phthanoperidinium regalis and Phtha-
noperidinium clithridium have a restricted range in
the Lutetian in the North Sea (Bujak and Mudge,
1994; Bujak, 1994; Mudge and Bujak, 1996).
These distinctive species were ¢rst described by
Bujak (1994), and have not been previously re-
corded beyond the North Sea. The studied North
Sea material consisted mainly of ditch cuttings
and sampling was of too low a resolution to dis-
tinguish between the ranges of P. regalis and P.
clithridium (Bujak, pers. commun. 2002). In the
North Sea, the FOs of P. regalis and P. clithridi-
um were indirectly correlated to NP15 (Mudge
and Bujak, 1996).

Previous biostratigraphic studies of the Norwe-
gian^Greenland Sea (Manum, 1976; Manum et
al., 1989; Firth, 1996) were also of low sampling
resolution and consequently the presence of P.
regalis or P. clithridium were not recorded. Phtha-
noperidinium clithridium has been identi¢ed only
in Hole 913B, with a range slightly higher than
for P. regalis. For the purposes of this calibration,
these two morphologically similar species have
been grouped into a complex, and their combined
ranges are used as datum events. In all three sites
studied here, the FO of the P. regalis-clithridium
complex occurs within Chron C20r.
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LO Cerebrocysta magna (Cm)
Direct calibration : magnetic polarity chronozone:
base of C20r.
Indirect calibration : calcareous nannofossil zone:
base of NP15b; planktonic foraminiferal zone:
P10.
Age assignment : 46.2 Ma.
Discussion : Cerebrocysta magna has a restricted
stratigraphic range in the North Sea Basin, with
its LO being recorded at the top of the Lute-
tian Subzone E4c of Bujak and Mudge (1994).
In the Norwegian^Greenland Sea, the LO of C.
magna consistently occurs at the base of Chron
C20r.

LO Lentinia wetzelii (Lw)
Direct calibration : magnetic polarity chronozone:
lower C20r.
Indirect calibration : calcareous nannofossil zone:
base of NP15b; planktonic foraminiferal zone:
base of P11.
Age assignment : 45.5 Ma.
Discussion : Lentinia wetzelii has been recorded
from southern England, where it last appears at
the top of Zone B-5 from the Bracklesham Beds
of the Hampshire Basin, which are assigned to
NP15 (Bujak, 1980; Williams and Bujak, 1985).
In the Norwegian^Greenland Sea, the new pa-
laeomagnetic reversal stratigraphy has con-
strained the LO of L. wetzelii to the lower part
of Chron C20r, which corresponds to the base of
NP15b.

LO Diphyes ¢cusoides (Df)
Direct calibration : magnetic polarity chronozone:
C20r.
Indirect calibration : calcareous nannofossil zone:
base of NP15b; planktonic foraminiferal zone:
base of P11.
Age assignment : 45.4 Ma.
Discussion : in the North Sea, the LO of D. ¢cu-
soides has been assigned to NP15 (Bujak and
Mudge, 1994). This age interpretation is based
on the documented LO of D. ¢cusoides near the
base of the Selsey Formation at Bracklesham Bay
(Islam, 1983), which has been correlated with Bed
X of Fisher (1862) at Whitecli¡ Bay, which Aubry
(1985) assigned to NP15.

Diphyes ¢cusoides has also been documented in
the Sables de Lede Formation in the Belgian Ba-
sin, which has also been assigned to NP15 (Ver-
beek, 1988; Verbeek et al., 1988; Bujak and
Mudge, 1994). Our Norwegian^Greenland Sea
palaeomagnetic reversal stratigraphy has con-
strained the LO of D. ¢cusoides to Chron C20r,
with an age of 45.4 Ma, which corresponds to
NP15b.

LO Cerodinium depressum (Cd)
Direct calibration : magnetic polarity chronozone:
C20r.
Indirect calibration : calcareous nannofossil zone:
NP15b; planktonic foraminiferal zone: P11.
Age assignment : 44.9 Ma.
Discussion : in the North Sea zonation of Bujak
and Mudge (1994), Cerodinium depressum has its
consistent LO in Subzone E4d, which is associ-
ated with NP15b. A numerical age for the LO
of C. depressum in the North Sea has not been
previously published. We assign an age of 44.9
Ma to the LO of C. depressum based on the direct
calibration of this event with Chron C20r.

FO Heteraulacacysta porosa (Hp)
Direct calibration : magnetic polarity chronozone:
C20r.
Indirect calibration : calcareous nannofossil zone:
NP15b; planktonic foraminiferal zone: P11.
Age assignment : 44.8 Ma.
Discussion : the FO of Heteraulacacysta porosa
has been recorded from NP16 in southern Eng-
land (Bujak, 1980) and in the Labrador Sea (Head
and Norris, 1989). Subsequent range charts from
the North Sea (Mudge and Bujak, 1996) indicate
that the FO of Heteraulacacysta porosa occurs in
Bujak and Mudge’s (1994) Subzone E4c, which
was indirectly correlated to NP15a. Our results
constrain the FO of Heteraulacacysta porosa to
Chron C20r.

LO Phthanoperidinium regalis-clithridium complex
(Pc)
Direct calibration : magnetic polarity chronozone:
C20r.
Indirect calibration : calcareous nannofossil zone:
NP15b; planktonic foraminiferal zone: P11.
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Age assignment : 44.6 Ma.
Discussion : the LOs of Phthanoperidinium regalis
and Phthanoperidinium clithridium were used by
Bujak and Mudge (1994) as zonal markers in
the middle Eocene (Lutetian) and were assigned
to NP15 based solely on their correlation of the
overlying and underlying subzones (Bujak and
Mudge, 1994). In the Norwegian^Greenland
Sea, the combined LOs of P. regalis and P. cli-
thridium occur in Chron 20r, which corresponds
to NP15b.

FO Wetzeliella ovalis (Wo)
Direct calibration : magnetic polarity chronozone:
C20r.
Indirect calibration : calcareous nannofossil zone:
NP15b; planktonic foraminiferal zone: P11.
Age assignment : 44.3 Ma.
Discussion : range charts for the North Sea
(Mudge and Bujak, 1996) indicate that the FO
of Wetzeliella ovalis occurs at the top of Bujak
and Mudge’s (1994) Subzone E6a, which indi-
rectly correlates with NP15b. In the Norwegian^
Greenland Sea, we directly correlate the FO of
Wetzeliella ovalis to Chron C20r, which is associ-
ated with NP15b.

LO Areosphaeridium ebdonii (Ae)
Direct calibration : magnetic polarity chronozone:
lower C20n.
Indirect calibration : calcareous nannofossil zone:
NP15b^NP16; planktonic foraminiferal zone:
base of P12.
Age assignment : 43.5 Ma.
Discussion : Areosphaeridium ebdonii has not been
previously recorded outside the North Sea, where
Bujak and Mudge (1994) used the LO of A. ebdo-
nii to mark the top of their Subzone E5a, which
was indirectly correlated to NP15. The location of
this datum event varies between Chrons C20r and
C20n in the studied Norwegian^Greenland Sea
drill-holes (Figs. 5^7), so we assign the LO to
Chron C20n.

LO super-abundant Phthanoperidinium geminatum
(Pg)
Direct calibration : magnetic polarity chronozone:
C20n.

Indirect calibration : calcareous nannofossil zone:
NP16; planktonic foraminiferal zone: P12.
Age assignment : 42.9 Ma.
Discussion : at all three of the sites studied here, P.
geminatum has two distinct abundance peaks,
which provide additional datum events for corre-
lation (cf. Firth, 1996). At Hole 913B, the earlier
abundance event, as de¢ned by the LO of super-
abundant P. geminatum, is characterised by an
almost mono-speci¢c assemblage. Slight diachro-
neity exists in the LO of super-abundant P. gemi-
natum within the Norwegian^Greenland Sea (Ta-
ble 1). A slightly earlier LO of super-abundant P.
geminatum occurs in the more basinal deposition-
al environments that characterise holes 913B and
643A, in constrast to a slightly later LO at Hole
338, which is located on the outer slope of the
VWring Plateau. This may re£ect varying palaeo-
circulation and ventilation regimes operating be-
tween slope and abyssal environments as a result
of the tectonic evolution of the Norwegian^
Greenland Sea during this period. In CSRS 3,
the LO of super-abundant P. geminatum corre-
lates with the upper part of Chron C20n (ca
42.9 Ma).

FO Svalbardella cooksoniae (Sc)
Direct calibration : magnetic polarity chronozone:
C19r.
Indirect calibration : calcareous nannofossil zone:
NP16; planktonic foraminiferal zone: P12.
Age assignment : 41.9 Ma.
Discussion : Svalbardella cooksoniae occurs in the
upper Eocene in Spitsbergen (Manum, 1960;
Manum and Throndsen, 1986) and in the Labra-
dor Sea (Head and Norris, 1989). Manum (1976)
recorded the FO of Svalbardella cooksoniae in
sediments tentatively assigned to the middle Eo-
cene. Our results con¢rm that in the Norwegian^
Greenland Sea, the FO of Svalbardella cooksoniae
occurs in middle Eocene sediments that are di-
rectly correlated to Chron C19r.

FO Distatodinium ellipticum (De)
Direct calibration : magnetic polarity chronozone:
C19r.
Indirect calibration : calcareous nannofossil zone:
NP16; planktonic foraminiferal zone: P12.
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Age assignment : 41.7 Ma.
Discussion : In the North Atlantic, the FO of Dis-
tatodinium ellipticum has been directly correlated
to NP16 (Damassa et al., 1990), which is consis-
tent with our calibration from the Norwegian^
Greenland Sea.

FO Enneadocysta arcuata (Ea)
Direct calibration : magnetic polarity chronozone:
C19r.
Indirect calibration : calcareous nannofossil zone:
NP16; planktonic foraminiferal zone: P12.
Age assignment : 41.7 Ma.
Discussion : the FO of Enneadocysta arcuata is
recorded in southern England, where it ¢rst ap-
pears in Zone B-4, from the Bracklesham Beds of
the Hampshire Basin, which are assigned to NP14
(Bujak, 1980; Williams and Bujak, 1985). How-
ever, in northwest Germany, the FO of E. arcuata
has been recorded in middle Eocene strata as-
signed to NP16 (Ko«the, 1990). In the Norwe-
gian^Greenland Sea, we calibrate the FO of E.
arcuata to Chron C19r, which correlates with
NP16.

LO Diphyes colligerum (Dc)
Direct calibration : magnetic polarity chronozone:
C19n.
Indirect calibration : calcareous nannofossil zone:
NP16; planktonic foraminiferal zone: P12.
Age assignment : 41.3 Ma.
Discussion : the LO of Diphyes colligerum has been
suggested by Williams (1975, 1977) and Williams
et al. (1993) to indicate the E/O boundary, based
on material from o¡shore eastern Canada and on
a literature review of worldwide occurrences.
However, Brinkhuis and Bi⁄ (1993) demon-
strated that D. colligerum persists into the lower
Oligocene in Italy. The last common occurrence
(LCO) of D. colligerum has been used as a middle
Eocene zonal marker in the North Sea (Bujak and
Mudge, 1994), and is assigned to NP16, although
rare specimens have been documented to extend
to the top of the Priabonian. Diphyes colligerum is
considered to be a temperature-sensitive species
that migrated southward at the onset of cooler
water conditions (Brinkhuis and Bi⁄, 1993; Bu-
jak and Mudge, 1994). This would explain its pro-

gressively southward migrating last appearances
in the Norwegian^Greenland Sea, its LCO in
the North Sea in the Bartonian, and its persis-
tence into the lower Rupelian in Italy. Sporadic
occurrences of D. colligerum in North Sea Priabo-
nian strata may have resulted from periodic mi-
gration into the basin during relatively brief
warmer periods (Bujak and Mudge, 1994). De-
spite D. colligerum being a thermophilic taxon
with a diachronous range, the LO of this species
consistently occurs in Chron C19n within the
Norwegian^Greenland Sea.

LO abundant Phthanoperidinium geminatum (Pg)
Direct calibration : magnetic polarity chronozone:
C19n.
Indirect calibration : calcareous nannofossil zone:
NP16; planktonic foraminiferal zone: P12.
Age assignment : 41.3 Ma.
Discussion : Phthanoperidinium geminatum has its
worldwide LO at the top of the middle Eocene
(Williams and Bujak, 1985; top of NP17). As
mentioned above, P. geminatum has two distinct
abundance peaks in the Norwegian^Greenland
Sea. The later acme event occurred in Chron
C19n (ca. 41.3 Ma) and is de¢ned by the LO of
abundant P. geminatum. The LO of abundant P.
geminatum also coincides with the LO of Diphyes
colligerum.

LO Areoligera tauloma (At)
Indirect calibration : magnetic polarity chrono-
zone: C18r; calcareous nannofossil zone: NP16-
NP17 boundary; planktonic foraminiferal zone:
P13.
Age assignment : 40.2 Ma.
Discussion : Bujak and Mudge (1994) de¢ned the
top of their North Sea E7a Subzone according to
the LO of Areoligera tauloma. Their de¢nition
was based on re-examination of material from
the Hampshire Basin, which indicated that A. tau-
loma last appears at the top of Zone BAR-1 just
below the NP16^NP17 boundary in the Barton
Beds. In the CSRS 3 from the Norwegian^Green-
land Sea, the LO of A. tauloma, based on its oc-
currence in holes 643A and 338, corresponds with
Chron C18r, which suggests that this datum oc-
curs at a similar stratigraphic level as in the North
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Sea (Fig. 12). However, the only direct correlation
of this datum event to the GPTS in the Norwe-
gian^Greenland Sea is in Hole 643A, where it
correlates to Chron C19n^C19r, whereas in Hole
338, the LO of A. tauloma occurs in an interval of
uncertain polarity that we indirectly correlate to
Chron C18n.2n (Figs. 6 and 7; Table 1). There-
fore, we can only provide an indirect calibration
of this event with Chron C18r.

LO Wetzeliella ovalis (Wo)
Indirect calibration : magnetic polarity chrono-
zone: C18r; calcareous nannofossil zone: NP16-
NP17 boundary; planktonic foraminiferal zone:
P13.
Age assignment : 40.2 Ma.
Discussion : in the North Sea, the LO of Wetze-
liella ovalis occurs at the top of Subzone E6c (Bu-
jak and Mudge, 1994), which correlates with
NP16. The stratigraphic location of this datum
event varies among the studied Norwegian^
Greenland Sea drill-holes (Figs. 5^7; Table 1).
In holes 913B and 643A the LO of W. ovalis is
directly correlated to Chrons C20r and C19n, re-
spectively, whereas, in Hole 338, it occurs in an
interval of uncertain polarity, which we indirectly
correlate to Chron C18n.2n. A slightly earlier LO
of W. ovalis occurs in the more basinal deposi-
tional environments that characterise holes 913B
and 643A, in contrast to a slightly later LO at
Hole 338, which may re£ect the continued in£u-
ence of a brackish water environment on the out-
er VWring Plateau. Therefore, we can only provide
an indirect calibration of this event with Chron
C18r (40.2 Ma).

FO Rhombodinium rhomboideum (Rr)
Direct calibration : magnetic polarity chronozone:
C18n.2n.
Indirect calibration : calcareous nannofossil zone:
base of NP17; planktonic foraminiferal zone:
P13^P14 boundary.
Age assignment : 39.9 Ma.
Discussion : range charts for the North Sea
(Mudge and Bujak, 1996) indicate that the FO
of Rhombodinium rhomboideum occurs at the top
of Bujak and Mudge’s (1994) Subzone E6a, which
correlates to NP15b. We calibrate the FO of R.

rhomboideum to Chron C18n.2n, which correlates
with the base of NP17, which suggests that this
datum occurs stratigraphically higher in the Nor-
wegian^Greenland Sea than in the North Sea.

LO Rhombodinium rhomboideum (Rr)
Direct calibration : magnetic polarity chronozone:
C18n.1r.
Indirect calibration : calcareous nannofossil zone:
NP17; planktonic foraminiferal zone: P14.
Age assignment : 39.6 Ma.
Discussion : in the North Sea, the LO of Rhombo-
dinium rhomboideum occurs at the top of Subzone
E6c, which was correlated to the upper part of
NP16 (Bujak and Mudge, 1994). Rhombodinium
rhomboideum has also has been recorded from
the southern Netherlands (De Coninck, 1986),
with its LO occurring in sediments tentatively as-
signed to NP16 by Verbeek (1988). We calibrate
the LO of R. rhomboideum to Chron C18n.1r,
which is associated with the lower part of NP17.

LO Rottnestia borussica (Rb)
Direct calibration : magnetic polarity chronozone:
C18n.1r.
Indirect calibration : calcareous nannofossil zone:
NP17; planktonic foraminiferal zone: P14.
Age assignment : 39.6 Ma.
Discussion : Rottnestia borussica last appears in
the Hampshire Basin (Bujak, 1979, 1980) in strata
assigned to NP17 by Aubry (1983, 1985). In the
North Sea zonation of Bujak and Mudge (1994),
the LO of R. borussica was assigned to NP17
based on indirect correlation with the Hampshire
Basin. However, Brinkhuis and Bi⁄ (1993) dem-
onstrated that R. borussica persists into the Oli-
gocene in Italy. In the Norwegian^Greenland Sea,
the LO of R. borussica is constrained to Chron
C18n.1r, which corresponds to NP17, and which
suggests that this datum occurs at a similar strati-
graphic level as in the North Atlantic and North
Sea.

FO Areoligera? semicirculata (As)
Direct calibration : magnetic polarity chronozone:
C18n.1n.
Indirect calibration : calcareous nannofossil zone:
NP17; planktonic foraminiferal zone: P14.
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Age assignment : 38.5 Ma.
Discussion : in previous studies from the Norwe-
gian^Greenland Sea, Areoligera? semicirculata
was recorded from Hole 643A, in the upper Eo-
cene to Oligocene (Williams and Manum, 1999;
Manum et al., 1989, as Glaphyrocysta intricata).
The FO of A.? semicirculata has been used to
mark the lower Oligocene in Belgium (Stover
and Hardenbol, 1994) and in central Italy where
it has been directly correlated to the base of
Chron C13n (Brinkhuis and Bi⁄, 1993). In the
Norwegian^Greenland Sea, we calibrate the FO
of A.? semicirculata to the upper Eocene
(C18n.1n).

LO Phthanoperidinium distinctum (Pd)
Direct calibration : magnetic polarity chronozone:
C17n.2n.
Indirect calibration : calcareous nannofossil zone:
NP17; planktonic foraminiferal zone: P15.
Age assignment : 37.7 Ma.
Discussion : Phthanoperidinium distinctum was de-
scribed by Bujak (1994) and has only been previ-
ously recorded outside the North Sea Basin by
Firth (1996). Its LO was used by Bujak and
Mudge (1994) as a zonal marker for the middle
Eocene (North Sea Subzone E6b; NP16). The
consistent and common occurrence of P. distinc-
tum up to Chron C17n.2n at all three sites studied
from the Norwegian^Greenland Sea suggests that
it is unlikely to be reworked, and, therefore, that
its range extends above that reported in the North
Sea by Bujak and Mudge (1994; see also Firth,
1996).

LO Heteraulacacysta porosa (Hp)
Direct calibration : magnetic polarity chronozone:
C16r.
Indirect calibration : calcareous nannofossil zone:
NP18; planktonic foraminiferal zone: P15.
Age assignment : 36.4 Ma.
Discussion : Heteraulacacysta porosa is reported
by Bujak (1980) and Powell (1992) as having a
narrow stratigraphic range within the Bartonian
(upper middle Eocene). Heteraulacacysta porosa
has been used as a middle Eocene zonal marker
in the North Sea (Bujak and Mudge, 1994), based
on its LO from the Barton Beds of the Hampshire

Basin (Bujak, 1980) in strata assigned to NP17
(Aubry, 1983, 1985). In the North Sea, the LO
of H. porosa occurs at the Bartonian^Priabonian
boundary (37 Ma; Bujak and Mudge, 1994),
whereas in the Norwegian^Greenland Sea it
ranges slightly higher into the Priabonian (Chron
C16r; V36.4 Ma; Fig. 12).

LO Areosphaeridium michoudii (Ami)
Direct calibration : magnetic polarity chronozone:
C16n.1n.
Indirect calibration : calcareous nannofossil zone:
NP19^NP20; planktonic foraminiferal zone: P16.
Age assignment : 35.4 Ma.
Discussion : published records of Areosphaeridium
michoudii are con¢ned to the North Sea (Bujak
and Mudge, 1994; Gradstein et al., 1992) and
the Norwegian^Greenland Sea (Firth, 1996),
where this species is reported to have its LO
slightly lower in the upper Eocene than Areo-
sphaeridium diktyoplokum. In the North Sea zona-
tion of Bujak and Mudge (1994), the top of the
Areosphaeridium michoudii Subzone, as de¢ned by
the LO of A. michoudii, was indirectly correlated
to NP18, due to its stratigraphic position below
their Areosphaeridium diktyoplokum Subzone
(E8b) and above their Heteraulacacysta porosa
Biozone (E7). We directly calibrate the LO of A.
michoudii to Chron C16n.1n, which suggests a
similar range to that recorded in the North Sea
(Gradstein et al., 1992; Bujak and Mudge, 1994;
see Fig. 12). The upper range of this species is
sometimes truncated by an upper Eocene^Oligo-
cene hiatus, which appears to be the case for holes
338 and 643A.

LO Svalbardella cooksoniae (Sc)
Direct calibration : magnetic polarity chronozone:
C15r^C13r.
Indirect calibration : calcareous nannofossil zone:
NP19^NP21; planktonic foraminiferal zone: P16^
P18.
Age assignment : 35.1^33.6 Ma.
Discussion : Svalbardella cooksoniae has a reported
LO in the early Oligocene from northwestern Eu-
rope (Costa et al., 1988). Svalbardella cooksoniae
has also been recorded from lower Oligocene stra-
ta in the Labrador Sea, where its LO is correlated
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to NP22 (Head and Norris, 1989). In the Nor-
wegian^Greenland Sea, a comparison between
Hole 985A and Hole 643A by Williams and Man-
um (1999) using numerical ages from Goll (1989,
unpubl. data) suggests that the LO of S. cooksoniae
occurs at 31.9 Ma. The only previously recorded

LO of S. cooksoniae with magnetostratigraphic
control is from Italy, where it has been directly
calibrated to Chron C12r (Brinkhuis and Bi⁄,
1993; Brinkhuis, 1994). In CSRS 3, the LO of
S. cooksoniae correlates with Chron C13r (ca
33.6 Ma). However, in Hole 913B, the LO of

Fig. 13. Stratigraphical nomograph showing age-depth curves for holes 913B, 338 and 643A. The timescale of Cande and Kent
(1992, 1995) and Berggren et al. (1995) is used. The age^depth lines indicate average rates of sediment accumulation.
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S. cooksoniae is directly correlated with C15r (Fig.
5). We therefore calibrate this datum event to an
interval between Chrons C15r and C13r.

LO Melitasphaeridium pseudorecurvatum (Mp)
Direct calibration : magnetic polarity chronozone:
base of C15n.
Indirect calibration : calcareous nannofossil zone:
NP19^NP20; planktonic foraminiferal zone: P16.
Age assignment : 34.7 Ma.
Discussion : Melitasphaeridium pseudorecurvatum
has been reported to have a worldwide LO in
the upper Eocene, and was indirectly correlated
to the base of NP19 (Williams and Bujak, 1985).
Brinkhuis and Bi⁄ (1993) recorded the LO of M.
pseudorecurvatum from the upper Eocene of cen-
tral Italy, with a direct palaeomagnetic correlation
to Chron C15n. In holes 913B and 643A from the
Norwegian^Greenland Sea, the LO of M. pseu-
dorecurvatum is directly correlated to Chrons
C15r^C15n, whereas, in Hole 338, it occurs in
the interval of uncertain polarity that we indi-
rectly correlate to Chron C13r (Figs. 5^7; Table
1). It is therefore preferable to calibrate this da-
tum event to Chron C15n based on the more ro-
bust magnetostratigraphic constraint provided for
holes 913B and 643A.

LO Areosphaeridium diktyoplokum (Ad)
Direct calibration : magnetic polarity chronozone:
C13n^C13r
Indirect calibration : calcareous nannofossil zone:
NP21; planktonic foraminiferal zone: P17^P18
boundary.
Age assignment : 33.6^33.4 Ma
Discussion : Berggren et al. (1995, pp. 197^198)

stated that the ‘position and age of the E/O
boundary are intimately associated with problems
pertaining to the litho- and biostratigraphic char-
acteristics and limits of the upper Eocene Priabo-
nian and lower Oligocene ‘standard’ stages’. Cen-
tral to this problem is the LO of A. diktyoplokum,
which Brinkhuis and Bi⁄ (1993) indicated was
consistently in lower Oligocene strata in Italy,
and is therefore not associated with the E/O
boundary as currently de¢ned by the LO of hant-
keninid foraminifera at Massignano. Subse-
quently, Brinkhuis and Visscher (1995), based
on the above results, recommended that the upper
boundary of the Priabonian at Priabona be re-
tained, so that the E/O boundary would be coin-
cident with the LO of A. diktyoplokum in Chron
C13n at Priabona, rather than with the LO of
hantkeninids at Massignano (C13r). However,
the issue is still unresolved, so the current bound-
ary de¢nition and Global Standard Stratotype
Section and Point at Massignano, based on the
timescale of Berggren et al. (1995) and Cande
and Kent (1995) is used here.

Williams et al. (1993) and Stover and Williams
(1995) reviewed the published records of A. diktyo-
plokum and concluded that its LO is at the top of
the Eocene. Many authors who associate the LO
of A. diktyoplokum with the E/O boundary have
suggested that Oligocene occurrences of A. diktyo-
plokum are due to reworking (Williams and Bu-
jak, 1985; Costa et al., 1988; Stover et al., 1988;
Head and Norris, 1989). Hole 913B yielded the
only material from this study that has sporadic
Oligocene occurrences of A. diktyoplokum. These
sporadic occurrences are thought to be reworked
due to their association with a reworking interval

Plate I. The species name is followed by the ODP/DSDP site number; sample depth (mbsf) in which the specimen was found
and the England Finder references for the specimen on the slide. All scale bars = 25 Wm.

1. Areoligera medusettiformis ; 338; 318.15 mbsf; X22-4.
2. Areoligera tauloma ; 338; 462.00 mbsf; G38-1.
3. Areosphaeridium diktyloplokum; 338; 268.41 mbsf; X21-0.
4. Areosphaeridium ebdonii ; 913B; 594.08 mbsf; F38-2.
5. Areosphaeridium michoudii ; 913B; 499.34 mbsf; N42-4.
6. Cerebrocysta magna ; 913B; 618.54 mbsf; R18-2.
7. Cerodinium depressum ; 913B; 592.57 mbsf; Q16-0.
8. Charlesdowniea columna ; 913B; 709.66 mbsf; P17-3.
9. Chiropteridium galea ; 913B; 425.88 mbsf; M17-1.
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as identi¢ed by large numbers of Cretaceous paly-
nomorphs (Firth, 1996). However, from all three
cores studied here, A. diktyoplokum is consistently
present at stratigraphically lower levels, and its
LO is in sediments that are correlated to Chron
C13n^C13r. The LO of A. diktyoplokum in the
Norwegian^Greenland Sea is equivalent to the
top of the A. diktyoplokum Biozone (E8) of the
North Sea (Bujak and Mudge, 1994) and Zone T5
of Gradstein et al. (1992), which these authors
take to mark the top of the Eocene (see Fig. 12).

FO Chiropteridium galea (Cg)
Direct calibration : magnetic polarity chronozone:
C13n^C13r.
Indirect calibration : calcareous nannofossil zone:
NP21^NP22 boundary; planktonic foraminiferal
zone: P18.
Age assignment : 33.6^33.2 Ma.
Discussion : the FO of Chiropteridium galea has
been used to mark the upper Eocene (Williams
and Bujak, 1985, as C. dispersum ; and Damassa
et al., 1990, as C. mespilanum) and lower Oligo-
cene (Bujak, 1980, as C. dispersum ; and Head and
Norris, 1989, as C. mespilanum). In the Norwe-
gian^Greenland Sea, the FO of C. galea occurs in
the lower Oligocene, and correlates to an interval
around Chron C13n^C13r.

FO Chiropteridium lobospinosum (Cl)
Direct calibration : magnetic polarity chronozone:
C13n^C13r.
Indirect calibration : calcareous nannofossil zone:
NP21^NP22 boundary; planktonic foraminiferal
zone: P18.

Age assignment : 33.6^33.2 Ma.
Discussion : Chiropteridium lobospinosum is not
considered to range below the Oligocene (Wil-
liams and Bujak, 1985; Williams et al., 1993;
Firth, 1996). Powell (1992) correlated the FO of
C. lobospinosum with the middle part of NP23.
We directly calibrate the FO of C. lobospinosum
to an interval around Chron C13n^C13r.

FO Spiniferites sp. 1 sensu Manum et al., 1989
(Ssp1)
Direct calibration : magnetic polarity chronozone:
C13n^C13r.
Indirect calibration : calcareous nannofossil zone:
NP21^NP22 boundary; planktonic foraminiferal
zone: P18.
Age assignment : 33.6^33.2 Ma.
Discussion : Spiniferites sp. 1 sensu Manum et al.,
1989 has a restricted stratigraphic range in the
early Oligocene of the Outer VWring Plateau.
This species has also been identi¢ed from the low-
er Oligocene at Hole 985A (ODP Leg 162), where
it was informally described (Williams and Man-
um, 1999). A comparison between Hole 985A and
Hole 643A using numerical ages from Goll (1989,
unpubl. data) suggests that the FO of Spiniferites
sp. 1 sensu Manum et al., 1989 occurred at 31.6
Ma (Williams and Manum, 1999). We calibrate
the FO of Spiniferites sp. 1 sensu Manum et al.,
1989 to an interval around Chron C13n^C13r
(33.6^33.2 Ma).

FO Wetzeliella gochtii (Wg)
Direct calibration : magnetic polarity chronozone:
C13n^C13r.

Plate II. The species name is followed by the ODP/DSDP site number; sample depth (mbsf) in which the specimen was found
and the England Finder references for the specimen on the slide. All scale bars = 25 Wm.

1. Diphyes colligerum ; 338; 287.35 mbsf; R22-0.
2. Diphyes ¢cusoides; 913B; 560.68 mbsf; O38-1.
3. Dracodinium pachydermum ; 913B; 646.12 mbsf; O13-0.
4. Eatonicysta ursulae ; 913B; 705.23 mbsf; M24-2.
5. Heteraulacacysta porosa ; 913B; 516.89 mbsf; N40-4.
6. Hystrichosphaeropsis costae ; 913B; 661.54 mbsf; R20-3.
7. Hystrichostrogylon clausenii; 338; 289.75 mbsf; F26-1.
8. Lentinia wetzelii ; 913B; 589.57 mbsf; R44-3.
9. Melitasphaeridium pseudorecurvatum ; 913B; 468.54 mbsf; Q34-4.
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Indirect calibration : calcareous nannofossil zone:
NP21^NP22 boundary; planktonic foraminiferal
zone: P18.
Age assignment : 33.6^33.2 Ma.
Discussion : the FO of Wetzeliella gochtii is com-
monly used to recognise the lower Oligocene (Wil-
liams and Bujak, 1985). Wetzeliella gochtii has
been recorded in the early Oligocene from north-
western Europe, with direct calibration to the
base of NP22 (Costa and Downie, 1976; Williams
and Bujak, 1985; Powell, 1992), although a sub-
sequent zonation by Costa et al. (1988) correlated
the FO of W. gochtii with NP21. In central Italy,
Brinkhuis and Bi⁄ (1993) recorded the FO of W.
gochtii in their Reticulatosphaeridium actinocoro-
nata Interval Zone, which directly correlates
with the middle of NP21. Its FO in the Norwe-
gian^Greenland Sea is directly calibrated to an
interval around Chron C13n^C13r, which indi-
rectly correlates with an interval around the
NP21^NP22 boundary.

LO Spiniferites sp. 1 sensu Manum et al., 1989
(Ssp1)
Direct calibration : magnetic polarity chronozone:
C12r.
Indirect calibration : calcareous nannofossil zone:
NP23; planktonic foraminiferal zone: P18.
Age assignment : 31.0 Ma.
Discussion : a comparison between Hole 985A
and Hole 643A using numerical ages from Goll
(1989, unpubl. data) suggests that the LO of Spi-
niferites sp. 1 sensu Manum et al., 1989 occurs at
31.3 Ma (Williams and Manum, 1999). Develop-
ment of a palaeomagnetic reversal stratigraphy for

holes 643A and 913B in this study suggests that
Spiniferites sp. 1 sensu Manum et al., 1989 has its
LO in the upper part of Chron 12r (V30.9 Ma).

6. Discussion

6.1. Stratigraphic record of the
Norwegian^Greenland Sea

Correlation of the stratigraphic record pre-
served in holes 913B, 338 and 643A with the
GPTS (Fig. 13), enables comparison of sediment
accumulation rates for the three holes. The sedi-
ment accumulation rate at Hole 338 decreased
from 2.8 cm/kyr in the Ypresian to 6 0.5 cm/
kyr in the Lutetian. This reduction in sediment
accumulation rate coincided with a lithological
transition from terrigeneous muds to pelagic
oozes, which indicates a change in sediment
source. Sedimentation rates at Hole 913B and
643A were comparatively stable at 1.5^2.8 cm/
kyr, and 0.5 cm/kyr, respectively.

A stratigraphic hiatus has been identi¢ed in
Hole 338, which spans an 8-m.y. period from
the base of the Bartonian in the middle Eocene
to the base of the Rupelian in the lower Oligo-
cene. The hiatus at Hole 338 partially overlaps
with a 3.5-m.y. hiatus at Hole 643A, which sug-
gests an underlying regional cause. The distribu-
tion of hiatuses has been associated with glacioeu-
static lowering of sea level and intensi¢cation of
deep-water circulation due to high latitude cool-
ing during the late Eocene (Kennett, 1977; Keller
et al., 1987; Miller et al., 1987; Miller, 1992;

Plate III. The species name is followed by the ODP/DSDP site number; sample depth (mbsf) in which the specimen was found
and the England Finder references for the specimen on the slide. All scale bars = 25 Wm.

1. Rhombodinium rhomboideum; 913B; 500.65 mbsf; H25-3.
2. Phthanoperidinium geminatum ; 913B; 541.34 mbsf; P26-0.
3. Phthanoperidinium distinctum ; 913B; 521.97 mbsf; V19-1.
4. Phthanoperidinium clithridium ; 913B; 582.94 mbsf; O45-3.
5. Phthanoperidinium regalis ; 913B; 589.57 mbsf; G35-0.
6. Rottnestia borussica ; 913B; 502.15 mbsf; O25-1.
7. Spiniferites sp. 1 sensu Manum et al., 1989; 643A; 463.20 mbsf; V38-3.
8. Svalbardella cooksoniae ; 913B; 513.84 mbsf; Y37-2.
9. Wetzeliella gochtii ; 913B; 444.70 mbsf; O31
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Abreu and Anderson, 1998; Zachos et al., 2001).
These unconformities coincide with major seismic
re£ectors (AP and ME, respectively; Goll, 1989) at
holes 338 and 643A (Talwani et al., 1976; Skog-
seid and Eldholm, 1989). A coeval unconformity
occurs in the North Sea Alba sequence, as indi-
cated by a signi¢cant upper Eocene seismic re£ec-
tor (Neal et al., 1994).

No stratigraphic hiatuses have been identi¢ed
at Hole 913B, where a relatively complete Eocene
sequence was recovered. This partly re£ects the
location of Hole 913B in the deep Greenland Ba-
sin, where it was likely to have been sheltered
from current activity that might have been re-
sponsible for truncating sedimentary sequences
in adjacent shallow water settings during the late
Eocene. Hole 913B therefore contains the most
complete and best-preserved record of the Eocene
to Oligocene interval in the Northern Hemisphere
high latitudes.

The dinocyst assemblages documented here
also show a⁄nities with the North Atlantic, as
indicated by coeval assemblages from o¡shore
eastern Canada (Williams, 1975), and also with
those from southern England (Bujak, 1980).
However, direct comparison with these zonations
has proved problematical, because directly cali-
brated ages are not available for the main datum
events in the latter two studies. Direct calibration
to the GPTS, as achieved in the present study,
marks a signi¢cant step forward in providing pre-
cise age calibration of Eocene and Oligocene di-
nocyst assemblages in the Norwegian^Greenland
Sea.

7. Conclusions

Extensive calcite dissolution has limited the bi-
ostratigraphic usefulness of calcareous microfos-
sils in Eocene^Oligocene sediments from the Nor-
wegian^Greenland Sea. Our results indicate that
dinocyst biostratigraphy in high-latitude sedi-
ments of this age is not only a viable alternative
to calcareous microfossil biostratigraphy, but that
it can be an important primary biostratigraphic
tool.

In addition to previous dinocyst biostrati-

graphic studies from the Norwegian^Greenland
Sea, we have identi¢ed many age-diagnostic spe-
cies that have enabled the development of the ¢rst
detailed Eocene^Oligocene dinocyst stratigraphy
for this region. In addition, successful develop-
ment of a robust magnetic polarity stratigraphy
for holes 913B, 338 and 643A has provided inde-
pendent age control and has enabled the calibra-
tion of a composite standard reference section to
the GPTS. The dinocyst assemblages recovered in
this study have a⁄nities with those from the
North Sea and North Atlantic, which enables re-
gional correlation.

An upper Eocene hiatus at holes 338 and 643A
is apparently coeval with those from the North
Sea, which suggests a regional cause such as in-
tensi¢cation of deep-water circulation and/or gla-
cioeustatic lowering of sea level. In contrast, Hole
913B from the deep Greenland Basin has an al-
most complete Eocene to Oligocene stratigraphic
sequence, which provides the only detailed record
from the Norwegian^Greenland Sea of this phase
of Earth history. The dinocyst datum events iden-
ti¢ed here from the Norwegian^Greenland Sea
provide a magnetostratigraphically calibrated
framework for future studies from Northern
Hemisphere high-latitude sediments.
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Taxonomic appendix

Full author citations for the dinocyst taxa discussed are given by Williams et al. (1998). Plates refer to
Plates I^III.

Species Plate Fig.
Adnatosphaeridium vittatum Williams and Downie, 1966 ^
Areoligera coronata (O. Wetzel, 1933) Lejeune-Carpentier, 1938 ^
Areoligera medusettiformis (O. Wetzel, 1933), Lejeune-Carpentier 1938 sensu Eaton, 1976 I 1
Areoligera semicirculata (Morgenroth, 1966b), Stover and Evitt, 1978 ^
Areoligera senonensis Lejeune-Carpentier, 1938 ^
Areoligera tauloma Eaton, 1976 I 2
Areosphaeridium diktyoplokum Klump, 1953 I 3
Areosphaeridium ebdonii Bujak, 1994 I 4
Areosphaeridium michoudii Bujak, 1994 I 5
Batiacasphaera compta Drugg, 1970 ^
Cerebrocysta magna Bujak, 1994 I 6
Cereodinium depressum (Morgenroth, 1966a), Lentin and Williams, 1987 I 7
Charlesdowniea coleothrypta Williams and Downie 1966 ^
Charlesdowniea columna (Michoux, 1988), Lentin and Williams, 1993 I 8
Chiropteridium galea (Maier, 1959) Sarjeant, 1983 I 9
Chiropteridium lobospinosum (Gocht in Weiler, 1956) Gocht, 1960 ^
Cordosphaeridium funiculatum Morgenroth, 1966a ^
Diphyes colligerum (De£andre and Cookson, 1955) Cookson, 1965 II 1
Diphyes ¢cusoides Islam, 1983 II 2
Distatodinium ellipticum (Cookson, 1965) Eaton, 1976 ^
Dracodinium pachydermum Caro, 1973) Costa and Downie, 1979 II 3
Eatonicysta ursulae (Morgenroth, 1966), Stover and Evitt, 1978 II 4
Enneadocysta arcuata (Eaton, 1971) Stover and Williams, 1995 ^
Glaphyrocysta intricata (Eaton, 1971) Stover and Evitt, 1978 ^
Heteraulacacysta porosa Bujak, 1980 II 5
Hystrichosphaeropsis costae Bujak, 1994 II 6
Hystrichostrogylon clausenii Bujak, 1994 II 7
Hystrichosphaeridium tubiferum (Ehrenberg, 1838) De£andre, 1937 ^
Lentinia wetzelii (Morgenroth, 1966a) Bujak in Bujak et al., 1980 II 8
Melitasphaeridium pseudorecurvatum (Morgenroth, 1966a) Bujak et al., 1980 II 9
Phthanoperidinium clithridium Bujak, 1994 III 4
Phthanoperidinium distinctum Bujak, 1994 III 3
Phthanoperidinium geminatum Bujak in Bujak et al., 1980 III 2
Phthanoperdinium powellii Bujak, 1994 ^
Phthanoperidinium regalis Bujak, 1994 III 5
Reticulatosphaera actinocoronata (Benedek, 1972) Bujak and Matsuoka, 1986 ^
Rhombodinium rhomboideum (Alberti, 1961) Lentin and Williams, 1973 III 1
Rottnestia borussica (Eisenack, 1954), Cookson and Eisenack, 1961 III 6
Spiniferites sp. 1 of Manum et al., 1989 III 7
Svalbardella cooksoniae Manum, 1960 III 8
Wetzeliella gochtii Costa and Downie, 1976 III 9
Wetzeiella ovalis Eisenack, 1954 ^
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