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ABSTRACT

Ocean Drilling Program Leg 104 recovered sediments containing calcareous nannofossils of latest Oligocene to Hol-
ocene age from the Vdring Plateau in the Norwegian-Greenland Sea. The section drilled is virtually the most complete
and detailed sedimentary sequence yet obtained from such a high latitude North Atlantic location. Due to unfavorable
paleoclimatic conditions, the nannofossil assemblages observed are generally of low diversity and poorly preserved. A
limited nannofossil biostratigraphy can still be formulated, although many of the standard low-latitude zonal markers
are absent in the area of study.

An important aspect of the Norwegian-Greenland Sea is the response of the sediments to the onset and variability
of glaciation in the area. The sediments deposited since the onset of Northern Hemisphere glaciation consist of alter-
nating carbonate- (and nannofossil-) rich interglacial sediments and carbonate-poor glacial sediments. The glacial sedi-
ments also contain ice-rafted debris, including reworked Cretaceous and older Cenozoic nannofossils. The reworked
nannofossils were most likely deposited by ice-rafting from the area to the south with minor contributions of reworked
material from exposed shelf areas near Norway and from fault-exposed outcrops of upthrust Cretaceous rocks in the
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area.

INTRODUCTION

This study of the calcareous nannofossils found in Leg 104
material focuses on two main topics: the calcareous nannofossil
biostratigraphy of the area and the age and possible source of
glacial detritus traced by means of redeposited, ice-rafted nan-
nofossils.

The Norwegian-Greenland Sea was cored previously by the
Deep Sea Drilling Project (DSDP) Leg 38 in 1974, The calcare-
ous nannofossils from that cruise were studied by Miiller (1976).
Unfortunately, the sites were only intermittently cored and a
complete stratigraphic section was not recovered. Several shal-
low piston cores have also been obtained by various investiga-
tions for studies of the glacial-interglacial fluxes in the region.
These cores generally contain sediments representing only the
past 0.5 Ma of Norwegian-Greenland Sea history (see discus-
sion and references in Reworked Nannofossils section). DSDP
has also occupied sites in the North Atlantic, but that area has
different climatic and paleoenvironmental characteristics and
thus the nannofossil succession in the Norwegian-Greenland
Sea is significantly different.

METHODS AND PROCEDURES

Preparation

From the material collected while aboard ship, approximately 1500
samples were selected for this study. Most samples were processed into
simple smear slides. Another method of slide preparation was used for
the glacial interval samples. These samples contain such a high percent-
age of ice-rafted debris that the nannofossils are greatly diluted. To
eliminate the larger ice-rafted material, thus concentrating the nanno-
fossils, the raw sample was agitated in water and then settled for 1 min.
This allowed the coarser glacial debris to settle out of the suspension
while most of the calcareous nannofossils remained suspended in the su-
pernatent. Slides were then made from the supernatent. This fast and
efficient method removed most of the unwanted larger material.
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A JEOL JSM-840 Scanning Electron Microscope (SEM) was used to
examine selected samples to identify the minute Pleistocene nannofos-
sils such as Emiliania huxleyi. To concentrate the nannofossils for SEM
analysis, the following technique was followed:

1. Approximately 0.5 g of sediment was stirred in a beaker with ap-
proximately 50 mL of water.

2. The mixture was then agitated for 30 s in an ultrasonic bath,
stirred, then allowed to settle for 1 min.

3. The supernatent was then poured off and allowed to settle. After
1 hr, the supernatent was poured off, the residue remaining was diluted,
and a drop was dried onto a coverslip to be examined with the SEM.

Another technique was used in this study to compare nannofossils
identified under the light microscope with the same specimen seen with
the SEM. This method is similar to one used by Applegate and Bergen
(pers. commun., 1985). The technique is as follows:

1. A small grid, consisting of 25 sections within 0.8 cm?, was
stamped with indelible ink on a coverslip.

2. One drop of the sample solution was dried on the grid. The solu-
tion was very dilute to allow for a wide spacing of nannofossils on the
grid. This thin coating helped avoid confusion when trying to find the
same specimen with the SEM.

3. The slide was then examined with the 100 x objective and with
immersion oil over the dried sample. The locations of specimens photo-
graphed on the grid were noted.

4. When the light microscope work was completed, the slide was
dipped three times in a bath of xylene, then washed three times in a bath
of isopropyl alcohol. This removed the immersion oil but left the sam-
ple and the ink grid.

5. The slide was prepared for SEM by coating it lightly with pala-
dium. Care was taken to apply only a thin coat of paladium so that the
ink lines on the grid could still be discerned in the SEM.

6. The grid locations of the specimens already observed with the
light microscope were then found, and the specimens were then photo-
graphed with the SEM.

Abundances

Estimates of abundances for individual species of nannofossils in
each field of view at 1000 x magnification are as follows:

abundant; 1 to 10 specimens per field of view
common; 1 specimen per 2 to 10 fields of view
few; 1 specimen per 11 to 100 fields of view
rare; | specimen per 101 to 1000 fields of view
barren; no nannofossils present

=R Nah=
mwnnn

459



D. DONNALLY

Due to the nature of the sediments in the area, reworking of older
nannofossils into the glacial intervals has greatly influenced nannofossil
assemblage composition. During the glacial intervals, ice-rafted Creta-
ceous nannofossils diluted the Neogene assemblages. Due to the great
importance that ice-rafting played on the percentage of reworked taxa
found, an attempt was made to quantify the findings, and estimates of
the percent of reworked nannofossils relative to in-situ taxa have been
included on the range charts. Percentages are estimated to the nearest
10% from 10% to 100%. Less than 10% reworking is stated as “ < 10%”
for 10 to 1%, and less than 1% reworking is stated as “N” for negligi-
ble.

Preservation

Preservation of the calcareous nannofossils found in each sample is
recorded as follows:

G = good; specimens show little effects of overgrowth and/or dis-
solution.

M = moderate; specimens show some effects of overgrowth and/or
dissolution; identification of taxa is sometimes impaired.

P = poor; specimens show effects of advanced overgrowth and/or
dissolution; most taxa are questionably identified.

BIOSTRATIGRAPHY

Taxa considered in this report are listed in the Appendix.
Bibliographic references for these taxa are presented by Loeblich
and Tappan (1966-1973), von Heck (1979a-1983), and Stein-
metz (1984a-1985).

In the cores recovered on ODP Leg 104, calcareous nanno-
fossils are present in Oligocene to Quaternary sediments and
generally contain nannofossils in low abundance and diversity.
Nannofossil diversity is highest in tropical waters and decreases
towards the poles. Reduction in diversity of microfossils leads to
fewer biostratigraphic events in the geologic record and thus to
reduced biostratigraphic resolution. Nannofossils are absent in
present-day arctic and antarctic waters (Kennett, 1982). This
presents problems in the biostratigraphy.

The standard low-latitude zonations, such as Okada and
Bukry (1980) and Martini (1971) (Table 1), cannot be followed
in detail. These standard zonations of the Neogene are based
primarily on the first occurrences and extinctions of discoasters,
ceratoliths, and sphenoliths, which are generally missing in the
Norwegian-Greenland Sea. Thus, these zonal schemes cannot
be used in detail. Many of the zonal markers that do exist in the
area are diachronous from low to high latitudes and cannot be
used in world-wide correlations.

The nannofossils in the Norwegian-Greenland Sea are re-
duced by a number of factors: unfavorably low water tempera-
tures, dilution by terrigenous sediments or siliceous fossils, and
dissolution. The sea floor is also relatively shallow and no cal-
cium carbonate compensation level exists (Kellogg, 1980), there-
fore dissolution is most likely due to the unfavorably low water
temperatures.

Except during the Pleistocene, Coccolithus pelagicus and re-
ticulofenestrids make up the bulk of the assemblages. These
species are not excluded by the low temperatures; they are also
dissolution resistant. Unfortunately, of these abundant species,
only Reticulofenestra pseudoumbilica is a standard marker.

The main marker species of the Neogene are the ceratoliths,
sphenoliths, and discoasters. No ceratoliths were found in any
of the sites. The ceratoliths are relatively dissolution resistant
and their absence in the Norwegian-Greenland Sea is due to
lower than optimun temperatures more than to dissolution.

The sphenoliths, on the other hand, are easily dissolved. A
few sphenoliths were found in the relatively warmer upper Mio-
cene sediments, but their presence at that location is not strati-
graphically important. Their absence could be due to the unfa-
vorable environment or to selective dissolution.

The discoasters are highly dissolution resistant. Most of the
standard zonal marker species are not present due to their pref-
erence for low latitudes. A few discoasters were found but these
are generally unreliable for age determinations. Discoaster in-
tercalcaris, a cold-water form of Discoaster variabilis (Bukry,
1971), is found in places, but its long range makes it impractical
for biostratigraphy.

The standard nannofossil zonation of Martini (1971) was
followed to the extent possible to promote continuity with the
previous study by Miiller (1976). Due to the absence of many
marker species, however, various zones had to be combined into
longer ranging zones. Thus, the biostratigraphic resolution of
the nannofossils in the Norwegian-Greenland Sea is poor. The
nannofossil zonation presented here is similar to that compiled
for Leg 38 (Miiller, 1976) (see Table 2) with the exception of the
interval with Cyclicargolithus floridanus, which is delineated
here. Zone NN4, the interval with Helicosphaera ampliaperta,
was encountered on Leg 38 (Miiller, 1976), but was not observed
on Leg 104 due to the presence of a long nannofossil-barren in-
terval which most likely includes this zone.

Site Reports

A total of eight holes were drilled and cored on Leg 104. Five
holes, A, B, C, D, and E, were drilled at Site 642. Hole 642A
consisted of one surface core and is not discussed due to its
proximity to and overlap with Holes 642B and C. Hole 642B
was drilled to 221 mbsf. Hole 642C was drilled to 200 mbsf and
was offset vertically by approximately one-half of a core to ob-
tain a continuous and more precise sedimentary record of the
Neogene. Holes 642D and 642E were barren of nannofossils.
Site 643 consisted of one hole drilled to a total depth of 562.5
mbsf. Site 644 consisted of two holes also offset by approxi-
mately one-half core. Hole 644A was drilled to 252.8 mbsf, and
Hole 644B was drilled to 127.7 mbsf.

Site 642

Site 642 represents the central point in the three-site traverse
across the V@ring Margin. The objectives of this site relate to the
paleoceanographic history of the Norwegian-Greenland Sea,
specifically to the influence of the central part of the Norwegian
Current in the area. Site 642 is located on the outer Véring Pla-
teau and consists of five holes within 450 m of each other. The
drilled sequence consists of 318 m of predominantly pelagic and
hemipelagic upper Cenozoic sediments overlying a 910-m vol-
canic, mostly basaltic, sequence with interbedded pyroclastic
sediments.

Hole 642B (Tables 3, 4)

Quaternary samples containing nannofossils were recovered
from the uppermost 40 m in Hole 642B. The sediments alter-
nate between glacial and interglacial deposition. The intergla-
cial sediments often contain nannofossil ooze layers with abun-
dant assemblages of Gephyrocapsa sp., Coccolithus pelagicus,
and small reticulofenestrids. Also present, but less frequent, are
Braarudosphaera bigelowii, Cyclococcolithus leptoporus, Dic-
tyococcites sp., Discolithina sp., Helicosphaera carteri, Syraco-
sphaera sp., and Thoracosphaera sp.

Emiliania huxleyi, the marker for the E. huxleyi Zone (NN21),
was identified in samples with the use of SEM to 13 mbsf (Sec-
tion 104-642B-2-6, 85 cm). Unusually large specimens of E.
huxleyi, up to 5 um, are often observed in Core 104-642B-1.
Neither E. huxleyi nor Pseudoemiliania lacunosa are found at
14 m (Section 104-642B-3-1, 18 cm), indicating the presence of
the Gephyrocapsa oceanica Zone (NN20).

The zonal marker for NN19-16, Pseudoemiliania lacunosa,
is first observed at 21 mbsf (Section 104-642B-4-1, 17 cm). The



Table 1. Standard low-latitude nannofossil zonations of Okada and Bukry (1980) and
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Martini (1971) (from Okada and Bukry, 1980).

Martini | Dura- Boun-
(1971) tion dary
Age Zone Subzone Zone (m.y.) (Ma)
CNI15 | Emiliania huxleyi NN21 0.2 02
CN14 | Gephyrocapsa CNI14b | Ceratolithus cristatus NN20 0.1 ——0—5'—
oceanica CNlda | Emiliania ovata 0.6 o5
CN13 | Crenalithus CN13b | Gephyrocapsa caribbeanica | NNI19 0.7 —-ﬁ—
doronicoides CNi3a | Emiliania annula 0.2 T
CN12d | Calcidiscus macintyrei NNI8 0.2 2—'0
CNiz | Discoaster CNI12¢c | Discoaster pentaradiatus NNi7 0.1 -——“—-
brouweri CNI12b | Discoaster surculus NNi6 0.4 — 5
E CN12a | Discoaster tamalis 0.5 -—3'0——
2 CNi1 | Reticulofenestn CNI1lb | Discoaster asymmelricus NNIS 0.5 |-——3—s-——
pseudoumbilica CNlla | Sphenolithus neoabies 0.5 =
CN10c | Ceratolithus rugosus 13/14 0.4 =
Amaurolithus 4.4
CNIO | sricorniculatus CN10b | Ceratolithus acutus NNI2 0.6 =0
=TT CN10a | THguetrorhabdulus rugosus 0.6 ___S-E‘_-
CN9 | Discoaster CN9b | Amaurolithus primus NN11 1.0 s
quingueramus CN9a | Discoaster berggreni 0.4 F
CNs | Discoaster CN8b | Discoaster neorectus NN1o |05 T
neohamatus CN8a | Discoaster bellus 3.5 ==
CN7 | Discoaster CNTb | Catinaster calyculus NN9 1.0 —120—
hamatus CN7a | Helicosphaera carteri 1.0 i
g CN6 | Catinaster coalitus NN8 0.2 "Fi-
2 | ons | Discoaster exilis CNSb | Discoaster kugleri NNT 0.2 —U"—-
CNSa | Coccolithus miopelagicus NN6 0.6 ——IT'E—-
CN4 | Sphenolithus hete rph 1.0 f———o0
: . NNS 15.0
CN3 | Helicosphaera ampligperta | 2.0 ETTE
CN2 | Sphenolithus belemnos NN2 1.0 —-E'g—
. | CNIc | Discoaster druggii 3.0 T
CN! | carinatus CNIb | Discoaster deflandrei NNI 2.0 —IT";—
T CNla | Cyclicargolithus abisectus 1.0 —;—‘n—-
CP19 | Sphenolithus CP19b | Dictyococcites bisectus NP25 1.0 —3;0—
ciperoensis CP19a | Cyclicargolithus floridanus | NP24 1.5 -—2?‘5——
§ CPI8 | Sphenolithus distentus e I
g CP17 | Sphenolithus predistentus 4.0 —34‘5_
Helicosph CPl6c | Reticulofenestra hillae NP22 0.5 T
CPI6 | reticulata CPl6b | Coccolithus formasus NP2 2.5 T.o_
CPl6a | Coccolithus subdistichus 1.0 T
CPis | Discoaster CPISb | Isthmolithus recurvus 19/20 O e
barbadiensis CPl5a | Chiasmolithus oamaruensis NP18 1.0 oo —
CPl4 | Rericulofe CPl4b | Discoaster saipanensis NPI17 2.0 ——“—0—
umbilica CPl4a | Discoaster bifax 1.0 -_ET
. . CP13¢ | Coccolithus staurion NPI6 | 1§ T
2 | P3| guad CP13b | Chiasmolithus gigas NP|] . 0.5 ——”—'0—
.5 CPl13a | Discoaster strictus 1.0 T‘o
CP12 | Discoaster CPI2b | Rhabdosphaera inflata NPi4 1.0 ——49:0—
sublodoensis CP12a | Discoasteroides kuepperi 0.5 e
CPl1 | Discoaster lodoensis 13/13 0.5 T'o—
CP10 | Tribrachiatus orthostylus 2.0 —-ﬂ'o—
cpo | Discoaster CP9% | Discoaster binodosus NP1 0.8 _Ez_s_
diastypus CP9a Tribrachiatus confortus NP10 0.7 s
CP3 | Discoaster CP8b | Campylosphaera eodela o 0.5 T
multiradiatus CP8a | Chiasmolithus bidens I
cP? Discoaster nobilis /8 05 |——o
55.5
CP& Discoaster mohleri 1.5 _;'ﬁ]_
CPS | Heliolithus kleinpelli NP6 1.0 —ss‘n—
CP4 Fasciculithus tympaniformis NP5 2.0 T
CP3 | Ellipsolithus macellus NP4 —
CP2 Chiasmolithus danicus NP3
cp1 | Zreodi CPIb | Cruciplacolithus tenuis NP2
sigmoides CPla Cruciplacolithus primus NP1 65.0
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Table 2. Nannofossil zonation of DSDP Leg 38 (Miiller, 1976).

Adopted Age Nannoplankton Zonation Biostratigraphic Events Species
Coccolithus pelagicus, Cyclococcolithus leptoporus, Disco-
Emiliania huxleyi lithina japonica, Emiliania huxleyi, Gephyrocapsa ericsonii,
2 Syracosphaera pulchra
Emiliania huxleyi > - "
Quaternary ¥ Coccolithus pelagicus, Cyclococcolithus leptoporus, Gephy-
Gephyrocapsa oceanica rocapsa ericsonii, Helicosphaera carteri, Syracosphaera
» pulchra
Pseud ilignia lacunosa
Coccolithus pelagicus, Cyclococcolithus leptoporus, Gephy-
—————— Pseudoemiliania lacunosa rocapsa ericsonii, Gephyrocapsa sp., Helicosphaera
Late Pliocene Reticulofenestra carteri, Helicosphaera sellii, Pseudoemiliania lacunosa
Early Pliocene Reticulofenestra pseudoumbilica Coccolithus pelagicus, Discolithina japonica, Reticulo-
Middle Miocene pseudoumbilica Sfenestra pseud bilica, Sphenolithus abies

Late Oligocene

Helicosphaera ampliaperta

Sphenolithus ciperoensis

Interval with H. ampliaperta

Discolithina enormis “

Coccolithus pelagicus, Helicosphaera ampliaperta,

Reticulofe of. pseudoumbilica

same species as in the Sphenolithus distentus Zone plus
Discolithina enormis

Middle Oligocene Sphenolithus distentus

Middle Oligocene ?

Early Oligocene
Late Eocene

Late Eocene
(lower part)

Isthmolithus recurvus
recurvus

Reticulofenestra umbilica

Middle Eocene

Early Eocene
Imperiaster obscurus
obscurus

Coccolithus abisectus ©
Helicosphaera recta ©

Interval with Isthmolithus

a umbilica

Interval with Imperiaster

Chiasmolithus altus, Coccolithus abisectus, Coccolithus
pelagicus, Cyclococcolithus floridanus, Dictyococcites
dictyodus, Discoaster deflandrei, Sicolithina desueta, Heli-
cosphaera euphratis, Helicosphaera perch-nielsenae, Heli-
cosphaera recta, Reticulofenestra elatrata, Reticulofenestra
lockeri, Sphenolithus moriformis, Zygrhablithus bijugatus

Chiasmolithus oamaruensis, Cribrocentrum reticulatum,
Cyclococcolithus luminis, Discolithina pulcheroides, Isth-
molithus recurvus, Reticulofenestra umbilica, Transverso-
pontis obliguipons

Braarudosphaera bigelowi, Reticulofenestra umbilica,
Zygolithus dubius

Braarudosphaera bigelowi, Chiasmolithus solitus, Cyclo-
coccolithus luminis, Discoaster lod is, Disc idle
kuepperi, Discolithina pulchra, Imperiaster obscurus,
Marthasterites tribrachiatus, Micrantholithus mirabilis,
Zygolithus dubius

2 First occurence.
Last occurrence.

LAD of P. lacunosa is often difficult to determine due to its
scarcity near its extinction level.

A barren to near-barren zone exists within Zone NN19-16
from 40 to 68 mbsf. Helicosphaera sellii is found at 68 mbsf.
Gartner (1977) used H. sellii for a datum to further define the
Pleistocene, but the true LAD of H. sellii most likely occurs
within the barren interval of Hole 642B and thus cannot be used
for an accurate age determination. Backman and Shackleton
(1983) found-this taxon to be time transgressive even at mid to
low latitudes.

The LAD of Reticulofenestra pseudoumbilica, the zonal marker
for NN15-7, is at 78 mbsf (Section 104-642B-10-2, 96 cm). This
zone often contains abundant nannofossils but of low diversity.
The assemblage consists mostly of Coccolithus pelagicus, small
reticulofenestrids, and Reticulofenestra pseudoumbilica. Also
occurring within this zone are Braarudosphaera bigelowii, Cal-
cidiscus leptoporus, Dictyococcites sp., Discolithina sp., Heli-
cosphaera carteri, H. sellii, Syracosphaera sp., Thoracosphaera
sp., and Sphenolithus moriformis. The only discoasters present
are Discoaster intercalcaris and Discoaster variabilis, which are
high-latitude forms with long ranges that coincide closely with
the range of Reticulofenestra pseudoumbilica. The FAD of
Pseudoemiliania lacunosa occurs a few meters higher than the
LAD of Reticulofenestra pseudoumbilica, and the FAD of Ge-
phyrocapsa occurs approximately 10 to 20 m upcore from the
LAD of Reticulofenestra pseudoumbilica. Within this interval
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are two barren zones; one from 84 to 103 mbsf, and the other
from 113 to 125 mbsf.

The LAD of Cyclicargolithus floridanus is at 156 mbsf (Sec-
tion 104-642B-18-6, 100 cm). According to Backman (1984) and
Bukry (1973), this corresponds to the top of NN6. Roth and
Thierstein (1972) mention that this species has been recorded in
the overlying Discoaster kugleri Subzone in some areas, and
Miller et al. (1985) also show Cyclicargolithus floridanus occur-
ring in NN7. The LAD of C. floridanus found at Site 642 prob-
ably coincides with the data of Backman (1984) and Bukry
(1973) in representing the NN6/NN7 boundary because it is
found with the LAD of Cyclicargolithus abisectus, which also
represents the NN6/NN7 boundary (Backman, 1984). This bound-
ary corresponds to the top of the interval with C. floridanus
(NN611). Also present in this zone are Braarudosphaera bigelo-
wii, Coccolithus miopelagicus, C. pelagicus, Dictyococcites sp.,
Discoaster deflandrei, D. intercalcarius, D. variabilis, Disco-
lithina sp., Helicosphaera carteri, H. paleocarteri, Reticulofe-
nestra pseudoumbilica, small reticulofenestrids, Sphenolithus
moriformis, and Syracosphaera sp.

Below 162 mbsf (Section 104-642B-19-4, 8 cm), Hole 642B is
mostly barren of nannofossils. Helicosphaera ampliaperta, the
zonal marker for NN4, and Discolithina enormis, the marker
for NP25, were found in Leg 38 sediments (Miiller, 1976), but
were not encountered in Hole 642B. This is probably due to the
fact that the barren interval encompasses these intervals.
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Table 3. Relative abundance of nannofossils found in selected intervals from Hole 642B.
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Hole 642C

The depth (and sample numbers) of the zonal markers in
Hole 642C are as follows:

FAD Emiliania huxleyi: 14 mbsf (Section 104-642C-3-1, 16 cm).

LAD Pseudoemiliania lacunosa: 20 mbsf (Section 104-642C-
3-5, 6 cm).

LAD Reticulofenestra pseudoumbilica: 82 mbsf (Section 104-
642C-11, CQ).

LAD Cyclicargolithus floridanus: 158 mbsf (Section 104-
642C-19, CQC).

The assemblages occurring within these zones are similar to
those in Hole 642B.

Site 643

Site 643 is the deepest and most seaward site on the three-site
transect. This single-bit hole was located on the lower slope near
the foot of the outer Vdring Plateau. This site provides a record
of the depositional environments under the seaward boundary
of the Norwegian Current in water depths close to the Norwe-
gian Sea Basin floor. A 565-m-thick pelagic and hemipelagic
sedimentary sequence was drilled. The oldest sediments recov-
ered are of early Eocene age.

Hole 643A (Tables 5, 6)

The abundance of nannofossils at Site 643 was generally
poor, except for a few rich intervals in the upper Pliocene-Pleis-
tocene. The interval from 100 mbsf to total depth was mostly
barren of nannofossils with the exception of a few scattered
samples which contain a generally low diversity assemblage.

Emiliania huxleyi, the marker for Zone NN21, was found to
a depth of 7 mbsf (Section 104-643A-2-1, 125 cm). Also present
are Gephyrocapsa sp., Coccolithus pelagicus, small reticulofe-
nestrids, Braarudosphaera bigelowii, Calcidiscus leptoporus, Dicty-
ococcites sp., Helicosphaera carteri, Syracosphaera sp., and
Thoracosphaera sp. Neither Emiliania huxleyi nor Pseudoemili-
ania lacunosa were found between 7 and 12 mbsf, thus indicat-

ing Zone NN20. The marker for the top of NN19-16, the LAD
of P lacunosa, is at 12 mbsf (Section 104-643A-2-5, 50 cm). Two
intervals barren of nannofossils occur within this zone from 32
to 56 mbsf, and from 64 to 71 mbsf. The last occurrence of He-
licosphaera sellii is at 56 mbsf (Section 104-643A-7-3, 49 cm),
which is just below a 24-m interval barren of nannofossils.
Thus, this occurrence did not represent the true LAD of H. sel-
lii and could not be used as a reliable marker species for the
lower Pleistocene.

The marker species for Zone NN15-7, Reticulofenestra pseu-
doumbilica, was observed at a depth of 75 mbsf (Section 104-
643A-9-2, 125 cm). The assemblage consists primarily of Coc-
colithus pelagicus, small reticulofenestrids, and Reticulofenes-
tra pseudoumbilica, with lesser abundances of Braarudosphaera
bigelowii, Calcidiscus leptoporus, Dictyococcites sp., Discolith-
ina sp., Discoaster intercalcaris, D. variabilis, Helicosphaera
carteri, H. sellii, Sphenolithus moriformis, Syracosphaera sp.,
and Thoracosphaera sp. This assemblage, representing Zone
NN15-7, occurs to a depth of 100 mbsf. Below 100 m, the sedi-
ment is almost entirely barren of calcareous nannofossils, with
the exception of two short intervals that contain poorly pre-
served assemblages. At 141 mbsf (Section 104-643A-16-3, 49
cm), Cyclicargolithus floridanus is present. Thus, the boundary
betwen NN15-7 and NN6-1 is between 100 and 141 mbsf.

The final Hole 643A interval that contains nannofossils ex-
tends from 409 to 410 mbsf (Section 104-643A-43, CC). The
samples at 409 and 410 mbsf contain basically the same assem-
blages with Cyclicargolithus floridanus present, except that the
upper Oligocene marker, Discolithina enormis, occurs at 410
mbsf. Thus, the boundary between NN6-1 and NP25 occurs at
410 mbsf. Because the remainder of the core is barren, the FAD
of D. enormis, and thus the lower boundary of NP25, could not
be determined.

Site 644

Site 644 represents the landward end of the three-site tran-
sect. It is located in the Vdring Basin at a shallow depth close to

Table 5. Relative abundance of nannofossils found in selected intervals at Site 643.
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Table 6. Total ranges of nannofossils found in selected intervals at Site 643.
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the inner continental slope. It overlies subsided old continental
crust. This site, as well as Site 642, was double APC cored for
greater resolution.

Hole 644A (Tables 7, 8)

Due to safety concerns, Site 644 could only be drilled to a
depth of 250 mbsf. The sediment recovered contained three nan-
nofossil zones and a detailed record of glacial-interglacial depo-
sition (Tables 7, 8).

Emiliania huxleyi, the marker for NN21, is present down to
26 mbsf (Section 104-644A-4-1, 50 cm). The assemblage consists
of small reticulofenestids, Acanthoica sp., Braarudosphaera bigel-
owii, Coccolithus pelagicus, Calcidiscus leptoporus, E. huxleyi,
Dictyococcites sp., Discolithina sp., Helicosphaera carteri, Sy-
racosphaera sp., and Thoracosphaera sp, as well as the same
high numbers of reworked Cenozoic and Paleogene nannofos-
sils found in Sites 642 and 643.

The marker for NN19-16, Pseudoemiliania lacunosa first oc-
curs at 51 mbsf (Section 104-644A-6-5, 50 cm). Reticulofenestra
pseudoumbilica was not encountered and the hole terminated in
Zone NN19-16. In Hole 642B, the FAD of Pseudoemiliania la-
cunosa was observed 2 m above the LAD of Reticulofenestra
pseudoumbilica. In Hole 644A, the FAD of Pseudoemiliania la-
cunosa was observed 6 m before total depth was reached (Sec-
tion 104-644A-33-1, 50 cm), indicating the possible proximity to
the LAD of Reticulofenestra pseudoumbilica.

Abundance, Preservation, and Reworking

The abundance of calcareous nannofossils at Site 644 is
greater than at Sites 642 and 643. At Site 644, the Pliocene-
Pleistocene nannofossils found in the interglacial sediments are
usually common to abundant, while at Sites 642 and 643 they
are typically few to rare. All three sites contain a zone barren of
nannofossils between the interval with Pseudoemiliania lacu-
nosa and the interval with Reticulofenestra pseudoumbilica.

The barren interval includes the Pliocene/Pleistocene boundary.
Sites 642 and 643 contain extensive barren intervals below the
last occurance of Cyclicargolithus floridanus (Fig. 1). Preserva-
tion of the nannofossils varies greatly throughout the sedimen-
tary section. The glacial sediments are characterized by poor
preservation while the interglacial intervals often contain well-
preserved nannofossil oozes. The Pliocene, as a general rule,
contains moderately to poorly preserved nannofossils while the
late-middle Miocene nannofossils are often moderately to well
preserved. The preservation at Site 644 is better than at the
other two sites. Moderate to good preservation is common at
Site 644, compared to the poor to moderate preservation at Sites
642 and 643 (see discussion below).

Both the abundance and preservation of the nannofossils de-
cline toward the deeper water sites; the nannofossils are most
abundant and well preserved at Site 644, decline at Site 642, and
are least abundant and have the poorest preservation at the deep
Site 643. This is most likely due to increased dissolution at the
greater depths of deposition and the reduced influence of the
Norwegian Current farther out to sea. Site 643 is located at a
water depth twice that of the other two sites (about 2700 m for
Site 643 as compared to about 1225 m and 1300 m for Sites 644
and 642, respectively). The poor preservation could be due to
the increased exposure of the nannofossils to the relatively cold
and corrosive water column below the Norwegian Current. But,
even though Sites 642 and 644 are located in approximately the
same water depth, they are characterized by differences in abun-
dance and preservation, Site 642 containing the poorer assem-
blages. This could be due to the effect of the Norwegian Cur-
rent. The current is responsible for transporting warm, rela-
tively productive surface waters into the Norwegian-Greenland
Sea from the North Atlantic. This current has varying effects on
the three sites. The current is relatively warm and extensive over
Site 644, but becomes diluted by colder, less productive surface
currents (East Icelandic Current) further out to sea over Site 643
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Table 7. Relative abundance of nannofossils found in selected intervals in Hole 644A.
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(Fig. 2). Thus, a gradient of productivity of the Norwegian Cur-
rent extends from the landward to seaward sites. The surface
currents’ effect on nannofossil productivity decreases ocean-
ward as the Norwegian Current waters diminish in extent.
Reworked specimens of older nannofossils are present through-
out lithologic Unit 1 but become more abundant in the Quater-
nary than the Pliocene. The reworking consists primarily of

Cretaceous nannofossils but Paleogene and early Neogene rede-
posited species were also found to a lesser extent. Redeposited
Cretaceous species often comprise up to 90 to 100% of the total
nannofossil assemblage, while Paleogene species usually com-
prise much less than 10%. Reworking is usually negligable in
the interglacial intervals, but is much more pronounced in the
glacial deposits.
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Figure 1. Correlation of the nannofossil occurrences of Sites 643, 642, and 644. FAD = First appearance datum. LAD = Last

appearance datum. Thick lines are extensive barren intervals.

The sediments as a general rule contain relatively few calcar-
eous nannofossils and those that are present are of low diversity.
There are, however, a few intervals with a notable abundance of
nannofossils. Low abundances suggest relatively low water tem-
peratures, with the nannofossil-rich oozes possibly reflecting
relatively warmer water influxes. The interglacial sediments oc-
casionally contain coccolith oozes with abundant yet low-diver-
sity assemblages. Late-middle Miocene intervals show a slight
increase in diversity. Both the Quaternary as well as the upper
Miocene nannofossil-rich intervals contain many whole, intact
coccospheres indicating little postdepositional disturbance from
bioturbation.

The sediments at Site 644, as a general rule, contain greater
abundance, preservation, and diversity than at the deeper water
Sites 642 and 643, possibly showing the influence of the rela-
tively warmer Norwegian Current at Site 644. But, on a global
comparison, the abundance and diversity are still characterized
by typical high-latitude, cold-water species.

North Atlantic Correlations

To better understand the geographic controls on nannofossil
distribution and the difficulties of applying the standard low-

latitude nannofossil zonations in the Norwegian—Greenland Sea,
a latitudinal traverse of different sites is shown in Figure 3 and
Table 9. The traverse is located in the North Atlantic from lati-
tudes 30°N (Leg 82), 56°N (Leg 81), 58°N (Leg 12), and finally
the Véring Margin at 68°N (Leg 104).

DSDP Leg 82 drilled in the North Atlantic between 30° and
40° N, The nannofossil biostratigraphy, as compiled by Bukry
(1985) and Parker et al. (1985), contains essentially the full suite
of zonal markers for the Neogene. The only exception is the ab-
sence of CN10b and CN10c due to a lower Pliocene hiatus. The
area is not lacking in discoasters, ceratoliths, sphenoliths, or
any of the other zonal markers used in the zonation of Okada
and Bukry (1980).

DSDP Leg 81 is located north of Leg 82, at a latitude of ap-
proximately 56° N. Hole 552A was the most complete and least-
disturbed upper Neogene sedimentary record yet obtained from
the high-latitude North Atlantic at that time. Backman (1984)
compiled the nannofossil biostratigraphy of the area and found
that at this latitude certain marker fossils were diachronous or
too sparse to be used to correlate with lower latitudes. Studies
of the disappearances of Pliocene discoasters, which generally
prefer warmer waters, have been carried out (Backman and
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Figure 2. Present-day surface current patterns in the North Atlantic and Norwegian-Greenland Sea (based on Kel-

logg, 1975).

Shackleton, 1983) to help determine whether these disappear-
ances represent genuine extinctions or only reflect migratory
events. Backman (1984), using Hole 552A, interpreted Discoas-
ter surculus as disappearing 0.1 m.y. before its Pacific extinction
age. D. tamalis appears to have a slightly younger last occur-
rence in Hole 552A than in the low-latitude Pacific. D. pentara-
diatus could be synchronous or could disappear 0.05 m.y. prior
to its Pacific age, but the data gathered about the extinction age
of D. pentaradiatus are not sufficient to settle this question. As
mentioned previously, the extinction of Helicosphaera sellii has
also been determined to be diachronous with latitude by Back-
man and Shackleton (1983). H. sellii is a zone marker for the
Pleistocene zonation of Gartner (1977).

The extinction of Discoaster brouweri was originally used as
a zonal marker in Leg 12 (Bukry 1972). However, Backman
(1979) believes that D. brouweri, with optimum living condi-
tions in low latitudes, actually disappeared from this high north-
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ern latitude site before its low-latitude extinction. The LAD D.
brouweri at Site 116 is due to biogeographic response to chang-
ing environmental conditions and does not represent the true ex-
tinction level. Thus D. brouweri is not a useful datum for the
northern North Atlantic in the Leg 12 study area.

The zonation for Site 116 is similar to that of Leg 81 because
the sites are located relatively close to each other, but there are
differences as the higher latitude is approached. Generally, dis-
coasters and ceratoliths are more rare in the high-latitude assem-
blages than in mid- and low latitudes. However, enough discoas-
ters and ceratoliths were found in Leg 81 sediments to determine
a few zonal boundaries. During Leg 12 (at Site 116), some dis-
coasters and ceratoliths were still found, but even fewer than for
Leg 81, thus eliminating a few more zones.

Leg 104 completes the south-to-north latitudinal cross sec-
tion of the North Atlantic. Leg 104 sediments were totally lack-
ing in ceratoliths and stratigraphically important discoasters.
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Table 9. Nannofossil zones present in Legs 82, 81, 12, and 104 compared with the Okada and Bukry (1980) and Martini (1971) standard low-latitude zonal schemes (based on Martini and Miiller,

1986).
Zonation (Okada & Bukry 1980) Leg Leg Leg Leg
Age Standard Zonation (Martini 1971) Zones Subzones 82 81 12 104
NN 21 | Emiliania huxleyi % CN 15 | Emiliania huxteyi ; CN13 NN21 | CNI5 | NN2I
- E. huxleyi - - E. huxleyi*
NN 20 | Gephyrocapsa oceanica » . CN 14b | Ceratolithus cristatus ¥ 14b 20 14b 20
B CN 14 | Gephyrocapsa oceanica - — E. ovata,” E. annulata
CN l4a | Emiliania ovata . 14a 14a
NN 19 | Pseudoemiliania lacunosa b EN 136 | Guplprocapomcmibbrantn | & - hemeh 13b 19
n. s .
& “ C. macintyrei* CN 13 | Crenalithus doronicoides e G. caribbeanica®
D. brouweri* CN 13a | Emiliania annula + 13a
s T = - D. brouweri 19-16
NE:1S: (- Dhscossty vouver] D. pentaradiatus~ CN 12d | Calcidiscus macintyrei S 12d B [
NN 17 | Discoaster pentaradiatus CN 12 | Discoaster brouweri CN 12¢ | Discoaster pentaradiatus s N 12¢
it D. surculus - D. surculus
] CN 12b | Discoaster surculus D e 12b 17-16
& NN 16 | Discoaster surculus .ol . ’
R. pseudoumbilica CN 12a | Discoaster tamalis "
R. pseudoumbilica,” S. neo- 12a
abies™
- . . CN 11b | Discoaster asymmetricus . 11b
NN 15 | Reticulofe di bilica CN 11 | Reticulofe P fe bilica - - D. asymmetricus® 15 11
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E - A. trico I C. primus,” A. tricorniculatus
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E D, as icus ™+ CN 10¢ | Ceratolithus rugosus 10¢ 14-13
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NN 12 | Amaurolithus tricorniculatus C. acutus?® T. rugosus 10b i
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D. h f D. h 10-9 8-7
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§ NN8 | Catinaster coalitus ’ CN 6 | Catinaster coalitus ’ 6
- - - C. coalitus* - - C. coalitus* 8-7
= NN 7 Discoaster kugleri . . CN 5b Discoaster kugleri A % 5b 6-5
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Only eight nannofossil zones could be differentiated in the Nor-
wegian-Greenland Sea compared to the thirty zones and sub-
zones distinguished at the Leg 82 sites to the south for the upper
Oligocene to Holocene interval.

REWORKED NANNOFOSSILS

The Quaternary and upper Pliocene sediments of Leg 104
represent alternating cycles of glacial and interglacial deposi-
tion. The interglacial sediments consist of light-colored, car-
bonate-rich marine sandy muds, often nannofossil-rich. The
glacial deposits consist of dark carbonate-poor glacial muds
with dropstones. Generally these glacial deposits contain few, if
any, Pliocene or Quaternary nannofossils deposited in situ.
However, reworked Cretaceous and Paleogene nannofossils are
often common. The abundance of the reworked nannofossils is
cyclic in nature, varying from 100% to less than 1% of the total
assemblage.

In the glacial deposits, it is often difficult to tell if the sur-
face waters were sufficiently productive to support the deposi-
tion of in-situ nannofossils. This is due to the fact that many of
the taxa found have long ranges which encompass ages from
Cretaceous (e.g., Braarudosphaera bigelowii) or early Cenozoic
(e.g., Coccolithus pelagicus and small reticulofenestrids) to present.
The above species also are relatively dissolution resistant, which
makes it difficult to interpret the abundance of reworked nan-
nofossils. It is necessary to look at other Quaternary and upper
Pliocene nannofossils, such as the gephyrocapsids, to determine
whether the surface waters were productive enough at the time
of deposition to deposit an in-sifu assemblage along with the
older, reworked nannofossils.

Data

To help pinpoint a possible age and source for the reworked
Cretaceous nannofossils, three smear slides from the glacial in-
tervals, where most of the reworking occurs, were examined.
Three hundred and fifty-four Cretaceous nannofossils from gla-
cial sediments were counted, and the taxa identified are shown
in Table 10.

The stratigraphic distribution of some of these Cretaceous
nannofossils is shown in Table 11 (based on Thierstein, 1976).
All of the nannofossils found have ranges which, at least in part,
are found in Maastrichtian deposits. In an effort to determine a
more precise age for the Cretaceous nannofossils, various zonal
schemes compiled by several authors have been applied (Table

Table 10. Absolute abundance of reworked taxa encoun-
tered in glacial intervals.

Hole 644A Core-Sect.-Int.

Taxa Present 1-6-50  5-3-125 8-1-30 TTL
Watznaueria spp. 43 30 47 120
Prediscosphaera cretacea 15 13 45 73
Micula stauropora 6 5 20 3
Eiffelithus turriseiffeli 8 7 10 25
Zygodiscus diplogrammus 3 5 17 25
Cribrosphaerella ehrenbergi — 2 12 14
Chiastozygus litterarius — — 11 11
Vagalapilla octoradiata 1 2 7 10
Bronsonia spp. 1 1 7 9
Nephrolithus frequens 1 1 6 8
Tetralithus obscurus 1 3 2 6
Tranlolithus orionatus 2 1 3 6
Lucianorhabdus cayeuxii 4 — 1 5
Kamptnerius magnificus — — 5 5
Microrhabdulus decoratus — — 3 3
Eiffellithus trabeculatus — 2 —_ 2
Cretarhabdus angustiforatus — — 1 1
Total 72 197 354 85

NORWEGIAN-GREENLAND SEA CALCAREOUS NANNOFOSSILS

12). Unfortunately, most of the zonal markers for these schemes
are absent. Only one marker from the Campanian to Maastrich-
tian interval, Nephrolithus frequens, was present among the re-
deposited species. The presence of N. frequens, however, sug-
gests an uppermost Maastrichtian age, although other specimens
could possibly have come from older strata. Although all the
other Cretaceous markers found occur throughout the Campa-
nian and Maastrichtian, their FAD’s are earlier. This presents a
problem when trying to pinpoint the age of the sources of the
reworking, if such a specific age can, in fact, be determined.

The reason for the missing Campanian and Maastrichtian
marker fossils could be the ecologic exclusion of the nannofos-
sils from the source area due to unfavorable environmental con-
ditions at the time of original deposition. This will be discussed
subsequently.

Figure 4 (Ziegler, 1982) shows the known distribution of cal-
careous deposits of Cenomanian to Danian age. The Leg 104
sites are located slightly north of the area mapped, but the cal-
careous deposits are much less extensive to the north. The
mapped areas of calcareous deposition, therefore, delineate pos-
sible source areas for the reworked Cretaceous nannofossils.
The most extensive deposits of known calcareous material occur
in the North Sea-Denmark area. Less extensive deposits are
found on the Faeroe high and small deposits also occur along
the shelf off Norway. These three areas are the most likely
sources for the Cretaceous nannofossils reworked into the gla-
cial deposits.

Areas further south can be eliminated as a source by apply-
ing biogeographic barriers for the Cretaceous nannofossils found.
Thierstein (1981) studied upper Campanian to lower Danian
nannofossil assemblages from all over the world. He concluded
that Late Cretaceous bioprovincialism was strongly dependent
on paleolatitude. Thierstein studied the relative abundance dis-
tribution of 54 Late Cretaceous nannofossil taxa. He plotted the
nannofossils with recognizable distribution patterns on maps
showing their paleolatitudinal occurrences during the Late Cre-
taceous. Figures 5 and 6 show the dominant taxa with recogniz-
able distribution patterns for upper Campanian through upper
Maastrichtian assemblages, and their global biogeographic dis-
tributions are contoured on these paleogeographic maps. Not
shown on his maps are occurrences that make up less than 2%
of the assemblages. For purposes of the present study, we will
disregard occurrences of less than 2% (which correspond to less
than seven out of the 354 nannofossils identified) of the total
glacially reworked nannofossils. By relating the taxa found on
Leg 104 to those in Thierstein’s study, an estimate can be made
of the latitudinal limit for the Cretaceous sources.

Figure § displays the geographic distribution of some of the
taxa actually encountered in Leg 104 glacial sediments. Al-
though found in low numbers, Nephrolithus frequens is of great
value to the study. This taxon provides an accurate age determi-
nation because it is confined to uppermost Maastrichtian de-
posits. Also, it is encountered in appreciable numbers only in
high-latitude locations, therefore it marks a southern limit for
the source beds of Cretaceous reworking.

Figure 6 shows the distribution of some of the taxa not en-
countered in Leg 104 material. Lithraphidites quadratus is shown
to have a North Atlantic occurrence limit of approximately 45°-
50° north latitude. Since this taxon is not encountered in Leg
104 cores, the sediments containing it are not the source for the
reworking. Thus, by using nannofossil provincialism during
Cretaceous time the source for the reworked material can be fur-
ther delineated. Figure 7 summarizes the geographic distribu-
tion of selected Cretaceous taxa not present in Leg 104 sedi-
ments, while Figure 8 shows the distribution of the taxa present.
The source for the reworking must originate from the areas
where the taxa in Figure 8 occur, but not the areas where the
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Table 11. Stratigraphic distribution of selected Cretaceous nannofossils encountered in Leg 104 glacial sediments (based on Thierstein, 1976).

Cyclagelosphaera deflandrei

Crucirhabdus primulus
Schizosphaerella punctulata
Parnabdolithus liasicus
Crepidolithus crassus
Watznaueria crucicentralis
Podorkabdus cylindratus
Waitznaueria communis
Stephanolithion speciosum
Ethmorhabdus gallicus
Stephanolithirion bigotii
Polypodorhabdus escaigii
Conusphaera mexicana
Nannoconus colomii

Polycostella beckmanni

us diplog

g

Vagalapilla natalosa

Stephanolithion laffittei
Lithraphidites carniolensis
Cretarhabdus angustiforatus
Reinhardtites fenestratus
Parhabdolithus asper
Bipodorhabdus colligatus
Diadorhombus rectus
Calcicalathina oblongata
Z;

Rucinolithus wisei
Nannoconus bucheri
Lithraphidites bollii
Hayesites radiatus
Chiastozygus litterarius
Rucinolithus irregularis
Corollithion achylosum

Tiubodiscus verenae

Solution Resistant
Marginal
Boreal + Austral
Tropical

I Cruciellipsis cuvillieri

i
I Micrantholithus obtusus

Maastrichtian
Campanian
Santonian
Coniacian
Turonian
Cenomanian
Albian
Aptian
Barremian
Hauterivian
Valanginian
Berriasian

Cretaceous

Tithonian
Kimmeridgian
Oxfordian
Callovian
Bathonian
Bajocian
Aalenian
Toarcian
Pliensbachian
Sinemurian
Hettangian

Jurassic

=

1

taxa in Figure 7 occur. Thus, Figures 7 and 8 display the geo-
graphic limits, and thereby possible source areas, for the re-
worked Cretaceous nannofossils actually found in the Tertiary
of Leg 104.

Before discussing further the possible sources for the re-
worked nannofossils encountered in the glacial deposits of Leg
104, we must consider the climatic variability of the area during
the late Cenozoic. High-latitude glaciations during the late Quater-
nary dramatically changed sea-surface conditions in polar seas
relative to those found in the present day (Corliss, et al., in
press). Three general climatic regimes have existed since the on-
set of glaciation: glacial, intermediate, and interglacial. These
three regimes all show unique depositional patterns in response
to the Northern Hemisphere glaciations. Many detailed studies
have been compiled relating to the most recent glacial cycles
(Kellogg, 1975; Kellogg, 1980; Ruddiman and MclIntyre, 1979;
Jansen and Bjdrklund, 1985; and others). The major difference
between the glacial and interglacial periods is the absence or se-
vere reduction of the warm Norwegian Current water entering
the region from the North Atlantic during glacials (Fig. 9).

During the last glacial interval at 18 ka, the Norwegian Sea
was generally completely covered with sea ice (Fig. 10). But,
during the summer months, open water or looser pack ice could
have existed south of 71°N in the central Norwegian Sea (Kel-
logg, 1980). Winter temperatures were 0.0°C or less and sum-
mer temperatures ranged between 4.6 and 5.4°C. The last inter-
glacial episode was similar to present ice-free conditions (Fig. 10).
The intermediate regime 82 ka represents an intermediate regime
between these glacial and interglacial conditions. Seasonal ice
cover existed in the southern part of the Norwegian Sea. The
Norwegian Current was not present with its modern characteris-
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tics, but a weak flow of relatively warm water most likely en-
tered the southern Norway Basin from the North Atlantic. Rud-
diman and MclIntyre (1979) showed that during the first half of
the last full interglacial-glacial cycle, the subpolar North Atlan-
tic from 40° to 60°N maintained relatively warm sea-surface
temperatures. This allows for an interglacial ocean alongside a
glacial landmass. Thus, the Norwegian Current could poten-
tially carry icebergs to the Norwegian-Greenland Sea during
these times.

Discussion

By taking into account the previously discussed comparison
of the bioprovincialism of the Cretaceous nannofossils, the
known areas of Cretaceous carbonate deposition, and the cli-
matic regimes of the times, it is possible to narrow down the
geographic limits for the source of the reworking. Three main
areas exist as the potential source location of the Cretaceous re-
worked nannofossils found on the Véring Plateau.

One such area is to the south of the Vdring Plateau. Subsea
outcrops of Cretaceous marls and possibly chalks could be ex-
posed along faults in the area (K. Perch-Nielsen, written com-
mun., 1986). Material from these exposures could be reworked
into the Véring Plateau sediments. However, the nature of the
sediments that contain most of the reworked Cretaceous nanno-
fossils indicate that these sediments were deposited by advanc-
ing sea ice and/or floating ice blocks that would have little af-
fect on the exposed Cretaceous beds in the deeper water.

Another possibility is reworking from the shelf near the Leg
104 sites. Seismic sections show that Quaternary sediments lo-
cally overlie Paleocene and Upper Cretaceous sediments (A.
Moe, written commun., 1986). Pockets of these exposed older



Table 11 (continued).

NORWEGIAN-GREENLAND SEA CALCAREOUS NANNOFOSSILS

s B 9 :
$5 8 g £ g 5 E i g g
t B i E. s 2 § - © =
SES §lgg8t £ glg  § & |8 I § 5 B
=& : 3 = E‘ . ]
SRR R R I R AR R I R R R AN EER R S,
= _E-..-::L_ ‘__--.,_:__:__ta S = 5 2 "'-“-..,“"
R R R R R R F R R R EE R R R IR R R R
= 3 . e R g = = = = =
EONFIFENE SRR DR IR EE SN ER NN ENIINRER]
T EIEfEE |3 §5S S|ESS5=EI8§ £S5 EISEEsSIEEES s
QE-Z""&. L s P - = 2 =5 = = slE 5 5 =
E%§§§§°§@-§:§§‘s§ssa%.;%s%%%s%@%%gggg%%é
FOEIF RTS8 555[ss8 8§53 85588¢88eF3 s
[re= oS I =R . L. [ - 2
-
== ==r=="1 == =
- | o
"_" I II e .
i1 .
I [ ]
I I e o
| | )
[ ]

sediments could be reworked into the upper Pliocene to Quater-
nary deposits during the glacial intervals, especially with the
help of concomitant lowered sea levels. However, a problem ex-
ists with the Cretaceous source exposures in this area. At such a
high latitude, only a few scattered areas of carbonate deposition
existed during Cretaceous times (Fig. 4). These pockets of Cre-
taceous carbonate deposition could very well have been re-
worked to some extent into the glacial sediments, but it is un-
likely that these small exposures, which did not contain a rich
nannofossil source, could account for the large amounts of Cre-
taceous nannofossils found in Leg 104 sediments. A richer
source of Campanian and Maastrichtian nannofossils is im-
plied.

A third possible source for the reworked nannofossils is from
icebergs originating in the North Sea-Denmark area, especially
in the northern North Sea and in northern Denmark where only
a thin cover of Quaternary sediments existed on top of the Cre-
taceous strata (Ziegler, 1982). This area is an ideal source area
due to its extensive chalk deposits of Campanian to Maastrich-
tian age. As continental ice sheets began to develop, glaciers
would have moved out of the North Sea-Denmark area towards
the Norwegian Sea. During the times when the Norwegian-
Greenland Sea was not completely ice-covered, individual ice-
bergs would have carried sediments out of the North Sea area to
the west. Because the Norwegian-Greenland Sea was not en-
tirely ice-covered at this time, the Norwegian Current would still
have been actively flowing from south to north past the North
Sea, although not as actively as during the true interglacials.
The icebergs from the North Sea-Denmark area would have
been carried farther north as they merged with the Norwegian

Current. As the floating icebergs melted in the relatively warm
Norwegian Current waters, ice-rafted debris containing Campa-
nian and Maastrichtian nannofossils from the North Sea-Den-
mark source would have been deposited.

The source of the reworked nannofossils found in the Nor-
wegian-Greenland Sea is possibly derived from a combination
of the above three stated source areas. During the summer
months of the glacial periods and during the intermediate stages
between glacial and interglacial regimes, ice-rafted material from
the nannofossil-rich Cretaceous strata of northern North Sea-
Denmark area was probably deposited on the Véring Plateau.
This would have been the primary source of the reworking. Mi-
nor reworking from the shelf or exposed faults could have
brought additional Cretaceous nannofossils to the area, but be-
cause no nannofossil-rich source deposits were involved, they
cannot be the major source.

CONCLUSION

ODP Leg 104 drilled and recovered cores from eight holes at
three sites on the Vdring Plateau in the Norwegian-Greenland
Sea. An essentially complete sedimentary section was obtained
and contains calcareous nannofossils from uppermost Oligo-
cene to Holocene sediments.

Due to poor high-latitude environmental conditions, the nanno-
fossil assemblages recovered contain low abundances and diver-
sities when compared to low-latitude assemblages. The standard
low-latitude nannofossil zonal markers of the Neogene, the
ceratoliths, discoasters, and sphenoliths, are mostly missing in
the Norwegian-Greenland Sea sediments, making biostrati-
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Table 12. Various Cretaceous nannofossil zonal schemes compiled by several authors (from Perch-Nielsen, 1985).

Age| % Thierstein (1976) Roth (1978) Wise (1983) Verbeek (1977b) Sissingh (1977) Perch-Nielsen (1979a, 1983) Doeven (1983)
cosmop.  trop. bor. cosmopolitan NC S Atlantic Tunisia, France, Spain Europe, Tunisia CcC cosmopolitan Canadian Atlantic Margin
M. murus/N. freq. 23 | C. danige N frequens | 26 | M. prinsii N. frequens
g I I M. murus N. freq i | M. murus _.!__.l —L1 I N. frequens, C. kamptneri 1
= L. quadratus mﬂ—' o 1 M. murus L. guadratus
E i | s omintianis qui _2_2_ B. magnum > s A. cymbiformis 25 L1 1. quadratus -kt |
g — i) ; A. cymbiformis — R, levi:
L. praequadratus 21 R T} 241 R levis . levis
= — — -';;-—| ifpkacefm, Q. trifidh 1
— i - '_'l = . trifidum . phacelosus — A. parcus
— 1 R. anthoph—— R. anthophorus, E. eximi 0. trifid 1 I phacelosus
Tt = i
[ ] 20 | B, coronum Q. trifidum 2 f f:i;a
! T, trifid) - — | l 1 Q. trifidu _D_’I-t'cu_m—]
g i —— o O gothicum | | Q_nitidum | oo . g0t 1
a I - C. aculeus == | C. aculeus | C. aculeus J 21 36 acuteus C. acufens |
5 I C. ovalis 19 | B, hayi
B. parca 18 T'M.L| B. parca Ve [ ‘g Verbeekii, A. parcus B, parca AR
i A. parcus 18L.p hayi, A. parcus
-—-l — B. parca e 1 — 1 14 IR, |
] — parcus
. T. obscurus \] T. obscurus — Z. spirali Ko 712 ¢ obscurus, E. floralis B. hayi i C. obscurus
& M. concava L. floralis .ﬁﬂ).’!__._.g L CaYeI S 117 cayeuxii, L. septenarius | = L. cayeuxii
T VR | K. anthrophorus) 5 L i R. anthophorus, L. grillii — M. concava
— | B. facunosa | — M. staurophora | 4], _ g M. concava — R. anthophorus
g iasti 1 - decussala G. striatum
& M. furcatus ¥ 15 | T acclesiastica i M. furcatus M. furcatus 13 | L. septenarius (M. furcatus) | = B. jurtiva lacunosa
L M. furcat T_""‘l _ 1 . m e 1 i
;—" i 14 | K. magnificus | E. eximius . maleformis 121 , ? _,fu‘n'.‘alm L leformis E. examnius. ]=| Kcm;g;rcus
— " [ M. staurophora FG-obil r:ume‘J o e - SR AL Q. gartmeri e vty
] i BERLL B P Y5 S P - : . b
TS = e e WU (-
) — . decoratus, L. — M. fus
g . E. turriseiffeli (— C. kennedyi, B. africana ... T\ W britannica
o] E. turriseiffeli 10 Fcorran\ | E. turriseiffeli E. turriseiffeli 9 E. britannica | E- turriseiffeli
1 - 1 H. albiensis, C. anglicumn
g L E. turriseiffeli i I 5 onatis I 4 — B qurriseigfeli S
= l 1 P albiensus A, athaanus | —] . . Jaxran, P columnata P columnata gHT phacelosus, C. signum P columnata
< L J P crefacea P cretacea l 8 | cretacea || R. asper —— P columnata
& l +—! B. africana
"E, P angustus 7 | B angustus C. litterarius 7 [ C mexicana, M. obtusus
< P angustus, L. floralis ] [ E. antiquus
p 5 ane % el T = —L . E. floralis, R. angustus
— cu - | - fivreraris | = ————— —ic , R. irregularis
711 C. litter.={ N. colomii W e » = g pe':.ryrherhu.r irregula
& TIC. oblongata | w. oblonga 5 e C. g s _: L. o 8
— 2 . bollii
5 1 C. mw’-‘ﬁ_e:i - ey — T & co.‘h}gam—j C. cnv-‘f‘ll'ier.‘, S. colligata
g L. bollii C. loriei il Ig‘: L;:;:um
1 C. cuvitlieri 4 A ———1 C. loriei, C. striatus
: — M. speelonensis
o = D. rectus P————— — 1 D. rectus
g T veranae 3 C..obiongata Ly, speetonensis, T. veranae
e ~D. rectus  |Purectus | D, rectus
I . obl TEE— ———I C. oblongata
—1 » R. neoc 2 C. crenulatus 2 8 colligata
E L C. angustifi - P —— S. crenulata
E — P beckmannii
& N. colomii | N. steinmannii | [ C. cuvllier, M.obtusus
N. cuto:l-rm . L. carniolensis L L. carniolensis, R, a'qb?ﬂe:‘,
=] L. carniolensis) [ { N. steinmannii

ATIVNNOA 'd



NORWEGIAN-GREENLAND SEA CALCAREOUS NANNOFOSSILS

S5 CALCAREOUS <=~ SHALE

Figure 4. Distribution of sediments deposited in the North Atlantic and North Sea during Cenoma-

nian-Danian (from Ziegler, 1982).

graphic interpretations difficult. Since latest Oligocene time,
eight nannofossil zones can be differentiated compared to ap-
proximately 30 zones for the same interval in the lower latitude
North Atlantic.

The sediments deposited since the first appearance of ice-
rafted detritus represent glacial conditions. Dark-colored, car-
bonate-poor glacial sediments with ice-rafted debris present are
interlayered with light-colored, carbonate- (and nannofossil-)
rich interglacial sediments. The interglacial deposits contain
abundant nannofossils and represent influxes of relatively warm
Norwegian Current waters. The glacial deposits represent rela-
tively cold times with solid ice cover or icebergs present in the
Norwegian-Greenland Sea. The glacial deposits contain few, if
any, in-situ nannofossils, but reworked Cretaceous species with
minor reworked Paleogene species and older Neogene nanno-
fossils are often common.

The age of the reworked Cretaceous nannofossils is Campa-
nian to Maastrichtian. The presence of N. frequens suggests a
source of latest Maastrichtian age, but more than one source
could be contributing to the reworked nannofossils found on
the Véring Plateau. Three possible sources for the common re-
worked nannofossils found are: (a) exposed Cretaceous deposits
along the shelf near Norway; (2) exposed Cretaceous outcrops
along faults in the area; and/or (3) the northern North Sea-
Denmark area. The relative abundances of the reworked assem-
blage suggest that the primary source was ice-rafting from the
northern North Sea-Denmark area.
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APPENDIX
Taxa Considered in this Report

Acanthoica (Lohmann, 1903) Schiller (1930). Arkhangelskiella cymbi-
Jformis Vekshina (1959).
Also included here are: Bronsonia enormis (Schumenko, 1968) Man-
ivit (1971) and its morphotypes.

Biscutum constans (Gorka, 1957) Black (1967).

Braarudosphaera bigelowii (Gran and Braarud, 1935) Deflandre, 1947.

Calcidiscus leptoporus (Murray and Blackman, 1898) Loeblich and Tap-

an, 1978.

Ca(gfdiscus macintyrei (Bukry and Bramlette, 1969) Loeblich and Tap-
pan (1978).

Chiastozygus litterarius (Gorka, 1957) Manivit (1971).

Coccolithus miopelagicus Bukry (1971).

Coccolithus pelagicus (Wallich, 1877) Schiller (1930).

Cretarhabdus angustiforatus (Black, 1971) Bukry (1973) = Retecapsa
angustiforata Black (1971).

Cribrosphaerella ehrenbergii (Arkhangelsky, 1912) Deflandre in Pive-
teau (1952).

Cyclicargolithus abisectus (Miiller, 1970), Wise (1973).

Cyclicargolithus floridanus (Roth and Hay in Hay et al., 1967) Bukry
(1971).

Cvylindralithus serratus Bramlette and Martini (1964).
Also included here is: C. gallicus (Stradner, 1963) Bramlette and
Martini (1964).

Dictyococcites Black (1967).
This genus includes the following species: Dictyococcites antarcticus
Hagq (1976).

Dictyococcites productus (Kamptner, 1963) Backman (1980).

Discocater brouweri Tan (1927).

Discoaster deflandrei Bramlette and Riedel (1954).

Discoaster elegans Bramlette and Sullivan (1961).

Discoaster intercalcaris Bukry (1971).

Discoaster pentaradiatus Tan (1927).
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Discoaster surculus Bramlette and Riedel (1954).

Discoaster tamalis Kamptner (1967).

Discoaster variabilis Martini and Bramlette (1963).

Eiffellithus frabeculatus (Gorka, 1957) Reinhardt and Gorka (1967).

Eiffellithus turriseiffeli (Deflandre in Deflandre and Fert, 1954) Rein-
hardt (1965).
Also included here is: E. eximius (Stover, 1966) Perch-Nielsen (1968).

Emiliania huxleyi (Lohmann, 1902) Hay and Mohler in Hay et al. (1967).
This species was observed to have a length of up to 5 um in the top
few meters of sediments.

Gephyrocapsa Kamptner (1943).
The following species are included in this genus:

G. aperta Kamptner (1963).

G. ericsonii Mclntyre et al. (1967).

G. protohuxleyi Mclntyre (1970).

Helicosphaera carteri (Wallich, 1877) Kamptner (1954).

Helicosphaera euphratus Haq (1966).

Helicosphaera intermedia Martini (1965).

Helicosphaera paleocarteri Theodoridis (1984).

Helicosphaera sellii (Bukry and Bramlette, 1969) Jafar and Martini
(1975).

Kamptnerius magnificus Deflandre (1959).

Lithraphidites magnificus Bramlette and Martini (1964).

Lucianorhabdulus cayeuxii Deflandre (1959).

Microrhabdulus decoratus Deflandre (1959).

Micula murus (Martini, 1961) Bukry (1973).

Micula staurophora (Gardet, 1955) Stradner (1963).

Nephrolithus frequens Gorka (1957).

Pontosphaera Lohman (1902).

Pontoshaera enormis (Locker, 1967) Perch-Nielsen (1984).
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Prediscosphaera cretacea (Arkhangelsky, 1912) Gartner (1968).

Pseudoemiliania lacunosa (Kamptner, 1963) Gartner (1969).

Reticulofenestra Hay, Mohler, and Wade (1966). The following species
are included in this genus:

Reticulofenestra hagii Backman (1978).

Reticulofenestra minuta Roth (1970).

Reticulofenestra minutula (Gartner, 1967) Haq and Berggren (1978).

Reticulofenestra pseudoumbilica (Gartner, 1967) Gartner (1969).

Rhabdosphaera Haeckel (1894).

Sphenolithus moriformis (Bronnimann and Stradner, 1960) Bramlette
and Wilcoxon (1967).

Included with this taxon are:

S. abies Deflandre in Deflandre and Fert (1954).

S. neoabies Bukry and Bramlette (1969).

Syracosphaera Lohmann (1902).

Tetralithus aculeus (Stradner, 1961) Gartner (1968) = Ceratolithoides
aculeus (Stradner, 1961) Prins and Sissingh in Sissingh (1977).

Tetralithus obscurus Stradner (1963) = Calculites obscurus (Deflandre,
1959) Prins and Sissingh in Sissingh (1977).

Tetralithus trifidus (Stradner, 1961) Bukry (1973) = Quadrum trifidum
(Stradner in Stadner and Papp, 1961) Prins and Perch-Nielsen in
Manivit et al. (1977).

Thoracosphaera Kamptner (1927).

Tranolithus orionatus (Reinhardt, 1966) Perch-Nielsen (1968) = T. pha-
celosus Stover (1966).

Valgalapilla octoradiata (Gorka, 1957) Bukry (1969).

Watznaueria barnesae (Black in Black and Barnes, 1953) Perch-Nielsen
(1968).

Zygodiscus diplogrammus (Deflandre, 1954) Gartner (1968) = Glauko-
lithus diplogrammus Reinhardt (1964).
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Figure 5. Geographic distribution of selected taxa actually encountered Figure 6. Geographic distribution of selected taxa (studied by Thier-
in Leg 104 glacial sediments (Thierstein, 1981). stein, 1981) not encountered in ODP Leg 104 glacial sediments.
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Figure 7. Summary of the northern limits of geographic occurrences Figure 8. Summary of the southern limits of the geographic distribu-
(Fig. 6) of various Cretaceous nannofossils not found on Leg 104 (based tions (Fig. 5) of various reworked Cretaceous nannofossils (with abun-
on Thierstein, 1981). The source of the reworked nannofossils is north dance greater than 2%) found in Leg 104 sediments (based on Thier-
of the dashed line. stein, 1981). The source for the reworked nannofossils is north of the

dashed line.

Figure 9. Sea-surface reconstructions for today, 18,000-, 82,000, and 120,000-y.b.p. levels (from Kellogg, 1980).
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Plate 1. 1. Emiliania huxleyi, 104-644B-1-1, 50 cm, 4-5 pm. 2. Same specimen as (1); (2a) x-p, (2b) ph, (2¢) tr It. 3. Emiliania huxleyi, 104-
644A-3-2, 125 cm, 4 ym. 4. Pseudoemiliana lacunosa, 104-644A-14-4, 119 cm, 4.5 um. 5. Pseudoemiliana lacunosa, 104-644A-10-5, 50 cm, 5 um;
(5a) x-p, (5b) ph, (5¢) tr It.
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Plate 2. 1. Gephyrocapsa sp., 104-644B-1-1, 50 cm, 3.5 um.
35°. 4. Gephyrocapsa protohuxleyi, 104-644A-14-4, 119 cm, 3 um. 5. Syracosphaera sp., 104-644A-33-1, 50 ¢cm, 15 um. (5a) x-p, (5b) ph, (5¢) tr
It.

2. Same specimen as (1); (2a) x-p, (2b) ph, (2¢) tr It. 3. Same specimen as (1); tilted
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Plate 3. 1. Reticulofenestra pseudoumbilica, 104-643A-11-5, 50 cm, 10 pm. 2. Same specimen as (1); (2a) x-p, (2b) ph, (2¢c) tr It. 3. Calcidiscus
leptoporus, 104-642B-13-3, 16 um, 7 um. 4. Same specimen as (3); (4a) x-p, (4b) tr It. 5. Acanthoica sp., 104-644B-10-2, 96 cm, 5 um. (5a) x-p,
(5b) ph. 6. Acanthoica spp. cluster, 104-644A-19-3, 123 cm, 20 um. (6a) x-p, high focus (6b) x-p, low focus (6¢) ph.
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Plate 4. 1. Discoaster intercalcaris 104-642B-13-3, 16 ¢m, 10.5 pm.

teri, 104-642B-13-3, 16 cm, 9 um. 4. Same specimen as (3); (4a) x-p, (4b) ph, (4c) trlt. 5. Helicosphaera sellii, 104-642B-13-1, 101 cm, 12 um. (5a)
X-p, (5b) ph, (5¢) tr lt. 6. Helicosphaera euphratis, 104-643A-43-CC, 10 pm, x-p.

2. Same specimen as (1); (2a) x-p, (2b) ph, (2c) tr It. 3. Helicosphaera car-
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Plate 5. 1. Nephrolithus frequens, 104-644b-11-4, 50 cm, 6 um. 2. Same specimen as (1); (2a) X-p, (2b) ph, (2¢c) trlt. 3. Kamptnerius magnificus,
104-644B-11-4, 50 cm, 10 um. 4. Same specimen as (3); (4a) x-p, (4b) ph, (4c) trlt. 5. Micula staurophora, 104-644B-11-4, 50 cm, 5 um. 6. Same
specimen as (5); (6a) x-p, (6b) ph.
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