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13. DINOFLAGELLATE CYST ECOSTRATIGRAPHY OF PLIOCENE-PLEISTOCENE SEDIMENTS
FROM THE YERMAK PLATEAU (ARCTIC OCEAN, HOLE 911A)!

Jens Matthiessen? and Wolfram Brenner?

ABSTRACT

Pliocene and Pleistocene sediments from Ocean Drilling Program Leg 151, Hole 911A, drilled on the innermost Yermak
Plateau (Eastern Arctic Ocean), were studied for their dinoflagellate cyst content. Three assemblage zones were tentatively
defined, characterized by the predominance of few species. The composition of the assemblages changed markedly, even
within single assemblage zones, during the last 2.6 to 2.8 m.y., reflecting the variable influence of warmer water from the Nor-
wegian Sea, fluctuations in the influence of cold polar water masses, and the extent of sea-ice cover. Polar to subpolar surface
water masses prevailed on the Yermak Plateau during the late Pliocene, when the eastern Arctic Ocean was probably isolated
from the Norwegian-Greenland Sea. Intrusions of warmer water are recorded since the latest Pliocene, alternating with colder
periods and a prolonged seasonal sea-ice cover. The composition of the dinoflagellate cyst assemblages has also changed con-
siderably since the middle Pleistocene, reflecting the establishment of stronger fluctuations in surface water mass conditions

than before at Yermak Plateau.

INTRODUCTION

The Yermak Plateau is a crucial location for reconstructions of the
Arctic Ocean paleoceanography and paleoclimate. Today, the surface
water masses are influenced by two contrasting current systems (Fig.
1). The West Spitsbergen Current (WSC), a branch of the Norwegian
Atlantic Current (NAC), transports relatively warm water masses
along the continental slope of the Barents Sea and Spitsbergen into
the eastern Arctic Ocean (Aagaard, 1989; Aagaard et al., 1987;
Bourke et al., 1988; Manley et al., 1992; Perkin and Lewis, 1984).
The Norwegian Atlantic waters sink, due to cooling, on their way
north below the polar water masses and circulate as the subsurface
Atlantic layer along the shelf edge into the Arctic Ocean (e.g.,
Hunkins, 1990). Cold, less saline, Arctic surface water masses are ex-
ported from the Arctic Ocean with the Transpolar Drift and the East
Greenland Current (EGC) into the Greenland Sea. These hydrograph-
ic conditions are reflected in the distribution of the seasonal sea-ice
cover. In the short summer from June to September, open water may
be found on the inner Yermak Plateau, while polar water masses with
a dense sea-ice cover prevail during the rest of the year (e.g., Vinje,
1983).

During Ocean Drilling Program (ODP) Leg 151, Hole 911A was
drilled on the Yermak Plateau at 80°28.5°N, 8°13.6’E in 902-m water
depth (Fig. 1). Initial shipboard paleomagnetic measurements and
biostratigraphic studies on calcareous microfossils suggest that Hole
911A comprises a continuous upper Pliocene and Quaternary sedi-
mentary sequence (Myhre, Thiede, Firth, et al., 1995). Shore-based
investigations on calcareous microfossils reveals additional biostrati-
graphic datums, confirming high average sedimentation rates on the
order of 9 to 17 cm/k.y. during the last ~2.8 m.y. (Sato and Kameo,
this volume; Spiegler, this volume). Therefore, Site 911 provides a
high-resolution sedimentary sequence in the Arctic Ocean document-
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Figure 1. Location map of Site 911 and the schematic surface currents in the
Fram Strait and the eastern Arctic Ocean (WSC = West Spitsbergen Current;
EGC = East Greenland Current). The broken lines indicate subsurface cur-
rents. Depth contours are in meters.

ing the climatic and paleoceanographic history since the onset of ma-
jor Northern Hemisphere glaciations around 2.5 to 2.6 Ma.
The purpose of this initial study is:

1. to establish a basic dinoflagellate cyst ecostratigraphy;

2. to document the large-scale temporal changes in dinoflagellate
cyst assemblage composition, which have occurred in re-
sponse to changes in the influence of the West Spitsbergen
Current and extension of polar water masses; and

3. to compare the dinoflagellate cyst record with the paleoceano-
graphic development in the Norwegian Sea and Arctic Ocean.
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METHODS

The sediments of Hole 911A were sampled at roughly 10-m inter-
vals, representing one sample per core. Samples were freeze-dried
and, after weighing, processed with cold 10% HCI and cold 38%—
40% HF to remove carbonates and silicates, respectively. The treat-
ment with hydrofluoric acid was repeated until all silicates were dis-
solved. After each acid treatment, the organic matter was concentrat-
ed by wet sieving through 6-pm polyester gauze. Neither heavy liquid
separation nor oxidation with concentrated HNO, or HCI were ap-
plied to prevent the selective loss of the more fragile dinoflagellate
cysts or the separation of cysts filled with pyrite. Aliquots of the res-
idues were mounted in glycerin gelatin. Dinoflagellate cyst concen-
trations were calculated using the method of Stockmarr (1971). Spore
tablets were used containing Lycopodium spore (X = 12,542; S =
+2081; V = £3.3%). One Lycopodium spore tablet was added to each
sample during hydrochloric acid treatment.

Most samples, from the relatively well-dated uppermost Pliocene
and Quaternary section down to ~400 meters below seafloor (mbsf),
were selected for an initial quantitative study; this represents a low
temporal resolution of approximately 50,000 to 200,000 years. Vari-
able numbers of Pliocene and Quaternary dinoflagellate cysts and ac-
ritarchs were counted because of the fluctuations in concentrations
and the high content of other palynomorphs. Terrestrial palyno-
morphs (e.g.. pollen and spores) usually dominate in samples, and re-
worked acritarchs and dinoflagellate cysts are rare. We attempted to
count at least 100 specimens of Pliocene and Quaternary dinoflagel-
late cysts and acritarchs, which could be achieved with most samples.

The raw data are recorded in Table 1. Asterisks denote taxa which
were found in additional strewn slides, but not counted. The category
“dinocysts indeterminable” contains all autochthonous cysts that

were not identified, partly because of poor preservation. Other organ-
ic-walled microfossils such as chlorophycean and prasinophycean al-
gae are present to rare in most samples and will be described else-
where. The percentage abundances of selected taxa from samples
with counts above 80 dinoflagellate cysts are described in Figure 2.

LITHOSTRATIGRAPHY AND
CHRONOSTRATIGRAPHY

A sequence of ~500 m of homogeneous, very dark gray, clayey
silts, and silty clays was recovered in Hole 911A. The sequence is di-
vided into two lithologic units based on the variation in dropstone
abundance, which is lower in Subunit IB than in IA (Myhre, Thiede,
Firth, et al., 1995). Biogenic particles are rare in both units and calci-
um carbonate values rarely exceed 5%. These sediments were depos-
ited in a glaciomarine environment near and/or under the ice edge/
sea-ice cover. The boundary between both units was placed at ~380
mbsf.

The core recovery in Hole 911A was 91.8%. Therefore, the mag-
netostratigraphy provides an almost continuous time control for the
upper 400 m of sediments spanning approximately the last 2.6 to 2.8
Ma (Myhre, Thiede, Firth, et al., 1995). Calcareous nannofossil da-
tums, which were defined in the northeastern North Atlantic, refine
the magnetostratigraphy in the Quaternary (Sato and Kameo, this
volume) and the planktonic foraminifer biostratigraphy supports the
chronostratigraphic framework (Spiegler, this volume).

The Pliocene/Quaternary boundary was defined from calcareous
nannofossil and planktonic foraminifer evidence and is located above
the Olduvai chron as in the type section in Italy (Hull et al., this vol-
ume). This is in conflict with Cande and Kent (1992), who placed it

)
=
[
o
L4
0 -
1 Fos
2
100 - % 10
2
o
1A
1
200 - -1.5
. 1-20
% s | —
300 2
o
4
% 1] o5
mbsf
IB| | i
400 g

Figure 2, Correlation of lithostratigraphy, magnetostratigraphy, and chronostratigraphy (Myhre, Thiede, Firth, et al., 1995) with dinoflagellate cyst assemblage
zones. The calculated ages are based on the dated boundaries of magnetostratigraphic chronozones. Selected dinoflagellate cyst taxa illustrate the major changes

in the assemblage composition.
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Table 1. Dinoflagellate cysts and acritarchs in upper Pliocene and Pleistocene sediments from Hole 911A.
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in the Olduvai chron. Unfortunately, the lowermost 100 m of sedi-
ment can only be dated as undifferentiated upper Pliocene. Sedimen-
tation rates are relatively high for an Arctic Ocean site, ranging be-
tween 9 and 17 em/k.y.

The chronostratigraphic framework established above is used to
date the stratigraphic occurrence and distribution of the dinoflagel-
late cyst assemblages to avoid ambiguous circular arguments in com-
parison to other work.

DINOFLAGELLATE CYST ECOSTRATIGRAPHY
Dinoflagellate Cyst Assemblage Zones

The dinoflagellate cyst record of Hole 911A is characterized by
fluctuations in the number of a few dominant species (Table 1, Fig.
2). The variability occurs both in the composition of assemblages and
in dinoflagellate cyst concentrations. Cyst concentrations are not re-
lated to specific assemblages.

Biostratigraphic zonations based on dinoflagellate cysts were not
established up to now for the late Pliocene and Quaternary in high lat-
itudes because of the limited knowledge of their temporal and spatial
distribution in these sediments (e.g., de Vernal et al., 1992). Strati-
graphic ranges are known roughly for a few species. Habibacysta tec-
tata and Filisphaera filifera s.1. might have some independent bio-
stratigraphic value for age assignments in the Arctic Ocean. Both
species became extinct in the lower to middle Pleistocene of the
northern high latitudes (de Vernal et al., 1992; Head, 1993), which
agrees with their last occurrences in Hole 911A in the middle Pleis-
tocene.

Three assemblage zones are tentatively defined based on distinct
changes in the composition of assemblages and abundance of indi-
vidual species. Definite boundaries are not defined because changes
in the assemblages occurred over relatively long stratigraphic inter-
vals, because of a low sample density. The high variability in assem-
blage composition even within single assemblage zones suggests that
the zones might be further subdivided if more samples were ana-
lyzed.

Assemblage Zone I

Samples 151-911A-1H-4, 57-63 cm, to 11H-4, 72-78 cm, ap-
proximately 0—103 mbsf, are middle to lower Pleistocene.

The composition of assemblages is highly variable, but it is char-
acterized by changes in dominance between Operculodinium centro-
carpum and Nematosphaeropsis labyrinthus (Fig. 2). N. labyrinthus
is common to abundant only in Zone 1. Bitectatodinium tepikiense,
Brigantedinium spp., Impagidinium? pallidum and Spiniferites spp.
are additionally important in some samples in this zone. Impagidini-
um patulum, Impagidinium paradoxum, and Impagidinium sp. A are
present only in Zone 1. The transition to Zone II is marked by the up-
hole increase in percentage abundance of N. labyrinthus and O. cen-
trocarpum, and the approximate last occurrences of Filisphaera
filifera s.1. and Habibacysta tectata.

Assemblage Zone IT

Samples 151-911A-12H-4, 82-88 cm, to 29X-3, 73-79 cm, ap-
proximately 103-279 mbsf, are lower Pleistocene to uppermost
Pliocene.

Percentage abundances of Brigantedinium spp. and O. centrocar-
pum have an approximate reciprocal relationship (Fig. 2). Brigante-
dinium spp. is abundant to dominant in most samples from 103 to 203
mbsf, while F. filifera s.I. increases in percentage abundance down-
core and characterizes assemblages at the base of this assemblage
zone. N. labyrinthus is always rare and Impagidinium aculeatum is
confined to Zone II. Achomosphaera spp., species of Impagidinium
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except L7 pallidum, Pentapharsodinium cf. dalei, and Spiniferites
elongatus occur approximately down to the base of Zone II. The tran-
sition to assemblage Zone III is marked by a distinct downhole de-
crease of O. centrocarpum, an acme occurrence of F. filifera s.1. and
the downhole increase of Brigantedinium spp. and H. tectata.

Assemblage Zone I11

Samples [51-911A-31X-4, 70-76 cm, to 41X-4, 70-76 cm, ap-
proximately 279386 mbsf, are upper Pliocene.

Zone Il is characterized by a low number of taxa in most samples.
Brigantedinium spp. is the dominant element in this zone (Fig. 2). B.
tepikiense, H. tectata, and F. filifera s.l. are the only species that are
almost persistently present. O. centrocarpum, N. labyrinthus, and
Spiniferites spp. are present only in some samples in contrast to as-
semblages in Zones I and I1. Lejeunecysta communis is rare (o com-
mon in samples at the base of Zone III. Assemblages from the top of
Zone III are transitional to assemblages in Zone II, because percent-
age abundances of F. filifera s.1. still are high.

Paleoenvironmental Interpretation

The strong fluctuations in assemblage composition, even within a
single assemblage zone, indicate that environmental conditions
changed considerably during the last 2.6 to 2.8 m.y. Although the
ecological preferences of most dinoflagellate cyst species are not
known in detail, the distribution pattern of individual species in sur-
face sediments from the North Atlantic, the Norwegian-Greenland
Sea and the Eastern Arctic Ocean (Harland, 1983; Mudie, 1992; de
Vernal et al., 1994; Matthiessen, 1995) can be used to interpret their
occurrence in sediments from Site 911. The composition of recent as-
semblages from the Norwegian-Greenland Sea and eastern Arctic
Ocean is influenced either by the cold, relatively low-saline polar wa-
ter masses of the Transpolar Drift and the EGC, or the relatively
warmer, higher saline cold-temperate water masses of the NAC and
WSC currents. Sediments underlying the polar to subpolar water
masses are characterized by low diversity assemblages and taxa such
as Brigantedinium spp. (mainly Brigantedinium simplex), Algidas-
phaeridium? minurum s.., and 17 pallidum, whereas assemblages
from cold-temperate water masses have a higher diversity and con-
tain, among other species, O. centrocarpum, N. labyrinthus, and
Spiniferites spp. (Harland, 1983; Mudie, 1992; Matthiessen, 1995).
This principal distribution pattern can also be seen in Pliocene and
Pleistocene sediments from Hole 911 (Table 1, Fig. 2). Brigantedin-
fum spp. is present in most assemblages and dominates in almost half
of the samples analyzed from Hole 911A. O. centrocarpum and N.
labyrinthus characterize assemblages that generally have a high di-
versity.

However, it must be kept in mind that dinoflagellate cysts may be
transported with surface currents and sediments over considerable
distances (Dale, 1992; Dale and Dale, 1992; Matthiessen, 1995). Spe-
cies that prefer warmer water masses can be advected from the Nor-
wegian Sea with the WSC into the Arctic Ocean. Dinoflagellate cysts
may also be transported from coastal environments of Spitsbergen to
Site 911. Therefore, the dinoflagellate cyst record of Site 911 reflects
not only local surface water mass conditions, but also regional chang-
es in the WSC and NAC currents. Thus, only changes in the abun-
dance of taxa that are common to abundant in most samples are used
to interpret the paleoenvironmental development (Fig. 2).

Assemblage Zone III

Dinoflagellate cyst assemblages that are dominated by spherical
brown protoperidinioid cysts are known from different environments
(e.g., Wall et al., 1977; Dale, 1985; Mudie, 1992; de Vernal et al.,
1994; Matthiessen, 1995). Most protoperidinioid species probably



are cysts of heterotrophic dinoflagellates, indicating that not only hy-
drographic conditions influence the occurrence and distribution of in-
dividual species, but also nutrients or the availability of food organ-
isms. It is difficult to differentiate the environments by means of
Brigantedinium species because most specimens cannot usually be
identified to species level. Therefore, the composition of the entire
assemblage must be used to characterize paleoenvironments.

There are two major types of assemblages that are dominated by
Brigantedinium spp. Polar to subpolar environments are character-
ized by assemblages of low diversity, which are heavily dominated
by Brigantedinium spp., often associated with Algidasphaeridium?
minutum (e.g., Dale, 1985; Mudie, 1992; de Vernal et al., 1994;
Rochon and de Vernal, 1994; Matthiessen, 1995). B. simplex is usu-
ally abundant to dominant in such assemblages (Mudie, 1992; Mat-
thiessen, 1995). Additionally, B. cariacoense may be found (de Ver-
nal et al., 1994; Rochon and de Vernal, 1994). B. simplex is consid-
ered an indicator of polar to subpolar conditions and sea ice, but the
occurrence may also be associated with higher nutrient levels sup-
plied from melting sea ice (Dale and Fjellsa, 1994). This assemblage
characterizes environments with variable sea-surface temperatures
and reduced sea-surface salinities (somewhat below 33%c) in summer
and a relatively long seasonal sea-ice cover (e.g., de Vernal et al.,
1994; Rochon and de Vernal, 1994; Matthiessen, 1995). Other proto-
peridinioid species are usually absent or extremely rare. Among go-
nyaulacoid species, which are regularly found in low abundances, are
O. centrocarpum, S. elongatus, and P. cf. dalei.

Assemblages that are dominated by Brigantedinium spp. are also
common in temperate regions. In particular, assemblages from coast-
al upwelling regions are heavily dominated by Brigantedinium spp.
(e.g., Wall et al., 1977; Dale and Fjellsd, 1994). These assemblages
differ from polar to subpolar assemblages in having a high diversity,
especially of protoperidinioid cysts. Even if most spherical brown
protoperidinioid cysts can not be identified to species level, species
such as Brigantedinium cariacoense, and cysts of Protoperidinium
americanum, P. denticulatum, and P. punctulatum are present (e.g.,
Reid, 1977, Wall et al., 1977). In addition, several other protoperidin-
ioid species of the genera Lejeunecysta and Selenopemphix, gymno-
dinioid, and gonyaulacoid species may be found.

Although only low proportions of Brigantedinium spp. could be
assigned to B. simplex (Table 1), sparse occurrences of other proto-
peridinioid species in most samples, which comprise more than 60%
to 80% Brigantedinium spp., and the low diversity of these assem-
blages suggests harsh environmental conditions. The low percentage
abundances of gonyaulacoid species such as Spiniferites spp., O. cen-
trocarpum, and N. labyrinthus, which prefer relatively warmer con-
ditions (e.g., Harland, 1983; Mudie, 1992; Matthiessen, 1995), sup-
port an interpretation of a cold ice-covered environment. Sea-surface
temperatures must have been low and salinities were somewhat re-
duced. The eastern Arctic Ocean was probably covered by sea ice
most of the year.

B. tepikiense, F. filifera s.1., and H. tectata all have a conspicuous
cyst wall and are the second important group in assemblage Zone III.
The ecologic preferences of the extinct F. filifera s.1. and H. tectata,
which are important in samples with low percentage abundances of
Brigantedinium spp., are not known. F. filifera s.l. only occurs in
northern high latitudes (de Vernal et al., 1992; Head, 1993). Itis com-
mon in Pliocene sediments from the Arctic Ocean (Mudie et al.,
1990), suggesting that it is adapted to cooler conditions. H. rectata
probably tolerates cool temperate to subtropical or tropical condi-
tions, but it apparently prefers cooler conditions (Head, 1994). Both
species co-occur with the extant species B. repikiense. High percent-
age abundances of B. tepikiense are attributed to the more offshore
mixing of polar front influenced oceanic waters with cold, brackish
meltwaters from ice (Dale, 1985; Bakken and Dale, 1986; Andersen
etal., 1991). In the northwestern Atlantic, B. fepikiense probably pre-
fers environments that experience a strong seasonality with cold win-
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ter and warm summer sea-surface temperatures (de Vernal et al.
1994). It is associated with salinities around 30%e, and a relatively
short seasonal sea-ice cover or even ice-free conditions, Assemblages
containing higher abundances of B. tepikiense, H. tectata, and F.
filifera s.1. probably indicate somewhat warmer summer conditions,
and a shorter period of seasonal sea-ice cover, compared to assem-
blages dominated by Brigantedinium spp. Assemblages that addi-
tionally contain L? pallidum, N. labyrinthus, O. centrocarpum, and
Lejeunecysta spp. indicate less harsh conditions. 1.? pallidum is asso-
ciated with polar to subpolar conditions (Dale and Dale, 1992; Mat-
thiessen, 1995), whereas N. labyrinthus and O. centrocarpum, prefer
cold-temperate conditions.

The assemblages in Zone III document a predominant influence
of cool to cold conditions with possible fluctuations of sea-surface
temperatures and salinities in summer, and in the length of the sea-
sonal ice cover. Variable abundances of species preferring relatively
warmer conditions suggest that the influence of the WSC changed
considerably, being low or almost absent for some time. Therefore,
the circulation systems of the Arctic Ocean and the Norwegian-
Greenland Sea may have been episodically decoupled between ~2.7
and 2.1 Ma.

Assemblage Zone II

The marked increase in abundance of species which prefer rela-
tively warmer conditions such as N. labyrinthus, O. centrocarpum,
and species of Spiniferites spp. (e.g., Harland, 1983; Mudie, 1992;
Matthiessen, 1995) suggests that the inflow of relatively warmer wa-
ter increased around 2.1 to 2.0 Ma. O. centrocarpum is an ubiquitous
species, tolerating a wide range of temperature and salinity condi-
tions, and seasonal extent of sea-ice cover (e.g., Wall et al., 1977;
Harland, 1983; Dale, 1985; de Vernal et al., 1994). This species is
abundant to dominant in recent sediments from the Norwegian Sea
(Harland, 1983; Matthiessen, 1995). P. cf. dale, which is common in
some samples in Hole 911A, generally co-occurs with O. centrocar-
pum in Hole 911A. It is abundant in regions characterized by sea-sur-
face temperatures close to the freezing point in winter, variable sea-
surface temperatures in summer, and a relatively long seasonal sea-
ice cover (de Vernal et al., 1994). This species is also associated with
reduced summer sea-surface salinities below 30%e (Dale, 1976; de
Vernal et al., 1994). The paleoecological significance of the peak
abundance of F. filifera s.l. at the base of Zone II is not understood.
The presence of B. tepikiense, N. labyrinthus, O. centrocarpum, and
Spiniferites spp. suggests that a warming occurred at the base of Zone
Il and cold-temperate conditions were established for some time in
the late Pliocene. The assemblages that are characterized by high
abundances of O. centrocarpum and F. filifera s.1. alternate with as-
semblages of lower diversity, dominated by Brigantedinium spp.
These assemblages are similar to assemblages from the upper part of
Zone 111, and indicate polar to subpolar conditions.

The composition of the assemblages in Zone Il suggests stronger
fluctuations in the surface water conditions since 2.1 to 2.0 Ma. Per-
haps colder conditions with reduced sea-surface salinities, and a
longer seasonal sea-ice cover changed with more open conditions in
summer and an increased influence of relatively warmer, higher sa-
line water from the WSC.

Assemblage Zone I

Since ~1 Ma the dinoflagellate cyst assemblages show a similarity
in composition to Holocene assemblages from oceanic surface water
environments in the Norwegian-Greenland Sea and Eastern Arctic
Ocean (Harland, 1983; Mudie, 1992; Matthiessen, 1995). Changes in
abundance between O. centrocarpum and N. labyrinthus are known
from upper Quaternary sediments of the Norwegian-Greenland Sea
and the North Atlantic Ocean, but the ecological significance is not
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understood (Matthiessen, 1991; Harland, 1994; Rochon and de Ver-
nal, 1994). N. labyrinthus has similar ecological requirements as O.
centrocarpum. The predominance of O. centrocarpum and N. laby-
rinthus indicates that the influence of the NAC and WSC on the water
masses at Yermak Plateau increased episodically since the middle
Pleistocene.

High-percentage abundances of 1.7 pallidum and Brigantedinium
spp. in a few samples indicate that there were fluctuations at times to-
ward colder conditions. 1.7 pallidum has a wide distribution in the
Greenland and Iceland seas and Eastern Arctic Ocean and is, in con-
trast to other species of Impagidinium, a distinct indicator of polar to
subpolar water masses (Dale and Dale, 1992; Mudie, 1992; Matthies-
sen, 1995). A complete return to polar conditions is recorded only in
Sample 151-911A-6H-4, 73-79 c¢m, but this pattern may be affected
by the large sampling intervals.

The composition of assemblages is more variable than in the pre-
ceding zones, suggesting enhanced fluctuations in the surface water
conditions. The contrasting environmental conditions appear to re-
semble the modern situation in the Norwegian-Greenland Sea and the
eastern Arctic Ocean. Probably, a similar circulation system was es-
tablished during the past 1.0 Ma, which might account for the last oc-
currences of F. filifera s.l. and H. tectata in Hole 911A. The inflow
of the WSC fluctuated, being stronger when /. patulum and I. para-
doxum were present. The seasonal sea-ice cover must have varied
considerably and extended onto the Yermak Plateau, when 1.7 palli-
dum and Brigantedinium spp. were more abundant.

PLIOCENE AND PLEISTOCENE SURFACE WATER
MASSES IN THE ARCTIC OCEAN AND
NORWEGIAN SEA

Paleoceanographic Evolution of the Norwegian Sea

The interpretations derived from the dinoflagellate cyst record of
Hole 911A confirm the profound influence of the North Atlantic/
Norwegian Sea currents on the surface water masses of the eastern
Arctic Ocean. The holes drilled during ODP Leg 104 in the Norwe-
gian Sea (Eldholm, Thiede, Taylor, et al., 1989) are the major refer-
ence sites for unraveling the Neogene paleoceanography of the east-
ern Arctic Ocean. This is because they are located in the path of the
Norwegian Atlantic Current, which transports relatively warm water
masses from the northeastern North Atlantic into the Eastern Arctic
Ocean.

Sedimentological, micropaleontological, stable oxygen, and car-
bon isotope investigations reveal detailed reconstructions of the de-
velopment of surface water masses and ice sheets in Scandinavia in
the past 2.8 to 2.6 m.y. (e.g., Jansen et al., 1988; Henrich and Bau-
mann, 1994). Ice caps were small over Scandinavia between 2.6 and
1.0 Ma, and moderate glacial conditions prevailed in the Norwegian
Sea with periods of weak influence of Atlantic water into the eastern
Norwegian Sea. After 1 Ma, contrasts between glacials and intergla-
cials increased, caused by stronger glaciations on Scandinavia and an
increase in strength of the Norwegian Current during interglacials.
The last 0.6 m.y. are characterized by an increased meridionality and
stronger Norwegian Current intrusions and strong glaciations on the
surrounding land masses.

Although the temporal resolution of the records from the Norwe-
gian Sea and Yermak Plateau are different, the chronology of pale-
oceanographic events is similar. An interval with sporadic occurrenc-
es of both planktonic foraminifers and calcareous nannofossils in
Hole 644A from the Norwegian Sea between ~2.6 and 1.9 Ma (Hen-
rich and Baumann, 1994) corresponds to assemblages in Zone III on
Yermak Plateau, which indicate predominately polar surface-water
conditions with an extended seasonal sea-ice cover. This feature ap-
pears to be puzzling, but it has been observed previously that often
distinct dinoflagellate cyst assemblages are to be found in glacial se-
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quences (e.g., the Weichselian described in Bakken and Dale, 1986;
Andersen et al., 1991) which are barren of other planktonic microfos-
sils, Comparisons of the distribution patterns in modern sediments
from the Greenland Sea suggest that both biotic (low production) and
abiotic processes (e.g., dissolution) may account for the sporadic oc-
currences of calcareous and siliceous planktonic microfossils in polar
to subpolar environments, where dinoflagellate cysts are still present
in the sediments (Samtleben et al., 1995).

Episodic inflow of Atlantic water into the eastern Arctic Ocean
occurred in the period between 2.1 and 1.0 Ma, but it is not yet pos-
sible to correlate accurately specific events in the Norwegian Sea
with events in the Yermak Plateau record. Relatively high abundanc-
es of coccoliths have been recognized at Site 644 in certain intervals
between 1.9 and 1.3 Ma suggesting short-term intrusions of Atlantic
water (Henrich and Baumann, 1994). The last 1 m.y. are character-
ized by strong fluctuations in abundances of planktonic foraminifers
and coccoliths in the Norwegian Sea (Henrich and Baumann, 1994),
and enhanced fluctuations in the composition of dinoflagellate cyst
assemblages on Yermak Plateau. The low sampling resolution at Site
911 does not allow the recognition of glacial/interglacial cycles that
are reflected in the detailed calcareous microfossil records from the
Norwegian Sea (Henrich and Baumann, 1994).

Arctic Ocean Paleoceanographic Records

The late Pliocene and Pleistocene paleoceanography of the Arctic
Ocean is a matter of intense debate. Because of the restricted number
of available tracers and the rarity or absence of most planktonic mi-
crofossil groups, partly contradictory scenarios have been suggested
for the paleoenvironmental development and for the occurrence and
variability of the sea-ice cover (e.g., Aksu et al., 1988; Herman et al.,
1989: Scott et al., 1989; Clark, 1990a, 1990b; Clark et al., 1990).

Additionally, the comparison with the dinoflagellate cyst record
of Site 911 is hampered by the limited stratigraphic control and dif-
ferences in the temporal resolution. Sedimentation rates are at least
one order of magnitude lower in the central Arctic Ocean than on
Yermak Plateau, and stratigraphic control is based usually on magne-
tostratigraphic and palynological data (e.g., Aksu and Mudie, 1985;
Clark, 1990a, 1990b; Herman et al., 1989). Therefore, age assign-
ments and interpretations of major paleoenvironmental changes in
the Arctic Ocean differ somewhat even if the sites are close to each
other. Any correlation of events from the central Arctic Ocean with
Site 911 is further complicated because the Yermak Plateau is close
to the margin of the Arctic pack ice that experiences strong seasonal
and interannual fluctuations. However, major events, such as fluctu-
ations in the inflow of relatively warmer water, should influence the
central Arctic Ocean as well.

Paleoceanographic changes in the marginal areas of the Arctic
Ocean have been inferred from the occurrence and distribution of os-
tracodes in marine sediments exposed on the surrounding land mass-
es. Cronin et al. (1993) show that summers were ice-free in the mar-
gins of the Arctic Ocean in some years between 3.5 and 2.0 Ma, ex-
plaining this by suggesting that North Atlantic water, which was
warmer than today’s, flowed into the Arctic Ocean. This is, at first
glance, at variance with the reconstruction of cold surface water con-
ditions and an extended ice cover on Yermak Plateau between ~2.7
and 2.1 Ma, that is based on the dinoflagellate cyst record of Site 911.
However, Cronin et al. (1993) note that most coastal exposures in the
Arctic Ocean region represent interglacial deposits, and paleotemper-
ature estimates derived from the ostracodes do not apply to glacial
periods.

The Pliocene and Pleistocene sequences of the central Arctic
Ocean are characterized by marked changes in occurrence and abun-
dances of calcareous microfossils, documenting marked fluctuations
in the environment. The major paleoceanographic events may have
occurred synchronously in the entire Arctic Ocean. Dinoflagellate



cyst analysis of Pliocene and Pleistocene sediments from Alpha
Ridge revealed changes in the stratigraphic distribution of individual
species (Mudie et al., 1990), which appear to be almost synchronous
with the major change at Yermak Plateau.

At~2.7-2.1 Ma, a long period of increased length of seasonal sea-
ice cover occurred on the Yermak Plateau. This is almost coeval with
the first maximum of calcareous benthic and planktonic foraminifer
assemblages in a sediment core from Alpha Ridge, providing the first
evidence of perennial ice cover between ~2.6 and 2.2 Ma (Aksuetal.,
1988; Scott et al., 1989).

The marked change in surface water conditions after 2.1 Ma at
Yermak Plateau probably occurred simultaneously with the increase
in calcareous dinoflagellate cysts and planktonic foraminifers, and
the permanent change in benthic foraminiferal assemblages from ag-
glutinated to calcareous species in the western Arctic Ocean (Aksu et
al., 1988; Herman et al., 1989; Scott et al., 1989; Clark et al., 1990).
The age assignments are somewhat contradictory, ranging from 2.5
Ma (Herman et al., 1989), 2.0 to 1.5 Ma (Clark et al., 1990), to later
than ~1.8 Ma (Aksu et al., 1988; Scottetal., 1989). Clark et al. (1990)
suggest that the WSC penetrated for the first time into the Arctic
Ocean. These intrusions of warmer water must have altered with pe-
riodic continuous sea-ice cover (Scott et al., 1989). This agrees with
the dinoflagellate cyst record from Yermak Plateau which indicates
changes between cold, ice-covered conditions and the influence of
relatively warmer water.

Planktonic foraminifers increased in abundance and calcareous
dinoflagellate cysts disappeared between 0.9 and 0.8 Ma (Aksu et al.,
1988; Herman et al., 1989; Clark et al., 1990). This event is attributed
to the onset of perennial sea-ice cover in some central Arctic Ocean
records (Herman et al., 1989), but peaks in planktonic foraminifer
abundances are attributed to interglacials punctuating the long peri-
ods of permanent ice cover during the glacials, at least along the mar-
gins (Poore et al., 1993). Such cycles are not clearly seen at Site 911.
Cold-temperate assemblages alternate with subpolar to polar assem-
blages, although the sampling intervals are too large to resolve gla-
cial/interglacial cycles in detail.

CONCLUSIONS

Dinoflagellate cyst analysis of Pliocene and Pleistocene sedi-
ments from Site 911 revealed a distinct succession of assemblages,
which allowed us to establish an ecostratigraphic zonation. Changes
in assemblage composition can be interpreted to reflect major pale-
oceanographic events in the eastern Arctic Ocean since the late
Pliocene. The surface water masses on Yermak Plateau were charac-
terized by predominantly polar conditions with an extended sea-ice
cover between ~2.7 and 2.1 Ma. After 2.1 Ma, intrusions of relatively
warmer water occurred on the Yermak Plateau. The strength of in-
flow fluctuated such that colder conditions, with extended length of
seasonal sea-ice cover, prevailed temporarily. Since ~1.0 Ma, the di-
noflagellate cyst assemblage composition varied sufficiently to sug-
gest that glacial/interglacial cycles may have played a major role in
the Yermak Plateau paleoceanography.

Despite difficulties with the temporal resolution in records from
the Norwegian Sea and Yermak Plateau, major paleoceanographic
events were probably coeval in the NAC/WSC current system during
the past ~2.8 Ma. Correlation to paleoceanographic events in the cen-
tral Arctic Ocean may be possible, but is presently tentative because
of differences in temporal resolution and contradictory reconstruc-
tions of the Neogene Arctic Ocean paleoceanography.

SYSTEMATICS

Taxonomy follows that of Lentin and Williams (1993), unless stated oth-
erwise below.

DINOFLAGELLATE CYST ECOSTRATIGRAPHY

Division DINOFLAGELLATA (Biitschli, 1885) Fensome et al., 1993
Class DINOPHYCEAE Pascher, 1914
Subclass GYMNODINIPHY CIDAE Fensome et al., 1993
Order GYMNODINIALES Apstein, 1909
Family GYMNODINIACEAE (Bergh, 1881) Lankester, 1885

Genus ALGIDASPHAERIDIUM Matsuoka and Bujak, 1988

Algidasphaeridium? minutum s.1. (Reid and Harland in Harland et al., 1980)
Matsuoka and Bujak 1988

Remarks: This taxon includes morphotypes that resemble A.? minutum,
but show some variability in process morphology (cf. de Vernal et al., 1992;
Mudie, 1992; Matthiessen, 1991, 1995).

Subclass PERIDINIPHYCIDAE Fensome et al., 1993
Order GONYAULACALES Taylor, 1980
Family GONYAULACACEAE Lindemann, 1928

Genus ACHOMOSPHAERA Evitt, 1963
Achomosphaera spp.

Remarks: Includes Achomosphaera andalousiensis Jan du Chéne, 1977,
Achomosphaera ramulifera (Deflandre, 1937) Evitt, 1963, and specimens that
could not be identified to species level.

Genus BITECTATODINIUM Wilson, 1973

Bitectatodinium tepikiense Wilson, 1973
(Pl 1, Figs. 6, 7)

Remarks: B. repikiense differs from Habibacysta tectata Head et al.,
1989 in having a 2P archeopyle with well-defined angles and a luxuria that
consists of a complex arrangement of lamellae that are perpendicular or sub-
perpendicular to the pedium (Head, 1994). The lamellae are often thickened
and subcircular at the base and differ from those on H. tectata by having a
larger diameter, a denser distribution, and a tendency to be fused with adjacent
bases. B. tepikiense has no tegillum and in contrast to F. filifera has a
periphragm that lacks a complete reticulate or microreticulate structure (Head,
1993). Individual specimens that could not be clearly identified by showing a
2P archeopyle were studied with phase contrast at 1000X magnification.

Genus FILISPHAERA (Bujak, 1984) Head, 1993

Filisphaera filifera s.1. (Bujak, 1984) Head, 1993
(PL. 1, Figs. 3, 4)

Remarks: Recently, Head (1993) emended F. filifera and erected two
subspecies, distinguished by small differences in the height of the periphrag-
mal septa. Because these features are at the lower limit of the resolution of a
light microscope (~1-2 pm) and are difficult to measure when counting at
400x magnification (ocular scale bar ~2.5 pm), these subspecies were not dif-
ferentiated. F. microornata (Head et al., 1989) Head, 1993 may also be in-
cluded in F. filifera s.l. because the small differences in diameter of the
microreticulation, which allows the differentiation of these species, are diffi-
cult to discern during routine counting.

F. filifera differs principally from H. rectata Head et al., 1989 (PI. 1, Figs.
1, 2) in having a luxuria composed of radiating septa that form a distally open
microreticulum, while H. reciata has a luxuria which terminates distally as te-
gillum (Head, 1994). Phase contrast was used in combination with interfer-
ence contrast to distinguish both of the species.

Genus IMPAGIDINIUM Stover and Evitt, 1978
Impagidinium spp.

Remarks: Includes specimens that cannot be unequivocally assigned to a
certain species.

Impagidinium cf. strialatum (Wall, 1967) Stover and Evitt, 1978

Remarks: Differs slightly from I. strialatum in having slightly larger su-
tural septa and in lacking the weak radial striation on the sutural septa.
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Impagidinium sp. A

Remarks: Specimens that resemble Impagidinium japonicum Matsuoka
1983 are counted as Impagidinium sp. A.

Genus OPERCULODINIUM Wall, 1967

Operculodinium centrocarpum (Deflandre and Cookson, 1955) Wall, 1967
(P1. 1, Fig. 12)

Remarks: The assignment of Pliocene and Quaternary dinoflagellate
cysts o O. centrocarpum is discussed after the reexamination of the Miocene
type material (see Head, 1993). The species O. centrocarpum comprises a
large variety of morphotypes, and specimens from Pliocene and Pleistocene
sediments of Yermak Plateau are similar to specimens attributed by Wall
(1965) and Wall and Dale (1968) to O. centrocarpum. Most specimens from
Yermak Plateau have well-developed processes (Pl 1, Fig. 12).

Operculodinium crassum Harland, 1979

Remarks: Operculodinium crassum is probably a taxonomic junior syn-
onym of O. israelianum (see Head and Wrenn, 1992),

Operculodinium sp. A
Remarks: The observed specimens are similar to Operculodinium ?eir-
ikianum Head et al. 1989, but the bad preservation does not allow an unequiv-
ocal identification.

Genus SPINIFERITES Mantell, 1850

Spiniferites elongatus Reid, 1977
(PL 1, Fig. 9)

Remarks: This taxon includes §. elongarus and morphotypes that inter-
grade between S. elongatus and 8. frigidus Harland and Reid in Harland et al.,
1980. However, the typical S. frigidus morphotype was not found.

Spiniferites spp. indet.
Remarks: Species other than §. elongarus and Spiniferites mirabilis (Ros-

signol, 1964) Sarjeant, 1970 are grouped here because preservation and the
orientation of specimens prevented identification to species level.

Order PERIDINIALES Haeckel 1894
Family CONGRUENTIDIACEAE Schiller 1935

Genus BRIGANTEDINIUM Reid 1977
Brigantedinium spp. indet.

Remarks: All spherical brown protoperidinioid cysts are counted as Brig-
antedinium spp. indet. A larger number of specimens could be only assigned
to B. simplex (Wall, 1965) Reid, 1977 (P1. 1, Fig. 5), whereas only a single
specimen of B. cariacoense (Wall 1967) Reid 1977 has been found. B, sim-
plex is listed separately in Table 1 because it is the only species of Brigante-

dinium preferring polar 1o subpolar conditions (Dale, 1985; Mudie 1992;
Matthiessen, 1995).

Genus LEJEUNECYSTA Artzner and Dirhifer, 1978
Lejeunecysta spp.

Remarks: Specimens of Lejeunecysta that cannot be differentiated are as-
signed to Lejeunecysta spp.

Genus PROTOPERIDINIUM Bergh, 1881

Protoperidinium spp.

Remarks: This taxon comprises different morphotypes of protoperidinio-
id affinity with a large variability in process morphology.

Family PERIDINIACEAE Ehrenberg 1831
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Genus PENTAPHARSODINIUM Indelicato and Loeblich, 1986

Pentapharsodinium cf. dalei Indelicato and Loeblich, 1986
(PL 1, Fig. 10)

Remarks: The process morphology on P. cf. dalei is highly variable as it
is known from recent cysts (cf. Dale, 1977), but processes of Pleistocene and
Pliocene specimens are slightly larger and more strongly developed than on
recent morphotypes.

Incertae sedis
Group Acritarcha Evitt, 1963

Agcritarch sp. A
(PL 1, Fig. 8)

Remarks: Acritarch sp. A superficially resembles P. dalei, but differs in
having numerous, equally distributed processes of similar shape. Processes
are sometimes fenestrate at the base and are minutely papillate.
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DINOFLAGELLATE CYST ECOSTRATIGRAPHY

Plate 1. (Number after sample is slide number. The alphanumeric code is the England finder coordinate. Figs. 1-3, 5, 6, 8, 9, 11 = interference contrast; Figs. 4,
7,10, 12, 13 = phase contrast.) 1, 2. Habibacysta tectata: Sample 151-911A-32X-4, 6975 c¢m, 1, P38; diameter 36 pm. (1) left lateral view, low focus, (2) right
lateral view, high focus. 3, 4. Filisphaera filifera s.1.: Sample 151-911A-16X-4, 7076 cm, 1, U34/1; diameter 55 pm. (3) dorsal-ventral view, optical section,
(4) ventral view, high focus. 5. Brigantedinium simplex: dorsal view, high focus, Sample 151-911A-35X-3, 69-75 c¢m, 1, N38/3; diameter 50 pm. 6, 7. Bitecta-
todinium tepikiense: (6) right lateral view, high focus, Sample 151-911A-13H-4, 71-77 c¢m, 1, L24/1-3; diameter 38 pm. (7) surface ornamentation, dorsal
view, high focus, Sample 151-911A-11H-4, 72-78 cm, 1; N24/2, diameter 50 um. 8. Acritarch sp. A: orientation unknown, optical section, Sample 151-911A-
5H-4, 77-83 cm, 2, N34/1; diameter (without processes) 25 pm. 9. Spiniferites elongatus s.1.: left lateral view, optical section, Sample 151-911A-15H-4, 70-76
cm, I, $30/1; size (without processes) 58 X 35 um. 10. Pentapharsodinium cf. dalei: orientation unknown, optical section, Sample 151-911A-23X-4, 77-83 cm,
1, F32/4; diameter (without processes) 30 um. 11. Impagidinium? pallidum: dorsal view, showing archeopyle, low focus, Sample 151-911A-36X-4, 67-73 cm,
2, M30/1; size 77 X 70 pm, 12, Operculodinium centrocarpum: right lateral view, optical section, Sample 151-911A-5H-4, 68-74 cm, 1, P34; diameter (without
processes) 30 pm. 13. Nematosphaeropsis labyrinthus: orientation unknown, optical section, Sample 151-911A-9H-4, 82-88 cm, 1, Q38/1; diameter (without
processes) 25 ym.
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