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ABSTRACT: Five Quaternary interglacial periods are represented in core 57-7 from the Iceland 
Sea. Analysis of coccolith and planktonic foraminifera1 assemblages from the interglacial periods 
(Oxygen isotope Stages 1, 5, 7, 9 and 11) shows both similarities and differences in the 
assemblages. The differences indicate that the palaeoenvironment was not identical in the five 
interglacial periods. Oxygen lsotope Substage 5e reflects the warmest period, with the greatest 
inflow of warm Atlantic water. During this interval the Arctic Front apparently had a more 
westerly position than it has today. Substages 5a and 5c were periods when Arctic water masses ~~~~~l of Quaternary science 
dominated, as at the present day. In Oxygen Isotope Stages 7 and 9 inflow of Atlantic water 
was limited. Oxygen isotope Stage 11 reflects a period of great productivity, but the region was 
still dominated by Arctic water masses. The position of the Arctic Front was possibly close to 
that of today, but not at the extreme western position it had in Oxygen Isotope Substage 5e. 

KEYWORDS: Quaternary interglacials; palaeoenvironment; coccoliths; planktonic Foraminifera. 

Introduction 

The Iceland Sea is an important convective area. Deep water 
formed here is a major contributor to overflows of dense 
water that feed the production of North Atlantic Deep Water 
(NADW). Previous work Kellogg, 1976, 1977; Kellogg et a/., 
1978; Belanger, 1982; Jansen and Sejrup, 1987; Gard, 1988; 
Jansen et a/., 1988) has demonstrated that several Quaternary 
interglacial periods can be identified in sediment cores from 
this region, making comparative studies of interglacials poss- 
ible. Microfossils are a well known tool for palaeoenviron- 
mental analysis and in this study fossil assemblages from 
both the primary producers, represented by coccoliths, and 
secondary producers, represented by planktonic Foramini- 
fera, have been analysed. Coccolith distributions in surface 
sediments provide a good indication of the location of the 
various surface water masses in the area today (Eide, 1990; 
Sarntleben and Schroder, 1992). Planktonic foraminiferal 
assemblages in the sediments also reflect the overlying water 
masses (Johannessen et a/., 1994) and are excellent tools for 
the reconstruction of water mass history. Analysis of the 
fossil assemblages through a sediment core therefore gives 
an indication of changes in the surface water masses that 
have dominated the area. 

The aim of this study has been to compare planktonic 
foraminiferal and coccolith assemblages in the different 
Quaternary warm periods (Oxygen Isotope Stages 1, 5, 7, 9 
and 11) and to analyse palaeoenvironmental similarities and 
dissimilarities between the various interglacials. 

Material and methods 

Piston core 57-7, which was analysed in this study (Fig. l ) ,  
was collected during a cruise in the summer of 1984 with 
the research vessel MS HJkon Mosby of the University of 
Bergen. Several analyses have already been carried out on 
piston core 57-7, together with other cores collected on the 
same cruise (Sj~holm, 1987; Eide, 1987; Beyer, 1988), but 
the preliminary results warranted a further investigation. The 
7.5 m long core represents a continuous sedimentation 
recovery, in which five different interglacial periods are 
recorded. Sediment type varies from diamicton (unsorted 
clay, silt and small pebbles) to carbonate ooze (more than 
30% CaCO,). Four zones of volcanic ash also have been 
identified (Sjraholm, 1987). Turbidites have not been ident- 
ified by occasionally there is a dramatic increase in ice- 
rafted material. The lower part (670 cm to 750 cm) of core 
57-7 was disturbed and therefore this interval is not included 
in the investigation. 

Subsamples for all analyses in the present study were 
generally taken at 2-cm intervals (locally 1 cm) in the inter- 
glacial intervals, whereas a sampling interval of 10 cm, and 
locally 5 cm, was adopted for glacial intervals. 

Coccoliths 

Smear slides were prepared for optical microscopic examin- 
ation of the coccolith content. To quantify the coccolith 
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Figure 1 
indicated (modified from Hurdle, 1986). The main surface currents of Atlantic water, Polar water and Arctic water (mixed water) are also 
shown. 

Location of core 57-7 (68'25.74'N, 13"52.36'W) and V 28-56 (68"02'N, 06"07'W). Main surface currents and oceanic fronts are 

content all species were counted in 50 view-fields, using a 
light microscope. This is  a semi-quantitative method 
expressed in units of slide area, which usually seems to 
provide a good reflection of the true abundances of coccol- 
iths in the sediment (Backman and Shackleton, 1983). The 
coccoliths were grouped into three classes: small placoliths 
(Emiliania huxieyi (Lohman) Hay & Mohler and Gephyro- 
capsa spp.), Coccolithus pelagicus (Wallich) Schiller and 
Calcidiscus leptoporus (Murray & Blackman) Loeblich & 
Tappan. Electron microscope techniques were used to dis- 
tinguish the relative dominance of species f. huxleyi and 
Gephyrocapsn spp. in assemblages. 

CaCO, and grain size fraction analysis 

The total calcium carbonate content of the sediment was 
analysed on a LECO analyser. The material was wet sieved 
into 2 1 mm, 2 125 p m  and 2 63 p m  fractions. 

Foraminifera 

Preparation methods used for forarniniferal analysis were as 
described by Meldgaard and Knudsen (1978) and based on 

the 125 pm-1 mm sediment fraction. The results are pre- 
sented as percentage subpolar species including: Neoglo- 
boquadrina pachyderma dextral (Ehrenberg), Globigerina 
bulloides d'orbigny, Globigerina quinqueloba Natland and 
a few less important species. This grouping reflects the warm 
water influx to the area, as opposed to the cold water species 
N. pachyderma sinistral, which comprises the remainder of 
the planktonic forarniniferal fauna. The G. quinqueloba con- 
tent is  shown separately because it provides an indication 
of the location of the Arctic Front (Johannessen et a/., 1994). 

Oxygen isotopes 

The oxygen isotopes were analysed at the GMS laboratory 
at the University of Bergen on a Finnigen MAT 251 mass 
spectrometer. Preparation techniques were described by 
Johannessen (1992) and Jansen and Sejrup (1987). The iso- 
tope record was correlated with the isotope record of Mar- 
tinson et a/. (1987) for the last 150 ka, and the older part 
was correlated to the SPECMAP stack (Imbrie et a/., 1984). 

The designation of isotope stages in the planktonic isotope 
record from core 57-7 is not straightforward because there 
are a number of peaks (Fig. 2) with light isotope values 
comparable to the Holocene. The main reasons for the 
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Figure 2 
57-7 to the standard stacked oxygen isotope curve. The interglacial periods are marked. 

The figure shows the correlation of the oxygen and carbon isotope records of Neogloboquadrina pachyderrna sinistral in core 

spikiness of the record are rapid salinity changes as the 
oceanic fronts migrate over the area and meltwaters pulse 
from disintegrating glacial ice (Beyer, 1988; Vogelsang, 
1990; Sarnthein et a/., in press). 

Additional information from the carbon isotope record 
(Fig. 2), which has very few high-frequency fluctuations, 
however, helps to solve these ambiguities. It has been shown 
that planktonic carbon isotope records are almost identical 
across the Nordic Seas, thereby making it possible to corre- 
late sites on the basis of their carbon isotope records (Beyer, 
1988; Henrich et a/., 1989; Vogelsang, 1990). As a rule, 
the interglacials fall within portions of high S13C values, 
whereas low salinity spikes are characterised by negative 
613C values. This clearly distinguishes the negative S 1 8 0  
values that correspond to interglacials (low ice volume and 
higher temperature) from those that reflect local salinity 
reductions. Based on correlation with cores from the eastern 
parts of the Nordic Seas (Henrich et a/., 1989; Vogelsang, 
1990), and using additional information from carbonate and 
micropalaeontological indices, we have established the age 
model given in Table 1. This has been used to locate the 
S 1 8 0  and S13C stage boundaries in Fig. 2. 

Results 

Oxygen Isotope Stage 1 

Oxygen isotope stage 1 i s  characterised by an average of 
about 20 000 planktonic Foraminifera per gram of sediment, 
and about 5-6% of the Foraminifera are subpolar (Fig. 3). 
The coccolith assemblage is  dominated by C. pelagicus, but 
small placoliths and C. feptoporus are also observed. 

Oxygen Isotope Stage 5 

Oxygen Isotope Stage 5 is located between 136 cm and 
250 cm in the core. This interval i s  characterised by one 
main CaCO, peak and three coccolith abundance peaks, 
correlated to substages 5e, 5c and 5a (Fig. 4). The planktonic 
6l8O record i s  more noisy, probably due to changing sal- 
inities associated with ocean front migrations, and therefore 
cannot be used to subdivide stage 5. Hence we use the 
coccoliths to delimit warm and cold substages. 

Substage 5e 

The CaCO, content shows two peaks, the uppermost peak 
reaching a maximum of about 35%, whereas the lower 
attains a maximum of 20% (Fig. 4). The coccolith abundance 
shows three separate peaks during this interval (Fig. 4), an 
early relatively subdued peak, and two further maxima later 
in the period (Fig. 4). The assemblage consists almost entirely 
of small placoliths dominated by Gephyrocapsa spp., but a 
few species of C. peiagicus and C. leptoporus are also 
recorded. The abundance of planktonic Foraminifera 
coincides with that of the coccoliths; one early peak and 
two later peaks reaching a maximum of about 50000 per 
gram sediment (Fig. 4). The planktonic foraminiferal fauna 
has a maximum of subpolar fauna of about 34% in this 
interval (Fig. 4), the highest observed in the core. Subpolar 
planktonic foraminifers decline in the early part of substage 
5e, with a pronounced drop in the middle of the stage. The 
lowest SI8O value of 2.45%0 is  also found in this interval, 
which coincides with the Sl3C maximum of 0.7%0. The 
percentages of G. quinqueloba reach a maximum of 24% 
(Fig. 4). Based on the time-scale of Martinson et a/. (1987), 
it appears that both the foraminiferal and coccolith abun- 
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Table 1 
aries with interpolated ages for intervening levels. 

Age model of core 57-7. It is based on 6 ' * 0  stage bound- dance peaks reach their maximum some time after the 
insolation maximum at ca. 128 ka BP (Fig. 4). 
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Substage 5c 

The CaCO, content associated with substage 5c i s  generally 
lower than in the preceding substage 5e interval, with a 
maximum value of about 12% (Fig. 4). Coccolith abundance 
is lower than in substage 5e but the same assemblage with 
Gephyrocapsa spp. still dominates. A few specimens of 
C. pelagicus were also observed. The total abundance of 
Foraminifera i s  much lower (about 9000 per gram sediment) 
in this period compared with substage 5e, and the fauna is  
dominated by N. pachyderma sinistral. Subpolar Foramini- 
fera reach a maximum value of about 9% but no G. quinque- 
loba were identified. Compared with substage 5e the oxygen 
isotope values are higher whereas the carbon isotope values 
are almost identical. 

Substage 5a 

In this interval the CaCO, content is  about 11 %, comparable 
with that of substage 5c (Fig. 4). The coccolith assemblage 
is  dominated by Gephyrocapsa spp. as in substage 5c. The 
total planktonic foraminifera1 content is  about 6000 per gram 
of sediment but subpolar planktonic Foraminifera constitute 
only 556% of the assemblage and G. quinqueloba i s  not 
found in this period. As in substage 5c, the oxygen isotope 
values are low compared with substage 5e although similar 
carbon isotope values are recorded (Fig. 4). 

Oxygen Isotope Stage 7 

Oxygen Isotope Stage 7 occurs between 382 cm and 
466 cm in the core. This period is  characterised by a CaCO, 

% subpolar % G. quinq. z$&,s/ :$'agicus/ '' 'eptoporus' 
foraminifera mm2 

mm2 

Figure 3 Results from Oxygen Isotope Stage 1 .  Oxygen and carbon isotope records of Neogloboquadrina pachyderrna sinistral, total 
number of planktonic Foraminifcra per gram sediment, percentage subpolar Foraminifera (all species except N. pachyderma sinistral), 
percentage Globigerina quinqurloba, number of small placoliths per mmL, number of Coccolithus pelagicus per mm' and number of 
Calcidiscus leptoporus per mmL. 
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Figure 4 Results from Oxygen Isotope Stage 5 plotted against time (ka). Insolation at 70"N (from Berger, 1978). Oxygen and carbon 
isotope records of Neogloboquadrina pachyderma sinistral, percentage CaCO,, total number of planktonic foraminifers per gram sediment, 
percentage subpolar Foraminifera (all species except N. pachyderma sinistral), percentage Globigerina quinqueloba, number of small 
placoliths per mmz and number of ,Coccolithus pelagicus and Calcidiscus leptoporus (dotted line) per mmz. 

content that varies from 2 to 12%, the highest values being 
recorded in the uppermost levels (Fig. 5). Coccolith content 
is low during the whole period but slightly increased num- 
bers are observed in the middle and later part of the period 
(Fig. 5). The coccolith peak in the middle of the stage 
consists entirely of C. pelagicus whereas the subsequent 
small peaks comprise small placoliths. The total number of 
planktonic Foraminifera varies from 1050  to about 1 0 0 0 0  
per gram of sediment. Three peaks with about 9000 Fora- 
minifera per gram of sediment are recorded in the period, 
each dominated by N. pachyderma sinistral. In the middle 

of the period two peaks of subpolar planktonic foraminifera1 
fauna up to about 10% are observed. The Sl80  values vary 
from about 4.3%0 to 3.2%0 and the S13C value varies from 
O.86%0 to 0.28%0 (Fig. 5). 

Oxygen Isotope Stage 9 

Oxygen Isotope Stage 9 is located between 542  cm and 
560 cm in the core. The CaCO, content in this interval is 
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Results from Oxygen Isotope Stage 7 plotted against time (ka). Insolation at 70°N (from Berger, 1978). Oxygen and carbon Figure 5 I . -  - .  

isotope records of Neogloboquadrina pachyderrna sinistral, percentage CaCO,, total number of planktonic foraminifers per gram sediment, 
percentage subpolar Foraminifera (all species except N. pachyderma sinistral), percentage Globigerina quinqueloba, number of small 
placoliths per mmZ and number of Coccolithus pelagicus per mm2. 
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very low in the early part, but subsequently increases to 6% 
(Fig. 6). The coccolith content is also very low, with minor 
occurrences of small placoliths and C. pelagicus. The plank- 
tonic foraminiferal content is equally low, with a maximum 
of 9300 per gram of sediment (Fig. 61, consisting of 96-97% 
N. pachyderma sinistral (Fig. 6). Globigerina quinqueloba i s  
observed in small numbers late in the period. The 61R0 
values vary from 3.75 to 3.26 whereas the S13C values range 
from 0.67 to 0.33. 

Oxygen Isotope Stage 11 

Oxygen Isotope Stage 11 is  located between 626 cm and 
670 cm in the core. At the beginning of this interval the 
CaCO, content reaches a maximum of about 35% but 
declines to about 5% in the latter part of the period (Fig. 7). 

The coccolith content is  extremely high in the lower part 
of stage 11, with a concentration surpassed nowhere else 
in the core, and comprises small placoliths dominated by 
Gephyrocapsa spp. (Fig. 7). The total abundance of plank- 
tonic Foraminifera i s  also very high in the early part of this 
period, with a maximum of more than 60000 Foraminifera 
per gram of sediment, again a maximum for the core. 
The planktonic foraminiferal assemblage is  dominated by N. 
pachyderm sinistral throughout Oxygen Isotope Stage 1 1, 
but a few specimens of G. quinqueloba are observed. 
Nowhere in this period are more than 5% subpolar fauna 
recorded. The foraminiferal peak occurs prior to the coccol- 
ith abundance peak, and both occur some time after the 
insolation maximum (Fig. 7). The Sl80 values vary from 3.9 
to 3.4 in this period and the S13C values vary from 1.1 
to 0.69. 

Discussion and comparison of planktonic 
foraminiferal and coccolith assemblages in 
the interglacials 

The investigation of core 57-7 shows that, in the interglacial 
periods, the Foraminifera and coccolith abundance peaks 

Insolatiion 
3 W/mZ 

551 310 

560 315 3 

typically occur some time after the insolation maxima as 
the insolation value decreases. This indicates a time lag in 
the response to orbital forcing in this area, despite the fact 
that it has been suggested that these latitudes respond early 
to orbital influences (Irnbrie et a/., 1993). Our results are 
clearly in agreement with KO$ and Jansen (1 994) who postu- 
lated that in the Holocene the climate optimum in the 
Greenland Sea, Iceland Sea and Norwegian Sea occurred 
about 1-2 kyr after the insolation maximum. 

Oxygen Isotope Stage 5 

The planktonic Foraminifera and coccolith assemblages indi- 
cate that warm Atlantic water from the Norwegian Current 
was more influential in the Iceland Sea in substage 5e than 
in substages 5c and 5a. The warmth of substage 5e is also 
seen in the S’*O signal, which is  up to 1%0 depleted relative 
to the Holocene, indicating waters some 4°C warmer. In 
contrast to Kellogg (1976, 1978) and Kellogg et a/. (1977) 
we find that the area north of Iceland was also substantially 
warmer than during the Holocene (Fig. 7). It i s  possible that 
not only was the inflow of Atlantic water via the Norwegian 
Current increased, but also the inflow of Atlantic water via 
the lrminger Current. This confirms the findings of Henrich 
and Bauman (1994), who concluded from coccolith and 
Foraminifera data in two cores in the Norwegian Sea that 
substage 5e was a ’very warm’ interglacial substage with a 
high inflow of Atlantic water. 

The coccolith abundance is nearly identical in the three 
substages of Oxygen Isotope Stage 5, which might indicate 
similar levels of primary productivity. O n  the other hand 
the abundance of planktonic Foraminifera in substage 5e 
tends to suggest that productivity was higher in this period 
than in substages 5c and 5a. This apparent discrepancy may 
reflect the fact that abundance of coccoliths alone does not 
necessarily reflect high levels of productivity in all phyto- 
plankton groups. High abundance of coccoliths may indicate 
a relatively low nutrient supply for phytoplankton and poss- 
ibly also lower salinity, because coccolithopores are tolerant 

Total nr of % subpolar % G. quinq. small C. pelagicus/ 
foraminferd foraminilera placolithd ,,2 
g. sediment mm2 

i n 0  0 0  2 i 4 I 
Figure 6 Results from Oxygen Isotope Stage 9 plotted against time (ka). Insolation at 70°N (from Berger, 1978). Oxygen and carbon 
isotope records of Neogloboquadrina pachyderma sinistral, percentage CaCO,, total number of planktonic foraminifers per gram sediment, 
percentage subpolar Foraminifera (all species except N. pachyderma sinistral), percentage Globigerina quinqueloba, number of small 
placoliths per mm2 and number of Coccolithus pelagicus per mm’. 
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Figure7 
isotope records of Neogloboquadrina pachyderma sinistral, percentage CaCO,, total number of planktonic foraminifers per gram sediment, 
percentage subpolar Foraminifera (all species except N. pachyderm sinistral), percentage Globigerina quinqueloba, number of small 
placoliths per mm2 and number of Coccolifhus pelagicus per mm2. 

Results from Oxygen isotope Stage 11 plotted against time (ka). Insolation at 70°N (from Berger, 1978). Oxygen and carbon 

of low salinity and low nutrient conditions (Tappan, 1980). 
In the surface sediment today the highest abundance of 
coccoliths is  found in the Atlantic zone and in the frontal 
zone between Atlantic and Arctic surface water masses (Eide, 
1990). This also i s  the case for planktonic Foraminifera 
(Johannessen et a/., 1994). High frequencies of G. quinque- 
loba, which are an Arctic Front indicator (Johannessen et 
a/., 1994), are found in substage 5e. Gard and Backman 
(1990) have shown that in parts of the GIN seas, coccolith 
abundances are higher in substage 5a than in substage 5e 
but, as already mentioned, C. leptoporus i s  absent, which 
is a clear indication that colder conditions prevailed in 
substage 5a. This accords with the results of Kellogg (1 9771, 
who found that the planktonic foraminifera1 fauna were 
completely dominated by N. pachyderma sinistral in this 
region in substages 5a and 5c, clearly indicating colder 
conditions than in substage 5e. Henrich (1992) found that 
CaCO, production in substage 5e was much higher than 
in substages 5a and 5c, which indicates more favourable 
conditions for phytoplankton and zooplankton. In substage 
5e he found more than 60% CaCO, in the central part of 
the Norwegian Sea and up to 40-50% in the Iceland Sea. 
He also found a high percentage of subpolar Foraminifera 
and high abundances of coccoliths in substage 5e. This is  
clearly in agreement with our Foraminifera and coccolith 
data as well as our CaCO, analysis of core 57-7, which 
shows about 34% CaCO, content in substage 5e. 

In core 57-7 substage 5e is further characterised by a 
number of foraminiferal and coccolith abundance peaks. In 
the early part of substage 5e, a minor coccolith abundance 
peak and also a small subpolar planktonic foraminiferal peak 
are followed by a minimum with almost no coccoliths, and 
less than 5% subpolar planktonic foraminiferal fauna. This 
early faunal and floral peak, and the following minima may 
indicate a short cooling period. Following this minimum are 
two further abundance maxima and minima in both plank- 
tonic Foraminifera and coccoliths. This indicates climatic 
fluctations within this substage of the interglacial, a phenom- 
enon also reported from the GRIP ice core (Dansgaard 

et a/., 1993), from shelf records from northwest Europe 
(Seidenkrantz et a/., 1995) and from core V28-56 (Kellogg et 
a/., 1978, see Fig. 1). These planktonic abundance fluctations 
recorded in core 57-7 therefore indicate that substage 5e 
was characterised by variations both in climate and in inflow 
of Atlantic water to the Iceland Sea, which resulted in major 
latitudinal changes in the response of the Arctic and Polar 
Fronts. In at least two phases it i s  likely that there was very 
high inflow of Atlantic water through the Norwegian and 
lrminger Currents, leading to a marked increase in surface 
water temperatures. At those times, however, the Arctic and 
Polar Fronts seem to have had a more westerly and northerly 
position than today. 

It is  generally agreed that substage 5e corresponds to the 
Eemian interglacial (Mangerud, 1991), which, according to 
pollen evidence, was a warmer period than the present. For 
the Northern Hemisphere as a whole, model results suggest 
that the mean annual surface air temperature in the Eemian 
was about 2°C higher than today (Folland et a/., 1990). The 
most pronounced increase in summer air temperature is 
indicated for the Arctic region, with values 4-8°C higher in 
Siberia, Canada and Greenland (Folland et a/., 1990). This 
is  in good agreement with our data, which suggest that 
substage 5e in the Iceland Sea represents a period that was 
significantly warmer than the present. 

In contrast to substage 5e, substages 5c and 5a do not 
show signs of internal fluctuations. In these two periods the 
inflow of Atlantic water was reduced, both in comparison 
with substage 5e and also with the present situation. The 
Arctic Front probably occupied a more easterly and southerly 
position than in 5e and today. Substages 5c and 5a have 
been correlated with the Brerrup and the Odderade Interstadi- 
als respectively (Mangerud, 1991), which in Europe were 
characterised by lower temperatures than the Eemian. 

Oxygen Isotope Stage 7 
Oxygen Isotope Stage 7 is characterised by low abundances 
of coccoliths. Several smaller peaks, with about 9000 plank- 
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tonic Foraminifera per gram of sediment, are observed, 
which is about the same abundance as in substage 5c. This 
indicates that during stage 7, biological production was 
lower in the water of this area compared with substage 5e 
and the Holocene, but about the same as in substage 5c. 
A coccolith peak in the early part of Oxygen Isotope Stage 
7 consists entirely of C. pelagicus, which is  the dominant 
species in the surface sediment today (Eide, 1990; Samtleben 
and Schroder, 1992). However, today there are also 10- 
15% small placoliths, dominated by Gephyrocapsa spp., in 
the assemblage. 

The low abundances of coccoliths in the early part of 
stage 7 point to lower production than in the upper part of 
this interval. As coccolithopores are photosynthesisers and 
dependent on light, high concentrations may be connected 
with ice-free conditions, at least in spring and summer. The 
increase in Foraminifera in the late part of stage 7 has no 
corresponding coccolith increase, however. The Foraminifera 
may have fed on other phytoplankton that are not preserved 
as fossils in the sediment. Gard (1988) found that core V28- 
56 was almost barren of calcareous nanofossils in stage 7, 
although small abundance peaks of C. pelagicus have been 
reported in this interval in several other cores (Gard, 1988; 
Henrich, 1992). A low foraminiferal diversity, characterised 
by dominance of N. pachyderma sinistral in this period, was 
also reported previously (Kellogg, 1976, 1980). In the middle 
part of stage 7 there are smaller peaks (maximum 10%) of 
subpolar Foraminifera. This implies much lower inflow of 
Atlantic water in this period than during substage 5e and the 
Holocene, although there may have been a slight increase in 
the middle part of Oxygen Isotope Stage 7. The very low 
coccolith abundances indicate that sea-ice covered major 
parts of the Iceland Sea in this period, but because there 
are shorter intervals with occurrences of coccoliths there 
must have been occasional periods with open water in the 
spring and summer season. This supports the view of Henrich 
and Baumann (1994), who concluded that stage 7 was a 
‘temperate’ interglacial with rather low inflow of Atlantic 
water to the GIN seas. 

Oxygen Isotope Stage 9 

Oxygen Isotope Stage 9 is  similar to stage 7, characterised 
by low abundances of planktonic Foraminifera and coccol- 
iths. This indicates that in this period also there was exten- 
sive sea-ice cover in the lcelmd Sea, punctuated by periods 
with open water in summer and spring, as indicated by 
coccolithophore production. Gard and Backman (1 990) 
reported coccoliths in only two of their cores from this 
period. Kellogg (1 977) noted a peak of planktonic Foramini- 
fera in Oxygen Isotope Stage 9, composed almost exclusively 
of N. pachyderma sinistral. This is also in accordance with 
the results from core 57-7, but Kellogg found a much higher 
abundance of planktonic Foraminifera in core V28-56 than 
we observe in our core. In the Iceland Sea, Oxygen Isotope 
Stage 9 seems to represent a period with only low inflow 
of Atlantic water in the eastern part of the area. Otherwise 
extensive sea-ice cover alternated with shorter intervals of 
more open water. 

Oxygen Isotope Stage 11 

Oxygen Isotope Stage 11 is characterised by an extreme 
peak in planktonic Foraminifera content early in the period, 

followed shortly after by a marked coccolith peak. High 
abundances of coccoliths are also reported from core V28- 
56 (Gard, 1988) and from two cores in the Norwegian Sea 
(Henrich and Baumann, 1994). Henrich (1992) found that 
the sediment in this period contained about 70% CaCO, in 
the central part of the GIN seas and about 40% in parts of 
the Iceland Sea. As with Oxygen Isotope Stages 7 and 9, 
the planktonic foraminiferal assemblage in stage 11 is  domi- 
nated by N. pachyderma sinistral. The differences between 
Oxygen Isotope Stages 11, 9 and 7 are reflected in coccolith 
and foraminiferal content, with stage 11 having much higher 
abundances than the following two interglacials. The abun- 
dance of coccoliths and planktonic Foraminifera in Oxygen 
Isotope Stage 11 is also much higher than in substage 5c and 
in the Holocene. In substage 5e, however, the Foraminifera 
assemblage contains a much higher percentage of subpolar 
fauna. The coccolith assemblages of Oxygen Isotope Stage 
11 are dominated by Gephyrocapsa spp., as in substage 5e, 
but no C. leptoporus was observed in Oxygen Isotope Stage 
11, suggesting that there was not the same influence of 
warm Atlantic water as in substage 5e. This also is  implied 
by the higher 6”O values in stage 11 than in substage 5e. 

The large number of Foraminifera per gram of sediment 
indicates, however, that there must have been very high 
biological production in the area at that time. The coccolith 
abundance peak, which occurs immediately after the for- 
aminiferal peak, indicates high coccolithophorid pro- 
ductivity. The delay between foraminiferal and coccolith 
(phytoplankton) peaks is also observed in other warm periods 
as well as during the last deglaciation (KO$ et a/., 1993). 

Planktonic Foraminifera, being zooplankton, are depen- 
dent on availability of primary producers as food supply, 
hence it seems paradoxical that the Foraminifera precede 
the coccoliths and, in most cases, all fossiliferous phyto- 
plankton. A possible explanation is that an initial period of 
high productivity and good living conditions for planktonic 
Foraminifera, which fed on phytoplankton that do not fossil- 
ise, occurred as insolation and temperature increased. Later 
the surface waters became low in nutrients leading to a 
decrease in phytoplankton production, which, in turn, led 
to a decrease in Foraminifera production. Because coccoli- 
thophorids tolerate low nutrient conditions (Haq, 1978; Tap- 
pan, 1980), they may have completely dominated the pro- 
tist assemblage. 

Johannessen et a/. (1 994), concluded that high abundance 
of N. pachyderm sinistral, which dominates the foramin- 
iferal fauna in stage 11, is  characteristic for Arctic water 
masses with no sea-ice cover in spring and summer. Polar 
water is also dominated by N. pachyderma sinistral, but in 
these waters their abundance is low. This indicates that 
during Oxygen Isotope Stage 1 1, Atlantic water intruded 
into the GIN seas, and Arctic water was formed through the 
mixing of Atlantic and Polar waters as happens today. The 
fact that there is as little as 4-5% subpolar Foraminifera 
indicates colder conditions or lower influence of Atlantic 
water in the Iceland Sea than in substage 5e. The absence 
of C. lepfoporus also indicates a lesser influence of Atlantic 
water in Oxygen Isotope Stage 11. The percentage of subpo- 
lar planktonic Foraminifera is about 6-7% at site 57-7 
through most of the Holocene period (Fig. 7), which indi- 
cates that Atlantic water intruded further west in the Iceland 
Sea in the Holocene than it did in stage 11. 

In the North Atlantic, Oxygen Isotope Stage 11 seems to 
be a particularly warm period (Ruddiman and Mclntyre, 
1976). In the Iceland Sea, Oxygen Isotope Stage 11 also 
was a warm period, with inflow of Atlantic water via the 
Norwegian Current. However, this was clearly weaker and 
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occupied a more easterly position than in substage 5e. 
Possibly the lrminger current also was much weaker in 
Oxygen Isotope Stage 1 1  than in substage 5e and during 
the Holocene. Because the temperature was lower during 
stage 1 1 ,  by comparison with substage 5e, the Arctic front 
did not reach such a westerly and northerly position as it 
apparently did in substage 5e. 

Conclusions 

Comparison of Oxygen Isotope Stages 5, 7, 9 and 11 sug- 
gests that substage 5e represents the warmest of these per- 
iods. It was also considerably warmer than the Holocene, 
with strong advection of Atlantic water and displacement of 
the Polar and Arctic Fronts to the west and north compared 
with their positions today. Some variability is observed 
within the substage, however, for there is evidence of shifting 
frontal positions throughout the substage. Substages 5a and 
5c were also periods when inflow of Atlantic water to the 
Iceland Sea occurred, but in neither of these were conditions 
as warm as in substage 5e. Oxygen Isotope Stages 7 and 9 
were colder than substage 5e in this area, and there seems 
to have been low inflow of Atlantic water in to the Iceland 
Sea for most of the time during these periods. Oxygen 
Isotope Stage 11 was a period of very high productivity, but 
it is most likely that Arctic water masses were dominant at 
that time rather than Atlantic water masses as in substage 
5e. Oxygen Isotope Stages 5e and 11 seem, therefore, to be 
the two periods where the climate has been at least as 
warm, or even warmer, than the present. 
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