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P A L E O C E A N O G R A P H I C R E C O N S T R U C T I O N S OF S U R F A C E O C E A N CONDITIONS IN
THE G R E E N L A N D , I C E L A N D A N D N O R W E G I A N SEAS T H R O U G H THE LAST 14 ka
BASED ON D I A T O M S
Nalfin Ko~, Eystein Jansen and Haflidi Haflidason

Department of Geology, Universityof Bergen, Bergen, Norway
Prior reconstructions of the last glacial maximum and the Holocene did not include detailed pateoclimate data from the Greenland, Iceland
and Norwegian (GIN) seas, which cover sensitive areas for oceanographic boundaries, sea ice distribution and deep water formation. In
order to fill this gap, we studied nine well dated sediment cores from this area and reconstructed the paleoceanographic conditions of the
surface GIN seas at 2000-year intervals since 13,400 BP based on the diatom record. Results show that a N.-S. extending sea-ice-free
corridor had opened along Norway already at 13,400 BP, indicating a northward flow of a branch of the North Atlantic Drift, possibly
caused by a change in the jet stream flow due to the decreased height of the North American ice sheet. A major change of climatic
conditions occurred over the GIN seas as the insolation anomaly reached its maximum around 9000 BP, when the sea ice cover and the
oceanic fronts retreated to a northwesterly position along Greenland, and the ocean temperatures rose. The first half of the Holocene is
recorded as the warmest period during the last 13,400 BP in the GIN seas. The duration of this climatic optimum decreased both toward the
north and toward the margins of the area. The second half of the Holocene is characterized by a cooling trend in step with the decreasing
insolation. These results support the proposal of Imbrie et al. (1992) that the GIN seas region acts as an initial responder to insolation
changes.

~TRODUCTION
The most energetic components of the ocean systems are
the surface water masses, which are important for air-sea
exchange and energy transport from low to high latitudes.
Therefore, it is important to establish both latitudinal and
meridional gradients in these surface waters for
paleoclimatic reconstructions. Variations in surface water
conditions, such as shifting water mass boundaries,
oceanographic fronts, temperature variations and upwelling
rates, are recorded by changing microfossil assemblages in
marine sediments.
Planktonic foraminifers have been extensively used in the
reconstruction of Quaternary paleoceanography in arctic and
subarctic environments. However, they may not provide the
necessary sensitivity needed for reconstructing different
water masses of the arctic and polar environments since these
environments are dominated by one species - - Neogloboquadrina pachyderma sinistral.
We alternatively focus here on the diatom record for
reconstructing the paleoceanographic development of the
Greenland, Iceland and Norwegian (GIN) seas. In an earlier
study, it was documented that marine planktic diatoms in the
GIN seas and the northern North Atlantic are represented by
six significantly different assemblages (Koq Karpuz and
Schrader, 1990). These assemblages mirror the surface water
properties and also provide a resolution for paleotemperature
calculations down to -1.7°C (freezing) winter sea surface
temperature (SST), with a standard error of estimate of
+I.5oC (August) and +I.0°C (February). The high diversity of diatom assemblages and the presence of a unique 'sea
ice' diatom assemblage found in sediments underlying
seasonally sea ice-covered areas provide us with an exceptional tool to reconstruct the position of the marginal ice zone
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(MIZ), the oceanographic fronts and the location and extent
of various water masses, and quantitative estimates of SST,
which are important boundary conditions for paleoclimate
modeling.
Studies of paleoclimatic changes improve our physical
understanding of the causes and mechanisms of large
climatic changes and at the same time provide unique data
sets for model validation. The changes of the Earth's climate
during the Holocene and since the last glacial maximum are
the most significant and best documented in the
paleoclimatic record. Reconstruction of the state of the Earth
at these times provides a dramatic illustration of the range of
variability of the Earth's climate. The last glacial maximum
climate conditions have been successfully reconstructed by
the CLIMAP Project Members (1981), using both geologic
data and models. COHMAP Members (1988) expanded the
time slice approach into the Holocene and reconstructed
climates of the last 18 ka at 3000-year intervals. While the
global paleoclimate database used by COHMAP is impressive, it does not include paleoclimatic data from the GIN
seas, which cover sensitive areas for major oceanographic
boundaries, sea ice distribution and deep water formation.
We therefore intend to fill this gap by reconstructing
paleoceanographic changes taking place in the surface waters
of the GIN seas through the last 14 ka.

MATERIAL AND METHODS
To understand the paleoceanographic, as well as the
paleoclimatic, development of the GIN seas through the Late
Quaternary and the Holocene, we studied nine deep-sea cores
(Table 1, Fig. 1), which were located under major water
masses and oceanographic fronts of the area (Fig. 2).
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In order to achieve precision in reconstructing the
oceanographic conditions of specific time-slices, we based
our chronologies on a series of accelerator mass spectrometry
(AMS) dates and ash horizons. The new AMS 14C ages
presented in this paper were determined on Neogloboquadrina pachyderma from I cm-thick sediment samples using
the preparation line of the Radiocarbon Dating Laboratory in
Trondheim and the Tandem Accelerator Laboratory in Uppsala. In addition to the AMS dates, the chronology of the
cores is aided by 4 distinct ash horizons - - the Saksunarvatn
(9100 BP) (Mangerud et al., 1986), the Vedde Ash Bed
(10,600 BP) (Mangerud et al., 1984), the tephra layers Tv-3
(Bj6rck et al., 1992) and Hekla H4 (Haflidason et al., submittedfi~rpublication) - - where possible. The volcanic glass
shards were examined and identified for correlation purposes
using morphological and geochemical criteria. The morphological criteria tk~r Vedde Ash is described in Mangerud
et al. (1984) and for Saksunarvatn Ash in Mangerud et al.
(1986), and in Haflidason et al. (submitted f o r publication)
for Hekla H4. The geochemical analyses, primarily run to
confirm the morphological classification of the glass shards
by optical microscopy, were performed on an electron
microprobe. In samples where the amount of glass shards
was sporadic, the grains were handpicked for geochemical
analysis on a scanning electron microscope connected to an

cores used m this study

energy dispersive spectrometer. To locate the level of maximum occurrence, glass shards were counted in two size
fractions (125-1000 btm, 63-125 btm) in terms of shards per
gram of sediment.
To capture as fine detail as possible from deep-sea cores,
most cores were continuously sampled every centimetre for
diatom analyses. These samples were oven-dried overnight
at 60°C, and 0.5 to 1 g of dry sediment was weighed and then
soaked in benzene for about 30 min under the hood, after
which the sample was covered with boiling water and left to
disintegrate (Abelmann, 1988). This procedure disintegrates
the oven-dried sample totally and avoids occurrences of
fragments of fecal pellets containing diatom aggregates. The
sample was treated with a minimum of approximately 10
drops hydrochloric acid (37%) until no reaction of carbonate
could be observed. Existing organic matter was dissolved by
adding a half volume of nitric acid (65%) and heating until
the boiling reaction stopped. The residue was neutralized and
the clay fraction eliminated by a fractionated settling method
(Fenner, 1981). Quantitative diatom slides from aliquots of
cleaned samples were prepared as described in Koq Karpuz
and Schrader (1990). At least 300 diatom frustutes (on a
Chaetoceros free basis) from each sample were counted on
random traverses following the counting procedures of
Schrader and Gersonde (I 978). Diatom abundances I number
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FIG. 2. Major surface currents, oceanographic fronts and maximum and minimum extent of sea ice in the modern GIN seas (modified from
Hurdle, 1986). Note the location of the cores.

of valves per gram dry sediment) were calculated. The
downcore diatom data is described in terms of the surface
sediment assemblages (core-top factors) defined by Koq Karpuz and Schrader (1990). The downcore samples are transformed to factors by multiplying the raw species % matrix by
the core-top factor score matrix (Imbrie and Kipp, 1971).
These downcore pseudofactors are then used in the temperature equations GINT2 (Koq Karpuz and Schrader, 1990)
relating core-top factor distributions to winter and summer
SST to calculate paleotemperature.
RESULTS
The results are presented separately for each core from
each individual basin starting in the east and moving towards
the west (Fig. 1).

TABLE 1. Location and types of cores studied

Position
Core

HM52-43
HM57-5
HM57-14
HM79-26
HM79-6/4
HM94-13
M23071-2/3
PS21880-3
PS21842-5

Latitude

Longitude

Water depth
(m)

Core type

64°31.0'N.
69°26.0'N.
66°59.8W.
66°53.9'N.
62°58.0'N.
71°37.3'N.
67°05.1"N.
73°32.8'N.
69°27.8'N.

00044.0 ' E.
13o07.0 ' W.
06012.3 , W.
05°56.1 ' W.
02042.0 ' E.
01037.4 ' W.
02054.4 ' E.
09o04.8 , W.
16031.5 , W.

2781
1902
3005
3312
850
1946
1306
333
982

PC
PC
GC
GC
GC/GC
GC
BC/KAL
BC
BC

BC Box core. GC Gravity core. KAL Kastenlot. PC Piston core.
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in Ko~ Karpuz and Schrader (1990), using a linear age
interpolation between the Vedde ash level (10,600 BP) and
the core top. The age scale of HM52-43 is improved here by
adapting the age model of Veum et al. (1992), which is
supported by a series of AMS dates and the Vedde ash
horizon. The first appearance of diatoms is recorded around
10,700 BP (Fig. 3), but due to both the very low abundances
and the dominance of the Atlantic assemblage at this level,
we assume the diatoms to be bioturbated downwards. With
this assumption, the first real appearance of diatoms is dated
to 10,200 BP - - the beginning of the Holocene. From this
time on until 3700 BP, the SE Norwegian Basin was under
the influence of the warm Atlantic waters as indicated by
Factor 5 (Fig. 4). The Late Holocene shows a cooling trend
(Fig. 5), with the dominance of the Norwegian-Atlantic
Current (NAC) assemblage (Factor 1) and the NorwegianArctic Waters Mixing (NAWM) assemblage (Factor 6), with
the Arctic Water (AW) assemblage (Factor 2) getting
stronger (Fig. 4).

Norwegian Basin Cores
HM79-6/4
HM79-6/4 is located on the high sedimentation rate area of
the continental slope of Norway (Fig. 1). Sedimentological
analysis, geochemical analyses of the ash layers, stable
isotope analyses of planktonic foraminifera and diatom floral
analyses were published in Karpuz and Jansen (1992). The
isotopic results indicate the presence of low salinity waters
between 14,100-13,000 BP in the surface waters of the SE
Norwegian Sea. The first occurrence of diatoms at 13,400 BP
gives evidence for seasonally ice free surface conditions
since then (Fig. 3). Diatom analyses indicate that the Belling/
Aller~d interstadial complex (13,200-11,200 BP) was a
climatically unstable period with changing arctic-subarctic
conditions (Fig. 4). The Younger Dryas period (11,20010,200 BP) was bounded by very rapid SST changes (Fig. 5)
and characterized by arctic-polar conditions. The first true
warm Atlantic water incursion to the SE Norwegian Sea took
place around 10,100 BP, at which time a diatom productivity
peak is recorded (Fig. 3), followed by a brief cooler condition
between 9900-9600 BP (Figs 4 and 5). The Early Holocene
climatic optimum was recorded between 8000-5000 BP. A
climatic deterioration recorded in the SE Norwegian Sea
between 5000-3800 BP was correlated to the Neoglacial
cooling recorded on land in Scandinavia.

M23071-2/3
The cores were retrieved from the Vcring Plateau
(Hirschleber et al., 1988). Sedimentology of the cores was
described by Kassens (I 990). Stable isotope analyses and the
AMS lac ages were published in Vogelsang (1990). In establishing an age model for composite core M23071, linear
age interpolation was used between an assumed core top age
of 2000 BP, which is in accord with the published core top
ages from the area (Vogelsang, 1990), the AMS 14C ages
(Vogelsang, 1990), a qualitatively described Vedde ash
horizon and an Early Holocene Arctic-Norwegian Waters

HM52-43
HM52-43 is located in the SE Norwegian Basin, under the
path of the inflowing warm Atlantic waters (Figs 1 and 2).
Results of the diatom analyses of HM52-43 were published
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Mixing (ANWM) assemblage (Factor 4) peak, which is correlated to an identical peak in HM79-6/4.
The cores were sampled continuously in 2.5 cm sections
for diatom analyses. The number of diatom valves per gram
dry sediment shows the first occurrence of diatoms over the
V¢ring Plateau to be around 11,100 BP, with increasing
numbers until a maximum of 9.9 x 106 valves per gram dry
sediment around 8000 BP (Fig. 3). Fluctuating values are
recorded from thereon until 6400 BP, after which they
stabilize.
Results of the diatom factor analyses and the paleotemperaturc estimates, together with the diatom valve abundances per gram dry sediment are tabulated in Table 2.
Dominance of the Arctic Water assemblage (Factor 2), with
the presence of the Sea-ice (S I) assemblage between 11,10010,000 BP indicates the presence of seasonally ice free
arctic-polar conditions over the Vcring Plateau during the
Younger Dryas (Fig. 4). At the beginning of the Holocene the
Norwegian-Atlantic Current assemblage (Factor 1)
dominated the area - - a situation similar to present. Starting
at 9500 BP, the Atlantic assemblage (Factor 5) increased in
importance and the warm saline Atlantic waters dominated
the area between 8800-7000 BP. The remainder of the
Holocene is primarily influenced by the Norwegian-Atlantic
Current assemblage (Factor 1).
Application of the temperature transfer functions GINT2
(Koq Karpuz and Schrader, 1990) to the diatom assemblage
succession of M23071 reveals freezing winter SST and summer SST of 1-2°C during the Younger Dryas (Fig. 5).
Temperatures increased steadily through the Preboreal
(10,000-9000 BP). This transition level shows low communalities probably arising from the bioturbation of different
assemblages together, and therefore the transition into the
Holocene is recorded more gradually than is recorded from
HM79-6/4. Maximum winter SST of 8.5°C and summer
SST of 12.5°C are recorded between 8800-6900 BP. From
thereon the SSTs gently decrease.

HM57-14
HM57-14 is located on the western slope of the Norwegian
Basin to the Iceland Plateau and lies under the present Arctic
front (Figs 1 and 2). Sedimentological, geochemical and
foraminiferal analyses are described by Haflidason et al.
(submitted for publication). The age model of the core is
based on tephrochronology and a series of AMS dates
(Haflidason et al., submitted for publication).
The core was sampled continuously every centimeter for
Late Quaternary-Holocene diatom analyses. The first occurrence of diatoms is recorded around 9200 BP (Fig. 3). Diatom
abundances increased to maximum values of 4.4 x 106 valves
per gram dry sediment around 8800 BP, after which the
values decreased, and no diatom valves are observed between 8000-3800 BP, possibly indicating either extremely
low production in the surface waters or a higher level of silica
dissolution. Since the surface sediments from this area also
show generally low diatom abundances as HM57-14, we
believe it to be primarily related to productivity. After 3800
BP, the diatom abundances increased steadily.
Results of the diatom floral analysis (Table 3) indicate the
presence of warm saline Atlantic waters, reflected by the
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Atlantic assemblage (Factor 5), from 9200 BP to at least 8000
BP over the western Norwegian Basin (Fig. 4). After an
interval barren of diatoms (7900-3800 BP), a short interval
with the dominance of the NAC assemblage (Factor 1) is
recorded around 3000 BP. After 3000 BP, the AW and the
NAWM assemblages dominated the area indicating cooler
conditions.
Summer SST of 12°C and winter SST of 8°C are estimated for the 9200-7900 BP interval (Fig. 5). Generally
decreasing SSTs are recorded for the 3000-1500 BP interval.

HM79-26
HM79-26 is also located on the western slope of the
Norwegian Basin to the Iceland Plateau (Fig. 1). The
sedimentology of the core has been described previously
(Isrenn, 1992). The age model of the core is based on the
Saksunarvatn and the Vedde ash horizons (Isrenn, 1992) and
stratigraphic correlation to AMS dated HM57-14.
The core was sampled continuously every centimetre for
Late Quaternary-Holocene diatom analyses. The first
appearance of diatoms is recorded around 9500 BP, though in
very low abundances (Fig. 3) (Table 4). Abundances
increased steadily to a maximum of 6.5 x 106 valves per gram
dry sediment around 8800 BP, after which the values
decreased and a diatom barren interval is encountered
between 7900-5500 BP. After 5500 BP, the abundances
show a general increase to the core top.
The western Norwegian Basin was under the influence of
the warm saline Atlantic waters, reflected by the Atlantic
assemblage (Factor 5) during 9200-3700 BP (Fig. 4). After
3700 BP, the area was primarily influenced by the NAWM
and the AW assemblages, with contributions of the NAC and
the ANWM assemblages.
Paleotemperature estimates from HM79-26 indicate summer SSTs around 12-13°C and winter SSTs around 8°C for
the interval 9200-3700 BP (Fig. 5). A SST drop of ca. 5°C
(with summer SSTs of 3.5°C and winter SSTs of 7.5°C) is
recorded around 3000 BP. SSTs increased around 2300 BP,
only to drop once more around 2000 BP.
Iceland Plateau Cores
HM57-5
HM57-5 is located on the Iceland Plateau, under the
present seasonally sea ice covered Arctic waters (Figs 1 and
2). The chronology of the core is based on two ash layers; the
Vedde ash and the Saksunarvatn ash. Results of the diatom
analyses of HM57-5 were published in Koq Karpuz and
Schrader (1990). The first appearance of diatoms is recorded
at 9100 BP (Fig. 3). The Atlantic assemblage (Factor 5)
dominated the period 9100-5400 BP, together with the
ANWM assemblage (Factor 4) (Fig. 4). A diatom abundance
maximum is observed at the peak of this warm period, around
7000 BP (Fig. 5). Between 5400-2500 BP the site was under
the influence of the ANWM assemblage (Factor 4), together
with the minor influence of the AW assemblage (Factor 2).
From 2500 BP onwards, the central Iceland Plateau has been
under Arctic conditions. Both the factor analysis and the SST
estimates indicate a general cooling tendency at this site for
the second half of the Holocene (Figs 4 and 5).
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TABLE 5. Age model for core PS21842-5
Depth
(cm)

Corrected age
(BP)

Lab. ref.

1.5-2.5
7.5-8.5
13.5-14.5
17.5-18.5
20.5-21.5
26.5

TUa-225
TUa-224
TUa-223
TUa-222
TUa-242
(Vedde Ash)

495
2860
6225
8130
8430
10 600

_+ 75
+ 90
_+ 100
+ 85
+ 85
+ 60

PS21842-5
The core was retrieved from the Kolbeinsey Ridge (Fig. 1).
Today, the core site lies under the annual mean Polar front
position (Fig. 2). Sedimentological and foraminifer fauna
analyses of the core are published in Thiede and Hempel
(1991). We analyzed the diatom record and performed
planktonic foraminifer oxygen and carbon isotope analyses
(Koq, unpublished data) and petrographical and geochemical
analyses on the volcanic glass shards in two grain size fractions of the core (Fig. 6). The chronology of PS21842-5 is
based on a series of AMS dates (Table 5) and on the
tephrochronology (Table 6, Fig. 6). The distribution of the
glass grains in the core is illustrated as number of grains per
gram sediment in two geochemical categories, represented
by the light (rhyolithic) ash and the brown (basaltic-intermediate) ash grains (Fig. 6). Two tephra layers were
geochemically identified: the Vedde ash (10,600 BP), with
peak abundance at 26.5-27.0 cm depth, and the basaltic
(tholeitic) tephra layer Tv-3 (9200 BP), located at 24.5 cm
depth (Table 6, No. 4 and 6). Due to an interval barren of
foraminifers, we have been unable to date the first appearance of diatoms after the Vedde ash level. We, therefore,
assumed an age of 9100 BP for this level, in accord with the
location of tephra layer Tv-3 in the core and the near lying
core HM57-5.
PS21842-5 was sampled continuously every centimetre
for Late Quaternary-Holocene diatom analyses (Table 7).
Diatom abundances record the presence of this group of
microfossil in the sediments since about 9100 BP, indicating

favorable conditions for diatom production and preservation
in the area (Fig. 3). Very high abundances, which peak
around 7900 BP, are observed between 8500-6500 BP. From
6500 BP to the Recent the diatom abundances have been
quite stable.
Diatom floral analyses indicate arctic conditions reflected
by the dominance of the AW assemblage, with minor contributions of the Sea ice and the Atlantic assemblages over
the site at the beginning of the Holocene between 9100-8400
BP (Fig. 4). The ANWM assemblage dominated the area
between 8300--3000 BP, with the first half of this interval
also influenced by the Atlantic assemblage. The AW assemblage increased steadily through the 8300-3000 BP interval and dominated the rest of the Holocene. A general
increase of the SI assemblage is also recorded through the
second half of the Holocene.
Estimated paleotemperatures for the last 9100 BP show
rather cold conditions until 8400 BP (with 3--4°C summer
and possibly freezing winter SSTs) for the western Iceland
Sea (Fig. 5). SSTs increased rapidly (7.5°C per century for
summer and 6°C per century for winter) between 8400--8300
BP, reaching optimum levels between 8400-4500 BP.
However, a general cooling pattern is obvious from 7000 BP
to the Recent.

Greenland Basin Cores
PS21880
PS21880 was retrieved from the Vesterisbanken in the
Greenland Sea, which at present is seasonally sea ice
covered. PS21880 is a short (17 cm) box-core. The chronology of the core is based solely on correlation of its diatom
factor variations to that of core HM94-13.
The core contains diatoms all the way through. Therefore,
the first occurrence of diatoms at the site is not recorded.
Diatom abundances increased to maximum values of 5 x 106
valves per gram dry sediment around 6400 BP (Fig. 3).
Abundances increased once more, slightly, between 45002500 BP and thereafter decreased toward the core top.
Significantly high communalities give confidence in the

TABLE 6. Major element microprobe analyses of volcanic glass grains (125 ~tm) from two depth intervals (24-25 cm, 26--27 cm) in core PS21842-5
(Fig. 6)
No.

SiO2

TiO2

A1203

FeO*

MnO

MgO

CaO

Na20

K20

Total

PS21842-5/24.5
4
6
3
5
7
8

cm
51.70
50.45
55.21
47.60
47.28
47.98

1.49
1.14
3.49
4.85
4.50
4.64

15.88
15.88
13.91
13.36
13.30
13.34

9.05
8.78
11.70
14.89
14.73
14.77

0.20
0.12
0.26
0.20
0.24
0.23

7.08
7.12
3.60
5.30
5.05
5.45

12.11
12.08
7.58
10.18
10.35
10.33

2.87
2.96
3.32
3.49
3.34
3.66

1.11
1.11
1.66
0.71
0.88
0.72

101.49
99.63
100.71
100.58
399.66
101.10

PS21842-5/26.5
1
2
3
4
5
6

cm
69.60
70.76
70.76
69.76
71.44
71.17

0.35
0.25
0.22
0.18
0.29
0.00

13.50
13.93
13.54
13.64
13.93
14.10

3.77
4.00
3.75
4.56
3.81
3.86

0.16
0.21
0.23
0.30
0.16
0.13

0.19
0.30
0.17
0.47
0.26
0.15

1.25
1.24
1.30
1.80
1.38
1.28

2.44
2.40
2.43
2.41
2.55
2.27

3.39
3.42
3.55
3.60
3.68
3.47

94.65
96.52
95.95
96.72
97.51
96.41

The chemical analyses were carded out by standard wavelength dispersal technique (ARL-SEMQ microprobe), with an accelerating voltage of 15
kV, a beam current of 10 nA, and a beam diameter of 6--12/~m. All analyses are expressed in weight %. Total iron is expressed as FeO*. The same
standards were applied as in other relevant and comparable works (e.g. Mangerud et al., 1984; Kvamme et al., 1989; BjOrck et al., 1992).
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pseudofactors and the SST estimates during 4500-7000 BP
(Table 8). Low communalities between 1000-4500 BP result
from the higher abundances of the sea ice species Thalassiosira hyalina and Nitzschia cylindrica than in modern sediments. Therefore, the results of the factor analyses and the
paleotemperature estimates plotted on Figs 4 and 5 at this
interval should be viewed with caution. In order to understand the actual changes taking place between 1000-4500
BP, we plotted the total percentages of the major sea ice
related species (Thalassiosira hyalina, Nitzschia cylindrica
and Nitzschia grunowii) through the core (Fig. 7). A quick
increase in the percentages of Thalassiosira hyalina and
Nitzschia cylindrica is observed after 4500 BP. Generally
high percentages of total sea ice related species during the
second part of the Holocene indicate increased sea ice cover
over the site leading to decreased SSTs (opposite of that
indicated by the PS21880 SST curves on Fig. 5). Between
4500-7000 BP, where we have reliable statistical results, the
AW assemblage dominated together with the Sea ice assemblage (Fig. 4). During this interval, the ANWM assemblage also contributed between 70(0)0000 BP, indicating possibly the Early Holocene optimum climatic conditions
in the area.
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HM94-I3
HM94-13 was retrieved from the Mohn ridge (Fig. 1). We
analyzed the diatom record and performed planktonic
foraminifer oxygen and carbon isotope analyses (Koq, unpublished data) and geochemical analyses of the ash layers.
The chronology of HM94-13 is based on a series of AMS

Light ash Brown ash
No. grains/gr No. gmin~Jgr
40%
80OO0
I0000

Grain size

~
~

125 gm
63 gm
chemical
analysis

Grain size distribution and the number of rhyolithic (light) and
(brown) glass shards per g r a m of sediment f r o m core PS21842-5
against core depth. The chemically analyzed glass samples are
with an asterisk. Plotted on the left are A M S t4C ages denoted by
arrows and ash layers istippled) with their respective ages.
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dates (Table 9) and on the identification of the well dated
tephra layer Vedde ash Bed (10,600 BP) (Fig. 8, Table 10).
The AMS dates indicate that the top 3000 ]4C years of the
core is missing, possibly due to loss during coring. The peak
abundance of the Vedde ash grains is at 27.0 cm depth,
represented only by the light (rhyolithic) part of the tephra
bed. In spite of the low number of ash grains in the core, the
distribution of the 63 I.tm fraction 6-7 cm below the peak
abundance at 27.0 cm illustrates that some bioturbation has
taken place.
The first occurrence of diatoms in HM94-13 is around
7000 BP (Table 11) (Fig. 3). Low diatom abundances are
recorded up to 5000 BP, at which time the abundances peak
to 7.3 x 106 valves per gram dry sediment. A second abundance peak is recorded at 3650 BP.
Diatom floral analyses indicate that the warm saline Atlantic waters dominated the area from 7000 BP to 6300 BP,
during which time the influence of the AW assemblage
increased steadily (Fig. 4). Arctic conditions prevailed over
the site after 6300 BP.
Paleotemperature estimates from the site show that the
SSTs were quite high (8-11°C summer SSTs and 3-6°C
winter SSTs) between 7000-5000 BP, with decreasing
values toward 5000 BP (Fig. 5). Rather stable SSTs (6°C
summer SSTs and 0°C winter SSTs) are observed between
5000-3500 BP.
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FIG. 7. Plotted are the percentages of sea ice species Nitzschia cylindrica,
Nitzschia grunowii, Thalassiosira hyalina and total sea ice species percentage versus age in core PS21880 from the Greenland Basin.

D I A T O M ABUNDANCES
Downcore diatom abundance studies in the GIN Seas
show the first occurrence of diatoms to be time transgressive
in an east-west transect (Fig. 3). The first occurrence of
diatoms is recorded at 13,400 BP at the SE Norwegian Sea,
around 11,000 BP at the V0ring Plateau, around 10,000 BP in
the Norwegian Basin and around 9000 BP at the Iceland
Plateau. Further north in the Greenland Basin, the first occurrence of diatoms is recorded around 7000 BP. This pattern of
first occurrence is interpreted to be related to the westward
migration of the sea ice margin and the Polar front from its
southerly location in the North Atlantic during the last glacial
maximum (Ruddiman and Mclntyre, 1981) to its Holocene
position along eastern Greenland.
In order to verify our reasoning of the time transgressive
first occurrence of diatoms in the GIN Seas, we looked at
other microfossil groups. Records of coccolith and dinocyst
abundances from core M23071 at the V0ring Plateau (Fig. 9)
(Baumann and Matthiel3en, 1992) and core HM52-43 at the
Norwegian Basin (Baumann, pers. commun.) show the first
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TABLE 9. Age model for core HM94-13
40 -t

Depth
(cm)

Lab. ref.

1-2
12-13
17-18
20-21
27
38-39

TUa-350
TUa-354
TUa-353
TUa-351
(Vedde Ash)
TUa-352

t.
[ ] < 63 Ixm
• 63-125 ttm

Corrected age
(BP)

[ ] 125-1000 lttm

3650
5150
6505
6840
10,600
14,125

+ 60
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_+ 75
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+ 60
+ 110

FIG. 8.
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Grain size distribution and the number of rhyolithic (light) and
(brown) glass shards per gram of sediment from core HM94-13
against core depth. The chemically analyzed glass samples are
with an asterisk. Plotted on the left are AMS ]4C ages denoted by
arrows and the Vedde ash layer (stippled) with its age.
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"FABLE 10. Major element chemical analyses of volcanic glass shards ( 125 gm and 63 gm) from three depth intervals (24-25 cm, 32-33 cm, 34--35 cm)
in core HM94-13
No.

SiO2

TiO2

A1203

FeO*

MnO

MgO

CaO

Na20

K20

Total

HM94-13/24.5 cm
1
73.22
2
74.27
3
73.89
4
72.51
5
72.43

0.23
0.27
0.29
0.09
0.02

14.26
13,57
13.86
14.64
13.20

3.19
3.79
3.59
3.67
6.01

0.33
0.28
0.25
0.26
0.31

0.41
0. t 6
0.46
0.76
0.71

1.06
1.35
0.89
0.65
1.22

4.67
2.83
3.71
4.73
2.41

2.64
3.52
3.l)7
2.69
3.69

11X).0(l
100.00
100.00
100.00
100.00

HM94-13/32.5 cm
I
72.95
2
52.88

0.54
2.62

13.88
14.36

3.93
12.85

0.28
0.36

0.27
5.28

0.83
8.39

4.11
2.66

3.22
0.60

100.00
100.00

HM94-13•34.5 cm
I
73.39
2
73.72
3
73.87

0.30
0.18
0.56

13.22
14.18
13.59

4.60
3.57
4.16

0.33
0.30
0.29

I).20
0.25
0.16

1.35
I. I 3
1.25

3.15
3.94
3.19

3,47
2.74
2.94

I(X).00
100.00
100.00

The chemical analyses were performed on a scanning electron microscope (JEOL-6400) connected to an energy dispersive spectrometer (TRACOR
NORTHERN 5600, series II), with an accelerating voltage of 20 kV. The analyzing beam is estimated to be around 2 gin. Total iron is expressed as
FeO*. All oxides are expressed in weight % and for each run the oxides chosen are normalized to 100.00% total value.

significant occurrence of these groups of microlossils to be
around 10,000 BP, in accordance with the diatom record.
Sparse occurrences of coccoliths and dinocysts before
10,000 BP correspond with periods of peak input of
reworked species of these fossil groups (Baumann and Matthiel]en, 1992). Diatoms, coccoliths and the dinocysts are all
dependant on sunlight to photosynthesize, and therefore live
in the uppermost water column (Brasier, 1980). Thus, the
absence of these groups in the sediments of the central and
the western GIN Seas prior to the Holocene indicates very
stressed surface water conditions. We propose this stressed
situation in general to be long periods of sea ice cover.
A problem of interpretation arises when we look at the
planktonic foraminifera record. In contrast to the absence of
the major phytoplankton groups, low planktonic

foraminiferal total fluxes are recorded from the Norwegian
Basin before 13,000 BP (Veum et al., 1992) and from the
Iceland Plateau before 10,000-9000 BP (Flatcy, 1991;
Haflidason et al., submitted f o r publication). The presence of
planktonic foraminifera 3000 J4C years before the
phytoplankton groups in the Norwegian Basin can not be
readily explained. A number of possibilities can be envisaged
in an attempt to explain this puzzling discrepancy. One of the
possibilities is that the surface waters were sea ice free for
only short periods of time before the Holocene in the central
and western parts of the GIN Seas, allowing for some
foraminiferal productivity. It is also possible that the
foraminifers have a different environmental tolerance than
the above mentioned phytoplankton groups. Another possibility is that the foraminifers have been advected into the
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FIG. 9. Abundance variations of diatoms, dinoflagellate cysts and coccoliths in core M23071 from the Voring Plateau plotted against a
common radiocarbon age scale. Dinoflagellate and coccolith data are redrawn from Baumann and Matthie~n (1993).
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area by a warmer current underlying polar surface waters. A
modern anologue of this is found today at the Fram Strait and
the Nansen Basin where Globigerina quinqueloba and
Neogloboquadrina pachyderma are advected northwards
into the Arctic Ocean with the subsurface Norwegian-Atlantic Current (Carstens and Wefer, 1992).
The Holocene diatom abundance record from the GIN
Seas shows an ambiguous trend (Fig. 3). In the SE Norwegian Sea and the Skagerrak a significant diatom peak
which is believed to be related to the northwestward migration of the polar front is recorded at the Younger Dryas/
Holocene transition around 10,200 BP (Stabell, 1986; Karpuz and Jansen, 1992). Records from the rest of the GIN Seas
exhibit relatively higher abundances related to the Early
Holocene climatic optimum (9000-7000 BP), though the
timing of their maximums is not synchronous. This might be
indicative of the time transgressive development of the surface water conditions in the area. Highest abundances during
the Early Holocene climatic optimum are recorded from the
Iceland Plateau indicating highly productive surface water
conditions in the area. At present, the deep mixing of the
Icelandic waters in winter and the following stabilization of
the water column in spring/summer months produces highly
productive surface waters in the area. Active mixing brings
nutrients to the surface waters and the spring/summer sea ice
melting creates an optimum environment for phytoplankton
growth by stabilizing the water column (Legendre, 1981).
This is also revealed by high surface sediment diatom abundances recorded from the central Iceland Plateau (Ko~ Karpuz, 1989). It is possible to assume that increased seasonality
due to orbital configurations resulting in warmer summers
and somewhat colder winters during the Early Holocene
climatic optimum created highly productive surface water
conditions at this area resulting in very high diatom abundances. Further, more active mixing in the Early Holocene
may have resulted from the more effective cooling of the
inflowing warm and saline Atlantic waters to the Iceland
Plateau as they encountered the outflowing Polar waters.

T R A N S I E N T E V O L U T I O N OF SSTs

The temperature history of the GIN seas through the last
13,400 BP exhibits high amplitude and frequency variability
during the deglaciation period (13,400-10,200 BP) and a
more subtle development during the Holocene (Fig. 5).
Only HM79-6/4 has a diatom record which extends back to
t 3,400 BP, indicating the presence of a sea ice free corridor
along Norway during the deglaciation period (Fig. 10). The
paleotemperature record from this open corridor (HM79-6/4)
reveals a highly fuctuating temperature history with four
progressively more severe SST minima (each lasting for only
a couple of centuries) during the B¢lling/Allercd interstadial
complex (Fig. 5) (Karpuz and Jansen, 1992). Warm parts of
this interstadial complex had summer SST around 6.5°C and
winter SST around 2°C. The Younger Dryas is recorded as a
very rapid 6°C SST cooling (Fig. 10) probably with winter
sea ice cover and lasting for about 1000 ~4C years. The
transition into the Holocene happened within half a ~4C
century through a 9°C SST increase (Fig. 5). The SSTs
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FIG. 10. Changesin summersea surtace temperature (SST) estimates along
an E.-W. transect across the Norwegian Basin and the Iceland Plateau
plotted tor 13, 10.6, 9, 7, 5, 3.2 and 0 ka. The steep temperature gradient
between the warmAtlanticwatersand the Arcticwatersdenotesthe position
of the Arctic front.

dropped (2°C) once more between 9900-9600 BP. The
Younger Dryas conditions were also recorded from the
V~ring Plateau (core M23071 ), but possibly due to the much
lower sedimentation rates, bioturbation effects and a larger
interval of age interpolation, the transition into the Holocene
appears much more gradual in this core.
The first half of the Holocene is recorded as the warmest
period during the last 13,400 BP in the GIN seas (Figs 5 and
10). Summer SSTs ranged between 14-10°C and winter
SSTs between 9-4°C in the area. This climatic optimum
lasted until about 4000 BP in the central Norwegian Sea. The
duration of this optimum decreased both towards the north
and to the margins of the area. The second half of the
Holocene is characterized by a cooling trend.
In step with the temperature development of the area, the
oceanographic fronts have also fluctuated. The Arctic front
(the steep temperature gradient between the warm Atlantic
waters and the Arctic waters) migrated to a westerly position
on the western Iceland Plateau at 9000 BP from its position at
the easternmost GIN seas all through the deglaciation period
(Fig. 10). The location of the Arctic front at the western
Iceland Plateau changed little during the Early Holocene
climatic optimum between 9000-5000 BP. At 3000 BP, the
Arctic front had moved to its present position over the eastern
Iceland Plateau (Fig. 10).

PALEOCEANOGRAPHIC RECONSTRUCTIONS

Climate models, in particular general circulation models
(GCMs), have been used both to predict climatic changes and
to simulate a climate for a past time under specific boundary
conditions. GCMs are a highly useful tool for illustrating
some of the climatic consequences of the changes in solar
radiation and surface boundary conditions and provide physi-
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cal explanations of observations from proxy records.
However, it is crucial to validate the simulations against the
observed climate or available paleoclimatic data in order to
evaluate such model estimates. Simulations are most believable when realistic specifications of the boundary conditions
from independent data sets are used. The most used time
slices have been the last glacial maximum (18 ka), 15, 12, 9, 6
and 3 ka (Kutzbach and Wright, 1985; Kutzbach and Guetter,
1984; 1986; Kutzbach, 1987; Kutzbach and Gallimore, 1988;
COHMAP Members, 1988; Harrison et al., 1992).
Based on the diatom assemblage variations from 9 GIN sea
cores, we reconstructed the summer paleoceanographic conditions of the surface waters at certain time slices. These
levels were defined using the age model of the cores, which
were based on linear interpolation between series of AMS
dates and ash horizons (Fig. 4).
13.4-11.2 ka (The Last Deglaciation)
Absence of fossil phytoplankton groups in the sediments
of this time interval from the central and western parts of the
GIN seas indicates that throughout the deglaciation period a
relatively extensive sea ice cover was present over these
areas (Fig. 1 la). A sea ice free corridor extended along
Norway, indicating northward flux of North Atlantic waters
during this period. High variability in surface water conditions (between arctic and subarctic) of this corridor, caused
by rapid fluctuations of the Arctic and Polar fronts, occurred
during the last deglaciation.
Modelling studies with an atmospheric GCM indicate that
the jet stream, which was split into a branch flowing around
the northern edge and another stronger branch around the
southern edge of the Laurentide ice cap at 18 and 15 ka, was
by 12 ka no longer split (Kutzbach and Guetter, 1986; COHMAP Members, 1988). The National Center for Atmospheric
Research Community Climate Model (NCAR CCM) simulations presented by Harrison et al. (1992) for 12 ka indicate
that the jet stream entered Europe further to the north than at
18 ka and was stronger and more southwesterly than at any
other time. The glacial anticyclones over western Europe and
the United States were also weaker than they were during the
glacial maximum. All these atmospheric circulation changes
due to the combined effects of a near-maximum insolation
anomaly and somewhat reduced ice sheets are in accordance
with the major change in the surface ocean circulation of the
GIN seas around 13.4 ka, with the opening or strengthening
of a sea ice free corridor along Norway due to the northward
transport of North Atlantic waters.
11.2-10.2 ka (Younger Dryas)
During the Younger Dryas, the sea ice free corridor off
Norway persisted, though with influence of polar surface
water conditions and winter sea ice cover. The corridor had
also expanded over the Voting Plateau at this time interval
(Fig. 1 lb).
The model simulations of Rind et al. (1986) indicate a
strengthened, southward displaced jet stream with an eastwest orientation across the Atlantic. Their modelling results
show that with both 11 ka and present conditions, colder
ocean temperatures produce cooling over western and central
Europe. But, since Rind et al. (1986) use CLIMAP glacial
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SSTs to force their model, the simulations can not be taken to
represent the Younger Dryas oceanic conditions.
Paleoceanographic reconstructions for this time interval
from the GIN seas indicate that in spite of the colder SSTs
there still existed northward transport of North Atlantic
waters.
9ka
Between 10 and 9 ka, when the northern hemisphere
insolation anomaly was at its maximum, the sea ice margin
migrated to the northwestern part of the GIN seas, opening
the central parts of the area to the strong inflow of warm
Atlantic waters (Fig. 1 lc). Thermophilous molluscs recorded
from Svalbard indicate that these warm waters also reached
the Fram Strait by 9500 BP, creating optimal climatic conditions between 8700-7700 BP (Salvigsen et al., 1992). Glacial and vegetational studies from western Norway also indicate that a major climatic improvement happened around 9 ka
(Nesje and Kvamme, 1991). Insect assemblages from southwest Scotland show that it was at least as warm as at present
at about 9500 BP (Bishop and Coope, 1977), in accordance
with the paleoceanographic data from the GIN seas. Arctic
conditions existed in the westernmost part of the Iceland
Plateau, generating a large temperature gradient between the
inflowing warm Atlantic waters and the outflowing Arctic
waters over the Iceland Plateau, with closely located Polar
and Arctic fronts (Fig. 10).
A major assumption of the 9 ka GCM models has been that
the 9 ka ocean temperature was similar to that at present and
that the thermal response of the oceans to changes of orbital
forcing would be small compared to the land's response
(Kutzbach and Gallimore, 1988). However, the geologic
record of the GIN seas gives evidence for conditions significantly warmer than the present at 9 ka, which can have
significant effects on the atmospheric circulation and on the
hydrologic cycle.
The NCAR CCM simulation indicates northward displacement of the jet and the Icelandic low at 9 ka compared to
the present (Harrison et al., 1992). The North Atlantic subtropical anticyclone was strengthened and shifted north of its
present position. These simulations are in agreement with the
warmer than present SST recorded from the central GIN seas
at 9 ka.
The modelling experiments of Kutzbach and Gallimore
(1988) demonstrated reduced sea ice thickness in high northem latitudes at 9 ka compared to modern in response to
increased summer and annual-average solar radiation. We,
on the other hand, observe more sea ice cover at 9 ka over the
Greenland basin compared to modern.
7ka
7 ka represents the optimal Holocene conditions in the
GIN seas. Warm Atlantic waters dominated the central and
eastern parts of the GIN seas at this time (Fig. 1 ld). These
optimal conditions caused some Scandinavian glaciers to
melt away entirely (Karl6n, 1988; Nesje et al., 1991; Nesje
and Kvamme, 1991). The sea ice margin and the accompanying Polar front had retreated significantly towards a position
along the northeastern part of Greenland. Arctic conditions
were prevailing only along a narrow zone over the western
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Greenland basin. The East Greenland Current seems to be
confined to a very narrow zone along eastern Greenland. The
western Iceland Sea was under subarctic conditions, with the
Arctic front located over the area, in contrast to the presence
of polar conditions and the Polar front at present. Macrofauna
and vegetation studies from the Scoresby Sund area, East
Greenland also support the presence of subarctic conditions
in the area between 8400-5100 BP (Funder, 1978).
The N C A R 6 ka winter simulations indicate upper airflow
patterns broadly similar to present (Harrison et al., 1992).
Yet, the modelled jet stream was a little stronger than present
and the lceland low stronger and shifted north, which caused
stronger than present westerly flow and warmer than present
winters in northern Europe. The 6 ka summer circulation
patterns were intermediate between 9 ka and present.
Paleoceanographic evidence from the GIN seas also indicate
warmer than present conditions at both 5 ka and 7 ka.
5 ka

By 5 ka, the warm Atlantic waters had retreated to the
southern central parts of the GIN seas and the arctic conditions had expanded to influence the whole Greenland basin
(Fig. 1 I e). The position of the sea ice limit and the polar front
does not show a significant change from 7 ka. The East
Greenland Current seems to be somewhat stronger than at 7
ka, with a well developed eastward extension over the Greenland basin, the Jan Mayen Current. This extension probably
continued cyclonically until it joined the warmer water
masses on the eastern side of the GIN seas. There is no clear
indication of a similar extension of the East Greenland Current over the Iceland Plateau, generating the present Icelandic Current, though a core nearer Iceland could perhaps
resolve this question better.
3 ku

The situation at 3 ka was quite similar to Recent, such that
no direct influence of the warm Atlantic conditions other than
the inflow of the Norwegian-Atlantic Current was evident in
the GIN seas (Figs l I f a n d g). At present, bathymetric control
affects the branching of the Norwegian-Atlantic Current on
passing the Vcring Plateau. The same bathymetric control is
evident at 3ka and the other reconstructed time-slices. The
sea ice cover had expanded along eastern Greenland, with the
Polar front moving eastwards over the Greenland Basin. An
East Greenland Current with two strong eastward extensions
similar to present, the Jan Mayen Current and the Icelandic
Current, was possibly developed by 3 ka. The eastern Greenland basin and the Iceland Plateau were under the influence
of Arctic conditions. The Arctic front had moved to a position over the eastern Iceland Plateau, similar to today.
Model simulations for 3 ka show similar climate
anomalies, further reduced in strength from 6 ka (Harrison et
a/., 1992). Reconstruction of surface paleoceanographic conditions of the GIN seas at 3 ka is consistent with the model
simulations, such that the strength of the inflow of warm
North Atlantic waters into the area are further reduced.
We hope that paleoclimate models incorporating the infl)rmation on surface boundary conditions from the GIN seas,
regarding the positions of the MIZ, the oceanographic fronts,
boundaries of the major surface water masses and SST, will

provide us with a more realistic view of high latitude climate
change through the last 14 ka.

PALEOCLIMATIC IMPLICATIONS
During the late-glacial and Early Holocene significant
changes in the climate boundary conditions took place; summet insolation gradually increased, the North American and
European ice sheets decayed, CO, concentrations increased,
sea ice cover decreased and the North Atlantic SST rose.
Late Quaternary ice sheets and sea ice cover had significant effect on atmospheric circulation in northern midlatitudes (Kutzbach and Wright, 1985; Kutzbach, 1987;
C O H M A P Members, 1988). Since the prevailing upper atmosphere wind direction exerts a significant influence on
surface ocean flow, it is proposed that the huge North
American ice sheet may have influenced the surface circulation of the North Atlantic by splitting the jet stream into a
branch flowing around the northern edge and another
stronger branch around the southern edge of the ice cap at 18
and 15 ka (Kutzbach and Guetter, 1986; C O H M A P Members, 1988; Keffer et al., 1988). By 12 ka, the split flow was
replaced by a more zonal flow over the ice sheet due to its
decreased height.
The presence of significant ice sheets during and alter the
glacial maximum also caused a large proportion of the insolation in mid- to high latitudes to be reflected back into space,
resulting in low temperatures (Harrison et al., 1992). In spite
of the increasing solar radiation during the deglaciation, the
GIN seas were still under relatively extensive sea ice cover.
However, a sea ice free corridor had opened along Norway
around 13,400 BP, indicating a northward flow of a branch of
the North Atlantic Drift. The change in the jet stream from a
split flow to a more zonal flow between 15-12 ka probably
caused this northward influx of North Atlantic waters and the
rise of SST along Norway. Model experiments show that the
position of the ,jet stream entry to Europe appears to be
sensitive to the position of the North Atlantic sea ice limit as
well as the configuration of the Laurentide ice sheet (Harrison et al., 1992).
Increasing solar radiation and oceanic temperatures and
rising sea level during the deglaciation caused downwasting
of ice sheets, which resulted in significant supply of
meltwater and icebergs to the North Atlantic. Presence of
meltwater and icebergs may have caused instabilities in the
climate system, which increased with time, finalizing in the
Younger Dryas cooling. This cooling, which lasted until
10,200 BP. caused a sudden 6°C drop in SST and brought
polar conditions to the ice free corridor off Norway (Karpuz
and Jansen, 1992).
At 9 ka, the July solar insolation was about 7% greater than
it is at present. A maior change of boundary conditions
occurred over the GIN seas as the insolation anomaly reached
its maximum between 10-9 ka, when the sea ice cove, and
the oceanographic fronts retreated to a northwesterly position
and the ocean temperatures rose. At the same time, the
Scandinavian ice sheet, which had covered most of Scandinavia and Finland up until 10,000 BP, disappeared. The
North American ice sheet was significantly reduced in size
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FIG. ll(a). Reconstruction of paleoceanographic conditions of the GIN seas at 13.4-11.2 ka. The recent distribution of the diatom
assemblages are redrawn from Koq Karpuz and Schrader (1990). Plotted are the sites of the cores used (dots), polar and arctic fronts, with
surface ocean circulation denoted by arrows and sea ice cover with broken pattern. Also plotted are the reconstructions of the areal distribution
of the various factors: Factor 1, Norwegian-Atlantic Current assemblage (pink); Factor 2, Arctic Waters assemblage (green); Factor 3, Sea-ice
assemblage (blue); Factor 4, Arctic-Norwegian Waters Mixing assemblage (yellow); Factor 5, Atlantic assemblage (red); Factor 6,
Norwegian-Arctic Waters Mixing assemblage (brown). Areas of overlaps are indicated by the mixture of the two overlapping colors.
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FIG. If(b). Reconstr-ction of paJeoceanographic conditions of the GIN seas at ]1.2-I0.2 ka. "['be recent distribution of the diatom
assemblages are redrawn from Ko~ l ~ u z and Schrader (]990). Plotted are the sites of the cores used (dots), polar and arcdc fronts, with
surface ocean circulation denoted by arrows and sea ice cover with broken pattern. Also plotted are the reconstructions of the areal distribution

of the various factors: Factor 1, Norwegian-Atlantic Current assemblage (pink); Factor 2, Arctic Waters assemblage (green); Factor 3, Sea-ice
assemblage (blue); Factor 4, Arctic-Norwegian Waters Mixing assemblage (yellow); Factor 5, Atlantic assemblage (red); Factor 6,
Norwegian-Arctic Waters Mixing assemblage (brown). Areas of overlaps are indicated by the mixture of the two overlapping colors.
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FIG. 11 (c). Reconstruction of paleoceanographic conditions of the GIN seas at 9 ka. The recent distribution of the diatom assemblages are
redrawn from Ko~ Karpuz and Schrader (1990). Plotted are the sites of the cores used (dots), polar and arctic fronts, with surface ocean
circulation denoted by arrows and sea ice cover with broken pattern. Also plotted are the reconstructions of the areal distribution of the various
factors: Factor 1, Norwegian-Atlantic Current assemblage (pink); Factor 2, Arctic Waters assemblage (green); Factor 3, Sea-ice assemblage
(blue); Factor 4, Arctic-Norwegian Waters Mixing assemblage (yellow); Factor 5, Atlantic assemblage (red); Factor 6, Norwegian-Arctic
Waters Mixing assemblage (brown). Areas of overlaps are indicated by the mixture of the two overlapping colors.
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FIG. 1 l(d). Reconstruction of paleoceanographic conditions of the GIN seas at 7 ka. The recent distribution of the diatom assemblages are
redrawn from Koq Karpuz and Schrader (1990). Plotted are the sites of the cores used (dots), polar and arctic fronts, with surface ocean
circulation denoted by arrows and sea ice cover with broken pattern. Also plotted are the reconstructions of the areal distribution of the various
factors: Factor 1, Norwegian-Atlantic Current assemblage (pink); Factor 2, Arctic Waters assemblage (green); Factor 3, Sea-ice assemblage
(blue); Factor 4, Arctic-Norwegian Waters Mixing assemblage (yellow); Factor 5, Atlantic assemblage (red); Factor 6, Norwegian-Arctic
Waters Mixing assemblage (brown). Areas of overlaps are indicated by the mixture of the two overlapping colors.
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FIG. 1 l(e). Reconstruction of paleoceanographic conditions of the GIN seas at 5 ka. The recent distribution of the diatom assemblages are
redrawn from Koq Karpuz and Schrader (1990). Plotted are the sites of the cores used (dots), polar and arctic fronts, with surface ocean
circulation denoted by arrows and sea ice cover with broken pattern. Also plotted are the reconstructions of the areal distribution of the various
factors: Factor l, Norwegian-Atlantic Current assemblage (pink); Factor 2, Arctic Waters assemblage (green); Factor 3, Sea-ice assemblage
(blue); Factor 4, Arctic-Norwegian Waters Mixing assemblage (yellow); Factor 5, Atlantic assemblage (red); Factor 6, Norwegian-Arctic
Waters Mixing assemblage (brown). Areas of overlaps are indicated by the mixture of the two overlapping colors.
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FIG. 1l(f). Reconstruction of paleoceanographic conditions of the GIN seas at 3 ka. The recent distribution of the diatom assemblages are
redrawn from Ko~ Karpuz and Schrader (1990). Plotted are the sites of the cores used (dots), polar and arctic fronts, with surface ocean
circulation denoted by arrows and sea ice cover with broken pattern, Also plotted are the reconstructions of the areal distribution of the various
factors: Factor 1, Norwegian-Atlantic Current assemblage (pink); Factor 2, Arctic Waters assemblage (green); Factor 3, Sea-ice assemblage
(blue); Factor 4, Arctic-Norwegian Waters Mixing assemblage (yellow); Factor 5, Atlantic assemblage (red); Factor 6, Norwegian-Arctic
Waters Mixing assemblage (brown). Areas of overlaps are indicated by the mixture of the two overlapping colors.
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FIG. 11 (g). Reconstruction of paleoceanographic conditions of the GIN seas at the Recent. The recent distribution of the diatom assemblages
are redrawn from Koq Karpuz and Schrader (1990). Plotted are the sites of the cores used (dots), polar and arctic fronts, with surface ocean
circulation denoted by arrows and sea ice cover with broken pattern. Also plotted are the reconstructions of the areal distribution of the various
factors: Factor 1, Norwegian-Atlantic Current assemblage (pink); Factor 2, Arctic Waters assemblage (green); Factor 3, Sea-ice assemblage
(blue); Factor 4, Aretic-Norwegian Waters Mixing assemblage (yellow); Factor 5, Atlantic assemblage (red); Factor 6, Norwegian-Arctic
Waters Mixing assemblage (brown). Areas of overlaps are indicated by the mixture of the two overlapping colors.

Paleoceanographic Reconstructions
by this time also. Once all the major northern hemisphere ice
sheets melted the SST rose to postglacial optimum around 7
ka.
Paleoceanographic reconstructions of the GIN seas imply
the existence of a steep east-west temperature gradient in the
western part of the area during the Early Holocene (9-7 ka),
resulting from the thermal contrast between the sea ice and
the relatively warm subarctic waters, leading to the development of the closely located polar and arctic fronts (Figs 10
and 11). This major temperature discontinuity would extend
upwards as a frontal surface where an increase in wind speed
with height would lead to the development of a jet stream.
Major storms probably travelled northward along this
gradient. This steepened gradient might have resulted in
faster, stronger westerlies than today, as implied by model
experiments, causing an increased flow of warm Atlantic
waters into the GIN seas and retreat of the sea ice margin.
Results presented here show that the Early Holocene was
characterized by SST warmer than today in the GIN seas. On
land, the Early Holocene is also considered as being warmer
than the last 4500 years, based on latitudinal displacements
of vegetation zones (Iversen, 1944; Bernabo and Webb,
1977; Selsing and Wishman, 1984) and vertical displacements of mountain glaciers (Porter and Orombelli, 1985;
Karltn, 1988; Nesje and Kvamme, 1991; Nesje etal., 1991).
Air temperatures in Europe in summer were 2-3°C above
those of today. There is, however, limited information from
the oceanic realm about SST differences between the Early
and Late Holocene. Ruddiman and Mix (in press) find little
or no significant difference between SST at 9 or 6 ka and
those of today at the North and Equatorial Atlantic. There is,
however, evidence from the western North Atlantic of surface water conditions warmer than those of today during the
Early Holocene. Paleotemperature estimates of Balsam
(1981) and Kellogg (1984) based on planktonic foraminifera
from the western subtropical Atlantic and the Denmark
Strait, respectively, support an Early Holocene SST maximum. Based on the maximum abundance of Globorotalia
inflata between 9000-6000 BP from their N W transect cores,
Ruddiman and Mclntyre (1981) also propose a period of
strong warming of North Atlantic waters during the Early
Holocene. The available data thus indicate a significant Early
Holocene warming of those areas characterized by arcticsubarctic conditions today. This points to a reduced
latitudinal temperature gradient and possibly a poleward
expansion of the subtropical gyre.
Foraminiferal faunas from Denmark Strait cores first show
a postglacial warming influence around 8000 BP (Kellogg,
1984), in agreement with the diatom record from core
PS21842-5 from the Kolbeinsey Ridge. This might suggest
the establishment of the Irminger Current around the same
time.
Results presented here show that there were as large temperature changes in the high northern latitude oceanic realm
during the Early Holocene as recorded from the continental
realm, and that increased meridional oceanic heat flux
probably was responsible for much of the continental warming in Eurasia in addition to direct insolation forcing.
The way orbital forcing of climate change is relayed and
amplified by the climate system is a major question in
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paleoclimatology. Imbrie et al. (1992) argue, based on the
phasing of changes in individual climate system components
to orbital forcing, that summer insolation in the high latitude
northern hemisphere is the driving force behind
'Milankovitch-scale' climate change. They argue that the
GIN seas region probably acts as an initial responder to
insolation changes through the sensitive sea-ice margin and
oceanic fronts. This inference is strongly supported by our
reconstructions of the GIN seas. We observe a drastic change
in surface water conditions quickly following the insolation
maximum, only partly delayed by the existence of waning
ice-sheets in surrounding regions. The drop of summer
insolation through the Holocene caused by a shift away from
summer perihelion and lower angle of the tilt of the Earth's
axis sees a strong and almost immediate response in the
southeastward spread of the sea-ice margin of polar surface
water and the polar and arctic fronts, and an increase in the
Arctic water realm at the expense of Atlantic waters which
become confined to the central-eastern parts of the GIN seas,
approaching the 'pre-glacial state' proposed by Imbrie et al.
(1992). The question whether these surface changes led to
reduced deep convection, which could account for a
teleconnection to relay the initial response to the southern
ocean, is not yet resolved. Available data from the deep GIN
seas (Veum et al., 1992) and elsewhere (Charles and
Fairbanks, 1992) do not show a concomittant decrease in
deep sea ventilation, either because it did not happen, or
because the tracers available are not sensitive enough to
distinguish subtle changes.
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