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ABSTRACT

Continuous late Neogene sediment sections from Site 907 on the Iceland Plateau and Sites 642, 643, and 644 on the V0ring
Plateau were studied using stable isotope stratigraphy and sedimentological methods. Paleoclimatic and paleoceanographic
changes have been placed in a time framework by using paleomagnetic reversals, biostratigraphic events, and isotope strati-
graphic events as chronostratigraphic tools. The results show a general cooling of the Iceland-Norwegian Sea deep waters dur-
ing the last 12 m.y., with major cooling events ~ll.O Ma and 6.4 Ma. At the V0ring Plateau, the oldest pulses of glacial ice-
rafted debris (IRD) date to -12.6 Ma, indicating that glaciers reached sea level as early as the middle Miocene. The records of
ice-borne deposits document a gradual intensification of glaciation from 7.2 to 6.0 Ma, which reflects the onset of small-scale
glaciation in the Northern Hemisphere. The onset of large-scale Northern Hemisphere glaciation is dated at 2.75 Ma at the
V0ring Plateau and 2.90 Ma at the Iceland Plateau, possibly reflecting different timing of growth of large-scale ice sheets in
Greenland and Scandinavia. The middle Pleistocene climate shift (-0.9 Ma) is documented in both stable isotope stratigraphy
and IRD deposition. The changes indicate a shift toward more extensive glacials of longer duration and the initiation of warmer
interglacials with enhanced influx of Atlantic waters and ventilated deep waters. Within the Brunhes, deep-water formation
apparently peaks during times of general climate deterioration and is not a linear response to global ice volume and sea-surface
temperature. A general increase in planktonic 613C -400 ka may reflect decreased global deep-sea carbonate preservation asso-
ciated with the middle Brunhes climate transition.

INTRODUCTION

Ocean Drilling Program Legs 151 and 104 provided for the first
time continuous sections extending beyond 400 k.y. in the Iceland
and Norwegian Seas. The sites on the V0ring Plateau are located
close to the Scandinavian mainland, whereas Site 907 is located rel-
atively close to both Greenland and Iceland. The V0ring Plateau is
situated within an area influenced by the warm Norwegian current,
thereby monitoring the "Nordic Heat Pump," whereas the cold East
Greenland current is the major contributor of surface waters to the
Iceland Plateau, which today is characterized by cold, Arctic surface
water, a mixture of Polar and Atlantic water masses. Variations in
heat flux to the Iceland Plateau region has been recorded, and a
branch of the warm Norwegian current and the Irminger current
transported warmer surface waters to the Iceland Plateau during parts
of the last interglacial (isotope Stage 5e) (Eide, 1994; Fronval and
Jansen, unpubl. data). An increased heat flux during the early Ho-
locene climate optimum has also been documented (Koç et al., 1993).
The location of the sites is therefore ideal for the study of changes in
heat flux to the high latitudes and waxing and waning of the sur-
rounding ice sheets.

The Cenozoic is characterized by a significant cooling of the high
latitudes which ultimately led to the late Quaternary situation with
cold polar regions, cold deep waters and extensive glaciations in both
hemispheres. Available evidence suggests that glaciation in east Ant-
arctica dates back to the Eocene (Leg 119 Shipboard Scientific Party,
1988) while limited data indicate that Northern Hemisphere glacia-
tion began between 16 and 10 Ma with the onset of large-scale glaci-
ation -2.75 Ma (according to the time scale of Shackleton et al.,
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1990). The glaciation history of Scandinavia and Greenland in partic-
ular is poorly known for the time prior to 1 Ma because of the lack of
terrestrial evidence from these areas. In this paper, we present paleo-
climatic records that document the presence of glaciations back to
12.6 Ma on the continents surrounding the Iceland-Norwegian Sea.
In addition, the data record changes in water temperature, circulation
patterns, and deep-water formation in the Iceland-Norwegian Sea
during the last 12 m.y.

MATERIALS AND METHODS

The samples were collected from Site 907 located on the central
Iceland Plateau, Sites 642 and 643 on the outer V0ring Plateau, and
Site 644 on the inner V0ring Plateau. The location of sites used in this
study is shown in Figure 1 as is their position with respect to surface
ocean currents and oceanic fronts of the present ocean. Grain size
analyses were performed on one sample every 10 cm for Section 151-
907A-1H to 12H. Ice-rafted debris (IRD) was counted in every other
sample from Sections 151-907A-6H-4 to 12H-2. Major parts of the
sections were barren of foraminifers, resulting in lower stratigraphic
resolution or extensive intervals lacking isotope records. Some of the
data from the V0ring Plateau are published (e.g., Jansen et al., 1990),
and some are unpublished. The stratigraphic resolution/sampling
density varies between sites and different stratigraphic intervals. In
most cases, the resolution is comparable with that of Site 907; in the
case of the last 140 k.y. it is much better. In general, the V0ring Pla-
teau sections offer somewhat more carbonate for foraminiferal and
isotope work than does Site 907, but the same general tendency of
less carbonate in the sections older than ~l Ma is also found here.

All stable isotope measurements on samples from Holes 907A,
644A, 642B, and 642C, in addition to some samples from Hole 643A
were made at the University of Bergen on a Finnigan MAT 251 mass
spectrometer as described by Jansen et al. (1988). The remaining iso-
tope data are from Henrich and Baumann (1994). The planktonic
records were produced by analyses of the planktonic foraminifer
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Figure 1. Map showing the surface ocean currents and oceanic fronts of the present ocean and the location of ODP sites used in this study.

Neogloboquadrina pachyderma (s). The benthic record for Site 907
was produced from analyses of the benthic foraminifers Cibicides
spp., Cassidulina teretis, and Oridosalis umbonatus. For Sites 642
and 644 measurements were made on Cibicides spp. and C. teretis.
Jansen et al. (1988, 1989) concluded that C. teretis secretes its car-
bonate close to oxygen isotopic equilibrium with the ambient seawa-

ter. A number of studies have shown that carbonate shells from spe-
cies of the genus Cibicides are precipitated in oxygen isotopic dise-
quilibrium with the ambient seawater (Duplessy et al., 1980; Graham
et al., 1981). The oxygen isotopic offset appears constant and has a
mean value of -0.64%o. A similar offset of -0.4%o has been demon-
strated for O. umbonatus (Graham et al., 1981). On the basis of this
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evidence, we adjusted the measured δ1 8θvalues of Cibicides and 0.
umbonatus by adding 0.64%o and 0.4%o, respectively, when produc-
ing the benthic oxygen isotope records. However, the validity of the
0.64%c correlation factor used for Cibicides should be viewed with
caution below ~6 Ma (Jansen et al., 1990).

To evaluate the influx of ice-rafted material in the sediments, we
counted the total number of minerogenic grains (excluding all types
of volcanic grains) per gram of dry sediment (IRD/g sed). Using this
parameter, small pulses of IRD influx can be detected, which might
be overlooked if relative counts (percentages) of the coarse fraction
are used. By using the >125 µm fraction, we obtained enough grains
to make statistically significant counts and avoided problems associ-
ated with possible current deposition of the finer sand-fraction. We
emphasize that the IRD record from the V0ring Plateau is constructed
from two sites, and Site 644 is situated in a more hemipelagic situa-
tion than Site 642. However, as the sites are located on bathymetric
highs and no evidence for sedimentary structures indicative of grain
flows, contourites, or current deposition exists in the sediments from
Site 644 or any of the intervals we use from the other sites, the IRD
index is applicable at all sites. The different distance to land and the
different sedimentation rates will, however, make a direct compari-
son of absolute IRD/g sed values between sites impossible.

The time control is primarily provided by the paleomagnetic
records of Bleil (1989) and D. Williamson, pers. comm., 1995). Ages
to paleomagnetic events are assigned from Cande and Kent (1992),
hence ages published for the Leg 104 Sites have been changed to
match the Cande and Kent (1992) time scale (Table 1). In the interval
120-179 meters below seafloor (mbsf) in Hole 642C, we used the
biostratigraphic ages from Müller and Spiegler (1993) (Table 1).
Outside of the dated levels (magnetic reversal boundaries and bio-
stratigraphic boundaries), we constructed time scales by linear inter-
polation, assuming constant sedimentation rates, except in the Brun-
hes chron where oxygen isotope Stages 1 to 21 were recognized in
Holes 644A, 643A, and 907A. The time scale of Shackleton et al.
(1990) was employed for these. Age-depth diagrams and sedimenta-
tion rate curves for Site 907 and the V0ring Plateau Sites 644 and 642
are shown in Figure 2. Relatively constant sedimentation rates (10-
20 m/m.y.) are obtained at Site 907, whereas the sedimentation rates
at the V0ring plateau sites, according to the age model used, vary sig-
nificantly within the studied sections.

RESULTS

Planktonic Oxygen Isotopes

Figures 3 and 4 show the isotope results from Hole 907A plotted
against depth. In Figure 4, we have proposed, on the basis of the
planktonic record, an interpretation of isotope stages in the upper 20
m. Our interpretation agrees with the carbonate data (Baumann et al.,
this volume) as the light isotope peaks interpreted as interglacials cor-
respond to high carbonate content. Isotope data from Holes 643A,
644A, and 907A and the benthic record from Site 677 (Shackleton et
al., 1990) plotted against age are presented in Figure 5. The Site 677
record is used as a reference standard global record documenting the
global ice volume changes. Comparing Sites 907 and 677 shows that
the planktonic record from Site 907 to a large degree follows the ice
volume changes, lending credibility to the isotope stage assignments.
The records from the V0ring Plateau, however, particularly in the
younger part, are more influenced by local anomalies (e.g., meltwater
spikes). The stratigraphy in Sites 907 and 643 seems to be complete,
but no Stage 11 can be identified in the Site 644 record and Stage 9
is significantly reduced. The warm period within Stage 18 seems to
be well developed in the Iceland-Norwegian Sea with 618O-values
lighter than some interglacials.

The planktonic oxygen isotope values are generally lighter on the
V0ring Plateau than they are at Site 907, with the lightest values at
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Table 1. Dates for Holes 907A, 644A, 642B, and 642C.

Hole

907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A
907A

Depth
(mbsf)

0
16.15
17.05
19.15
33.85
38.15
41.55
41.95
49.05
57.95
59.35
61.25
63.25
66.85
69.95
71.15
71.65
72.75
74.25
75.35
76.05
78.75
89.55
92.25
93.35
96.45

101.35
105.25
111.85
114.55

Age
(Ma)

0
0.780
0.984
1.049
1.757
1.983
2.197
2.229
2.600
3.054
3.127
3.221
3.325
3.553
4.033
4.134
4.265
4.432
4.611
4.694
4.812
5.046
5.705
5.946
6.078
6.376
7.464
7.892
8.529
8.861

Hole

644A
644A
644A
644A
644A
644A
644A
642B
642B
642B
642B
642B
642B
642B
642B
642B
642B
642B
642B
642B
642C
642C
642C
642C
642C
642C
642C
642C
642C
642C

Depth
(mbsf)

0
83.50

103.90
111.10
166.80
180.85
225.25
66.96
68.16
69.99
75.97
76.75
77.35
77.66
79.75
81.88
83.35
84.25
97.26

105.15
104.51
106.76
114.75
118.46
120.01
126.04
132.57
138.33
152.22
179.01

Age
(Ma)

0
0.780
0.984
1.049
1.757
1.983
2.600
3.221
3.325
3.553
4.033
4.134
4.265
4.432
4.611
4.694
4.812
5.046
5.705
5.946
5.946
6.078
6.376
6.744
6.901
8.000*
9.600*

11.000*
11.400*
13.476

Note: *Biostratigraρhic dates.

the easternmost Site 644. During interglacial times, the difference be-
tween Site 644 and 907 is as much as 1.5%o, whereas the values are
almost identical in the glacials. In comparison, Johannessen et al.
(1994) detected a difference of ~1.5%o in Holocene foraminifers be-
tween the Iceland and Norwegian Seas. The δ 1 8 θ values from the
V0ring Plateau were as light as in the Holocene only during Stages 5
and 17. On the Iceland Plateau, δ 1 8 θ values were lighter than Ho-
locene values only in Stages 5 and 15. Stages 9 and 13 were charac-
terized by relatively heavy values at both the Iceland and the V0ring
Plateau.

Extensive barren intervals dominate the planktonic record below
the Brunhes at Site 907 and the data points are too few to give any
reliable indications about long-term changes in oxygen isotopic dis-
tribution. However, the available data support the pattern recognized
at the V0ring Plateau: heavy values in the Brunhes (3%o-5%o); inter-
mediate values within the Matuyama, Gauss, and Gilbert (2%c-4%c);
and light values of ~l‰ prior to 6-7 m.y. (Jansen et al., 1989; E. Jan-
sen, unpubl. data).

Benthic Oxygen Isotopes

Benthic oxygen isotope values from Site 907 are plotted against
depth in Figure 3 and 4. Intervals barren in benthic foraminifers dom-
inate the record below the Brunhes, as was also the case for plankton-
ic foraminifers. The benthic isotope records from the V0ring Plateau
sites are also hampered by barren intervals below the Brunhes (Fig.
6), but these intervals are of shorter duration than they are at Site 907.

Oxygen isotopic equilibrium in deep waters is +4.65%o at -2°C
and present day salinities using the Shackleton (1974) paleotempera-
ture equation and the Craig and Gordon (1965) values for the δ 1 8θ/
salinity relationship of seawater. As the deep waters of the Iceland-
Norwegian Sea cannot become colder than -2°C, δ 1 8 θ values greater
than +4.65%o reflect global ice volumes in excess of the present ice
volume. The benthic δ18O-records from Site 907 and Sites 642 and
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Figure 2. Age-depth diagrams and sedimentation rate curves for Site 907 and Holes 644A, 642B, and 642C. Note the different scales of depth and sedimentation
rate for Site 644 and Site 642.

644 indicate relatively high δ 1 8 θ values in the Brunhes and a deple-
tion in 18O from the Matuyama and back to -12 Ma. A benthic δ 1 8 θ
enrichment of ~\%c at ~l 1 Ma is recorded in the V0ring Plateau sec-
tion, suggesting significantly increased ice volume and decreasing
temperature of Norwegian Sea bottom water at this time. Distinct gla-
cial excursions (heavy isotope values) are recognized back to -6.5
Ma, whereas the records show interglacial (light isotope) values and
indicate lower amplitude, climatic variability between 12 and 6.5 Ma.
Between 6.5 and 2.5 Ma, the records document large (l%o-1.5%e)
fluctuations indicating long-lasting changes in either global ice vol-
ume or Norwegian Sea bottom water temperature or both. Superim-
posed on these are lower amplitude (0.5-1.0‰), higher frequency
fluctuations, possibly reflecting shorter lived variations in bottom
water temperature.

A comparison of the benthic records from Site 677 with the Ice-
land-Norwegian Sea records (Fig. 7) shows that major global ice vol-
ume changes are detectable in the Iceland-Norwegian bottom-water
records during the last million years. A number of high-amplitude/
high-frequency fluctuations occur within the glacials, often over-
shooting Holocene values, indicating significant changes in either
bottom-water temperature or, more likely, bottom-water δ 1 8 θ during
the glacials. As many of these fluctuations are not recognizable in the
planktonic records, the fluctuations may be restricted to or at least be
more pronounced in the bottom water as compared with the surface
water. The general benthic glacial-interglacial amplitude is less than
it is in the Pacific (Site 677), documenting, as has been shown for the
last glacial cycle (Labeyrie et al., 1987), that Norwegian Sea benthic
records have the lowest amplitude of benthic records in the different
ocean basins. This may indicate that they are less influenced by deep
water temperature changes than is the remainder of the world ocean.
However, within the Iceland-Norwegian Sea, brine formation and
circulation-driven changes in δ 1 8 θ can lead to a reduction of the gla-

cial-interglacial 18O amplitude, thereby masking the temperature sig-
nal. As expected, no gradient in benthic 18O existed between the Ice-
land and V0ring Plateaus during the last million years (Fig. 7). This
suggests similar bottom-water temperatures over the entire basin.

Carbon Isotopes

Carbon isotope data from below 1 Ma at Site 907 are too sparse to
detect any general decrease or increase in the planktonic or benthic
δ13C values between 8 Ma and the present (Fig. 3). However, a major
movement towards lighter planktonic values occurred -3.2 Ma, and
a shift in benthic δ13C is observed in the Cibicides values at -3.1 Ma,
which may indicate variable deep-water ventilation.

Around 0.4-0.5 Ma, a major shift towards heavier δ13C values in
both glacials and interglacials occur all over the basin (Fig. 8). Values
equal to or heavier than Holocene values occur only in interglacials
later than 0.5 Ma; a pattern also found at Sites 910 (Yermack Plateau)
and 919 (south of the Denmark Strait) (Flower, this volume; B. Flow-
er, pers. comm., 1995). Maximum planktonic carbon isotope values
occur either within the peak glacials or at the interglacial/glacial tran-
sitions, in good agreement with published isotope records for the time
period back to Stage 12 in the Nordic Seas (Vogelsang, 1990; Eide,
1994). The planktonic carbon isotope values are generally highest in
the easternmost Site 644 and heaviest at the Iceland Plateau, Site 907.
A similar trend towards lighter δ13C values in the east is found in Ho-
locene foraminifers in the region (Johannessen at al., 1994) and in
sediment cores for the time period back to 0.4 Ma (Vogelsang, 1990).

Within the Brunhes, fluctuations in benthic δ13C are generally in
phase with changes in planktonic δ13C. Most of the benthic δ13C max-
ima occur at the interglacial/glacial transitions or during colder parts
of the interglacials (Fig. 4). Thus, the δ13C maxima do not correspond
to the peak interglacials.
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Figure 3. Summary of stable isotope, grain size, IRD, and paleomagnetic records from Hole 907A.

Ice-Rafted Debris

In the coarse fraction record (>63 µm) from Site 907 shown in
Figures 3, 9, and 10, data from volcanic ash layers have been omitted
to produce a curve chiefly reflecting changes in ice-rafted input to the
area. A good correlation between IRD fluxes and coarse fraction data
is primarily expected for the time period of 3-1 Ma where the sedi-
ments are dominated by ice-rafted material. The close correspon-
dence between the two parameters within this interval is illustrated in
Figure 9. We therefore conclude that the coarse fraction record from
Site 907 can be used as an IRD proxy for the time period 3-1 Ma.
IRD/g sed records exist for the time period -8-2.6 Ma at Site 907 and
-13-0.6 Ma at Sites 642 and 644. The location of Site 907 relatively
close to Greenland implies that the IRD fluctuations may reflect wax-
ing and waning of the Greenland ice sheet. IRD fluctuations recorded
on the V0ring Plateau most likely reflect fluctuations of the Scandi-
navian ice sheet. However, the small IRD peaks in the older part of
the Site 642 record could reflect drift of icebergs from Greenland or
somewhere around the Arctic Ocean.

Because some of the IRD peaks are very small, it is important to
verify the nature of the grains. Scanning electron microscopy (SEM)
analyses (Jansen et al., 1990) of supposed IRD grains in older peaks
from Site 642 demonstrate that these grains show diagnostic features
of glacially abraded grains reported from studies of recent glacial
sediments. Based on this investigation, and the visual appearance of
the grains when analyzed under binocular microscopy showing the
same sub-angular and fragmented appearance, we conclude that the
majority of the minerogenic grains are produced by glacial activity
and deposited by ice rafting.

At the V0ring Plateau IRD is detected in the sediments back to
-12.6 Ma (Fig. 6). During the period from 12.6 to 7 Ma, the IRD in-
flux was relatively small and two intervals without IRD deposition
occur -9.5-9.0 Ma and from 8.0 to 7.0 Ma. The IRD record from Site
907 documents ice rafting back to -8 Ma, when our investigation
ends. A small increase in IRD deposition at -7.2 Ma is recorded in
the Iceland Plateau sequence. One large pulse of IRD is recorded
-6.9 Ma at the V0ring Plateau, also suggesting increased IRD input
from -7 Ma. However, a possible hiatus below this level makes the
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Figure 4. Stable isotope records and paleomagnetics from the upper 20 m of Hole 907A. The stratigraphic positions of oxygen isotope Stages 5 to 21 are indi-
cated by numbers.

exact timing of the IRD increase on the V0ring Plateau uncertain. The
next million years is characterized by decreasing IRD fluxes fol-
lowed by a new significant increase in IRD deposition -6 Ma (6.3 Ma
at Site 642, 6.0 Ma at Site 907; i.e., during the Messinian interval).
During the next 3 million years, significant IRD pulses are also ob-
served at -5.4 Ma, between 4.9 and 4.6 Ma, between 4.0 and 3.6 Ma,
and -3.3 and 3.0 Ma. Two intervals, 5.3-5.0 Ma and 4.4-4.2 Ma, that
have very low input of IRD, are recorded at both sites.

A major increase in IRD input occurs at -2.75 Ma at the V0ring
Plateau and at -2.9 Ma at the Iceland Plateau (Fig. 10). The divergent
ages on this event could reflect that different ice sheets with different
histories are the primary source of IRD for the two sites or it could be
a result of dating problems at Site 644 where a possible hiatus in the
Gauss chron makes the age estimate below the Matuyama/Gauss
boundary unsure. The dating is as a first approach based on extrapo-
lation below the Matuyama/Gauss boundary, assuming the same sed-
imentation rates as above. At Site 907, high IRD fluxes continued un-
til -2.35 Ma, whereas a marked decrease in IRD deposition happened
at the V0ring Plateau at -2.5 Ma. Inputs were low at both sites from
2.35 Ma to -1.55 Ma, with the exception of one large IRD peak that
occurred at -2.0 Ma at the Iceland Plateau site. A new intensification
in ice rafting toward modern glacial values took place at -1.5 Ma.

DISCUSSION

Iceland-Norwegian Sea Paleoceanography
(12.5-1 Ma)

Carbonate barren intervals are common particularly in the older
parts of our records. On the Iceland Plateau, the number of carbonate-
free intervals are higher and the duration of these events much longer
compared with the V0ring Plateau (see also Baumann et al., this vol-

ume). According to Bohrmann et al. (1990), and by analogy to the
modern situation, periods of carbonate accumulation may represent
times of increased water mass exchange with the North Atlantic with
carbonate production and accumulation reflecting influx of warm At-
lantic water. One possibility is that during most of these periods a
strong temperature gradient existed in the Iceland-Norwegian Sea
with warm currents on the eastern side and cold currents on the west-
ern side. Only a few times (-7.4 and 6.2 Ma and between 3.5 and 3.0
Ma) did warmer North Atlantic waters reach the Iceland Plateau and
the western part of the basin. The generally low carbonate content in
the late Neogene may in part be a reflection of dissolution (Henrich,
1989) with more poorly ventilated waters possibly also a conse-
quence of less influx of Atlantic waters and more sluggish deep-water
renewal, or higher freshwater fluxes to the region, which also would
reduce deep-water ventilation. The Iceland Plateau is deeper than the
V0ring Plateau and would be more susceptible to dissolution in a sit-
uation with a shallow lysocline situated close to the depth of the
V0ring Plateau.

Comparisons with the global sea-level curve by Haq et al. (1987)
and isotope records supposed to reflect global ice volume changes
(Kennett, 1986; Miller et al., 1987; Jansen et al., 1993) suggest that
the benthic oxygen isotope records from Site 907 and Sites 642 and
644 (Fig. 7) only partly reflect ice volume changes. The increase in
δ 1 8 θ from -11 Ma to -6 Ma does not correlate easily to global ice
volume and may chiefly document the cooling of Nordic Seas deep
waters. An interval -4.5 Ma dominated by light isotope values corre-
sponds to a period of enhanced ice volume (at Hole 806B, Jansen et
al., 1993), thus indicating high deep-water temperatures in the Nor-
wegian Sea at this time. The overall increase in benthic δ 1 8 θ values
from 12 to 1 Ma may therefore be interpreted as documenting a grad-
ual cooling of Iceland-Norwegian Sea deep waters. If so, major
events on the cooling trend occurred -11 Ma and -6.4 Ma, almost si-
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Figure 5. Planktonic oxygen isotope records of Sites 907, 643, and 644 covering the last million years plotted against age and the correlation to the benthic oxy-
gen isotope curve from Site 677 in the Pacific. The stratigraphic positions of oxygen isotope Stages 5 to 21 are indicated by numbers and shaded bars. Holocene
δ 1 8 θ levels at the respective sites are indicated by vertical dotted lines. The stratigraphic position of the Brunhes/Matuyama boundary is shown for all sites.

multaneously with increases in IRD input to the Iceland-Norwegian
Sea.

A comparison of planktonic δ 1 8 θ records from the Iceland and
V0ring Plateaus indicates a decrease in surface water temperatures at
~7 to 6 Ma and just prior to 1 Ma (Fig. 3; E. Jansen, unpubl. data),
because the detected shifts are far too large to reflect ice volume
changes only. The shifts occur at times characterized by increasing
ice rafting, and the temperature changes may thus be in phase with in-
tensifications of Northern Hemisphere glaciation.

Assuming that parts of the carbon isotope signal reflects deep-wa-
ter ventilation rates, our data indicate some large changes in ventila-
tion rate between 3.5 and 3.0 Ma. Within this time interval, marked
deglaciations may have occurred in Alaska (Kaufman and Brigham-
Grette, 1993), Arctic Canada (Matthews and Ovenden, 1990), and
Eastern Antarctica (Barrett et al., 1992; Hambrey and Barrett, 1993).
According to Haq et al. (1987), global sea level changed dramatically
in this period, which may have affected the deep-water ventilation in
the Iceland Sea.

Neogene Northern Hemisphere Glacial History
(12.5-1 Ma)

Based on the close correlation of IRD flux and the onshore glaci-
ation record that has been documented for the last glacial-interglacial
cycle (Baumann et al., 1995; Fronval et al., 1995; Dokken, 1995), we
use the IRD record from the ODP sites in the following discussion as

a first-order monitor of the scale of glaciation on the continents sur-
rounding the Nordic Seas, noting that, in general, the basic determin-
ing factor for IRD deposition is the availability of calving icebergs
that can release their sediment contents upon melting in the ocean.
Availability is closely coupled with the supply rate (i.e., local ice vol-
ume), although sea-surface temperature and current and wind direc-
tions also determine the supply of icebergs and melting rates. These,
however, act to a lesser degree than the size of the ice sheets.

Our data document a cooling of Norwegian-Iceland Sea deep wa-
ters and a Stepwise intensification of Northern Hemisphere glacia-
tions from the middle Miocene to Pleistocene (Fig. 6). A middle Mi-
ocene initiation of Northern Hemisphere glaciation agrees well with
records of global ice volume, deep water temperature and sea level,
which indicate pronounced global cooling following the middle Mi-
ocene thermal maximum at -16 Ma (Prentice and Matthews, 1988;
Wright and Miller, 1992; Wright et al., 1992). However, only limited
evidence exists for Northern Hemisphere glaciations of pre-Pliocene
age, and the actual timing of the initiation of glaciation is still un-
known. At the V0ring Plateau, the oldest pulses of glacial IRD are
dated to -12.6 Ma (using the chronology of Müller and Spiegler,
1993), suggesting that glaciers first reach sea level at this time. The
initiation of ice rafting coincides with a shift from extensive biogenic
opal deposition to carbonate accumulation in the sediments, which
may indicate the establishment of Atlantic inflow, deep convection
which deepens the lysocline, and the intensification of North Atlantic
Deep Water (NADW) production at 12.5 Ma (Wright and Miller,
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Figure 6. IRD and benthic oxygen isotope records from Site 907 and Sites 644 and 642 plotted vs. age. The vertical dotted lines refer to the present-day δ 1 8 θ
equilibrium value at -2CC. Age control points are shown by arrows.

1993). Climatic records from middle latitude North America (Wolfe,
1994a) and Beringia (Wolfe, 1994b) indicate a decrease in mean an-
nual temperature of ~6°C between 14 and 12 Ma, suggesting a close
coupling between the initiation of Northern Hemisphere glaciation
and pronounced middle Miocene cooling. Our data from Site 907
only record IRD fluctuations back to 8 Ma (105 mbsf), where our de-
tailed investigation ends, but the occurrence of dropstones and rela-
tively quartz-rich sediments down to 118 mbsf (~ 10 Ma) indicate sig-
nificant ice rafting also prior to 8 Ma (Myhre, Thiede, Firth, et al.,
1995). The occurrence of traces of Northern Hemisphere glaciations
in the middle Miocene section from Site 642 is in line with evidence
of early glaciation from the Yakataga Formation in Alaska (Marin-
covich, 1990). The exact date of these glaciomarine deposits is

strongly debated, however, and age estimates vary from 16 to <IO
Ma. Terrigenous particle counts from Site 646 in the Labrador Sea
(Wolf and Thiede, 1991) also indicate that glaciation dates back to at
least 10 Ma. Pollen data from Eastern Iceland indicate a cooling of
approximately 10°C -9.6 Ma (Mudie and Helgason, 1983). Our data
do not record increased glaciation after 9.6 Ma. Thus, a possible cool-
ing of regional significance at -9.6 Ma did not result in an immediate
intensification of glaciation around the Norwegian Sea of a magni-
tude that led to traceable records in the deep-sea sediments (Fig. 6).

Our data indicate significant intensifications of glaciation at -7.0
and -6.0 Ma, which suggests a late late Miocene onset of small-scale
glaciation in the Northern Hemisphere. During this phase, benthic
δ'8O for the first time exceeds Holocene values, documenting both a
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Figure 7. Benthic oxygen isotope records of Sites 907 and 643/644 covering the last million years plotted against age and the correlation to the benthic oxygen

isotope curve from Site 677 in the Pacific. The stratigraphic positions of oxygen isotope Stages 5 to 21 are indicated by numbers and shaded bars. The present-

day δ 1 8 θ equilibrium value at -2°C is indicated by vertical dotted lines. The stratigraphic position of the Brunhes/Matuyama boundary are shown for all sites.

cooling of deep waters to below 0°C and periods with global ice vol-
umes in excess of the present (Fig. 6). In agreement with our data, age
estimates of glacial deposits from northeast Alaska (Hamilton, 1994)
and Iceland (Einarsson and Albertsson, 1988) indicate the occurrence
of local glaciations back to late upper Miocene (7-5 Ma). Evidence
from Site 918 off southeast Greenland demonstrate diamictites and
dropstones in sediments back to -7 Ma (Larsen et al., 1994), and in
Baffin Bay (Site 645) the first dropstones are recorded in sediments
dated to -7.5 Ma (Korstgàrd and Nielsen, 1989). On Western Iceland,
a change from warm temperate forest to boreal forest and steppe veg-
etation demonstrates a marked cooling between 8 and 5 Ma (Simo-
narson, 1979). According to Bohrmann et al. (1990), the onset of
Denmark Strait overflow also dates to ~7 Ma and records of global
ice volume and sea level indicate global cooling and growth of ice
sheets during the Messinian period, -7-6 Ma (Kennett, 1986; Pren-

tice and Matthews, 1988). Another important aspect of this is the ap-
parent conjunction of the 7 Ma glacial intensification and the onset of
the modern Atlantic-Pacific deep-water gradients of δ13C (Wright
and Miller, 1993), indicating a possible link between glacial develop-
ments and the type of deep sea circulation, as was also shown above
at 12.5 Ma.

Our IRD data document the presence of small-scale ice sheets
around the Iceland-Norwegian Sea between 6 and 3 Ma. However,
the records also demonstrate periods of up to three hundred thousand
years, with only minor ice rafting indicative of reduced local ice vol-
umes. A very pronounced increase in terrigenous particle input -4
Ma at Site 646 in the Labrador Sea (Wolf and Thiede, 1991) cannot
be detected in the IRD records from the Nordic Seas. Cooling is indi-
cated by the benthic δ 1 8 θ record, however. Other important climatic
events such as the apparent establishment of the East Greenland cur-
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rent (-4 Ma) and the closure of the Panama Seaway (4-3 Ma) also
occurred within this period (Bohrmann et al., 1990; Keigwin, 1982),
but these events did not have a clear impact on IRD fluxes to the Ice-
land-Norwegian Sea. On Iceland, local glaciations have been dated to
-3.8 Ma and -3.4 Ma (Geirsdottir and Eiriksson, 1994). Whether or
not these glaciations were simultaneous with two large IRD pulses at
the Iceland Plateau dated to 3.7 and 3.3 Ma is not possible to deter-
mine.

The onset of large-scale Northern Hemisphere glaciation as evi-
denced by a marked increase in IRD flux is dated to -2.9 Ma at the
Iceland Plateau. Using the timescale of Cande and Kent (1992), the
benthic δ 1 8 θ records from Sites 607, 610, and 704 indicate a major
intensification of glaciation at this stage (Raymo et al., 1992; Klei-
ven, 1995), and from studies of gradients in benthic 513C comes evi-
dence of a weakening in the NADW production at -2.9 Ma (Raymo
et al., 1992; Kleiven, 1995), also supporting an intensification of gla-
ciation at this time. Our records give an younger age of 2.75 Ma for
the onset of large-scale Northern Hemisphere glaciation at the V0ring
Plateau. Evidence for increasing ice build-up at this point also comes
from carbonate and benthic δ 1 8 θ records at Site 610 (Kleiven, 1995)
and a coherent decrease in NADW production is indicated by an en-
hanced gradient in benthic δ13C between the West and East Atlantic
(Raymo et al., 1992). IRD and dropstone data from the North Atlantic
Sites 607, 609, 610, and 647, document ice rafting back to -2.69 Ma,
but date the major intensification of Northern Hemisphere glaciation
to some time later, between 2.55 and 2.6 Ma (Raymo et al., 1987;
Ruddiman et al., 1987; Korstgàrd and Nielsen, 1989; Kleiven, 1995).
The different timing of the IRD increase at Sites 907 and 642 could
reflect that the growth of large-scale ice sheets did not occur coher-
ently in Greenland and Scandinavia or that the IRD sedimentation
was more restricted to the western Nordic Seas during the first phase
of increased glaciation. The younger date on intensified IRD sedi-
mentation in the North Atlantic may further indicate that large-scale
glaciation in North America, in the form of ice sheets capable of
large-scale IRD delivery to the North Atlantic, was delayed com-
pared to glacial intensification in both Greenland and Scandinavia.

A series of pronounced deglaciations and periods with air temper-
atures as much as 10°C higher than present are recorded in 3- to 2.5-
Ma-old sediments from Alaska and Arctic Canada (Matthews and
Ovenden, 1990; Brigham-Grette and Carter, 1992). No obvious evi-
dence for periods of warmer climate can be detected in our records.
One would expect such marked events also to affect climate around
the Iceland-Norwegian Sea and to be reflected by increased carbon-
ate accumulation and warm faunal and floral elements. If the warm
intervals were of relatively short duration, the resolution of our
record could be too low to detect this kind of event, or the warm-in-
terval microfossil elements might have been dissolved away. The
lack of carbonate testifies, however, to a rather restricted water-mass
exchange with the North Atlantic.

After 2.75 Ma, significant fluctuations in IRD fluxes can also be
detected. In the Iceland Plateau and V0ring Plateau data, reduced gla-
cial IRD fluxes is recorded in the time intervals 2.3 to -1.55 Ma and
2.5 to -1.55 Ma, respectively. This suggests that the first period with
extensive ice sheets in Greenland and Scandinavia were followed by
an interval characterized by less severe glaciations that lasted until
-1.55 Ma. From 1.55 Ma, a new intensification of glaciation is evi-
dent from the IRD records. This course of events is supported by
shelf and land evidence. Seismic data from the east Greenland shelf
indicate maximum extension of the Greenland ice sheet as early as
2.5 Ma (Funder, 1989), and paleotemperature reconstructions from
the Netherlands show that the most pronounced cooling within the
Matuyama occurred just after the Gauss/Matuyama boundary (Zaig-
wijn, 1992). Glacial deposits from Denmark and the northern North
Sea along with occurrences of Fennoscandian erratic rocks in the
Netherlands document that the Scandinavian ice sheet reached be-
yond the Norwegian coastline for the first time between 1.8 and 1.1

Ma (Mangerud et al., in press). In Northern Greenland (Kap K0ben-
havn) evidence from uplifted marine sediments that are dated to be-
tween 2.5 and 1.8 Ma indicate ice-free conditions and forest vegeta-
tion (Funder et al., 1985; S. Funder, pers. comm., 1995). The marked
IRD pulse -2.0 Ma at Site 907 may reflect a major deglaciation. At
the V0ring Plateau the very low IRD fluxes between 2.0 and 1.8 Ma
and the light δ 1 8 θ values (the lightest values in Matuyama) -1.8 Ma
may be evidence for a relatively warm climate -2.0 Ma.This is, how-
ever, not clearly documented in the microfossil record (Eldholm,
Thiede, Taylor, et al., 1987).

Paleoceanography and Paleoclimate (1-0 Ma)

A significant climate shift -0.9 Ma towards larger climatic ampli-
tudes and lower frequency oscillations has formerly been document-
ed in the North Atlantic and the Pacific (e.g., Berger and Jansen,
1994). Pre-shift and post-shift times differ in that precession-driven
variations became more important and the 100-k.y. cycle became
dominant in the late Quaternary. In our data the middle Pleistocene
climate shift is manifested by enhanced foraminifer content, increas-
ing planktonic δ 1 8 θ values (in glacials), decreasing δ 1 8 θ gradient be-
tween deep and surface water, and increasing δ13C values. In addi-
tion, enhanced IRD fluxes are documented at Site 644 and also fur-
ther north at Site 912 (Myhre, Thiede, Firth, et al., 1995). These
changes indicate a shift towards more extensive glacials of longer du-
ration and the initiation of warmer interglacials with influx of warm
surface waters and ventilated deep waters similar to the Holocene.

According to our planktonic oxygen isotope data, surface water
temperatures at the Iceland Plateau were higher than Holocene values
in two interglacials (Stages 15 and 5e). At the V0ring Plateau, no in-
terglacials appear warmer than the Holocene although Stages 17, 7,
and 5e may have experienced almost similar sea-surface tempera-
tures. Other isotope records from the area covering the timespan back
to Stage 12 support this view (Sejrup et al., 1989; Vogelsang, 1990).
Note that the surface-water temperatures during the marked intersta-
dial within Stage 18 may have been as high as in the warmest inter-
glacials. The planktonic isotope data further document that glacial
periods became colder and more pronounced after 0.5 Ma with the
exception of Stage 16 (-0.65 Ma), which may have been a period
with particularly low surface-water temperatures in the eastern part
of the basin. During the entire last one million years an east-west gra-
dient in interglacial surface-water temperature existed, with the high-
est temperatures on the inner V0ring Plateau and the coldest condi-
tions on the Iceland Plateau. The temperature difference is on the or-
der of up to 6°C (1.5%o) in some interglacials (e.g., Stages 7 and 17)
but only about 1°C (0.25%e) in others (e.g., Stage 15). These marked
variations in the strength of the temperature gradient indicate that the
circulation patterns varied from interglacial to interglacial.

The benthic isotope records document no clear gradient in deep
water temperature across the basin. No significant warming of the
deep waters at any time, with the possible exception of Stage 5e, are
indicated from the data. Instead, the benthic isotope records demon-
strate global ice volume larger than the present during major parts of
glacials and also in a number of interglacials. It should be noted that
some of the lightest benthic oxygen isotope values occur within gla-
cial periods (e.g., Stages 16 and 8). These light values do probably
not reflect decreased ice volume or increased bottom water tempera-
ture but might document the inflow of waters low in δ 1 8 θ, probably
reflecting the influence of brines.

In both glacial and interglacial times, an east-west gradient in
planktonic carbon isotope values existed with the heaviest values in
the Iceland Plateau surface waters. The difference between the Ice-
land and V0ring Plateaus averaged 0.5%o over the last 0.9 m.y. which
is close to the difference detected in surface sediments (Johannessen
et al., 1994). In general, the heaviest planktonic δ13C values fall with-
in the interglacials, but sometimes the δ13C maximum occurs at the
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interglacial/glacial transition or in the beginning of the glacials. This
is particularly common in the Site 907 record. The fluctuations in
planktonic δ13C may reflect global variations in the partitioning of
carbon between different carbon reservoirs or demonstrate changes
in biogenic assimilation of carbon and in the exchange of carbon be-
tween Iceland-Norwegian Sea surface waters and the atmosphere. A
number of paleoclimate transitions occurred in the middle Brunhes
(-400 ka), including a decrease in deep-sea carbonate preservation
(Crowley, 1985). Such a deviation in carbonate preservation would
lead to δ13C-enrichment of the global marine bicarbonate reservoir,
which may explain the marked increase in planktonic 613C at -400
k.y. found in records from all parts of the Nordic Seas.

The maxima in benthic δ13C are concentrated around the intergla-
cial/glacial transitions. As high benthic δ13C are interpreted as re-
flecting enhanced deep-water ventilation and formation, our data
suggest that deep water formation is not a linear response to global
ice volume or surface-water temperature changes. Instead the deep-
water ventilation apparently peaked during times of general climate
deterioration.

Evidence of general climate instability during the last interglacial/
glacial cycle from proxy temperature data from Greenland ice cores
(Dansgaard et al., 1993), North Atlantic sediment cores (Bond et al.,
1993), and from Site 644 (Fronval et al., 1995) has raised the question
whether or not high frequency climate fluctuations are the rule rather
than the exception also in former glacial cycles. Our data reveal some
climate variability during most glacials, but the resolution is too low
to detect Dansgaard-Oeschger-like cycles in the sediments. General
climate instability and significant temperature fluctuations are also
indicated for most interglacial periods with the possible exception of
Stages 9 and 11. Stage 17, especially, was punctuated by severe cold
spells, although the youngest of the light δ I 8 0 excursions might re-
flect a meltwater event. The degree of climate variability within the
last interglacial (the Eemian) is still under debate (e.g., McManus et
al., 1994; Johnsen et al., 1995). Planktonic δ 1 8 θ data from both Sites
907 and 644 indicate high-amplitude temperature fluctuations within
the last interglacial supporting the general idea of an unstable Eemian
climate.

SUMMARY AND CONCLUSIONS

At the Iceland Plateau, intervals barren in foraminifers dominate
the record below the Brunhes chron. The V0ring Plateau offers gen-
erally more carbonate for isotopic work, but the same trend of less
carbonate in sections older than -1 Ma is found. The low carbonate
content could reflect restricted inflow of North Atlantic surface water
and calcite dissolution with poorly ventilated deep waters possibly
also a consequence of restricted influx of Atlantic waters. In that
case, the enhanced carbonate content in the eastern part of the basin
reflects a strong gradient with warm currents on the eastern side and
cold currents at the western site. Only a few times before 1 Ma (-7.4
and 6.2 Ma and between 3.5 and 3.0 Ma) did warmer North Atlantic
waters reach the Iceland Plateau and the western parts of the basin.

Comparisons with sea-level curves and isotope records supposed
to reflect global ice volume, suggest that the long-term trend in benth-
ic oxygen isotope records from both the Iceland and V0ring plateau
mostly reflect changes in deep water temperatures. An overall in-
crease in benthic δ 1 8 θ from 12 to 1 Ma are therefore interpreted as
documenting a gradual cooling of Iceland-Norwegian Sea deep wa-
ters with major cooling events occurring -11 Ma and 6.4 Ma.

Ice-rafted debris is detected in sediments dating back to -12.6 Ma,
indicating that glaciers reached sea level as early as the middle Mi-
ocene. The initiation of ice rafting coincides with a decrease in mean
annual temperature at middle and high latitudes, an intensification of
North Atlantic deep water production, and a change in circulation
patterns within the Iceland-Norwegian Sea, as indicated by a shift

from extensive biogenic opal deposition to carbonate accumulation at
the V0ring Plateau. IRD records from both the Iceland and V0ring
Plateau suggest further intensifications of Northern Hemisphere gla-
ciations at -7 and 6 Ma. The expansion of ice sheets around the Ice-
land-Norwegian Sea at 7-6 Ma are interpreted as the onset of small-
scale glaciation in the Northern Hemisphere, which is also indicated
by glacial records from Alaska, Baffin Bay, Iceland, and off south-
east Greenland. Between 6 and 3 Ma, small-scale ice sheets periodi-
cally existed around the Iceland-Norwegian Sea, interrupted by inter-
vals with lesser local ice volumes as indicated by reduced ice rafting.

The onset of large-scale Northern Hemisphere glaciation is dated
to 2.75 Ma at the V0ring Plateau and 2.9 Ma at the Iceland Plateau.
The different timing could reflect that the growth of large-scale ice
sheets did not occur simultaneously in Greenland and Scandinavia or
that IRD sedimentation was more restricted to the western part of the
basin during the first phase of large-scale glaciation. After 2.75 Ma
significant fluctuations in IRD fluxes can also be detected. The peri-
od from 2.5-2.3 Ma to 1.55 Ma in particular is characterized by less
severe glaciations around the Iceland-Norwegian Sea.

The middle Pleistocene climate shift -0.9 Ma is documented in
both oxygen and carbon isotope composition, foraminiferal content,
and IRD deposition. The changes document a shift toward more ex-
tensive glacials of longer duration and the initiation of warmer inter-
glacials with influx of warm surface waters and ventilated deep wa-
ters similar to the Holocene situation.

At the Iceland Plateau, surface-water temperatures were higher
than Holocene values in two interglacials, isotope Stages 15 and 5e,
whereas no interglacials appear warmer than Holocene at the V0ring
Plateau. During the last million years an east-west gradient in inter-
glacial surface water temperature (up to ~6°C) existed with the high-
est temperatures on the inner V0ring Plateau and the coldest condi-
tions on the Iceland Plateau. No significant warming of deep waters,
with the possible exception of Stage 5e, are indicated from the data
and no clear gradient in deep water temperature across the basin are
detected within the Brunhes chron.

Maxima in benthic δ13C are concentrated around the interglacial/
glacial transitions. This suggests that deep water formation is not a
linear response to global ice volume or surface-water temperature
changes. Instead the deep-water ventilation apparently peaked during
times of general climate deterioration. The middle Brunhes climate
shift, which includes an increase in global deep-sea carbonate disso-
lution, may be reflected in the Nordic Seas by a marked increase in
planktonic δ13C -400 ka.
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