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Meltwater and ice rafting in the southern Norwegian Sea
between 20 and 40 calendar kyr B.P.:
Implications for Fennoscandian Heinrich events
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[1] The timing of meltwater release in the southern Norwegian Sea in relation to millennial-scale climate
variability is studied from core MD99-2283 based on down-core analysis of stable oxygen and carbon isotopes,
calcium carbonate and ice-rafted debris (IRD). Between 20 and 40 calendar (cal) kyr B.P., strong Dansgaard-
Oeschger cyclicity is expressed in increased carbonate content and reduced total organic carbon during warm
interstadials and IRD marking the end of cold stadials. The planktonic §'*0 record of core MD99-2283
compared to available isotopic records in the region confirms the existence of multisourced, synchronized
meltwater anomalies during Heinrich (H) events 2 to 4. It was found that the sudden release of meltwater occurs
near major ice streams and that no significant increase in IRD was associated with the peaks of the meltwater
events in the southern Norwegian Sea, suggesting meltwater discharges from ice-dammed lakes. Significant
meltwater events not related to the H events were also observed between 33 and 35 cal kyr B.P., indicating that
the release of meltwater is not necessarily connected with major cooling and enhanced IRD delivery. The
simultaneous release of fresh water during H events in the Nordic Seas, through icebergs and ice-dammed lakes,
is thought to be the result of sea level increase. The meltwater input to the Nordic Seas provides a significant
additional contribution to global sea level rise associated with H3 and H4.
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1. Introduction

[2] Ice cores, marine and terrestrial records of the last
glacial period are characterized by strong periodic oscilla-
tions in temperature called Dansgaard-Oeschger (D-O)
cycles. These cycles have a periodicity of around 1470 years
[Grootes and Stuiver, 1997] and are coupled with changes
in air temperature of 10° +4°C in Greenland [Johnsen et al.,
2001; Grachev and Severinghaus, 2005] and 2° to 4°C in
the sea surface temperatures of the North Atlantic [Sachs
and Lehman, 1999; van Kreveld et al., 2000]. Progressively
colder D-O cycles are grouped in “Bond” cycles, with the
end of each cycle punctuated by massive ice calving events
in the North Atlantic known as “Heinrich” events [Bond et
al., 1993]. Millennial-scale variability associated with the
D-O events has been reported globally [loelker, 2002],
throughout interglacials and during the Pleistocene [Oppo
et al., 1998; Draut et al., 2003]. Different forcing mecha-
nisms for the D-O and Heinrich events (H) have been
suggested, ranging from independent ice sheet dynamics
[Alley and MacAyeal, 1994], sea ice variability [Kaspi et al.,
2004], extraterrestrial forcing [Berger et al., 2002; Berger
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and von Rad, 2002; Rahmstorf, 2003] and disruptions in the
thermohaline circulation [e.g., Broecker et al., 1990]. Cou-
pling and decoupling of different oscillations provides a
way of conciliating the different forcing mechanisms
[Schulz, 2002; Schulz et al., 2004] and modeling indicates
that the basic structure and timescale of the D-O variability
is due to internal, self sustained oscillations in the ocean-
atmosphere system [Olsen et al., 2005]. This is supported
by the observed increased amplitude and variability of the
D-O cycles associated with sea levels between 30 and 50 m
below the present [McManus et al., 1999; Schulz et al.,
1999; Chappell, 2002].

[3] Modeling demonstrates that the ocean thermohaline
circulation is sensitive to freshwater input in the Northern
Hemisphere [Ganopolski and Rahmstorf, 2001; Claussen et
al., 2003; Knutti et al., 2004; Roche et al., 2004] and
freshwater input is thought to lead to observed disruptions
in the thermohaline circulations during Heinrich events
[Broecker et al., 1990, 1992; Ganopolski and Rahmstorf,
2001]. Large freshwater inputs have been associated with
both the release of large numbers of icebergs to the ocean
[Cortijo et al., 1997; Kanfoush et al., 2000] and/or the
catastrophic draining of ice-dammed lakes and subglacial
meltwater [e.g., Mangerud et al., 2004]. The release of large
numbers of icebergs has been ascribed to binge-purge
oscillations of ice streams [Alley and MacAyeal, 1994],
ice shelf collapse [Scambos et al., 2000; Hulbe et al.,
2004] and increased ice stream calving due to warming
[Dowdeswell and FElverhoi, 2002] and/or sea level rise
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[Hughes, 2002]. Remains of ice-dammed lakes, on the other
hand, have been observed in association with the Laurentide
ice sheet [Teller, 1995; LaRocque et al., 2003] and the
Eurasian ice sheets [Mangerud et al., 2001; Houmark-
Nielsen and Kjaer, 2003; Clark et al., 2004; Mangerud et
al., 2004]. In addition, sudden outburst of fresh water from
such lakes is supported by a growing body of evidence
[Barber et al., 1999; Geirsdottir et al., 2000; Blais-Stevens
et al., 2003; Knies and Vogt, 2003; Spielhagen et al., 2004].

[4] On the basis of reconstructions from core MD99-
2283, from the northern North Sea margin, this paper
investigates the role of the Norwegian Channel Ice Stream
(NCIS) and the southern Fennoscandian ice sheet in melt-
water delivery to the southern Norwegian Sea. In combina-
tion with available regional data, the locations and rate of
the meltwater input to the Nordic Seas can be reconstructed,
providing new information on the effect of the ice sheet
configuration in the regions and the impact of meltwater
release on oceanic conditions.

2. Material and Methods

[5] Core MD99-2283 was taken at 62°15.67'N and
0°24.84'E during the 1999 International Marine Past Global
Changes Study (IMAGES V) cruise using a Calypso giant
piston corer (Figure 1) and is compared to high-resolution
records in the region (Table 1). The core was raised from a
water depth of 707 m, taken in a hemipelagic deposit about
2 km southwest of the edge of the North Sea Fan. The core
site is positioned just north of the Faroe-Shetland Channel
and monitors the inflow of North Atlantic water to the
Nordic Seas. The core has a length of 27.5 m and the top
15 m will be discussed here.

2.1. Sedimentological Analysis

[6] Gamma ray density was determined on board every
2 cm using a Geotek Multi Sensor Core Logger [Best and
Gunn, 1999]. X rays were taken of split cores and used to
describe sedimentary structures and count the number of
ice rafted debris (IRD) larger then 2 mm [Grobe, 1987]. The
X-ray photographs were also used to assess bioturbation and
the stretching common in piston cores [Hall and McCave,
2000; Auffret et al., 2002; Lekens et al., 2005]. Cracks in the
sediment were measured visibly and using X rays. From the
measurement of the cracks an estimated total stretching of
2.44 m was recorded in the whole core, with the strongest
stretching in the lower 10 m. The upper 15 m discussed in
this paper is stretched 52.5 cm. Owing to the low exten-
sional stress yield of the clayey material the sediment
column can be reconstructed by removing the depth gaps
associated with the cracks, leading to corrected depth. All
data in this paper is depth corrected. The core was sub-
sampled every 5 cm using 10 mL syringes and the samples
were dried overnight at 60°C. Moisture content and density
were calculated. The samples were wet sieved on 1 mm,
150 pm, 125 pm and 63 pm sieves. The fragments > 1 mm
were counted every 10 cm, of which chalk >1 mm is shown
here. The fine fraction was dried and analyzed using a
Sedigraph 5100. Bulk accumulation rates (AR) were calcu-
lated by multiplying the linear sedimentation rate with the

LEKENS ET AL.: MELTWATER IN THE NORDIC SEAS

PA3013

dry bulk density. The AR of the fraction >150 pm was
calculated by multiplying the weight percentage with the
AR and divide by 100 [EArmann and Thiede, 1986].

2.2. Magnetic Properties

[7]1 Magnetic susceptibility (k) was determined every
0.5 cm using a Geotek Multi Sensor Core Logger with a
MS2E Point sensor of the University of Bergen. Using u
channels the natural remanent magnetization (NRM) of core
MD99-2283 was measured with a pass-through DC SQUID
cryogenic magnetometer at the University of Bremen.
Stepwise in line alternating field demagnetization between
5 and 70 mT was used with 12 steps. All data within 2 cm of
cracks were removed. Inclination of the NRM was accepted
if a minimum of 5 demagnetization steps could be used and
the cws was lower then 5° (calculated using principal
component analysis), as to not include any overprinted or
faulty data.

2.3. Geochemical Analysis

[8] Semiquantitative analysis of major and minor element
composition was performed on split cores every 2 cm by
means of the CORTEX core scanner [Jansen et al., 1998].
Total carbon (TC) and total organic carbon (TOC) were
measured on ground bulk samples and carbonate-free sedi-
ment samples using a LECO CS 244 analyzer, according to
standard procedures [e.g., Knies et al., 2003]. The carbonate
content (%) was calculated as CaCO5 (%) = (TC — TOC) x
8.33 [e.g., Ehrmann and Thiede, 1986].

2.4. Stable Isotope Analysis

[v] Stable oxygen and carbon isotopes of approximately
7 specimens of the planktonic foraminifera species
Neogloboquadrina pachyderma (sinistral) (N. pachyderma (s))
with secondary calcite overgrowth and a size between 150
and 300 pm, were measured at the University of Bergen
using a Finnigan 251 mass spectrometer. Gas for isotope
measurements was produced by reaction with orthophos-
phoric acid at 70°C in an automated online system with acid
added to the samples in individual reaction chambers.
Results are reported with respect to the VPDB (Vienna
Peedee belemnite) standard through calibration against the
NBS19 and CMO03 standard (Carrara marble). The long-term
regroducibility reported by the laboratory is +£0.04%o for the
§'3C and +£0.07%o for 6'*0, based on replicate measurements
of internal standards.

3. Results and Discussion
3.1. Age Model

[10] The age model of the upper 14 m of core MD99-
2283 is primarily based on 17 radiocarbon dates and the
presence of the Laschamp paleomagnetic excursion. Re-
finement and support was provided by correlation of the Ca
data to Greenland Ice Core Project (GRIP), which is
supported by independent TOC data. Fifteen samples of
monospecific foraminifera of the species N. pachyderma (s)
and two samples of mollusks were accelerator mass spec-
trometry (AMS) radiocarbon dated to provide the initial
chronologic framework (Table 2 and Figure 2). All radio-
carbon dates have been corrected using a global marine
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Figure 1. North Atlantic overview map showing core positions and main surface currents (shaded
arrows), based on Hopkins [1991] and Orvik and Niiler [2002]. Abbreviations are EGC, Eastern
Greenland Current; NC, Norwegian Channel; NCC, Norwegian Coastal Current; NwAc, Norwegian

Atlantic Current; and NSF, North Sea Fan.

reservoir effect of 400 years [Stuiver et al., 1998] and a AR
value of 25 + 81 years [Lekens et al., 2005]. The radiocar-
bon ages were converted to calendar ages using the pristine
coral Z*°Th/>**U/***U dated calibration curve and the online
calibration program of Fairbanks et al. [2005]. A 95.4%
confidence level (20) was calculated for the calibrated ages
including the error on the AR (Table 2).

[11] Several studies in the region have shown that reser-
voir effects up to 1200 years or more have existed, espe-
cially during the last glacial/interglacial transition and
potentially during Heinrich events [e.g., Bard et al., 1994;

Table 1. Locations and Water Depths of Cores Used in This Study

Core Latitude North Longitude West Water Depth, m
ENAM 93-21 62°44.0/ 03°59.9’ 1020
MD95-2010 66°41.1' 04°34.0' 1226
MD95-2011 66°58.2' 03°59.9' 1048
MD95-2012 72°02.2' 03°59.9’ 2094
MD99-2283 62°15.7' 00°24.8' 707
MD99-2289 64°39.4' 04°12.6' 1262
PS2644-5 62°44.0' 03°59.9' 778
SO 82-5 62°44.0' 03°59.9' 1416
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Table 2. Accelerator Mass Spectrometry Radiocarbon Dates and Tie Points Used in the Construction of the Age Model of Core MD99-

2283, Upper 15 m*

Depth, Corrected Lab 4C Age S.D. (1o), Calendar Age S.D. (20),
cm Depth, cm Material/Proxy Number/Interpretation Uncorrected, kyr kyr B.P., kyr kyr
45 44 N. pachyderma (s) Poz-3945 17.08 0.07 19.69 0.44
85 84 N. pachyderma (s) Po0z-3946 17.36 0.07 20.07 0.39
115 114 N. pachyderma (s) Poz-3947 17.75 0.08 20.46 0.3
159 158 N. pachyderma (s) Po0z-3948 18.19 0.08 20.94 0.56
185 184 N. pachyderma (s) ETH-26404 17.68 0.14 20.39 0.44
235 227.5 N. pachyderma (s) ETH-24515 18.28 0.13 21.11 0.76
355 347.5 N. pachyderma (s) ETH-26405 19.74 0.15 23.07 0.81
375 367.5 §'%0 H2 20.4-21.0 23.4-24.2°
415 407.5 N. pachyderma (s) ETH-24514 20.87 0.18 24.45 0.61
475 467.5 N. pachyderma (s) Poz-7179 22.74 0.12 26.82 0.44
617 609.5 Ca/Fe, C/N End D-O 3 27.14 0.02
635 627.5 N. pachyderma (s) ETH-26406 23.67 0.22 27.79 0.65
649 641.5 Ca/Fe, C/N Start D-O 3 27.42 0.02
683 675.5 Ca/Fe, C/N End D-O 4 28.25 0.02
715 707.5 N. pachyderma (s) ETH-24513 24.03 0.21 28.16 0.62
717 709.5 Ca/Fe, C/N End D-O 4 28.55 0.02
764 756 Ca/Fe, C/N Start D-O 4 29.75 0.02
775 767 N. pachyderma (s) ETH-24512 26.13 0.22 30.65 0.32
810 802 '%0 H3 25.6-26.4 29.0-30.2°
844 836 Ca/Fe, C/N D-O 4a 30.34 0.02
1025 1014.5 N. pachyderma (s) ETH-24511 26.82 0.25 30.96 0.31
1032 1021.5 Ca/Fe, C/N D-O 4b 323 0.02
1040 1029.5 N. pachyderma (s) Poz-7180 28.6 0.26 32.59 1.12
1104 1093.5 Ca/Fe, C/N Start D-O 5 33.6 0.02
1185 1170 N. pachyderma (s) Po0z-3953 29.24 0.18 33.73 1.29
1235 1220 Gastropod ETH-24516 31.52 0.28 36.37 0.92
1243 1228 Ca/Fe, C/N End D-O 7 34.6 0.02
1259 1242.5 Ca/Fe, C/N Start D-O 7 354 0.02
1297 1280 Bivalve Poz-3954 32.44 0.23 37.35 0.96
1312 1295 Ca/Fe, C/N End D-O 8 36.5 0.02
1407 1379.5 Ca/Fe, C/N Start D-O 8 38.34 0.02
1415 1387.5 §'%0 H4 32.4-342 38.4-40.0°
1417 1389.5 inclination NRM Laschamp 40.2¢ 2.00

*Accelerator mass spectrometry '*C ages were corrected using a reservoir age of 425 + 81 years [Lekens et al., 2005] and the calibration curve of
Fairbanks et al. [2005], version Fairbanks0605. Timing of the D-O events was determined from the 8'80 record of GRIP [Johnsen et al., 2001]. SD is

standard deviation.
®Source is Sarnthein et al. [2001].
“Source is Guillou et al. [2004].

Austin et al., 1995; Haflidason et al., 1995; Voelker et al.,
1998; Waelbroeck et al., 2001; Bjorck et al., 2003]. While
the number of radiocarbon ages in this study does not allow
for a precise estimate of the reservoir effect, the resulting
uncertainty can be quantified. To accommodate the uncer-
tainties of the reservoir effect in the construction of the age
model, we use the known reservoir range of modern oceans,
mostly ranging between 300 and 1200 years (Figure 3)
[Bard, 1988; Reimer and Reimer, 2001]. This range in
addition of the radiocarbon uncertainties provides a more
realistic estimate of the total uncertainty, includes most of
the reported estimated reservoir effects and reflects the
more certain upper limit of the radiocarbon ages.

[12] To refine the initial polynomial age model based on
the radiocarbon dates, the different measured proxies were
compared with records in the region. On the basis of a
strong coupling of the Ca record with SST records of
neighboring cores and the ice cores in Greenland, the age
model can be tuned to the §'®0 record of GRIP, using the
ss09sea age scale [Johnsen et al., 2001]. The resulting
correlation points fall within the previously outlined uncer-
tainty range of the radiocarbon dates (Figure 4). Also, three
strong meltwater spikes associated with the Heinrich events

could be identified based on the oxygen isotope record
[Sarnthein et al., 1995; Vidal et al., 1997, Dokken and
Jansen, 1999; Sarnthein et al., 2001] and occur stratigraph-
ically correct in the record compared to the radiocarbon
dates (Table 2). Additional support for the chronology is
provided by the presence of the Laschamp paleomagnetic
excursion at 1396 cm (Figure 2). Similar as to other studies
the Laschamp excursion occurs prior to Heinrich event 4 in
core MD99-2283 [Kissel et al., 1999; Voelker et al., 2000].
The Laschamp excursion is K/Ar and Ar*’/Ar*° dated to
40.4 £ 2.0 cal kyr B.P. from lava flows in France [Guillou et
al., 2004]. A linearly interpolated age model was con-
structed based on the radiocarbon dates and the different
available correlation points (Figure 3). The changes in
sedimentation rate and the radiocarbon dates around
30 cal kyr B.P. are considered to be less reliable because
of strong changes in the "*C production rate [Hughen et al.,
2004; Fairbanks et al., 2005].

3.2. Calcium Carbonate and Organic Carbon Time
Series

[13] Calcium carbonate levels lie between 9.6 and 22.5%
with an average of 14.1% (Figure 4). Calcium carbonate
measurements and Ca data from XRF have a regression
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Figure 3. Age models of core MD-99-2283 together with radiocarbon accelerator mass spectrometry
(AMS) dates, showing correlation points with GRIP, Heinrich events, and the Laschamp paleomagnetic
excursion. Dashed line presents the best fit polynomial of the '*C radiocarbon dates.

coefficient (r) of 0.59 (n = 96) and the carbonate data shows
no correlation with coarse chalk, IRD or the AR (Figure 5).
The correlation confirms the use of the Ca XRF data
as a high-resolution semiquantitative indicator of CaCOj3
[Jansen et al., 1998; Richter et al., 2001; Helmke et al.,
2005]. The Ca/Fe ratio displays a much stronger signal-
to-noise ratio, removes variations in water content, grain
size, surface roughness and consolidation and dilution
effects [see also Jansen et al., 1998]. This leads to an
increased correlation coefficient with the calcium carbonate
data of 0.75.

[14] The carbonate content is a bulk parameter influenced
by marine productivity, dilution and dissolution and reflects
a strong relationship with the number of foraminifera during
the deglaciation and the Holocene outside the coast of
northern Norway [Knies et al., 2003]. The carbonate content
in surface and cored sediments from the Nordic Seas is
interpreted to reflect the influx of temperate Atlantic waters
through time [Kellogg, 1976; Ramm, 1988; Baumann et al.,
1995; Hebbeln et al., 1998; Lackschewitz et al., 1998].
Throughout the northern North Atlantic and the Nordic Seas
periods with high carbonate levels have been observed in
records between 28 and 40 cal kyr B.P. [Keigwig and Jones,
1994; Hagen and Hald, 2002; Moros et al., 2002; Wilson
and Austin, 2002], associated with low percentages of
N. pachyderma (s), indicating warmer surface waters [Bond

et al., 1992; Hagen and Hald, 2002; Moros et al., 2002].
The Ca/Fe record of core MD99-2283 correlates strongly to
GRIP [Johnsen et al., 2001] (Figure 4) and sea surface
temperatures in the northern North Atlantic [van Kreveld et
al., 2000]. The coupling between the Ca record and GRIP
between 29 and 31 cal kyr B.P. shows that also smaller D-O
type events can be observed in the records. The increase in
carbonate associated with H2 was associated with a strong
increase in the number of foraminifera in core MD99-2283,
up to 900 foraminifera per gram of sediment. Similar
findings from the Faroe-Shetland Channel [Rasmussen
et al., 1996, 1997] and the northern North Atlantic
[Lackschewitz et al., 1998] suggest increased productivity
during this period.

[15] In core MD99-2283 the TOC record varies in com-
plete antiphase with the carbonate record (Figure 4) and most
likely reflects the amount of terrigenous organic material
delivered from land during glacial times [Villanueva et al.,
1997; Martrat et al., 2003]. This is confirmed by unpublished
bulk sediment Rock-Eval pyrolisis, Nijore and §!3C measure-
ments (J. Knies, unpublished data, 2005). Interstadials are
marked by a lower TOC because of a reduced terrestric input,
as was found in the North Atlantic [Villanueva et al., 1997]
and the TOC record provides independent support for the
coupling of the records with interstadial-stadial changes in
the North Atlantic region.
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Figure 4. Correlation of the Ca, Ca/Fe, and total organic carbon (TOC) records of core MD99-2283
with the §'®0 record of the Greenland Ice Core Project (GRIP), using the ss09sea age scale [Johnsen et

al., 2001].

3.3. Sedimentology

[16] The upper 4 m of the core MD99-2283 are charac-
terized by three broad spikes of coarse IRD (>2 mm), also
reflected in the sand fractions larger then 63 and 150 pm
and in the coarse chalk fraction >1 mm. Small amounts of
coarse IRD are spread across the rest of the core (Figures 2
and 5). Large clasts between 5 and 10 cm were observed at
145, 225 and 605 cm, with the clast at 605 cm being very
well rounded. Several smaller IRD events are recognized in
the larger than 150 and 63 pm fractions and changes in grain

size are partly reflected in the gamma ray density and quite
strongly in the magnetic susceptibility record. Single chalk
fragments larger then 1 mm occur in the record around 530,
between 707 and 750 cm, around 935 and between 1278
and 1473 cm depth. The clay fraction makes up between
32% and 55% of the sediment and the silt fraction between
30% and 55%. The grain size distribution is polymodial and
all samples contain more the 20% material smaller then
1 pm, indicating hemipelagic settling. The macrofaunal
bioturbation identified from the X rays is of the Mycellia
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Figure 5. Accumulation rate (AR) of the fraction larger then 150 pm, number of chalk >1 mm,
IRD >2 mm, oxygen and carbon isotope data measured on N. pachyderma (s), and Ca/Fe of core
MD99-2283 between 20 and 40 cal kyr B.P. Dashed lines indicate IRD events based on the
accumulation rate of the fraction >150 pum.
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type, small filaments with a diameter of about 0.1 mm and a
length ranging from one to several centimeters long
[Blanpied and Bellaiche, 1981]. The amount of macrofaunal
bioturbation is low and the intervals with increased
bioturbation are associated with low amounts of IRD.
Bioturbated zones of up to 15 cm were observed, which
does not significantly affect the age model, considering the
average sedimentation rate of 65 cm/kyr in the upper 14 m
of the core.

[17] High concentrations of IRD > 2 mm and the presence
of cobbles (Figure 2) in a hemipelagic environment are
generally accepted as clear evidence for iceberg calving.
Although gravel size clasts can be transported by sea ice and
distal icebergs, studies on surface sediments [Pirrung et al.,
2002] and sediment cores [Smith and Andrews, 2000; Knies
et al., 2001] show a strong association of high concentra-
tions of large clasts with the close presence of tidal glaciers
or ice streams. Dowdeswell and Elverhoi [2002] showed
that increased amounts of IRD >500 pm on the western
Barents Sea margin are associated with the proximal ad-
vance and retreat of ice streams in the Barents Sea, while
little IRD was observed during the maximum extension of
the ice stream. The presence of coarse IRD on the edges of
icebergs, lack of englacial coarse material and rapid release
of ice rafted sediments within 200 km of the point of iceberg
release [Benn and Evans, 1998; Andrews, 2000] would
generally lead to a proximal deposition of coarse sediments.
The three large increases in the different grain size param-
eters between 20 and 24 cal kyr B.P. seem to be the result of
large amounts of calving in the immediate vicinity of the
core site. The gradually coarsening upwards sequences
further indicate that the dropstones are not the result from
randomly passing icebergs [Knies and Vogt, 2003] and have
only been observed in large numbers close to an ice margin
[e.g., Andrews and Principato, 2002; Dowdeswell and
Elverhgi, 2002; Knies and Vogt, 2003].

[18] The increased ice rafting observed at the core site
after 25 cal kyr B.P. is associated with an active NCIS, as
indicated from the observed large amounts of coarse chalk
(Figure 5). The coarse ice rafted chalk fragments in this
region are mainly derived from Cretaceous deposits in the
North Sea and the south Baltic areas and reflect active
erosion and iceberg calving of the NCIS [Bischof et al.,
1997; Hebbeln and Wefer, 1997, King et al., 1998; Berstad,
2003], supporting the interpretation of proximity to iceberg
calving during consistent periods with coarse IRD (>1 mm).
During the period between 25 and 20 cal kyr B.P., increases
in IRD have been observed in the Faroe-Shetland Channel
[Rasmussen et al., 1996], the central Norwegian Sea [Bauch
et al., 2001], the Vering Plateau [Dokken and Jansen, 1999;
Berstad, 2003] and the Denmark Strait [Hagen and Hald,
2002] indicating near simultaneous increased calving on the
glaciated margins of the Nordic Seas. During the same time
period, improving oceanic conditions are indicated by
increases in the amount of planktonic foraminifera Turbor-
otalia quinqueloba and of the benthic foraminifera Cibici-
doides wuellerstorfi in the central Norwegian Sea [Bauch et
al., 20017, SST reconstruction in the Denmark Strait [Hagen
and Hald, 2002], coccoliths and planktonic foraminifera in
the northern North Atlantic [Lackschewitz et al., 1998] and
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an increased reconstructed heat flux to the Nordic Seas
between 21 and 24 cal kyr B.P. [Weinelt et al., 2003]. The
observed regional increase in IRD deposition from around
25 cal kyr B.P. in the Nordic Seas seem to reflect the
maximal extension of the ice sheets together with increased
heat flux to the Nordic Seas.

[19] The smaller spikes in the percentages of grains larger
then 63 and 150 pm in core MD99-2283 are mainly
siliciclastic. Since the fraction larger then 150 um needs
current speed above 70 cm/s 1 m above the seabed to be
transported by currents [Miller et al., 1977], non sorted
increases in the medium to coarse sand fractions are
interpreted as increased deposition from icebergs [e.g.,
Heinrich, 1988; Hebbeln et al., 1998]. Both the grain size
parameters and the AR rate of the fraction larger the 150 pm
(Figure 5) display repetitive ice rafting events occurring
prior to the rapid increased in Ca and Ca/Fe. This is in
agreement with observation in the Irminger Basin and the
Norwegian Sea [Elliot et al., 1998; van Kreveld et al.,
2000], showing increased IRD during cold stadial and
marking the transition to warmer climate. The observed
IRD at the end of cold D-O stadial in core MD99-2283
probably represents a regional ice rafting signal similar to
the multi sourced IRD signal documented in the Irminger
Sea by hematite stained grains, ice rafted tephra and other
ice rafted material [van Kreveld et al., 2000].

3.4. Carbon Isotopes

[20] N. pachyderma (s) §"°C measurements in core
MD99-2283 fall between —1.0 and 0.5%0 and show no
relation with the other proxy records of core MD99-2283.
Strong depletion occurs between 34 and 33 kyr B.P., around
30, 28.5 and 27.5 kyr B.P. and between 25 and 20 kyr B.P.
To compare the results of core MD99-2283 with the
regional variability the result were plotted against the
§'%0, together with averages of cores in the region
(Figure 6). On the basis of this study and other core
records the average glacial value of §'°C measured on
N. pachyderma (s) from the Nordic Seas between 20 and
40 cal kyr B.P. is calculated to 0.1 = 0.2%0 (n = 1522)
[Sarnthein et al., 1995; Dokken and Jansen, 1999; Dreger,
1999; van Kreveld et al., 2000; Berstad, 2003].

[21] When comparing §'°C values with §'%0 values
measured on modern and glacial N. pachyderma (s) from
different sites in the Nordic and Arctic Seas (Figure 6), one
can observe that known meltwater affected sites in the
Eastern Fram Strait, the Laptev Sea, the glacial Arctic and
the Vering Plateau [Spielhagen and Erlenkeuser, 1994;
Bauch and Weinelt, 1997; Volkmann and Mensch, 2001;
Spielhagen et al., 2004; Lekens et al., 2005], have strongly
negative §'>C values compared to unaffected modern values
of the Norwegian Sea [Sarnthein et al., 1995]. However, a
range of factors affect 6'°C, like inflow and upwelling of
§'°C depleted water, low nutrient availability, productivity,
large amount of terrigenous input and/or inflow of meltwa-
ter [e.g., Bauch et al., 2001; Volkmann and Mensch, 2001;
Bauch et al., 2002], making it difficult to isolate the
different influences.

[22] Since the foraminifera were picked for constant size
and have an average weight around 10 pg, size differenti-
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Figure 6. Oxygen and carbon isotope composition of N. pachyderma (s) in the Arctic and Nordic seas.
Points with error bars represent mean values and associated standard deviations. Shaded area marks
modern values in the Norwegian Sea [after Sarnthein et al., 1995]. Data from MD99-2289 are by Berstad
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[2001].

ation did probably not significantly affect the measurements
[Hillaire-Marcel et al., 2004]. To explain the observed
depleted 6'°C values with the carbonate ion effect increases
in the ocean carbonate concentrations of 50—100 pmol/kg
are required [Spero et al., 1997; Bauch et al., 2002]. The
latter seems unlikely in a glacial setting, since the carbonate
ion effect causes oceanic §'C to rise with 0.11%o per degree
of temperature rise [Mook et al., 1974; Zhang et al., 1995].
In core MD99-2283 carbonate productivity seems to be
unrelated to changes in §'C, which is similar to observation
in the Arctic Ocean during the last 200 kyr [Spielhagen et
al., 2004], but more direct evidence is needed to assess
productivity. On the basis of the available data set from the
Nordic Seas, it is suggested that the glacial §'°C of the
surface waters is mostly affected by the combined influence
of reduced surface water mixing and meltwater input.

3.5. Oxygen Isotopes

[23] The §'®0 values in core MD99-2283 measured on
N. pachyderma (s) vary from 2.8 to 4.4%o, with strong light
spikes associated with H3 at 8.02 m, around 11.50 m and
associated with H4 at 13.87 m depth (Figure 2). These large
meltwater anomalies seem to occur all around the Nordic
Seas, close to glaciated margins (Figures 7 and 8) and might

be delivered by melting icebergs [e.g., Cortijo et al., 1997],
sudden input of fresh water [e.g., Spielhagen et al., 2004] or
by the circulation of distal fresh water pulses [e.g., Belkin et
al., 1998]. Significant meltwater anomalies in the record are
characterized by 6'®0 anomalies larger then 0.5%o together
with §'3C values lower then —0.1%o versus VPDB, both
measured on N. pachyderma (s).

[24] The large anomaly associated with H4 in core
MD99-2283 is devoid of significant amounts of IRD and
was observed with an even larger amplitude on the northern
Faroe Margin [Rasmussen et al., 1996]. While no clear
source for the meltwater has been identified in the area
some evidence for fresh water trapping exists. Subglacial
meltwater was shown to be trapped in the Skjonhelleren
cave during H4 between the Laschamp event and the start of
D-O event 8 [Mangerud et al., 2003] and during approxi-
mately the same period lacustrine deposits are observed in
Denmark suggesting dammed lakes [Houmark-Nielsen and
Kjaer, 2003]. The §'®0 spike observed around H4 is also
locally expressed outside the Bear Island Through, on the
Voring Plateau (Figures 7 and 8) and in the Denmark Strait
[Voelker et al., 1998; Dokken and Jansen, 1999; Dreger,
1999]. While restricted by the number of observations the
lateral extent of the observed meltwater spikes in the Nordic

10 of 17



PA3013

MD95-2012
72°N 11I°E

ENAM93-21

S082-5
59°N 30°W

MD99-2289
64°N 4°E

62°N 3'W

LEKENS ET AL.: MELTWATER IN THE NORDIC SEAS
d*o
N.PS.

3.0 4 %o vs. PDB

3.5

4.0 4
- 3.0

45 |
- 3.5
- 4.0
4.5

3.0 -

3.5 -

4.0 - - 2.5

45 1 - 3.0
- 3.5
- 4.0

3.0 -

3.5 -

40 |

4.5 4 - 3.0
- 35
- 4.0
- 45

3.5 1

4.0 1

4.5 1

H2 H3 H4
5.0 T T T T T T T T T T T T T T T T T T T T T T T LI ) T T T T T T T T T T T T T T
20 22 24 26 28 30 32 34 36 38 40
Age cal ka BP
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Figure 8. Distribution of §'®*0 anomalies in the Nordic Seas during Heinrich events and between 33 and
35 cal kyr B.P. (difference between §'%0 before event and at the §'0 at height of the event) measured on
N. pachyderma (s). The global ice volume and temperature effects are not subtracted from the isotope
data. Data are after Andrews et al. [1998], Berstad [2003], Dokken and Jansen [1999], Dreger [1999],
Nam [1997], Rasmussen et al. [1996], van Kreveld et al. [2000], Vidal et al. [1997], and Voelker et al.
[1998]. Open circles denote estimated data from Elliot et al. [1998], Hagen and Hald [2002], Rasmussen

et al. [2002], and Sarnthein et al. [1995, 2001].

Sea are smaller compared to the extent of the H4 meltwater
anomaly in the North Atlantic [Cortijo et al., 1997],
modeled to be corresponding to a fresh water release of
2 £ 1 m of equivalent sea level [Roche et al., 2004]. The
observed anomalies are nevertheless associated with signif-
icant amounts of meltwater and contribute to the predicted

15 m sea level increase, originating in the Northern Hemi-
sphere during H4 [Rohling et al., 2004].

[25] Large 6'®0 spikes were observed between 33 and
35 cal kyr B.P. on the northern North Sea margin, outside
the Bear Island Trough [Dreger, 1999; Sarnthein et al.,
2001] and in the Irminger Basin [Elliot et al., 1998; Hagen
and Hald, 2002]. On the basis of the current age models
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these light isotopic events are not synchronous and might be
associated with local ice sheet changes. In Fennoscandia
this period coincides with the end of a large glacial phase
called the Valderoy stadial and meltwater deposits in caves
[Mangerud et al., 2003]. Radiocarbon dated laminated
meltwater plume deposits observed at Jaren, southwestern
Scandinavia [Raunholm et al., 2003] also indicate that
southern Fennoscandia contributed meltwater to the Nordic
Seas during this time period and might explain the observed
meltwater anomaly on the northern North Sea margin.

[26] The §'®0 spikes associated with H3 show the lightest
values in the southeastern Norwegian Sea in core MD99-
2283 and MD99-2289 (Figure 6 and 8), denoting the
southern Fennoscandian ice sheet as a significant meltwater
source. Dropstones and chalk fragments >1 mm in core
MD99-2283 and chalk fragments observed in core MD99-
2289 by Berstad [2003] indicate iceberg output from the
NCIS during H3. However, the accumulation rate of the
IRD during Heinrich event 3 is low in the southern
Norwegian Sea [see also Rasmussen et al., 1997]. The lack
of large amounts of IRD during this period in core MD99-
2283 and ENAM93-21 indicates that the fresh water signal
is probably not due to the melting of icebergs, but rather to
direct output of large amounts of fresh water.

[27] Some smaller meltwater events seem to have oc-
curred in the Norwegian Sea between 30 and 28 cal kyr B.P.
associated with D-O events 3 and 4 (Figure 7). No clear
source for these spikes can be assigned. However, around
29 cal kyr B.P. an ice retreat occurred in Scandinavia
denoted as the Hamnsund interstadial [Valen et al., 1996],
possibly leading to the release of smaller amounts of
meltwater along the Norwegian margin. The light isotope
spikes between 25 and 26 cal kyr B.P., prior to H2 are
prominent in MD99-2283, MD95-2010 and potentially also
in MD95-2012 (Figure 7). These and other small §'%0
spikes seem to be local and not associated with large
amounts of warm water inflow to the Nordic Seas [Weinelt
et al., 2003], clear interstadials on land or significant ice
rafting. During the same time §'®*0 spikes have been
observed with a lesser amplitude in the Labrador Sea,
just outside the Hudson Strait [Andrews et al., 1994] and
in the northern North Atlantic [van Kreveld et al., 2000;
Rasmussen et al., 2003]. Oxygen isotope records outside the
Scoresby Sund also suggest that eastern Greenland might
have been a source area for meltwater during this period
[Funder et al., 1998]. While no causal relation is apparent,
the small §'%0 spikes seem to be a common feature of ice
margins around the Nordic Seas during full glacial con-
ditions. If not because of measurement error or problems
with the planktonic foraminifera the spikes might indicate
small episodic releases of meltwater by the ice margin, not
necessarily related to climatic changes.

[28] During H2 isolated §'%0 spikes in core MD99-2283
and especially in front of the Bear Island Through indicate
significant meltwater outflow from these parts of the Fen-
noscandian ice sheet. However, significant spikes were
observed in association with H2 in the northern part of
the Denmark Strait [Andrews et al., 1998; van Kreveld et
al., 2000] and the central Norwegian Sea [Bauch et al.,
2001], but they were clearly observed south of Iceland
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[Hagen and Hald, 2002] and along the southeastern coast
of Greenland [Elliot et al., 2001]. The lack of §'%0 spikes
associated with the period before and during H2 in the
central Norwegian Sea [Bauch et al., 2001] indicates that
the spikes remained local; suggest limited surface circula-
tion and indicate a more limited meltwater production in the
Nordic Seas during H2 then during H3 and H4.

[29] When comparing the meltwater history of the Nor-
wegian Sea with that of the Labrador Sea and the North
Atlantic some clear differences can be observed. While
meltwater in the North Atlantic during Heinrich events is
associated with large increases in ice rafting, the meltwater
spikes in the southern Norwegian Sea are not always
associated with increases in IRD. Also the occurrence of
large amounts of IRD is not reflected in the planktonic §'%0
record. This suggests “clean” icebergs [e.g., Andrews,
2000] or subglacial meltwater release in the Nordic Seas.
On the basis of the lateral extent and the amplitude of the
light isotopic events, individual meltwater anomalies during
Heinrich events seemed to have been limited compared to
those observed in the North Atlantic. The observed geo-
graphically confined meltwater spikes and the steep isotopic
gradients (Figure 6 and 8) in different areas of the Nordic
Seas [see also Sarnthein et al., 1995], indicate reduced
surface water circulation and limited mixing during these
events. The meltwater spikes between 34 and 36 cal kyr
B.P. also demonstrates the possibility of major meltwater
release during interstadials.

3.6. Regional Implications

[30] Within the uncertainties of the dating tools, the
perceived synchronicity of the multisourced material asso-
ciated with the D-O and Heinrich events [Bond et al., 1997,
van Kreveld et al., 2000], indicates glacial and climatic
reorganizations on an ocean-wide scale and a common
trigger mechanism. Recently, intrusions of Atlantic inter-
mediate waters have been suggested to explain changes in
the benthic foraminiferal assemblage and benthic isotope
signals in the Nordic Seas [Bauch et al., 2001; Rasmussen et
al., 2002; Rasmussen and Thomsen, 2004]. Slight increases
in the amount of warm planktonic foraminifera [Sarnthein
et al.,2001; Weinelt et al., 2003] might suggest an increased
heat transport to the north at the end of cold D-O events.
Model experiments have shown that such subsurface heat in
the Nordic Seas would be able to produce a D-O type
climatic signal and destabilize the ice shelves [Hulbe et al.,
2004; Shaffer et al., 2004]. The observed meltwater pooling
in the Nordic Seas would play an important role in such a
model, creating a meltwater lid and trapping heat in the
deeper water masses of the Nordic Seas, as also shown by
the model of Knutti et al. [2004]. The occurrence of
meltwater and IRD on the northern North Sea margin at
the end of non-Heinrich, stadial phases suggests that the
icebergs and meltwater occur in a reaction to outside forcing
rather then trigger D-O events [see also van Kreveld et al.,
2000]. The observed association of the IRD with the rapid
increases in Ca content, independent from age models or
other inferences, suggests a strong relation to inflow of
warm Atlantic waters.
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[31] The large meltwater spikes observed in this study are
not associated with strong surface warming in the Nordic
Seas [van Kreveld et al., 2000; Sarnthein et al., 2001;
Weinelt et al., 2003]. As such, direct melting of ice sheets
and margins probably played a minor contribution. Neither
are the meltwater anomalies associated with large amounts
of IRD, limiting the role of meltwater input through iceberg
melting, although sediment free ice could make a significant
unknown contribution. It seems likely that the sudden
release of ice-dammed lakes and subglacially trapped melt-
water was responsible for much of the observed meltwater
anomalies on the eastern side of the Nordic Seas. The
occurrence of meltwater anomalies near known former large
ice streams [Vorren and Laberg, 1997], seems to support
this hypotheses since these areas would provide the natural
conduits for trapped meltwater and would be very suscep-
tible to environmental changes [e.g., Dowdeswell and
Elverhai, 2002; Joughin et al., 2004; Lekens et al., 2005].

[32] The near simultaneous occurrence of large meltwater
anomalies during H events in different corners of the Nordic
Seas, the North Atlantic and around Antarctica is potentially
linked by increases in sea level during these events. The
observed sea level rises of over 30 m, associated with H
events during MIS3 and MIS2 [Chappell, 2002; Siddall et
al., 2003; Rohling et al., 2004], would cause increased
calving along the ice margin [Hughes, 2002] and destabilize
ice dams. This could subsequently lead to the draining of
ice-dammed lakes, causing localized large outburst of fresh
water. As such a direct coupling between meltwater release
from the northern ice sheets and Antarctica is possible
through sea level forcing, and seems related to the warming
in the Southern Hemisphere [Rohling et al., 2004]. As such
the delivery of meltwater in the Nordic Seas would provide
an important feedback mechanism to increasing sea level.
However, the large local meltwater anomalies between 33
and 35 cal kyr B.P. and H2 are not related to any observed
sea level changes [Lambeck and Chappell, 2001; Siddall et
al., 2003]. On the other hand, the events between 33 and
35 cal kyr B.P. observed in the Nordic Seas do not appear to
be synchronous, suggesting an independent mechanism.
Meltwater and/or iceberg outbursts purely driven by internal
mechanisms of the ice sheet [e.g., Alley and MacAyeal,
1994; Geirsdottir et al., 2000] seems to be a most likely
mechanism for the events around 34 cal kyr B.P. occur and
cannot be excluded as a trigger mechanism for the other
events.

4. Conclusions

[33] The southern Norwegian Sea shows clear signs of
both meltwater and IRD release between 40 and 20 cal kyr
B.P. originating from the southern Fennoscandian ice sheet,
confirmed by the presence of localized meltwater anomalies
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