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Abstract

The penultimate termination has been studied with focus on oceanographic changes in the eastern Nordic Seas and the influence

of these changes on the surrounding ice sheets and vice versa. Repeatedly, major changes in the strength of the Atlantic Meridional

Overturning Circulation (AMOC) occurred during the studied interval. Times of strong overturning and increased heat transport

northwards were of importance in triggering one minor and two major disintegration events. The two major disintegration events

were separated by a deglacial pause, characterized by a strong AMOC. The same variability is seen throughout the eastern Nordic

Seas, from the Faeroe–Shetland Channel in the south to the Fram Strait in the north. Some of the oceanographic changes occurring

during the penultimate termination are comparable with changes seen through the last deglaciation. Reduced winter moisture flux

and increased summer melting due to the present insolation forcing further amplified the rate of ice sheet disintegration. Calculated

sea-level change through TII shows a mean change of 121F4 m, 41F16 m in the first step and 80F13 m in the last step.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Through deglaciation the climate system experience

major reorganisation, replacing the glacial extreme end-

member by the other extreme, interglacial conditions,

within a few millennia. Insolation changes are thought
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to be the major triggering mechanism for glacial termi-

nations [1–3]. However, a number of feedback mechan-

isms also contribute to the demise of the ice sheets [4–

9], thus shaping the overall configuration of the degla-

ciation. The aim of this paper is to reconstruct the

behaviour of the northern limb of the Atlantic Meridi-

onal Overturning Circulation (AMOC) through the pen-

ultimate deglaciation (Termination II (TII)), and further

identify how it influenced the disintegration of the

Northern European Ice Sheets. Termination II and I

are compared to see if the oceanic reorganisations

during the deglaciation are comparable under otherwise
etters 241 (2006) 505–516
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differing boundary conditions. High-resolution TII

records from a north–south transect along the eastern

Nordic Seas are presented in order to answer these

queries. The results are obtained from core MD99-

2303 from the Fram Strait (77831N, 08824E: 2277 m

water depth), MD95-2010 at the Vøring Plateau

(66841N, 04834E: 1226 m water depth) and MD95-

2009 in the Faeroe–Shetland Channel (62844N,
03859W: 1027 m water depth) (Fig. 1). All cores

have been taken during IMAGES cruises on board

the R. V. Marion Dufresne own by the French Polar

Institute (IPEV).

The present oceanography in the Nordic Seas is

influenced by the influx of warm, saline Atlantic

water that flows northwards in the Norwegian Atlan-

tic Current (NwAC) along the coast of Norway [10].
Fig. 1. Map showing the locations of the studied cores. The m
This current bifurcates and continues as the North

Cape Current (NCC) and the West Spitsbergen Cur-

rent (WSC) [11]. From the Arctic Ocean cold, less

saline water enters the Nordic Seas through the Fram

Strait, streaming southwards in the East Greenland

Current (EGC). Deep winter convection and mixing

of water masses occurs in the Greenland Sea and to a

lesser extent in the Iceland Sea [12]. From the Green-

land Sea, the deep bottom water currents can be

traced in one northward flowing branch that reaches

the Arctic through the eastern Fram Strait, and one

southward flowing branch. The southward flowing

bottom current is further split into one branch

going south through the Faeroe–Shetland Channel

and one branch turning north towards the Vøring

Plateau (Fig. 1).
ain oceanographic features of the region are indicated.
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2. Methods

Stable isotopes were measured at the GMS labora-

tory in Bergen (MD99-2303 and MD95-2010) and at

LSCE Gif-sur-Yvette (MD95-2009), using Finnigan

MAT 251, 252 and D+ mass spectrometers. Measure-

ments were performed on the planktic foraminifer

specie Neogloboquadrina pachyderma (sin), and on

the benthic species Oridorsalis umbonatus (MD99-

2303), Cassidulina teretis (MD95-2010) and Melonis

zaandamae (MD95-2009). All results are reported in

x vs. VPDB. Benthic oxygen isotope values from O.

umbonatus and M. zaandamae were corrected by

+0.4x and +0.16x, respectively, to account for de-

parture from isotopic equilibrium [13,14]. C. teretis
Fig. 2. Planktic and benthic d18O records from the studied cores are presen

lines). The benthic measurements are performed on O. umbonatus (MD99-2

grey lines). The dark grey lines (E) show % N. pachyderma (sin) in MD

represents the assumed d18O changes related to ice volume/sea level chan

maximum estimate is illustrated for MIS 6–TII pause interval. Oxygen isotop

water events found through the deglaciation/TII. Dark grey bars noted bcha
Strait. The standardized d18O chronological framework from Martinson e

indicated by *’s. The age 126 ka BP represent the depths 935.5, 1262.5 and 1

BP represents 1037.5, 1383.5 and 2300 cm and 138.2 ka BP represents the d

MD95-2009, respectively.
calcifies close to equilibrium [15], thus, no correction

has been employed. Measurements were performed

every cm if enough foraminifers were found in the

samples. Where several measurements existed for one

sample the mean of these measurements has been

used.

Minerogenic grains N0.5 mm were counted in

MD95-2010 and MD99-2303 and are considered to

be ice rafted. These were counted every centimeter,

and the records are presented as number of grains

N0.5 mm/gram sediment. In MD99-2303 the grains

were visually separated into sedimentary and crystalline

components, to provide an indication on source regions

of the ice rafted debris (IRD). The occurrence of chalk

fragments in MD99-2303 was also registered, based on
ted. All planktic records are performed on N. pachyderma (s) (black

303), C. teretis (MD95-2010) and M. zandamae (MD95-2009) (light

95-2010 and in MD95-2009 (data from [19]). The stippled grey line

ges through the deglaciation for each core (based on Table 1). The

e stages are indicated at the top. The light grey bars represent the melt

lkQ indicate times when chalk fragments were deposited in the Fram

t al. [18] is shown for comparative reasons. Age control points are

868 cm, 131.3 ka BP represents 1003.5, 1331.5 and 2158 cm, 135.1 ka

epths of 1065.5, 1425.5 and 2371 cm in MD99-2303, MD95-2010 and



ig. 3. Low field magnetic susceptibility records from all three cores.

xygen isotope stages are indicated at the top. The light grey bars

present the melt water events found through the deglaciation/TII.

ark grey bars noted bchalkQ indicate times when chalk fragments

ere deposited in the Fram Strait. Age control points are indicated

y *’s.
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visual identification, as these grains provide informa-

tion on the source [16].

Low field volume magnetic susceptibility (vlf) were

measured every second cm on u-channels, using a

Bartington sensing coil with 4 cm diameter displaced

along the u-channel section. All measurements were

performed at the paleomagnetic laboratory at the

LSCE in Gif-sur-Yvette. The magnetic susceptibility

is presented as vlf (10–6 SI).

A Colortron handheld spectrophotometer was used

to measure properties of the reflected light from the

cleaned sediment surface of the archive part of MD99-

2303. Measurements were performed every cm. The

reflectance measurement provides the sediment colour

in the L*a*b* colour difference system. L* is an indi-

cator of the lightness of the sediment. Zero represents

black, while 100 represents white. The lightness is

assumed to be primarily related to the content of

CaCO3 in the sediment. However, at times, the light-

ness record is also influenced by the non-biogenic

minerogenic composition of the sediment.

Semi-quantitative records of major and minor ele-

ment composition were obtained by non-destructive X-

ray fluorescence (XRF) logging with the CORTEX

core-scanner [17]. Sample spacing was 2 cm. The Ca

record, presented as counts per second (cps), is used as

an indicator of the CaCO3 content in the sediment.

3. Chronology

As a first approach to develop a common chronolo-

gy, two tie points representing (1) marine isotope stage

6.2 (135.1 ka BP [18]) and (2) the onset of the last

interglacial (126 ka BP) were identified in all three

cores. The d18O records defined these tie points, and

the % N. pachyderma (sin) records from MD95-2010

and MD95-2009 further support the interglacial start

point. The age model of MD95-2010, defined by linear

interpolation between these points, was then considered

as a master chronology. In the next step, MD95-2009

and MD99-2303 were correlated towards the MD95-

2010 age model by introducing two new tie points. The

first of these tie points (131.3 ka BP) was defined by

d18O correlation. The second (138.2 ka BP) was de-

fined by correlating the vlf records. Age correlation

points are indicated in Figs. 2 and 3. After these adjust-

ments the chronologies are considered consistent for

site-to-site comparison, and as independent as possible.

The ages cannot be regarded as accurate absolute ages.

The presented chronology of MD95-2009 was estab-

lished independently of the previously published age

model for this time interval in the core, and, thus, our
F

O

re

D

w

b

age model differ in some aspects from the age model of

Rasmussen et al. [19,20].

The presented chronologies give mean sedimenta-

tion rates through the studied time span (139–126 ka

BP) of 11 cm/ka for MD99-2303 (1073.5–935.5 cm),

15 cm/ka for MD95-2010 (1455.5–1262.5 cm) and 40

cm/ka for MD95-2009 (2390–1868 cm).

4. Results

Throughout late MIS 6, both planktic and benthic

d18O show small-scale variability in the order of 0.5x.

Low d18O characterise the interval 135–131 ka BP

(~1x change from the mean MIS 6 value), except for

a brief event of high d18O at 134 ka BP (Fig. 2). At 131

ka BP a new, rapid, well-constrained d18O increase is

seen in all three cores (~0.5–1x). This reversal lasted

for approximately one millennium before a new major

rapid decrease occurred (~1–2x). From this point on-

wards gradually decreasing values are recorded into the

end of the termination (total of ~1x) before a new
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small increase of d18O appears towards the interglacial

onset at 126 ka BP. A similar pattern is observed in both

planktic and benthic d18O records throughout the stud-

ied time interval (Fig. 2).

All three cores show a relatively high degree of vlf

variability, and the same main trends and events are

found. Increased values are present just prior to the

main d18O depletions, while during large parts of

these events the vlf is rather low (Fig. 3). Both the

Ca-content and the lightness record from MD99-2303

reflect the same type of variability as the vlf record,

however with a slight time lag (Fig. 4). Thus, the
Fig. 4. Lightness (black line) and XRF Ca-content (cps) (grey line) of

MD99-2303 is presented together with the low field magnetic sus-

ceptibility, IRD record and d18O records from the same core. The light

grey bars represent the melt water events found through the deglaci-

ation/TII. Dark grey bars noted bchalkQ indicate times when chalk

fragments were deposited in the Fram Strait.

Fig. 5. Ice Rafted Debris (IRD) records from MD99-2303 (number o

grains N0.5 mm/g sediment) and MD95-2010 (number of grains 0.5–

1 mm/g sediment) are presented. For MD99-2303 the percentage o

sedimentary grains N0.5 mm are also presented. Oxygen isotope

stages are indicated at the top. The light grey bars represent the

melt water events found through the deglaciation/TII. Dark grey

bars noted bchalkQ indicate times when chalk fragments were depos

ited in the Fram Strait.
f

f

-

lightness and Ca-content is high during periods of

enriched planktic d18O while they are low during

times of low d18O and increased IRD content in the

sediment (Fig. 4). Therefore Ca-content cannot play the

role of dilutant for the magnetic record.

Highly variable input of IRD is observed both at the

Vøring Plateau and in the Fram Strait (Fig. 5). In the

Fram Strait sedimentary grains generally dominate

major IRD events. Times of low % sedimentary grains,

and generally less IRD, in the Fram Strait, coincide

with events of high IRD on the Vøring Plateau. Some

chalk fragments (1–4 grains in each sample were chalk

were present) are found in the Fram Strait during some

of the Vøring Plateau high IRD events, generally just at

the end of a high vlf event. In general, high IRD events

concourse with low planktic and benthic d18O (Figs. 2

3 and 5).

5. Discussion

5.1. Proxy interpretation

When high IRD events (N10 grains/g sediment

(N0.5 mm)) occur in the Fram Strait, there is a domi-
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nance of sedimentary grains (N50%). This implies that

the main IRD source was local, as the areas covered by

the Svalbard–Barents Sea Ice Sheet (SBIS) primarily

consists of sedimentary material [21]. Sometimes, an

increased content of crystalline grains, together with

small amounts of chalk fragments, is found in the

Fram Strait sediment (Fig. 5). No source of chalk exists

north of 598N [16]. Thus, the presence of chalk in

MD99-2303 requires a northward flowing current, drift-

ing icebergs from the North Sea area to the Fram Strait.

The high content of crystalline grains also indicate

influence from a more distant source (Fig. 5). Major

IRD input is found at the Vøring Plateau at these times,

or just before, supporting an assumption of a southern

IRD source. Northward chalk transport is seen towards

the end of events of increased Ca-content and sediment

lightness in MD99-2303 (Fig. 4). Both Ca-content and

sediment lightness are considered related to the CaCO3

concentration in the sediment [17,22]. Several aspects

can influence the amount of CaCO3 in marine sedi-

ments, e.g., variable production of CaCO3 calcifying

organisms, dilution due to increased influx of inorganic

material or dissolution due to corrosive water masses

[23]. As these events occur during periods with chalk

evidence for northward flowing currents, we argue that

the production of CaCO3 probably increased due to the

changing water mass properties.

Events of northward chalk transport together with

increased lightness and Ca-content occur at the end of

high vlf events in all three cores (Figs. 3 and 4).

During MIS 3 high vlf in MD95-2009 and MD95-

2010 corresponds with times of increased strength of

the inflowing currents to the Nordic Seas, indicating a

strengthened northern extension of the overturning

circulation. Magnetic material was transported to the

core sites from the basaltic ridges in the Iceland–

Faeroe–Shetland area [24]. We assume that this rela-

tionship is valid also for the time period studied here.

MD99-2303 is located close to the Knipovich Ridge, a

mid-oceanic ridge system that may be a plausible

source of magnetic material. The Knipovich Ridge

directs the northward flowing branch of the deep

water. If the overturning circulation and deepwater

formation increases, the vlf signal of MD99-2303

should be influenced. The increase in the vlf signal

found in all three cores, together with surface current

transport northwards to the Fram Strait, indicates per-

iods of enhanced northward extent of the AMOC. An

increased strength of NwAC probably led to the in-

crease in CaCO3 content. The response in CaCO3 is,

however, somewhat delayed as compared to the initial

response of the vlf signal.
5.2. Paleoceanographic changes through

Termination II

At the end of MIS 6, the vlf data, in combination

with the Ca-content and the lightness records, indicate a

persisting overturning circulation, and thus increased

influence of Atlantic water masses along the eastern

Nordic Seas. This period of persistent overturning cir-

culation was succeeded by a strong input of IRD at 135

ka BP. Contemporaneously with this enhanced IRD

influx, planktic and benthic d18O show a marked de-

crease in MD95-2009, lasting to approximately 134 ka

BP (Figs. 2 and 5). The planktic d18O depletion most

probably results from the increased influence of fresh-

water as the icebergs melted. A freshening of the sur-

face water may increase sea ice formation, thus increase

the brine formation, and introduce low d18O to the

bottom water [25,26]. The lack of measurements from

MD99-2303 and MD95-2010 at this time, the result of

to few foraminifers in the samples, supports the as-

sumption of major brine formation. When brine is

formed at the shelf it may, dependent on the source

water conditions, get enriched in CO2 [27]. This CO2

enrichment makes the brine corrosive for CaCO3, lead-

ing to increased dissolution of foraminifer tests. The

effect of dissolution will also be specie dependent. M.

zaandamae is more resistant to dissolution, because it

lives deeper in the sediment [27]. Thus, depending on

the overall site conditions, brine formation may be

related to foraminifer barren sediment. The next and

first major deglaciation step, approximately 134–131.5

ka BP, is also characterised by rather large IRD input

and low planktic and benthic d18O. Melt water and

brine formation were probably the main factors influ-

encing the d18O records. Also at this time a large

foraminifer barren zone is seen in MD99-2303, proba-

bly related to the brine water. The conditions that

initiated and characterised the second major melt

water event, ~130.5–126 ka BP, also resemble the

earlier melt water events, thus the same oceanographic

mechanisms were probably operating (Figs. 2–5). The

large input of freshwater to the Nordic Seas through

these phases presumably weakened the northern limb of

the AMOC as the stratification of the water masses

increased. Such a weakening is indicated by the gener-

ally low vlf recorded through these intervals (Fig. 3),

together with a low Ca-content and lightness (Fig. 4).

At 131 ka BP, a rapid expansion in the extent of the

northern limb of the AMOC is indicated by the sharp

increase in vlf, and supported by the increased Ca-

content and lightness in MD99-2303 (Figs. 3 and 4).

The circulation prevailed at a rather stable strong state
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until about 130.5 ka BP. Through this approximately 1

ka long interval, both planktic and benthic d18O in-

creased and stayed at a high level (Fig. 2). The high

d18O indicate conditions less influenced by melt water

and brine formation, and may represent a pause in the

deglaciation. A deglacial pause at approximately this

time has been documented in several previous studies

[28–30]. In general, this pause has been considered a

cold bYounger DryasQ like interval, with a reduced

AMOC similar as during the rest of the deglaciation.

The slowdown of the deglaciation and stability of

global sea-level at this time [31] has also been used

as an argument for generally cold conditions. Our

records denote an enhanced overturning circulation

through this interval and an increased northward exten-

sion of the NwAC. Thus, in contrast to the general

climate deterioration, the eastern Nordic seas may

have warmed slightly at this time. However, to con-

strain these implications, high-resolution SST recon-

structions should be performed in all three cores.

Foraminifer records from Rassmussen et al. [20] do

show a slight decrease in the relative abundance of

the polar specie N. pachyderma (sin) in MD95-2009

at this time.

Deepwater formation was probably maintained

through melt water episodes by enhanced brine forma-

tion. Thus, some exchange of water masses between the

Nordic Seas and the North Atlantic presumably took

place throughout the penultimate deglaciation, even

through the times characterised by a weakened northern

AMOC limb. Similar conditions were present in the

area during TI [32]. Veum et al. [32] argue that the

deep-water formation was continuous throughout TI, at

a reduced rate and with changing sources during the

melt water events and comparable to the present day

circulation through the Younger Dryas interval. A per-

sistent communication between the Nordic Seas and the

North Atlantic during TII has previously been put

forward as a possible scenario [30], postulating the

Nordic Seas as the source of North Atlantic intermedi-

ate water.

5.3. Sea level and temperature changes through

Termination II

Superimposed on the d18O changes due to melt

water and brine, there is an imprint due to a general

temperature increase and a decreasing global ice vol-

ume/increasing sea level through the deglaciation. The

temperature response in the Nordic Seas bottom water

is considered small, as the present day interglacial

bottom water temperature is close to the probable min-
imum in this area (Norwegian Sea Deep Water ~�0.5

8C [33]). During MIS 6, the TII pause at approximately

131 ka BP and MIS 5.5, the bottom water probably

experienced a minimum brine influence. If these

assumptions are correct, the deglaciation step from

MIS 6 to the TII pause represents a benthic d18O
change of 0.12–0.51x and the last step, TII pause to

MIS 5.5, represent a benthic d18O change of 0.72–

0.98x due to a reduced ice volume (Fig. 2, Table 2).

Considering 0.11x to represent 10 m sea level [34], the

total mean sea level change will be approximately

103F6 m through the deglaciation (Table 2), a change

somewhat lower than the previously estimated sea level

change through TII (~130 m) [31]. Our estimated sea

level change through the second deglaciation step

(80F13 m) is, however, in the same order of magni-

tude as a second major TII deglaciation step documen-

ted by coral records (sea level of �80F10 m at

131F2 ka BP) [31]. The MIS 6 mean is probably

not representative for the glacial maximum level, pos-

sible due to small-scale brine influence (~0.5x vari-

ability is seen throughout MIS 6) (Fig. 2), thus giving to

small changes through the first step. If the d18O mean

of only the higher d18O from MIS 6 are considered

(MD99-2303N5.2x; MD95-2010N5.4x and MD95-

2009N5.3x), the total mean sea level change through

TII is 121F4 m, the first step representing 41F16 m

(Tables 1 and 2). These values are considered to be

more reliable. A reduced deglacial d18O amplitude has

also been recorded for TI in the Norwegian Sea [32].

In the planktic d18O records the residual signal after

subtracting the ice volume effect will represent the SST

change through the deglaciation, assuming negligible

salinity changes during times of stronger AMOC. The

change in SST from glacial maximum to interglacial

conditions is largest in the Faeroe–Shetland Channel

(estimated to 4 8C using the d18O/temperature relation

from [35]), decreasing further north (3.8 8C at the

Vøring Plateau and 2.4 8C in the Fram Strait) (Table

2). This overall temperature change is considered a

gradual response to the Northern Hemisphere summer

insolation increase (Fig. 6).

5.4. Ice sheet disintegration

Just prior to the onset of the deglaciation the high vlf,
Ca-content and lightness, and the occurrence of chalk

fragments in the Fram strait sediment indicate an inten-

sification of the northward flow of temperate surface

waters. The deglaciation onset coincides with a signif-

icant oceanographic change. The northward surface

branch of the AMOC experienced a marked weakening,



Table 1

Mean, maximum and minimum benthic and planktic d18O values for the intervals MIS 6 (values in parenthesis represent the higher MIS 6 level),

the TII pause and MIS 5.5 are presented for the three studied cores

Benthic Planktic

Mean d18OF1r Maximum value Minimum value Mean d18OF1r Maximum value Minimum value Mean Dd18O

MD99-2303

MIS 6 5.09F0.18 (5.29F0,09) 5.48 (5.48) 4.57 (5.22) 4.24F0.21 4.56 3.56 0.85

TII pause 4.97F0.06 5.01 4.93 3.75F0.11 3.87 3.67 1.22

MIS 5.5 3.99F0.12 4.25 3.87 2.59F0.20 2.83 2.32 1.4

MD95-2010

MIS 6 5.32F0.16 (5.46F0.4) 5.52 (5.52) 4.80 (5.4) 4.63F0.14 4.77 4.08 0.89

TII pause 4.81F0.09 4.91 4.63 3.87F0.15 4.17 3.63 0.94

MIS 5.5 4.09F0.35 4.46 3.02 2.5F0.31 3.02 1.98 1.56

MD95-2009

MIS 6 5.10F0.20 (5.34F0,07) 5.49 (5.49) 4.61 (5.3) 4.63F0.11 4.83 4.29 0.38

TII pause 4.97F0.07 5.03 4.86 4.28F0.10 4.47 3.17 0.69

MIS 5.5 4.02F0.07 4.15 3.85 2.64F0.31 3.28 2.23 0.74

The difference between the benthic and planktic d18 O for the different time intervals are presented as Dd18O.
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shown by a marked decrease in vlf, Ca-content and

lightness and low planktic and benthic d18O (Figs. 2–

4). When the marine-based ice sheets reached the shelf

edge during maximum MIS 6 glaciation [36–38], the

relatively warm surface water probably increased the

melt-rates. The warming associated with increased

Northern Hemisphere summer insolation (Fig. 6)

would also enhance the melting. In combination,

these conditions may have had a destabilising effect

on the ice sheet [39,40], thus initiating major iceberg

calving (Fig. 5). The validity of grounding line insta-

bility mechanisms for marine ice sheets has been ques-
Table 2

The benthic d18O change, sea level change, planktic d18O change, the resi

temperature change is presented for the interval between MIS 6 and the TII p

pause and MIS 5.5 (Step 2), and for total deglaciation (MIS 6 to MIS 5.5)

MD99-2303

Step 1 (MIS6–TII pause) Benthic d18O change 0.12x (0.32x)

Sea level change 11 m (29 m)

Planktic d18O change 0.49x
Planktic residual 0.37x
Temperature change 1.6 8C

Step 2 (TII pause–MIS5.5) Benthic d18O change 0.98x
Sea level change 89 m

Planktic d18O change 1.16x
Planktic residual 0.18x
Temperature change 0.8 8C

Total deglacial change Benthic d18O change 1.10x
Sea level change 100 m (118 m)

Planktic d18O change 1.65x
Planktic residual 0.55x
Temperature change 2.4 8C

The mean of the different parameters for the three cores is also presented. Va

MIS 6 values are used in the calculations.
tioned [41], however, the general understanding of

related mechanisms is still rather limited. As major

calving is indicated in relation to and immediately

after the event of enhanced AMOC just before 135 ka

BP (Fig. 5), we argue that this circulation change was

probably important for the initiation of the penultimate

deglaciation. A present day study indicates that ocean

heat may be important for major disintegration events

of an Antarctic ice shelf [42]. Thus, ocean heat trans-

port can be considered as a plausible mechanism for

initiating major ice sheet disintegration. The onset of

calving and ice sheet melting involved a slight sea level
dual between planktic and benthic change (planktic residual) and the

ause at approximately 131 ka BP (Step 1), the interval between the TII

for all three cores

MD95-2010 MD95-2009 Mean change

0.51x (0.65x) 0.13x (0.37x) 0.25F0,22x (0.45F0.18x)

46 m (59 m) 12 m (34 m) 23F20 m (41F16 m)

0.76x 0.35x 0.53x
0.25x 0.22x 0.28x
1.1 8C 1 8C 1.2 8C
0.72x 0.95x 0.88x
66 m 86 m 80F13 m

1.34x 1.64x 1.38x
0.62x 0.69x 0.50x
2.7 8C 3 8C 2.2 8C
1.23x 1.08x 1.14x
112 m (125 m) 98 m (120 m) 103F6 m (121F13 m)

2.1x 1.99x 1.91x
0.87x 0.91x 0.78x
3.8 8C 4 8C 3.4 8C

lues in parenthesis represent the results if only the mean of the highest



Fig. 6. Summer insolation at 658N (stippled line), winter insolation at 658N (grey line) and winter season insolation gradient between 108N and

658N (black line). All insolation data are from Laskar [48]. The grey bar indicates the deglaciation phase. The sea level change through TII, as

calculated in this study, is indicated. The succession of events found to characterize TII is indicated, as well as cues to what the interpretations are

based on.
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increase. Such a sea level rise probably acted as a

possible feedback on the deglaciation, by further desta-

bilising the ice sheets [39,40]. This mechanism was

active for all the disintegration steps.

5.5. Interactions

The initial triggering mechanism for the TII onset is

still not known. A combination of several boundary

conditions reaching a threshold more or less at the

same time, and the effect of feedback mechanisms
connected to these changes was probably crucial. The

presented records show that the amplification of the

NwAC was important for the initiation of the disinte-

gration of the Northern European ice sheets. A strong

NwAC initiated a stronger northward salt and heat flux,

and rapidly enhanced the northern limb of the over-

turning circulation. This entailed the first major melt

water event observed in the Nordic Seas. The release of

huge amounts of fresh water further perturbed the over-

turning and weakened the circulation. Sea level changes

related to the major melting further destabilised the ice
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sheets. Also the subsequent deglaciation steps were

influenced by this mechanism. Thus, TII were charac-

terized by a succession of periods of stronger and

weaker AMOC, and how these variations introduced

major melting/calving of the vulnerable marine based

ice sheets (Fig. 6). Eventually the final major reorgani-

sation of the AMOC occurred, introducing strong in-

terglacial overturning circulation conditions from 126

ka BP. Our records cannot tell us what caused the rapid

reorganisations that lead to enhanced AMOC. It has,

however, been suggested that the mechanism initiating

a strong circulation after times of weakened overturning

is connected to build up of surplus heat and salt in the

tropical Atlantic during times of weak overturning [43].

The large amounts of cold fresh water masses that

were introduced during the melt water events entailed

intensive sea ice formation during the winter season,

amplified by the decreasing winter insolation through

TII (Fig. 6). Intensive wintertime sea ice formation

decreased the moisture transport to the ice sheets

[23]. However, not only direct moisture flux, or lack

of it, from the nearby oceans is of significance for the

disintegration process. The meridional moisture flux,

driven by the latitudinal insolation gradient, is also of

major importance [44]. During TII, a low winter time

latitudinal insolation gradient existed (Fig. 6) [8,45]. A

weaker insolation gradient during winters resulted in

fewer and less intensive low pressure storm systems,

less precipitation, more cloud-free days, increased ab-

sorption of solar radiation in the ice and thus increased
Fig. 7. Planktic and benthic d18O, v lf and IRD records from TII in MD95-20

TI in the same core [26]. The TII pause (TIIP) and the melt water events are

(B/A) and Heinrich 1 (H1) events are indicated for TI.
summer melting [8]. Further, the summertime ablation

increased due to the gradual increasing Northern Hemi-

sphere summer insolation (Fig. 6). A combination of

lowered winter accumulation and intensified summer

ablation introduced a negative mass balance of the ice

sheets [23]. Thus, an interaction between several feed-

back mechanisms that worked together, probably lead

to the total disintegration of the penultimate glacial

state. The oceanographic changes as well as sea level

rise, moisture starvation, increased insolation and albe-

do were probably all factors of importance.

5.6. Termination II vs. Termination I

Comparing our TII d18O results from MD95-2010

with the TI d18O records from the same core [26],

indicates distinct similarities between these two degla-

ciation events (Fig. 7). Both terminations are charac-

terised by two major melt water events with major brine

formation. The first major melt water event during TII

can be considered an analogue to H1. Similarly, the

interval from 131.5–130.5 ka BP, where our results

indicate stable northward heat transport in the northern

limb of the AMOC, can be compared with the Bølling–

Allerød time period, followed by a Younger Dryas like

interval, before going into the final major deglaciation/

melt water event. Some similarities can also be seen

between the IRD and susceptibility records, however,

not as clear as for the oxygen isotopes (Fig. 7). The fact

that the two deglaciations differ in the details should,
10 are shown together with and compared to similar records covering

indicated in the TII records. The Younger Dryas (YD), Bølling–Alerød
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however, not be surprising. The different boundary

conditions (e.g., insolation and ice sheet extension)

would tend to produce differences in some aspects.

Thus, the records from MD95-2010 give some support

to previous arguments for a similar succession of events

through TII and TI [29,30,46,47]. It is therefore rea-

sonable to consider that some of the same mechanisms

operate in both deglaciations.

6. Summary and conclusions

The penultimate deglaciation of the Northern Euro-

pean Ice Sheets occurred in a stepwise manner. One

initial minor melt water event was followed by two

major melt water events. During these events, the

northern limb of the AMOC was weakened. Due to

massive brine formation a continuous deep-water for-

mation were, however, maintained at a reduced rate.

The melt water events were separated by and initiated

after times of strong overturning and northward heat

transport. The warmer water influenced the stability of

the ice sheets and entailed melting and calving. As the

ice sheets melted, the sea level increased and further

destabilised the ice sheets. The calculated sea level

change through TII, based on the presented records,

were 121F4, 41F16 m in the first part of the degla-

ciation, 80F13 m in the last part. Contemporaneously,

the winter moisture flux to the ice sheets decreased, due

to a decreasing winter insolation and a decreasing

latitudinal wintertime insolation gradient. The increas-

ing high latitude summer insolation increased the melt-

ing through the summer season. Thus, through time

there was an over all negative mass balance. As the

ice sheets retreated, the albedo decreased and further

amplified the effect of the increasing high latitude

summer insolation. The confluence of changing bound-

ary conditions for all these different factors of impor-

tance was probably essential for the final disintegration

of the northern European ice sheets. Comparing TII

with TI show some clear similarities between the two

deglaciation events.
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