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Abstract

A map of estimated calcification temperatures of the planktic foraminifer Neogloboquadrina pachyderma sinistral (Tnyps) for the
Nordic Seas and the northern North Atlantic for the Last Glacial Maximum was produced from oxygen isotopes with support of
Mg/Ca ratios. To arrive at the reconstruction, several constraints concerning the plausible salinity and §'*0-fields were employed.
The reconstruction indicates inflow of temperate waters in a wedge along the eastern border of the Nordic Seas and at least
seasonally ice-free waters. The reconstruction from oxygen isotopes shows similarities with Mg/Ca based paleotemperatures in the
southern and southeastern sector, while unrealistically high Mg/Ca values in the central Nordic Seas prevent the application of the
method in this area. The oxygen isotope based reconstruction shows some agreement with temperature reconstructions based on the
modern analogue technique, but with somewhat lower temperatures and a stronger internal gradient inside the Nordic Seas. All

told, our results suggest a much more ice-free and dynamic high latitude ocean than the CLIMAP reconstruction.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The state of the sea surface in the North Atlantic and
Nordic Seas provide important constraints on the
climate in Europe and Eurasia, and strongly influence
the strength of the meridional overturning circulation.
The reliability of reconstructions for past climate states
are crucial for developing a physical understanding of
past climate changes, their dynamics, magnitude and
underlying driving mechanisms. Reliable sea surface
reconstructions are also critical as boundary conditions
for atmospheric General Circulation Model (GCM)
experiments of the Last Glacial Maximum (LGM) and
as data for validation of experiments with fully coupled
GCMs.
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The problem of acquiring reliable SST reconstruc-
tions in the low temperature end is a long-standing issue.
Due to the problem of low planktic foraminifer diversity
in Arctic and Polar water masses, SST estimates based
on planktic foraminiferal transfer functions are unreli-
able when summer temperatures are below 4-5°C (e.g.
Pflaumann et al., 1996, 2003). Other approaches also
have their inherent problems: diatoms are often absent
in LGM samples, the alkenone and dinocyst assemblage
methods have difficulties in the low temperature end
(Rosell-Melé and Comes, 1999; de Vernal et al., 2000),
and the sensitivity of Mg/Ca ratios to temperature
change is less at low temperatures than at higher (e.g.
Elderfield and Ganssen, 2000; and see below).

Despite its wide usage, it has been clear for some time
that the reconstruction of CLIMAP (1981) (Fig. 1a)
based on the transfer function method of Imbrie and
Kipp (1971) may be unreliable in the high latitude North
Atlantic/Nordic Seas. In the CLIMAP reconstruction
there is a permanent sea-ice cover over most of the area,
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Fig. 1. (a) Summer (August) SST reconstruction for the LGM of CLIMAP (1981). CLIMAP placed the summer sea ice margin along the 0°C
isoline, with a perennial sea-ice cover inside this isoline. (b) Summer SST reconstruction for the LGM, based on gridding and contouring of the
published SST data set of GLAMAP (Pflaumann et al., 2003). The SSTs were calculated from foraminiferal transfer functions using the SIMMAX-
28 modern analogue technique. The white dots show the data locations. (c) Difference in SST between the GLAMAP and CLIMAP reconstructions,
calculated as: ASST = SSTgramap—SSTcrimap- Grey coloured areas indicate land areas during the LGM (Peltier, 1994).

although newer evidence clearly point at least to
seasonally open waters (e.g. Figs. 1b, 1c; Veum et al.,
1992; Hebbeln et al., 1994; Wagner and Henrich, 1994,
Sarnthein et al., 1995; Weinelt et al., 1996). The diversity
problem of the transfer function approach, i.e. that
there is only one dominant species, Neogloboquadrina
pachyderma (sinistral coiled), in the Polar water, make
these alternate reconstructions at least partially unreli-
able in the sense that they provide a more qualitative
reconstruction rather than an accurate or realistic SST
field.

The difference between a perennially frozen ocean and
an open or seasonally open ocean has, however, wide
climatic implications, for example in the possibility for
the ocean to steer storm tracks and provide moisture
supply to the high latitude ice sheets, to interact with
marine based ice sheets and not least to constrain the
location of deep water formation and the possible
strength and northward extent of the meridional over-
turning circulation. Renewed attempts to better con-
strain the LGM state of the Nordic Seas and the
northern North Atlantic should therefore be pursued.
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Here we develop constraints on the plausible range of
SST reconstructions for the LGM, primarily based on
planktic foraminiferal oxygen isotopes. Although the
oxygen isotopic composition of foraminiferal calcite
depends on the oxygen isotopic composition of the
ambient water (i.e. salinity), besides being a function of
temperature, it is possible to evaluate the plausible
salinity ranges constraining the data, and thus obtain
estimates of SST from the oxygen isotopic composition
by employing these constraints. We then compare these
results with results using the Mg/Ca method and recent
(post-CLIMAP) transfer function SST-estimates to
identify the degree to which these different approaches
provide a coherent picture.

2. Chronology

GLAMAP 2000 used two LGM time slices, compris-
ing the intervals of 18.0-21.5cal. ka (15-18 "*Cka) and
19.0-22.0 cal. ka (16-19 "*Cka) (Vogelsang et al., 2000).
The first of these time slices is used in this work to
temporally constrain the LGM, which in oxygen isotope
records from the Nordic Seas is known to be a period of
stability and minimum meltwater influx (Sarnthein
et al., 1995). Since in some southern Atlantic records
deglacial warming is already recorded in the younger
part of the GLAMAP LGM time slice, the EPILOG
working group (Mix et al., 2001) suggested a slightly
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different definition of the LGM: 19.0-23.0cal. ka
(16.0-19.5 Cka). In northern Atlantic records, the
early warming is not apparent in influencing oxygen
isotope records (Sarnthein et al., 1995; Vogelsang et al.,
2000; Pflaumann et al., 2003), which means that choice
of time slice has limited importance, as long as the most
important aspect is to cover a time slice of relatively
stable climatic conditions. Since previous work on the
LGM in the North Atlantic area mainly used the
definition of 18.0-21.5ka (e.g. Sarnthein et al., 1995,
2000, 2003; Weinelt et al., 1996; Neorgaard-Pedersen et
al., 2003; Pflaumann et al., 2003), from which our data
partly is drawn from, we find it most practical to use this
definition of the LGM here.

The Mg/Ca data are from the time slice 19.0-21.5ka,
a period covered of both the GLAMAP and EPILOG
time scales, but this slight difference has no influence on
the results.

3. LGM data sets
3.1. Oxygen isotopes of N. pachyderma (sin.) (5180]\/1,5)

The LGM time slice is based on a total of 158 cores,
covering the northern North Atlantic and the Nordic
Seas (Fig. 2a). Table 1 shows the data sources. Fifty-
three of these cores are dated by Accelerator Mass
Spectrometry (AMS) "“C within the range of the LGM
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Fig. 2. (a) Oxygen isotope values (S]SONPS) for the LGM, based on the planktonic foraminifer N. pachyderma (sin.). The gridding, contouring and
colouring are based on 158 cores, marked as white circles (Location in Table 1) (b) SISONps-anomaly between the LGM and modern values,
calculated from the gridded plots as: plot(B'goNpS(unomaly)) = plot(SlRONps(LGM)) - plot(S]SONps(modem)) — 1.1, where 1.1 is the ice volume effect. Black
dots mark cores which contain BISONPS(modcm) values, while white dots mark cores which contain & OnpsLgm) values. The BISONPS(mdcm) values are
from Simstich et al. (2003). Grey coloured areas indicate land areas during the LGM (Peltier, 1994).
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Cores used for studies of oxygen isotope ratios in the tests of N. pachyderma (sinistral). The isotopic temperatures (Tps) are determined by use of

Egs. (1)—(3) in text

Core no. Longitude Latitude Water LGM level Number of Averaged SISONPS T'nps Data source

depth (m) 18-21.5ka averaged for ESISONps

depth (em) §'8Oy;,, measurements

BOFS 5K —21.87 50.68 3547 77-94% 9 4.17 5.1 Maslin (1992)
BOFS 8K —22.04 52.50 4045 78-110 13 4.21 4.3 Maslin (1992)
BOFS 14K —19.44 58.62 1756 34-44 5 3.94 5.3 Maslin (1992)
BOFS 16K -23.14 59.28 2502 42-48 2 4.26 3.7 Vogelsang (1990)
BOFS 17K —16.50 58.00 1150 68-95 13 4.17 4.9 Maslin (1992)
CH 67-19 -3.95 45.75 1982 380 1 3.57 7.4 Labeyrie and Duplessy (1985)
CH 69-12 —4.69 46.02 3642 Unknown Unknown 3.65 6.9 Duplessy et al. (1991)
CH 69-32 —5.18 45.40 4777 Unknown Unknown 3.56 7.5 Duplessy et al. (1991)
CH 72-101 —8.56 47.47 2428 280 1 3.51 7.7 Labeyrie and Duplessy (1985)
CH 72-104 —8.08 46.90 4590 380 1 3.25 8.9 Labeyrie and Duplessy (1985)
CH 73-108 —10.73 58.08 2032 Unknown Unknown 4.18 4.5 Duplessy et al. (1991)
CH 73-110 —8.93 59.50 1365 102-110 Unknown 4.00 5.1 Weinelt (1993)
CH 73-136 —14.47 55.57 2201 120 1 4.18 4.7 Keigwin and Boyle (1989)
CH 73-139 —16.35 54.63 2209 160-190* 4 3.99 5.6 Bard et al. (1987)
CH 73-141 —16.52 52.86 3489 Unknown Unknown 4.00 5.7 Duplessy et al. (1991)
CH 77-07 —10.52 66.60 1487 145-200 Unknown 4.62 1.0 Ruddiman and Mclntyre (1981)
DSDP 609 —24.00 50.00 3884 88-101* >5 4.25 4.6 Bond et al. (1993)
ENAM 93-21 —4.00 62.74 1020 220-250% 7 4.48 2.9 Rasmussen et al. (1996)
FRAM 1/4 —8.95 84.50 3820 15-23% 6 441 —1.9 Zahn et al. (1985)
FRAM 1/7 —6.96 83.88 2990 26-40 4 4.61 —1.8 Zahn et al. (1985)
HM 25-09 4.79 63.05 600 254264 2 4.49 2.4 Jansen and Erlenkeuser (1985)
HM 31-33 4.78 63.63 1580 112 1 4.44 3.0 Jansen and Erlenkeuser (1985)
HM 31-36 0.53 64.25 2620 29-34 2 4.75 1.9 Jansen and Erlenkeuser (1985)
HM 52-43 0.73 64.25 2781 83-90° 3 4.51 2.7 Veum et al. (1992)
HM 57-07 —13.53 68.25 1668 34-42 Unknown 4438 1.6 Sarnthein et al. (1995)
HM 71-12 —13.87 68.43 1547 44-48 3 4.69 1.6 Sarnthein et al. (1995)
HM 71-14 —18.08 69.98 1624 64 1 4.65 0.4 Sarnthein et al. (1995)
HM 71-19 —9.51 69.48 2210 42 1 4.81 0.9 Vogelsang (1990)
HM 80-30 1.60 71.78 2821 36-44 5 4.57 2.2 Sarnthein et al. (1995)
HM 80-42 —9.23 72.25 2416 54-64 6 4.44 0.3 Sarnthein et al. (1995)
HM 80-60 —11.86 68.90 1869 68-76 5 4.69 1.4 Sarnthein et al. (1995)
HM 94-13 —1.62 71.63 1946 44-52 5 4.66 1.6 Sarnthein et al. (1995)
HM 94-18 5.70 74.50 2469 25-35 2 4.58 1.9 Sarnthein et al. (1995)
HM 94-25 1.32 75.60 2469 38-47% 4 4.68 1.6 Sarnthein et al. (1995)
HM 94-34 —2.54 73.77 3004 50-53* 2 4.71 1.2 Sarnthein et al. (1995)
HM 100-7 —4.72 61.67 1125 63-100 38 4.39 3.4 Sarnthein et al. (1995)
K 11 1.60 71.78 2900 30-56 Unknown 4.66 1.9 Ruddiman and Mclntyre (1981)
KN 708-1 —23.75 50.00 4053 100 1 4.11 5.2 Ruddiman and Mclntyre (1981)
KN 708-6 —29.57 51.57 2469 60 1 4.46 3.0 Keigwin and Boyle (1989)
KN 714-15 —25.78 58.77 2598 415419 1 4.23 3.7 Keigwin and Boyle (1989)
M 17045 —16.65 52.43 3663 80-110* 15 4.01 5.8 Winn et al. (1991)
M 17048 —18.16 54.30 1859 71-96 Unknown 4.02 5.3 Sarnthein et al. (1995)
M 17049 —26.73 55.28 3331 150-163* 14 4.29 2.9 Jung (1996)
M 17051 —31.98 56.17 2300 200-209% 3 4.34 2.7 Jung (1996)
M 17701 11.68 68.53 1421 92-141 Unknown 4.34 2.2 Sarnthein et al. (1995)
M 17719 12.57 72.15 1823 260-320 Unknown 4.46 2.5 Sarnthein et al. (1995)
M 17724 8.33 76.00 2354 47-58* 6 4.63 2.1 Weinelt (1993)
M 17725 4.58 77.47 2580 25-35% 4 441 1.7 Weinelt et al. (1996)
M 17728 3.95 76.52 2485 12-17 Unknown 4.69 1.0 Sarnthein et al. (1995)
M 17730 7.31 72.05 2769 132-147% 5 4.60 2.2 Weinelt (1993)
M 17732 4.23 71.62 3103 137-142 Unknown 4.75 1.7 Sarnthein et al. (1995)
M 23041 0.22 68.68 2258 30-36 Unknown 4.70 2.0 Sarnthein et al. (1995)
M 23043 -3.35 70.27 2133 30-38 Unknown 4.56 2.0 Sarnthein et al. (1995)
M 23055 4.10 68.42 2311 35-40 5 4.76 1.9 Vogelsang (1990)
M 23056 3.83 68.50 2665 27-35% 2 4.68 2.0 Weinelt et al. (1996)
M 23057 3.31 68.40 3157 24-29 Unknown 4.70 2.1 Sarnthein et al. (1995)
M 23059 -3.12 70.30 2283 29-32 4 4.72 1.4 Vogelsang (1990)
M 23062 0.16 68.73 2244 30-35 4 4.73 1.9 Vogelsang (1990)
M 23063 0.00 68.75 2299 31 1 4.76 1.8 Vogelsang (1990)
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Table 1 (continued)

Core no. Longitude Latitude Water LGM level Number of Averaged SIE‘ONPS Tnps Data source
depth (m) 18-21.5ka averaged for ESISONps

depth (cm) §'80y,,; measurements

M 23064 0.33 68.67 2571 32-35 Unknown 4.66 2.2 Sarnthein et al. (1995)

M 23065 0.81 68.50 2804 29-34% 6 4.72 2.0 Vogelsang (1990)

M 23068 1.50 67.83 2230 61-75 2 4.74 2.0 Vogelsang (1990)

M 23071 2.93 67.08 1308 98-147% 5 4.73 2.7 Vogelsang (1990)

M 23074 4.92 66.67 1157 125-350* 19 4.62 2.3 Vogelsang (1990)

M 23254 9.63 73.12 2273 80-95 Unknown 4.70 1.7 Sarnthein et al. (1995)

M 23256 10.95 73.18 2061 70-90 Unknown 4.73 1.5 Sarnthein et al. (1995)

M 23258 13.98 75.00 1768 710-840 Unknown 4.52 2.1 Sarnthein et al. (1995)

M 23259 9.25 72.03 2518 140-170 7 4.68 1.8 Weinelt (1993)

M 23260 11.46 72.13 2089 110-140 5 4.71 1.6 Weinelt (1993)

M 23261 13.11 72.17 1628 192-260 10 4.60 1.9 Weinelt (1993)

M 23262 14.43 72.23 1130 200-320% 10 433 2.9 Weinelt (1993)

M 23269 0.68 71.45 2872 43-49 2 4.33 1.2 Weinelt (1993)

M 23294 —10.59 72.37 2224 110-123* 3 4.71 0.1 Weinelt (1993)

M 23323 5.93 67.77 1286 Unknown Unknown 4.42 3.0 Sarnthein et al. (1995)

M 23351 —18.21 70.36 1672 55-78 6 4.40 —0.4 Voelker (1999)

M 23354 —10.63 70.33 1747 70-80* 2 4.50 1.2 Voelker (1999)

M 23415 —19.20 53.17 2472 135-164* 12 4.13 5.2 Jung (1996)

M 23419 —19.74 54.97 1491 4042 1 3.96 5.5 Jung (1996)

M 23519 —29.60 64.80 1893 58-84 3 4.53 1.6 Hohnemann (1996)

MD 2010 4.56 66.68 1226 217-373* 47 4.61 2.3 Dokken and Jansen (1999)

MD 2011 7.64 66.97 1048 972-1361* 195 4.42 2.9 Dreger (1999)

MD 2012 11.43 72.15 2094 262-468" 37 4.58 2.0 Dreger (1999)

MD 2284 —-0.98 62.37 1500 800-1050* 25 4.34 3.5 Jansen and Meland (2001)

MG 123 0.81 79.27 3050 58-72 2 4.65 0.9 Morris (1988)

NA 87-22 —14.57 55.50 2161 370-419* 20 4.06 4.8 Duplessy et al. (1992)

NO 77-14 —20.42 62.45 1531 Unknown Unknown 4.65 2.5 Duplessy et al. (1991)

NO 79-06 —36.89 54.52 2734 290 1 4.45 1.8 Labeyrie and Duplessy (1985)
NO 79-25 —27.28 46.98 2826 Unknown Unknown 4.10 6.3 Duplessy et al. (1991)

NP 90-12 9.42 78.41 628 220-275 7 4.65 1.1 Dokken (1995)

NP 90-36 9.94 77.62 1360 330-360 5 4.60 1.5 Dokken (1995)

NP 90-39 9.90 77.26 2119 127-155 8 4438 2.0 Dokken (1995)

OD 41:4:1 11.24 84.03 3344 13-17% 3 4.76 —1.4 Norgaard-Pedersen et al. (2003)
PS 1171 —18.07 68.20 935 22-50* 12 4.49 1.5 Lackschewitz et al. (1994)

PS 1230 —4.78 78.86 1235 20-28* 9 4.28 0.1 Neorgaard-Pedersen et al. (2003)
PS 1294 5.37 78.00 2668 35-55 5 4.75 0.3 Hebbeln and Wefer (1997)

PS 1295 243 78.00 3112 3643 4 4.63 0.6 Jones and Keigwin (1989)

PS 1308 —4.83 80.02 1444 20-32 Unknown 3.95 —0.5 Norgaard-Pedersen et al. (2003)
PS 1314 4.50 80.00 1382 21-28 Unknown 4.22 1.1 Neorgaard-Pedersen et al. (2003)
PS 1533 15.18 82.03 2030 60-85% 7 4.60 0.1 Kohler (1992)

PS 1535 1.85 78.75 2557 32-47° 8 4.60 1.5 Kohler (1992)

PS 1730 —17.7 70.12 1617 103-110% 1 4.29 —0.3 Stein et al. (1996)

PS 1894 —8.30 75.81 1975 36-125% 43 4.39 —0.4 Norgaard-Pedersen et al. (2003)
PS 1919 —11.90 75.00 1876 13-33% 2 4.39 —0.7 Stein et al. (1996)

PS 1922 —8.77 75.00 3350 117-149% 2 4.40 —0.4 Stein et al. (1996)

PS 1927 —17.12 71.50 1734 65-95% 4 4.35 —0.6 Stein et al. (1996)

PS 1951 —20.82 68.84 1481 70-102% 4 4.48 1.4 Stein et al. (1996)

PS 2122 7.55 80.39 705 159-200 Unknown 4.20 1.4 Kanies (1994)

PS 2123 9.86 80.17 571 187-228 Unknown 443 1.6 Knies (1994)

PS 2129 17.47 81.37 861 20-40% Unknown 4.68 0.8 Knies (1999)

PS 2206 —2.51 84.28 2993 10-13 1 4.60 —1.8 Stein et al. (1994)

PS 2208 4.60 83.64 3681 15-25 Unknown 4.60 —1.1 Stein et al. (1994)

PS 2210 10.70 83.04 3702 12-14 1 4.65 —0.9 Stein et al. (1994)

PS 2212 15.85 82.07 2550 80-100 Unknown 4.26 0.0 Vogt (1997)

PS 2423 —545 80.04 829 20-100 Unknown 3.80 —0.6 Notholt (1998)

PS 2424 —5.74 80.04 445 390-433 Unknown 4.20 —0.6 Notholt (1998)

PS 2613 —0.48 74.18 3259 30-40" 3 4.71 1.2 Voelker (1999)

PS 2644 —21.77 67.87 778 111-129% 19 4.50 0.5 Voelker (1999)

PS 2837 2.38 81.23 1023 389-397% 9 4.72 0.0 Norgaard-Pedersen et al. (2003)

PS 2876 -9.43 81.91 1976 9-62% >20 4.55 —1.5 Norgaard-Pedersen et al. (2003)
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Core no. Longitude Latitude Water LGM level Number of Averaged SIBONPS Tnps Data source

depth (m) 18-21.5ka averaged for ESISONps

depth (cm) §'80y,,; measurements

PS 2887 —4.61 79.60 1411 35-52° 18 3.33 —0.1 Norgaard-Pedersen et al. (2003)
PS 16396 —11.25 61.87 1145 198-540* 38 4.08 4.5 Sarnthein et al. (1995)
PS 16397 —11.18 61.87 1145 4-98* 13 4.00 4.8 Sarnthein et al. (1995)
PS 21291 8.70 78.00 2400 85-105 Unknown 4.54 1.6 Weinelt (1993)
PS 21736 =517 74.33 3460 28 1 4.65 0.1 Janger (1993)
PS 21842 —16.52 69.45 982 27-39% 2 4.44 0.6 Sarnthein et al. (1995)
PS 21900 -2.32 74.53 3538 25-33 2 445 0.7 Jinger (1993)
PS 21906 -2.15 76.93 2990 21-30% 9 4.25 0.6 Norgaard-Pedersen et al. (2003)
PS 21910 1.32 75.62 2454 35-40 Unknown 4.50 1.6 Weinelt (1993)
PS 23199 5.24 68.38 1968 74-103 4 4.76 1.9 Vogelsang (1990)
PS 23205 5.76 67.62 1411 50-90 5 4.62 2.2 Vogelsang (1990)
PS 23243 —6.54 69.38 2715 55 1 4.71 1.2 Vogelsang (1990)
PS 23246 —12.86 69.40 1858 45 1 4.58 1.2 Vogelsang (1990)
RC 9-225 —15.40 54.89 2334 135 1 3.99 5.6 Keigwin and Boyle (1989)
SO 82-5 —30.9 59.18 1416 95-120* 6 443 1.9 van Kreveld et al. (2000)
SU 90-32 —22.42 61.78 2200 140-170 Unknown 3.98 4.8 Sarnthein et al. (1995)
SU 90-33 —22.08 60.57 2370 Unknown Unknown 4.22 3.9 Cortijo et al. (1997)
SU 90-39 —21.93 52.57 2900 81-90 Unknown 4.25 4.5 Cortijo (1995)
SU 90-106 —39.45 59.98 1615 19-23 3 4.40 2.2 Weinelt et al. (1996)
SU 90-107 —28.08 63.08 1625 17-19 Unknown 4.17 3.5 Sarnthein et al. (1995)
V 23-23 —44.55 56.08 3292 115 1 4.34 2.0 Mix and Fairbanks (1985)
V 23-42 —27.92 62.18 1514 70 1 4.52 2.5 Keigwin and Boyle (1989)
V 23-81 —16.14 54.03 2393 236-304" 4 3.82 5.4 Jansen and Veum (1990)
V 23-82 —21.93 52.59 3974 110 1 4.34 4.2 Keigwin and Boyle (1989)
V 23-83 —24.26 49.87 3971 100 1 431 4.5 Keigwin and Boyle (1989)
Vv 27-17 —37.31 50.08 4054 35 1 4.42 3.1 Keigwin and Boyle (1989)
V 27-19 —38.79 52.10 3466 35 1 4.46 1.9 Keigwin and Boyle (1989)
V 27-60 8.58 72.17 2525 188-203 2 4.72 1.7 Labeyrie and Duplessy (1985)
V 27-86 1.12 66.60 2900 50-67 2 4.72 2.1 Labeyrie and Duplessy (1985)
Vv 27-114 —33.07 55.05 2532 291 1 442 2.2 Keigwin and Boyle (1989)
V 27-116 —30.33 52.83 3202 60 1 4.52 2.3 Keigwin and Boyle (1989)
V 28-14 —29.58 64.78 1855 149-170 3 4.60 1.2 Shackleton (1974)
V 28-38 —4.40 69.38 3411 184-192 Unknown 4.82 1.0 Keigwin and Boyle (1989)
V 28-56 —6.12 68.03 2941 60-80 4 4.67 1.5 Kellogg et al. (1978)
V 29-180 —23.87 45.30 3049 57 1 3.80 7.5 Keigwin and Boyle (1989)
V 29-183 —25.50 49.14 3629 38 1 4.10 5.4 Keigwin and Boyle (1989)
V 29-206 —29.28 64.90 1624 170 1 4.37 2.2 Keigwin and Boyle (1989)
V 30-108 —32.50 56.10 3171 85 1 4.52 2.0 Keigwin and Boyle (1989)
V 30-164 8.97 69.83 2901 Unknown Unknown 4.83 1.3 Duplessy et al. (1991)

2The depths of the LGM levels are determined with use of AMS *C. Where no asterisk is shown, the LGM levels are determined by use of isotope

stratigraphy.

level. In the other cores the LGM level is found based on
the planktic oxygen isotope curves. Single 6180Np5-
values from different low-resolution cores (see Table 1)
are also included in the data set. In the publications
from which the data was gathered, the authors simply
defined the LGM as the event with the youngest distinct
SISONps-maXimum prior to Termination 1. We assume
here that these values are inside the GLAMAP
definition of the LGM, but admit that a higher
robustness, resolution and more AMS '*C dates are
preferable. When integrating these data into the data
set, we observe, however, that the spatial pattern is not
changed, indicating that these data points are coherent

with neighbouring data points that are better con-
strained by actual dates.

3.2. Mg/Ca ratios of N. pachyderma (sin.)

Foraminiferal Mg/Ca ratios are increasingly used as
indicators of past ocean temperatures (e.g. Lea et al.,
2000, 2002; Elderfield and Ganssen, 2000; Rosenthal et
al., 2000). To add this information to the temperature
information from the oxygen isotopes we applied Mg/
Ca paleothermometry to a subset of samples from the
LGM time slice and to a set of modern (core top)
sediment samples.
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The LGM part of the work is based on a total of 31
cores that provide a broad coverage of the North
Atlantic north of 50°N, and the Nordic Seas. Table 2
shows the data. We measured the Mg/Ca ratios of the
polar species N. pachyderma (sin.) in 1-6 samples from
each core covering the LGM time slice, and note that
some of the cores are not AMS '*C dated (see Table 2).
In these cases the LGM time slice definition was based
on the planktic oxygen isotope records as described
above. When choosing samples for Mg/Ca analyses,
samples with planktic oxygen isotope values close to the
average for the whole of the LGM level were given the
highest priority. This was done to avoid potential
internal fluctuations and obtain a best possible fit to
oxygen isotope data.

Sediment surface samples from the Nordic Seas were
also analysed for Mg/Ca content, with the purpose to
investigate the correlation between the core top Mg/Ca
ratios of N. pachyderma (sin.) and modern sea surface
temperatures (SST). The data are shown in Table 3, and
all these samples have Fe/Ca ratios below 0.1 mmol/mol,
indicating that contamination should not influence the
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Mg/Ca ratios significantly (Barker et al., 2003). All
samples are from box cores, covering the upper 0.5cm
of the sediment (Johannessen, 1992).

The samples were cleaned following the cleaning
procedure of Barker et al. (2003), and were measured
using the inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) method, with a relative preci-
sion of <0.3% (de Villiers et al., 2002). All cleaning and
measurements were performed at the Department of
Earth Sciences, University of Cambridge, UK.

4. Constraints on the temperatures derived from 5'*O

The oxygen isotopic composition of foraminiferal
calcite depends on both the temperature and the oxygen
isotopic composition of the ambient seawater, 5'°0,,.
Since we here are primarily interested in the tempera-
ture, we need to address the factors that influence the
5'%0,,, which are: the ice volume effect which results
from the storage of water depleted in 'O in ice sheets,

Table 2
Core data used for studies of Mg/Ca ratios in the tests of N. pachyderma (sinistral). The Mg/Ca ratios are analysed in this study
Core no. Longitude  Latitude = Water LGM level Number of Average Mg/Ca  Reference

depth (m) 19-21.5ka averaged trace (mmol/mol) LGM-level

depth (cm) element measurements

BOFS 5K —21.87 50.68 3547 78-94% 4 0.87 Maslin (1992)
BOFS 7K —22.54 51.75 2429 38-40 2 0.91 Manighetti et al. (1995)
BOFS 8K —22.04 52.50 4045 85-110 2 0.81 Maslin (1992)
BOFS 10K —20.65 54.67 2761 108-114 4 0.93 Manighetti et al. (1995)
BOFS 14K —19.44 58.62 1756 38-44 3 0.92 Maslin (1992)
BOFS 17K —16.50 58.00 1150 74-95 4 1.16 Maslin (1992)
ENAM 94-09 —9.43 60.34 1286 543-583 3 0.89 Lassen et al. (2002)
HM 100-7 —4.72 61.67 1125 71-100 4 0.83 Sarnthein et al. (1995)
HM 52-43 0.73 64.25 2781 85-90% 2 0.81 Veum et al. (1992)
HM 71-12 —13.87 68.43 1547 44-48 3 0.96 Sarnthein et al. (1995)
HM 71-15 —17.43 70.00 1547 38-41* 4 0.71 Roe (1998)
HM 71-19 -9.51 69.48 2210 42 1 1.22 Vogelsang (1990)
HM 79-26 —5.93 66.90 3261 60 1 1.05 Sarnthein et al. (1995)
HM 80-30 1.60 71.78 2821 38-44 4 0.88 Sarnthein et al. (1995)
HM 80-42 -9.23 72.25 2416 57-64 4 0.90 Sarnthein et al. (1995)
HM 80-60 —11.86 68.90 1869 70-76 3 1.11 Sarnthein et al. (1995)
HM 94-13 —1.62 71.63 1946 46-52 4 0.98 Sarnthein et al. (1995)
HM 94-18 5.70 74.50 2469 28-35 2 0.96 Sarnthein et al. (1995)
HM 94-25 1.32 75.60 2469 38-47% 4 0.95 Sarnthein et al. (1995)
HM 94-34 —2.54 73.77 3004 50 1 0.79 Sarnthein et al. (1995)
M 23357 —5.53 70.96 1969 57 1 1.29 Goldschmidt (1994)
MD 2010 4.56 66.68 1226 261-373% 6 0.73 Dokken and Jansen (1999)
MD 2011 7.64 66.97 1048 1066-1361* 5 0.80 Dreger (1999)
MD 2284 —0.98 62.37 1500 870-1050 5 0.74 Jansen and Meland (2001)
MD 2289 4.21 64.66 1395 610-690 4 0.72 Berstad (pers. com.)
MD 2304 9.95 77.62 853 420-512% 5 0.74 Fevang (2001)
NEAP 8K —23.54 59.47 2419 179-192 4 0.94 Vogelsang et al. (2000)
PS 21842 —16.52 69.45 982 31-39% 5 0.85 Sarnthein et al. (1995)
SO 82-4 —30.48 59.10 1503 181-188* 1 0.89 Moros et al. (1997)
SU 90-32 —22.42 61.78 2200 140-170 1 0.80 Sarnthein et al. (1995)
V 23-81 —16.14 54.03 2393 260-304" 3 0.95 Jansen and Veum (1990)

3The depths of these LGM levels are determined with use of AMS '*C.
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Core top data used for studies of Mg/Ca ratios of N. pachyderma (sin.). The Mg/Ca ratios are analysed in this study. All core tops are from box cores,
upper 0.5cm of the sediment (Johannessen, 1992)

Core no.  Longitude Latitude Water Observed BHBONI,S T JAS 50m Calcification “Calculated” Mg/Ca Mg/Ca deviation
depth (m) Mg/Ca (mmol/mol) ratios  depth® temperature® (mmol/mol)°® (mmol/mol)¢
HM 16132 —0.72 64.57 2798 1.00 2.11 8.2 8.5 1.27 —0.28
HM 49-14 —-3.23 65.42 2863 1.06 2.46 6.6 6.8 1.08 —0.02
HM 49-15 —0.36 66.34 3260 1.16 2.41 7.4 7.2 1.12 0.04
HM 52-34  —8.28 65.35 1101 1.14 3.00 5.9 5.1 0.91 0.23
HM 57-14 —6.21 67.00 3005 1.21 2.68 4.3 5.1 0.91 0.30
HM 57-20 1.67 62.65 750 1.13 2.40° 9.2 7.3 1.13 0.00
HM 94-12 -3.92 71.53 1816 0.99 3.25¢ 3.8 3.6 0.78 0.20
HM 94-16 5.61 73.38 2356 0.89 3.13¢ 2.8 43 0.84 0.05
HM 94-25 1.32 75.60 2469 1.12 3.68° 1.6 1.7 0.65 0.47
HM 94-42 -22.5 68.75 1339 0.98 3.10° 1.2 2.0 0.67 0.31

#Calculated from Levitus and Boyer (1994).

®Calcification temperatures are calculated from the oxygen isotope ratios given in table, and Eqs. (1) and (3) in text.
““Calculated” Mg/Ca ratios are the ratios which should be expected from the calcification temperatures, using the equation of Niirnberg (1995)

(Eq. (4) in text).

dCalculated in this manner: Mg/Ca deviation = observed Mg/Ca—*calculated” Mg/Ca.
e5]801\1ps measurements are not performed for these core tops. These values are interpolated 51801\1ps data calculated from nearby core tops with

SISONpS measurements from Simstich et al. (2003).

and the salinity and the slope of the §'*0,—salinity
relationship.

4.1. Constraints on the ice volume effect

Before temperature calculations can be made, the
effect that storage of isotopically depleted water in
continental ice sheets has on §'%0,, between the LGM
and today must be assessed. Fairbanks (1989) proposed
that ice volume indicated a change in 8'%0,, of 1.2-1.3%
between LGM and today. Schrag et al. (1996), on the
other hand, suggested an amplitude of 1.0%o., based on
pore water measurements in deep sea sediments. For this
work we have chosen an intermediate value of 1.1%o for
the ice volume effect at the LGM. The range of the
different estimates of the ice volume effect indicated
above, would impose an uncertainty on the temperature
reconstructions of about +0.5-1°C on the absolute
values, but do not influence the spatial patterns we
reconstructed.

4.2. Oxygen isotope distribution of N. pachyderma (sin. )
during the LGM

During the LGM, the northern North Atlantic and
the Nordic Seas were characterized by a marked
contrast in the foraminiferal isotopic composition
between the areas south of the Iceland—Scotland Ridge
and the Nordic Seas (Fig. 2a). In the eastern North
Atlantic the 8180Nps-values were 3.8-4.4%., while
6180Nps—values in the central Nordic Seas were quite
homogenous with values about 4.6-4.8%o.. In the western
and eastern flanks of the Nordic Seas the §'*Onps-values
were lower, with values averaging about 4.2—4.5%o.

By subtracting an ice volume effect of 1.1%o from the
raw data, the pattern in Fig. 2b is derived, showing
6180Np5-anomalies in the Nordic Seas. These anomalies
suggest that the ice volume corrected SISONPS-Values in
the Greenland and Iceland Seas for the LGM were not
very different from today, indicating that similar surface
environments as today prevailed in the LGM in the
present cold water part of the Nordic Seas. The largest
changes are evident south of the Iceland—Scotland Ridge
and in the eastern Norwegian Sea, indicating that the
meridional heat transport was much weaker during the
LGM compared with today.

4.3. Constraints on the relationship between salinity (S)
and 6" 0, for the LGM

Constraining this relationship (or mixing line) for the
Nordic Seas and the northern North Atlantic is not a
straightforward work, since the water masses have
different characteristics. 8'0,, and salinity data from
the database of Schmidt et al. (1999), show that the
oxygen isotope values of the fresh water end member
(8"80y) vary from —16%o south of the Greenland—Scot-
land Ridge, —23%o in the Norwegian Sea, —33%o in
Greenland—Iceland Seas and —35%o in the Arctic Ocean.
Simstich et al. (2003) have published relationships with
8'80¢ of —12%. in the eastern and central Nordic Seas,
and 80y of —17%o in the East Greenland Current
(EGO).

For the LGM the salinity/8'80 relationship is not
known. The Greenland deep ice cores show glacial
oxygen isotope ratios down to less than —40%o
(Dansgaard and Oeschger, 1989), which are substan-
tially below the modern values around —30%o, suggesting
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a steeper mixing line than today. On the other hand,
more intensive sea-ice formation during the LGM may
produce sea-ice with an isotopic signature of, e.g.
typically —2%o, the same as in the surrounding sea
water, thus producing a fresh water source with
isotopically high values that effectively lowers the
salinity/3'30 slope. It is therefore not obvious that the
LGM slope was steeper than the modern. Based on
an Earth system model of intermediate complexity,
CLIMBER-2, Roche et al. (2004) found that no
drastic changes occurred in the 8'%0y:S relation-
ship. In the absence of conclusive evidence for a
shift in this relationship, we suggest that the modern
mixing line for both the North Atlantic and the
Nordic Seas seems most appropriate. We therefore use
the equation of GEOSECS (1987) obtained from §'%0,
and salinity for water samples collected in the upper
250m of the Atlantic Ocean during the GEOSECS
expedition:

3180, = —19.264 + 0.558 x salinity. (1)

4.4. Constraints on the LGM salinity

Since we have no direct method of assessing the
salinity, we need to constrain the possible range of
salinities from other criteria. In this case we need to
consider:

e The homogenous 6]80Np5-values in the Nordic Seas
(Fig. 2a), which indicate that the salinity (and
temperature) range within the Nordic Seas was quite
low.

e Oxygen isotope change between modern data and the
LGM (Fig. 2b), which can be used to assess the
possible range of salinity changes in certain areas (see
below).

e The general high latitude cooling of the LGM implies
that inflow of saline waters from the North Atlantic
into the Nordic Seas was reduced compared with
today, due to the fact that warmer waters in general
are more saline.

® Possible existence of deep convection, which requires
salinity above certain thresholds.

e Higher glacial salinities in the Fram Strait, due to less
melting of sea ice, reduced river runoff, and no inflow
of low saline water through Bering Strait due to the
low sea level.

From plotting the SISONps-anomalies between the
recent data and the LGM (Fig. 2b), we find that the
smallest anomaly between LGM and modern values
exist in an elongated area in the Iceland Sea and the
Greenland Sea, where open-ocean convection in Arctic
water masses occurs today. This similarity indicates
similar oceanographic conditions in this area during the

LGM, with SSSs of 34.4-34.9%, (the global salinity rise
of +1%o due to the ice volume effect is not added here
and in the following discussion) and summer-SSTs of
0-6 °C, which is typical for Arctic water masses (Swift
and Aagard, 1981). Considering that most of the Nordic
Seas had similar isotope values, this is an indication for
presence of Arctic water masses, with SSS- and SST-
values as mentioned above.

In the northernmost cores in our compilation, in the
Fram Strait region, the planktic isotope values indicate
higher sea surface salinity during the LGM than today,
since applying modern salinities for these locations to
calculate SSTs from the oxygen isotope paleotempera-
ture equation give LGM SST-values lower than —1.8 °C,
which is below the freezing point of sea water. To
correct this improbable result, the salinities of the LGM
must be set to higher values than now in this area.

In the central and eastern parts of the North Atlantic
we believe that salinities must have been lower than
today as a result of the reduced northward oceanic heat
flux and reduced advection of saline water from the
tropics to higher latitudes.

Based on high epibenthic carbon isotope values in the
Nordic Seas (Veum et al., 1992) and benthic oxygen
isotope values (Dokken and Jansen, 1999), it appears
likely that deep-sea ventilation and some element of
open ocean convection took place in the Nordic seas in
the LGM. Dokken and Jansen (1999) proposed that
deep-water formation shifted between open ocean
convection and brine-release due to sea-ice formation,
and that shifts in the relative importance of the two
deep-water formation types accompanied the millennial
scale climate shifts of the last glacial. The brine
mechanism can operate with lower preformed salinities
than is required for open ocean convection. The
benthic 5'"*O-change between LGM and Holocene in
the Nordic Seas is 0.3%o0 lower than the ice volume
effect of 1.1%o (Fairbanks, 1989; Schrag et al., 1996).
This implies that the isotopic composition of the deep
water to some extent was influenced by the brine
mechanism. Yet the high epibenthic carbon isotope
values (Veum et al., 1992), and the generally higher
oxygen isotope values compared to many of the stadials
of the last glacial would imply that at least some
convection in open ocean areas occurred. Open-ocean
convection will bring isotopically heavy water to the
deep sea, while overturning by the brine-mechanism
brings a light isotopic signal originating from densifica-
tion of fresher waters by sea-ice formation to the deep
sea. A mix of these two modes of deep-water formation
may have produced an average LGM-Holocene change
in benthic oxygen isotopes, which is 0.3%o less than what
would be expected from ice volume alone. Hence the
average salinity of surface waters was probably
34.5-34.9%o, i.e. somewhat lower than today, but not
by a large extent, as this may have hindered overturning
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Fig. 3. (a) Suggested sea surface salinities for the LGM, based on the approach described in text (Sections 4.4.1 and 4.4.2). The higher global salinity
(+ 1%o0) during the LGM caused by the ice volume effect is not included. (b) Summer SST reconstruction for the LGM computed from the approach
described in text (Section 4.5). The gridding, contouring and colouring were based on the estimated SST values (Table 1) calculated from Eq. (3) in
text. Grey coloured areas indicate land areas during the LGM (Peltier, 1994).

and ventilation through some amount of open ocean
convection.

Based on the discussion above, we have constrained
the likely LGM salinity field follows (Fig. 3a):

e Lower salinities in the central and eastern Nordic Seas
than today. They were, however, high enough to
allow for some convection.

e The most likely open-ocean convection sites are where
the highest SISONpS-Values are found (>4.7%o),
assuming that convection occurred in the areas with
highest 8180Nps-values, as it does today.

e Higher salinities in the Fram Strait and the border to
the Arctic Ocean than today.

o Somewhat lower salinity in the North Atlantic
relative to today, based on a lower northward
advection of warm waters.

e Generally, lower salinity gradients between different
areas compared with today, based on the homoge-
nous LGM 8" Onps-field.

These constraints were used to calculate a possible
salinity field in two steps:

4.4.1. Ist step: Salinities in the coldest water, where
Tmodem < 2°C

We have here selected data from the core locations
where the summer temperature (at 50m depth, JAS)
today is below 2°C. It is highly unlikely that the
temperatures during the LGM were significantly higher

than today. There was probably partly ice-free water as
far north as the Fram Strait (Hebbeln et al., 1994), thus
the summer SST were above —1.8 °C. Therefore, we
postulate that the SSTs have been between —1.8 and
+2°C for these cores and that as a first approximation
the temperatures at their respective locations were
similar to modern day temperatures.

We then used the modern day temperatures, the
modern mixing line between salinity and 8'%0,, (Eq. (1)),
and the paleotemperature equation of Shackleton (1974)
to calculate salinities for these core locations. This
results in a correlation of LGM and modern salinities of
0.62 in the northwestern area denoted in Fig. 3a. The
best fit between modern and LGM salinities is expressed
by the following equation:

SLem = ()~3192*(Smodern)2 — 20.81"Smodern + 3718),
R? =0.62. 2

4.4.2. 2nd step: Salinities for the area where
Tmodern >2°C

As a means of assessing the plausible range of
salinities, we use Eq. (2) to calculate LGM salinities
outside of the coldest end member area. The calculated
salinities give similar salinity pattern as today, but with
lower gradients between high and low salinity areas, in
particular a reduced northward extent of saline surface
waters compared with the modern values (Fig. 3a). We
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stress that this is not based on a strictly objective
criterion, yet the pattern agrees with the pattern that we
expect to see considering the constraints discussed in the
text above.

In favour of this attempt we can argue that the
salinities in the coldest region cannot be much different,
due to the fact that temperatures cannot be lower than
freezing. There must also be a gradient between the low
latitudes and the high latitude region as today, but with
a smaller influx of saline waters in the Nordic seas areas
due to the prevailing colder temperatures in the mid
latitude region and the eastern boundary of the area
which is consistent in all reconstructions of LGM
temperatures. The calculated salinities give a similar
salinity pattern as today, but with lower salinity
gradients in the study area, as expected (Fig. 3a).

With the applied mixing line for oxygen isotopes vs.
salinity an 0.48%o error in salinity will result in a 1°C
change in the temperature estimate. With a steeper
mixing line, e.g. closer to unity, an 0.25%o salinity error
will result in a 1 °C reconstructed temperature change.
With the constraint that LGM salinities must be the
same or less than modern (ice volume effect not
included), and the observation that there must have
been some deep convection, we contend that salinities
cannot have been more than 0.3-0.5%o0 lower than
modern over the central and eastern parts of the Nordic
Seas. Thus the salinity assumption used for our SST
reconstruction produce an error of not more than 1°C.

4.5. Temperature estimates

In the area where Todern<2.0°C, we have defined
that T gm = Tiodern, based on arguments described in
Section 4.4.1. Where Tyodern>2.0 °C, the salinities are
defined as in Eq. (2) based on the arguments described in
Section 4.4.2. 8'%0,, is then calculated using Eq. (1). The
calcification temperatures of N. pachyderma (sin.) are
then calculated using the paleotemperature equation of
Shackleton (1974):

T =16.9 — 4.38 % (8" Onyps — 8'°0y, 4 0.27)
+0.10 # (8" Onps — 8'80,, + 0.27)%. (3)

The resulting temperatures are shown in Fig. 3b.

4.6. Discussion of oxygen isotope results

Assuming that the calcification of the foraminifers is a
summer season phenomenon, in particular during the
LGM, and that it takes place in the upper 100m of the
water column, at least for Arctic water masses (Johan-
nessen, 1992; Simstich et al., 2003), the results in Fig. 3b
can be viewed as an estimate of summer temperature of
the surface mixed layer, possibly the lower part of it.
Thus the peak summer temperatures of the surface may

have been slightly higher than these estimates. The
corridor of somewhat higher temperatures entering the
Nordic seas in the SW in Fig. 3b is consistent with other
evidence, such as the drift routes of icebergs inferred
from sediment patterns of ice rafted constituents with
known provenance in the North Sea (Hancock, 1984),
and occurrence of significant amounts of subpolar
planktic foraminifers in a band on the eastern side of
the Nordic Seas as north as Fram Strait (Hebbeln et al.,
1994). It is also consistent with the North Atlantic
pattern in Fig. 3b, documenting that despite a more
pronounced zonal temperature field than today, and a
much more reduced northward heat flux in the ocean,
there is an element of a meridional transport that is
maintained. This meridionality is in conflict with the
CLIMAP reconstruction, which had a perennial ice
cover over the Nordic Seas at the LGM. The idea of
some convection is also consistent with inferences from
deep-water benthic foraminifer 8'0 of LGM conditions
favourable for open ocean convection in the Nordic
Seas (Dokken and Jansen, 1999). The low gradient
towards the west is also consistent with the abundance
patterns of biogenic carbonate (Hebbeln et al., 1998).
The absolute temperatures south of the Greenland—
Scotland Ridge are consistent with foraminiferal trans-
fer function estimates (Pflaumann et al., 2003), while the
temperatures within the Nordic Seas are slightly lower
than those inferred from foraminiferal transfer func-
tions, in particular in the western part of the ocean. This
is most likely due to the lack of sensitivity of the transfer
functions in cold waters.

The constraints on this reconstruction in terms of the
possible range of salinity impose an error range of about
+1°C on the reconstruction. We conclude that this
reconstruction, despite its shortcomings is a more likely
LGM reconstruction than the CLIMAP, and probably
also the GLAMAP reconstructions.

5. Constraints from Mg/Ca ratios

To further test the oxygen isotope based reconstruc-
tion, we also employed Mg/Ca paleothermometry on a
subset of samples from the LGM as well as tests on the
core top distribution of the Mg/Ca ratio. Applying the
method in this type of environment is challenging, both
due to the reduced slope of the Mg/Ca relationship vs.
temperature in cold waters, thereby reducing its
sensitivity and imposing larger error bars, but also due
to the enhanced possibility of contamination from
detrital minerals in the glacial marine sediments.

5.1. Contamination of clay and organic material

Even if the cleaning procedure of Barker et al. (2003)
is used, there may still be significant amounts of clay
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Fig. 4. Scatter of Fe/Ca and Mn/Ca plotted against Mg/Ca for all the
LGM data, showing no covariance between these metals.

and/or organic material (hereafter called contaminant)
in the analysed carbonate samples, which may influence
the measured Mg/Ca values. Contamination will nearly
always give higher Mg/Ca values, since the amount of
Mg in silicate in nearly all cases is higher than the Mg
content in carbonate. Indicators for contamination may
be the content of Fe and Mn, documented in the Fe/Ca
and Mn/Ca ratios of samples. These secondary metal
ratios exhibit no positive correlation with Mg/Ca
measured in N. pachyderma (sin.) for the LGM samples,
and therefore suggest that contamination is not a
significant control on Mg/Ca variability (Fig. 4). If it
is assumed that the measured ““contaminant’ metals are
representative of a silicate phase, then for a typical
silicate Mg/Fe ratio of ~I1mol/mol, —30% of the
measured Mg/Ca in N. pachyderma (sin.) could be
attributed to contamination. However, it is probable
that the Fe and Mn contaminant metals are in fact
associated with a ferromanganese carbonate overgrowth
(Boyle, 1983), particularly given the elevated Fe/Ca and
Mn/Ca ratios observed.

5.2. Mg/Ca ratios in the core tops

While foraminiferal Mg/Ca ratios have shown great
potential as indicators of past ocean temperatures in
tropical and subtropical areas of the ocean (e.g. Lea et
al., 2000, 2002; Elderfield and Ganssen, 2000; Rosenthal
et al., 2000), the Mg/Ca ratios shown in Fig. 5a indicate
a more complicated pattern. There seems to be very little
temperature dependency across the basin, contrary to
what would be expected. This lack of a temperature
trend is due to the anomalously high values in the areas
north to northeast of Iceland where the Mg/Ca ratios
are much higher than expected if existing Mg/Ca based
temperature equations are used (e.g. Elderfield and
Ganssen, 2000; Niirnberg, 1995). The Mg/Ca ratios are

not clearly correlated with calcification temperatures.
We tested how well the observed core top Mg/Ca ratios
fit with the paleotemperature equation of Niirnberg
(1995) for the North Atlantic and the Nordic Seas:

Mg/Ca = 0.549*0099xT), 4)

We calculated from this equation the Mg/Ca ratios,
which would correspond to the calcification tempera-
tures deduced from core top oxygen isotopes (see Table
3), and found that 4 samples (marked with green circles
in Fig. 5a) deviated with less than 0.06 mmol/mol from
the expected Mg/Ca values. All these cores are located in
Atlantic water masses. 1 sample (marked with a yellow
circle in Fig. 5a) shows 0.28 mmol/mol lower than
expected measured Mg/Ca ratios, while the samples to
the west inside or close to Arctic water masses all have
too high Mg/Ca values. The reason for these deviations
from expected Mg/Ca values cannot be that the
Niirnberg (1995) equation (Eq. (4)) does not work with
the Arctic Water, since in this case we would expect that
the deviations from sample to sample would be
consistent in the whole region. Therefore other factors
influence the Mg composition. At the moment, we
suggest that Eq. (4) can be used for calculation of Mg/
Ca based paleotemperatures in the eastern sector of the
Nordic Seas, where 4 of the core tops deviate not more
than 0.06 mmol/mol from the expected values based on
the calibration curve of Niirnberg (1995). More data
and analyses of various factors, such as salinity,
dissolution, secondary encrustation, need to be ex-
plored.

We do not have core top measurements south of the
Greenland—Scotland Ridge, but previous work suggest
that the temperature dependency to Mg/Ca works better
here (Niirnberg, 1995; Elderfield and Ganssen, 2000).

5.3. LGM results

The Mg/Ca ratios document a clear meridional
trend in the eastern sector of the Norwegian Sea
for the LGM, with somewhat lower ratios in the
eastern Norwegian Sea (0.7-0.8 mmol/mol) than further
south, in the North Atlantic west of Ireland
(0.8-0.9 mmol/mol) (Fig. 5b). These Mg/Ca ratios were
transferred to temperatures using Eq. (4) in the area
south of the Greenland—Scotland Ridge and the
Norwegian Sea.

5.3.1. Temperature estimates

The temperatures were calculated using Eq. (4), and
are shown in Fig. 5c. Note that the Mg/Ca based
temperatures are only calculated in the eastern Nordic
Seas and south of the Greenland—Scotland Ridge, based
on arguments mentioned in Section 5.2.
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Fig. 5. (a) Mg/Ca ratios (mmol/mol) of core tops, measured on N. pachyderma (sin.). The green coloured circles are samples with measured Mg/Ca
ratios deviating less than 0.06 mmol/mol from “‘expected’”” Mg/Ca ratios, calculated from Eq. (4) in text. The yellow coloured sample has a measured
Mg/Ca ratio of 0.28 mmol/mol below the “expected”” Mg/Ca ratios. The grey coloured samples show “too high” Mg/Ca ratios. See Table 3 for
details. The red line marks the Arctic Front, separating Atlantic and Arctic water masses. The blue line marks the Polar Front, separating Arctic and
Polar water masses. (b) Mg/Ca distribution for the LGM, based on averaged Mg/Ca ratios in Table 2 of N. pachyderma (sin.). The white dots show
the locations of the cores. (c) Mg/Ca calcification temperatures of N. pachyderma (sin.), calculated using the Mg/Ca temperature equation of Eq. (4)
in text. (d) Calcification salinities of N. pachyderma (sin.), calculated using the Mg/Ca temperatures in Fig. 5c and oxygen isotope ratios from Table 1.
Not all points from Fig. 5c are shown on the map, since oxygen isotope data are not available for the LGM in some of the cores. The higher global
salinity (+ 1%o) during the LGM is not included. See the text for details on salinity calculation. Grey coloured areas indicate land areas during the
LGM (Peltier, 1994).

5.3.2. 080, and salinity estimates can easily be computed by a rearrangement of Eq. (3):
Values of §'®0,, and salinities are calculated for the cores 18 18

in Fig. 5c where we have suggested that Eq. (4) can be used 870w = 87 Onps +0.27 = 21.9 + /(310.61 + 10T'xps).

for calculation of Mg/Ca based temperatures. The 80, (5)
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By assuming that the mixing line from GEOSECS
(1987) (Eq. (1)) can be used, as argued above, we
calculate salinities by rearrangement of Eq. (1):

S = [(8'80y + 34.52) x 1.792] — 1. (6)

Note that the global salinity rise of + 1%o due to the ice
volume effect is subtracted on the end of this equation
for comparison to the modern salinities. The resulting
salinities are shown in Fig. 5d.

5.4. Discussion of Mg/Ca results

South of the Greenland—Scotland Ridge and in the
eastern parts of the Nordic Seas the temperatures and
salinities deviate somewhat from the estimates obtained
from oxygen isotopes above, i.e. on average higher
temperature and salinity. Yet, the meridional trend in
the Eastern sector of the study area is similar to the
oxygen isotope temperature trend (Figs. 3b, 5b—d). The
Mg/Ca results for the LGM are consistent with a
warmer and sea-ice free sector in the Eastern Nordic
Seas, as compared with the CLIMAP reconstruction.
The main problem with the Mg/Ca results is the higher
Mg/Ca ratios to the west (not shown in Fig. 5c¢).
Existing temperature equations (e.g. Eq. (4)) give
temperatures about 5-10°C, which are much higher
than the summer SSTs today in this area (0-5°C). It is
clear that there must be an artefact on the ratios in the
areas north of Iceland. We note that the same deviation
from a temperature relationship is found in this area in
the core top data (Fig. 5a). This may point to a specific
problem with the method in this sub-area. Since all the
Fe/Ca ratios of these samples are less than 0.1 mmol/
mol, we find it difficult to ascribe the high Mg/Ca ratios
to contamination. A possibility is that the high Mg/Ca
ratios in the Greenland and Iceland Seas could be due to
high salinity, because of salt rejection via sea-ice
formation and brine. This process requires, however,
intensive sea-ice formation to increase the salinity in
significant amounts, and it is questionable whether there
was enough sea-ice formation in the central ocean, since
sea-ice formation is largely a shelf process. Another
possibility is that sea-ice cover, of reasons not explored,
may give high Mg/Ca ratios both for the core tops and
the LGM. The area where the green and yellow core
tops are marked (Fig. 5a), covers Atlantic water masses,
while the area with grey core tops covers an area inside
or close to Arctic water masses. The positions where the
grey core tops are marked, may in several winters be sea-
ice covered. Niirnberg (1995) found that core tops in
areas partly covered by sea-ice showed anomalously
high Mg/Ca ratios. The same may be true for the LGM
time slice. The anomalously high Mg/Ca ratios for the
LGM (Fig. 5b) may also reflect water masses, at least
partly, covered by sea-ice. It may also be that
physiological processes, food supply or gametogenic

calcite play a more important role than temperature in
this cold area, where the exponential character of the
Mg/Ca temperature curves make the curves flatter in
most published temperature equations. Further investi-
gations in this region need to be performed to identify
the possible causes for the anomalously high Mg/Ca
values. We just note that the values northeast of Iceland
are unreasonable in terms of a temperature reconstruc-
tion, i.e. both the modern and LGM data from the sub-
area are too high.

6. Discussion

We have developed constraints on the range of
possible salinity and §'*0,, fields in the Nordic Seas
and the North Atlantic. Given these constraints we
obtain an oxygen isotope based reconstruction of
summer temperatures of the upper 100m of the water
column that gives a reasonable fit to other observations
of the paleoceanography of the region during the LGM
(Fig. 3b). It indicates a reduced, but significant
meridional advection in the east, i.e. similar to the
modern pattern, but with much lower temperatures, and
a low gradient between this area and the western area,
which was colder. Oxygen isotope derived SSTs in the
North Atlantic are consistent with newer transfer
function estimates for this region (Pflaumann et al.,
2003), while the oxygen isotope based reconstruction for
the Nordic Seas is different from the transfer function
estimates. The newer transfer function based reconstruc-
tions have no discernable east—west gradients, some-
thing which appears unlikely based on physical
reasoning, since the pattern of inflowing waters in the
east, which is seen both as a northward trending tongue
of warmer temperatures south of the Iceland—Scotland
Ridge and as a wedge of somewhat smaller recon-
structed temperatures in the eastern Nordic Seas, would
imply that there was a compensating southward flow of
colder, Polar waters off east Greenland. Thus the
reconstruction of Fig. 3b appears more likely. The
mean temperature in the Nordic Seas is also lower in the
oxygen isotope based reconstruction than in the transfer
function based estimates. We ascribe both these
differences to the lack of resolution for transfer
functions at the cold end member, and contend that
the oxygen isotope based reconstruction is more
realistic. The CLIMAP reconstruction is in conflict with
evidence from various sources that there must have been
seasonally open waters in the Nordic Seas during the
LGM (e.g. Fig. 1b; Veum et al., 1992; Hebbeln et al.,
1994; Wagner and Henrich, 1994; Sarnthein et al., 1995;
Weinelt et al., 1996), thus the oxygen isotope based
reconstruction is much more in line with this evidence
than the CLIMAP reconstruction, which had the whole
Nordic Seas covered by a perennial sea-ice cover.
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In agreement with the oxygen isotope based tempera-
tures, the Mg/Ca based temperatures also indicate
meridional advection in the east (Fig. 5¢). Even if we
have observed that the core tops in the eastern Nordic
Seas deviate not much from the temperature calibration
line of Niirnberg (1995), we suggest that more core top
and downcore studies are required to develop a more
consistent Mg/Ca temperature equation for the studied
area, before the method can be used with sufficient
reliability both in the eastern Nordic Seas and the
northern North Atlantic. For the central and western
Nordic Seas it is obvious that other factors than
temperature influence the Mg/Ca ratios. It should also
be mentioned that other methods have problems in this
partly sea-ice covered area, like the alkenone method
(Rosell-Melé and Comes, 1999), the dinocyst assem-
blage method (de Vernal et al., 2000) and partly the
planktic foraminifer assemblage method (Pflaumann
et al., 1996, 2003, Fig. 1b). Common for these methods
and the Mg/Ca method is that they all suggest
unreasonably high temperatures. Also factors like
salinity, pH, physiological processes and gametogenic
calcite may be important by influencing the Mg/Ca
ratios, not only for the western and central Nordic Seas,
but also for the eastern Nordic Seas and for some areas
laying south of the Greenland—Scotland Ridge. Further
studies are needed to elucidate the causes of these high
Mg/Ca ratios.

We expect that replacing the commonly used CLI-
MAP data set for this region with the oxygen isotope
based reconstruction (Fig. 3b) as ocean boundary
conditions for climate models will change a number of
aspects of the modelled dynamics of the LGM climate,
such as storm tracks, degree of meridionality/zonality
and existence of the well known modes of modern
climate variability, e.g. the NAO/AO. The seasonally
ice-free waters apparent in our reconstruction may act
as a moisture source, consistent with the current
understanding of the rapid growth of the Fennoscan-
dian and Barents Ice Sheets, during the LGM (Boulton,
1979; Elverhoi et al., 1995; Mangerud et al., 2002). The
growth clearly requires a strong source of winter
precipitation, and a degree of meridional circulation.
A zonal circulation, which is the result when using the
CLIMAP reconstruction as boundary conditions, would
probably provide too little winter precipitation to feed
rapid growth of ice sheets in the northern portion of the
Nordic Seas.

7. Conclusions

(1) The LGM temperatures, based on oxygen isotopes
in the planktic foraminifer species N. pachyderma
(sin.), imply that central and eastern parts of the

Nordic Seas were ice-free, at least during the
summer.

(2) The LGM temperatures, based on Mg/Ca ratios in
N. pachyderma (sin.), show some meridionality south
of the Greenland—Scotland Ridge and in the eastern
parts of the Nordic Seas. More core top and
downcore studies are needed before a more con-
sistent Mg/Ca temperature equation for the studied
area can be used with sufficient reliability. We thus
suggest that the oxygen isotope based reconstruction
of Fig. 3b is a better method to constrain LGM
temperatures here.

(3) The temperature reconstruction based on oxygen
isotopes is probably the most realistic approach for
qualitative reconstructions of sea surface conditions
in the Nordic Seas during the LGM. The results in
this reconstruction appear consistent with dynamics
required for the rapid growth of the Fennoscandian
and Barents Ice Sheets during the LGM.
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