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Application of modern analog technique to marine Antarctic
diatoms: Reconstruction of maximum sea-ice extent

at the Last Glacial Maximum

X. Crosta and J.-J. Pichon

Département de Géologie et Océanographie, UMR-CNRS 5805, Université de Bordeaux 1, Talence Cedex, France

L. H. Burckle

Lamont-Doherty Earth Observatory of Columbia University, Palisades, New Y ork

Abstract. Modern analog technique (MAT) applied to Antarctic diatoms is a new approach for quantitative sea-ice
paleoreconstructions in the Southern Ocean. In a first step we show that MAT is a better approach than the Imbrie and
Kipp Method to reconstruct the modern sea-ice pattern. We then use this approach to reconstruct sea-ice presence in
number of months per year during the last glacial maximum (LGM). At this time, sea-ice presence was greater than today,
leading to a shorter diatom growing season. The maximum sea-ice extent, inferred from quantitative values of sea-ice
presence, was located 5-8° north of its actual position, leading to double the surface of modern winter sea ice. This greater
sea-ice extent may have played a significant role on atmospheric and surface oceanic circulations and therefore on
southern mid-latitude and high-latitude climates. It may also have reduced the amount of heat, moisture, and CO, from the
ocean to the atmosphere, thus participating in the lowering of atmospheric CO2 during the LGM.

1. Introduction

During their transfer to the seafloor, diatom frustules are
affected by processes such as remineralization and
zooplankton grazing |Sakshaug and Holm-Hansen, 1984; Von
Bodungen er al., 1985, Gersonde and Wefer, 1987]. Alteration
of the frustules at the water/surface sediment can also be caused
by preferential dissolution, resuspension, and lateral transport
by bottom currents [Ledford-Hoffman et al., 1986, Crosia et
al., 1997]. Despite the alteration of the original assemblage,
earlier works on diatom distributions in surface sediments have
shown that the surviving fossil assemblages are related to
surface water hydrology [Truesdale and Kellogg, 1979,
DeFelice and Wise, 1981; Burckle, 1984; Leventer, 1992;
Pichon et al., 1992a; Zielinski and Gersonde, 1997].

The annual sea ice 1s a favorable environment for sympagic
diatoms [Horner, 1985]. It acts as a substrate on which ice
diatoms can grow and reach higher biomass than in the
underlyving water column. During the spring/summer decay, ice
algae are released in the nutrient-rich and stable surface water
layer near the sea-ice edge as an mnoculum for summer blooms
[Hasle, 1969, Wilson et al., 1986]. A succession of the diatom
assemblages from ice algae blooms (primarly pennate
diatoms) to phytoplankton blooms (primanly centric diatoms)
may be the result of the decreasing influence of the sea-ice
environment associated with the summer sea-ice retreat. Hence
it is that diatom fossil assemblages are related to sea-ice cover
and that they can be used to reconstruct sea-ice extent and
seasonality in the past using statistical methods such as the

Copyright 1998 by the American Geophysical Union

Paper number 98PA00339.
0883-8305/98/98PA-00339$12.00

284

Imbrie and Kipp Method (IKM) [Imbrie and Kipp, 1971] and
the modem analog technique (MAT) [Hutson, 1980].

Changes in climate occur over a wide range of timescales
and space scales and involve interactions within a planetary
system that includes ice sheets, the atmosphere, the surface of
the land, and the entire world ocean [Climate: Long-Range
Investigation, Mapping, Prediction (CLIMAP), 1976).
General circulation models dealing with some of these aspects
are only beginning to reveal the role of each field [Warkins
and Simmonds, 1995, Godfred-Spenning and Simmonds,
1996]. The Southern Ocean is a major component of the giobal
climate system, in particular for its role in deep water
formation and the oceanic carbon cycle. In this region,
questions of distribution of the winter and summer sea-ice
cover during the last glacial maximum (LGM) are important in
climate modeling because of its role on albedo, heat exchange
between ocean and atmosphere, and oceanic mixing.

Early works dealing with seasonal sea-ice extent during the
LGM were qualitative and used lithlogical proxies, inferred sea-
ice-rafted debris records, sedimentation rates, and faunal
changes from deep-sea cores [CLIMAP, 1981; Havs et al.,
1976; Cooke and Hays, 1982, Burckle, 1984]. In this study,
using a new diatom modemn database, we test the ability of
MAT to reconstruct Southern Ocean sea-ice presence,
expressed as number of months per vear, for the present. Then,
we use this technique to quantitatively reconstruct this
parameter during the LGM in order to provide new data to
general circulation models (GCMs).

2. Material and Methodology
2.1. Modern Data Set

Diatom taxonomy has been calibrated with researchers {rom
the Alfred-Wegener Institute of Bremerhaven, Germany. The
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modem database was developed from the data set already used
by Pichon et al. [1992a, 1992b] and is composed of 195
surface sediment samples. The most important differences with
their work are (1) no artificially dissolved samples were
introduced in this study as we wanted to use a totally natural
modem data set; (2) new diatom species or species group were
added such as Chaetoceros resting spores, and (3) diatom
species such as Eucampia antarctica, which is an ubiquist
species, and the two silicoflagelates genera were removed.
Samples were selected (1) on natural criteria such as the depth
of the sample in the core (maximum 4 cm for cores with high
rates of sedimentation), the total number of diatoms counted in
the samples (more than 250), and the relative abundance of
reworked species (less than 2%); and (2) on statistical criteria
given by the Q-mode factor analysis (samples displaying
communality lower than 0.7 are not representative of the
actual sedimentation) [Imbrie and Kipp, 1971; Le, 1992].

The new modern database covers the Atlantic and Indian
sectors of the Southern Ocean from 40°S to the Antarctic
Continent plus the Ross Sea and the western part of the
Antartic Peninsula (Table 1 and Figure 1). No samples were
available from the Pacific sector of the southern Ocean.

2.2. LGM Data Set

Diatom analysis was performed on 106 samples dated
around 18,000 years B.P. Of those, 89 are CLIMAP points
[CLIMAP, 1976, 1981]; the 17 others samples are from R/V
Marion Dufresnes cruises. Dates of the LGM are provided by
oxygen isotopic and radiolarian stratigraphy for the CLIMAP
samples [CLIMAP, 1981], and by Cycladophora davisiana
biostratigraphy [Hays et al., 1976] for the French samples or
biogenic silica measurements [Bareille et al., 1990] for the
samples: KR 88-22, KR 88-27 and KR 88-29. This data set
covers the Atlantic sector of the Southern Ocean between 40°
and 60°S, the Indian sector between 35°S and the Antarctic
Continent, and the eastern Pacific sector between 50° and 65°S
(Table 2). Only 12 samples were available from the Pacific
sector of the Southern Ocean.

2.3. Sample Preparation and Counting

Slides were prepared using the settling technique fully
described by Rathburn et al. [1997] and fixed in Naphrax.
Diatom counts follow Schrader and Gersonde [1978] and Laws
[1983]. Generally, a minimum of 300 diatom valves were
counted in each sample using a Zeiss photomicroscope at a
magnification of x1000. Diatoms were identified to species or
species groups level, and the relative abundance of each
species was determined.

2.4. Modern Environment Data

The source of recent sea surface temperature (SST) data is the
World Ocean Atlas [Levitus, 1994]. This atlas is built as a grid
in which each square represents 1° of latitude and 1° of
longitude. SST in one square is interpolated from the SST
values of all the control points present in this square. The
extraction program was kindly provided by R. Sieger from the
Alfred-Wegener [nstitute of Bremerhaven, Germany. SSTs were
extracted for summer (February) and winter (August) for surface
water (0 m).
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The source of modemn sea-ice data are charts from the Naval
Oceanography Command Detachmen: [1985]. This atlas
contains sea-ice summaries derived from 321 weekly sea-ice
analyses performed between 1973 and 1982. The groups of
charts are composed over a semimonthly period centered on
the first and the fifteenth of each month. To obtain
quantitative values of recent sea ice for each sample, a map
with their position was placed over the analyzed charts, and
the total number of half-month presence of sea ice was
calculated.

2.5. Statistical Techniques

2.5.1. IKM. The [KM is a robust working technique as
demonstrated by its wide usage. It has been successfully
applied to foraminifera to estimate past SSTs in the Atlantic
Ocean [Imbrie and Kipp, 1971, Mcintyre et al., 1989, Mix et
al., 1986], in the Indian Ocean [Howard and Prell, 1992], and
to marine diatoms in the Southern Ocean [Pichon et al., 1987,
1992a}.

The procedure starts with a (-mode
(principal component analysis and varimax rotation of the
selected principal rotation). The objective of the Q-mode
factor analysis is to describe an observed sample by a linear
combination of several factors. Factor loadings describe the
importance of the factors in accounting for the variance of the
samples. The sum of the square of the factor loadings in a
sample is the communality which describes the amount of
variance accounted for by the factors. The next step is to fit an
empirical equation between factor loadings and values of the
parameter using a curvilinear regression. To estimate values
(modern or past), factor loadings derived from the calibration
are introduced into the empirical equation [Le and Shackleton,
1994].

factor analysis

Figure 1. Geographic and hydrologic details of the study
area and locations of the surface sediment samples used in the
modem database (dots). The location of the oceanographic
fronts is given according to Tchernia [1978].
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Table 1. Locations and Water Depths of Surface Samples Used in the Modern Database
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Core Level. Latitude, Longitude  Depth, Core Level, Latitude, Longitude  Depth,
cm °S m cm °S m
RC11-118 Top 37°48 71°32E 4354 KRE&7-07 Top 62°21" 57°58'W 2810
RC11-119 Top 40°18' 74°34E 3709 PCDF82-35 Top 62°22' S5T°22'W 1484
KTB31 Top 40°59' 57°59°E 5077 PCDF82-7] Top 62°38' 59°32'W 1350
KTB34 Top 41°59 58°01'E 4800 PCDF82-47 Top 62°55' 58°24'W 723
MDBX94-01 Top 42°30' 79°25'E 2895 PCDF82-69 Top 63°00' 59°38'W 916
KTB29 Top 43°00" 58°01'E 4765 KR87-06 Top 063°04' 63°04'W 630
RC8-40 Top 43°45' 46°0S'E 2250 PCDF82-6] Top 63°17 59°20'W 728
KTB26 Top 43°58 55°58'E 4527 KR88-23 Top 63°18' 117°16'E 3292
MDBX94-06 Top 44°39’ 90°04'E 3709 KR88-15 Top 63°18' 141°55'E 3880
101176-91 Top 44°5T 15°03'E 4649 PCDF82-60 Top 63°23' 59°34'W 673
KTB25 Top 45°01° 57°57E 4680 KR88-27 Top 63°39' 101°09°E 1210
101277-2 Top 45°03' 22°28'E 4806 PCDF82-51 Top 63°43' 60°03'W 560
MDBX94-02 Top 45°35" 86°31'E 3205 PCDF82-197 Top 63°43' 57°14'W 750
KR88-02 Top 45°45' 82°56'E 3480 KR88-24 Top 63°45' 116°45'E 2600
KTB2] Top 45°58 55°59'E 4195 PCDF82-167 Top 63°52' 56°3TW 448
KTB22 Top 45°59' S5°59E 4260 PCDF82-1 Top 63°57 56°22'W 430
KR88-03 Top 46°04' 90°07'E 3400 PCDF82-93 Top 64°04' 01°20'W 690
MDBX%4-03 Top 46°28' 88°03'E 3559 PCDF82-174 Top 64°10' 56°49'W 288
KR88-01 Top 46°41' 79°29'E 2925 PCDF82-20 Top 04°14' 55°54'W 381
RC11-80 Tw2-3 46°45' 00°03'W 3656 KR88-25 Top 04°18' 115°42°E 2232
101176-88 Top 46°57 14°18'E 5106 PCDFg82-102 Top 64°19' 61°53'W 540
KTB20 Top 47°00" 58°01'E 4550 KRB88-19 Top 64°34' 135°38'E 2930
KR88-07 Top 47°09' 145°48'E 2890 PCDF82-134 Top 64°34' 62°39'W 793
RC11-98 Top 47°39' 61°29E 4650 PCDF82-112 Top 64°36' 61°38'W 504
MDRg4-569 Top 47°39 73°23'E 1720 PCDF82-127 Top 64°39' 62°07'W 443
101678-80 Top 47°57 13°01'W 3120 KRE88-22 Top 64°4Q' 119°30E 3140
101277-4 Top 47°59' 21°35'E 3150 PCDF82-136 Top 04°45' 62°45'W 452
KTBI8 Top 48°00" 57°59°E 4245 KRg8-2] Top 04°49' 126°43'E 2250
101176-86 Top 48°02 13°49°E 4338 PCDF82-140 Top 64°50' 62°38'W 392
101678-112 Top 48°09' 27°59'W 3250 PCDF82-142 Top 63°51" 62°26'W 541
MDBX94-05 Top 48°48 89°32E 4036 KR88-20 Top 64°56' 129°00E 1670
MDg4-529 Top 48°54' 62°00'E 2600 PCDF82-155 Top 65°01" 63°16'W 437
RC11-79 Tw2-3 49°00' 04°36'W 3100 MD84-533 Top 65°09' 78°21'E 3363
KTB12 Top 49°00" 57°59'E 4390 KRB8-18 Top 65°45' 138°12E 615
KR88-06 Top 49°01" 128°40'E 3850 MD84-530 Top 66°07 T3°59'E 2412
KTBO! Top 49°06' 57°01'E 1235 MD84-532 Top 66°07' 76°46'E 2700
KR88-08 Top 49°16' 148°48'E 3885 KR88-17 Top 66°12' 140°30'E 180
101176-82 Top 49°31 13°11'E 4100  AA93-7/105GR Top 66°34° 62°45'E 1882
V29-87 Top 49°34' 30°01'E 4550  AA93-7/73GR Top 66°37 69°24'E 1435
RC15-91 TW3-4 49°55' 15°34'S 3775  AA93-7/106GR Top 66°52' 63°10E 434
KR 88-04 Top 49°55° 100°05'E 3350 DF86-119TC Top 66°57T 69°52'W 600
V16-60 Top 49°59' 36°45'E 4575 MD84-53] Top 66°58' 75°25'E 365
KTB14 Top 50°00° 57°59E 4610 AA93-7/24GR Top 66°59' 76°19°E 330
MDg84-521 Top 50°08 06°47E 4150 GC5 Top 67°03' 69°05'E 376
MDBX94-04 Top 50°22 90°16'E 3460 GC33 Top 67°11" 68°30E 320
101277-8 Top 50°32 20°53'E 4492 AA93-7/23GR Top 67°21 76°35'E 318
KR88-09 Top 50°36° 147°09'E 4350 AA93-7/78GR Top 67°31° 68°12'E 460
MDR4-563 Top 50°43° 68°09'E 1720 DF86-106TC Top 67°49 67°59'W 520
MDg0-304 Top S1°04° 67°44'E 1950  DF86-103TC Tw2-3 67°53 67°3TW 370
MD84-562 Top 51°55° 68°14'E 3553  DF86-110TC Top 67°55° 68°25'W 700
MD24-KK63 Top 51°56' 42°53'E 2550 DF86-111TC Top 67°56' 68°25'W 815
101678-84 Top 51°57 14°25'W 3952  DF86-102TC Twl-2 67°58' 07°37'W 238
KTBOS Top 51°59 61°07E 4710  AA93-7/21GR Top 68°01" 76°33' 400
MDg82-422 Top 52°34' 02°14E 3750 DF86-101TC Top 08°04' 67°40'W 258
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Tibié 17 (continued)’

Core Level, Latitude, Longitude  Depth, Core Level, Latitude, Longitude  Depth,
cm °S m cm °S m

RCI1-95 Tw2-3 52°48' 54°05'E 3150 DF86-118TC Tw2-3 68°03' 69°17'W 382
KR88-05 Top 52037 109°55'E 3510  AA93-7/60GR Top 68°06° 72°15°E 788
MD24-KK37 Top 32°58' 23°46'E 2905 DF 36-100TC Twl-2 68°08" 67°42'W 406
RC11-77 Top 53°03' 16°27W 4098 AA93-7/42GR Top 68°11' 75°52E 6935
MD84-561 Top 53°05' 71°36E 1754 DF86-94TC Top 68°16' 68°33'W 641
MD24-KK35 Top 53°06' 19°25°E 2725 AA93-7/9GR Top 68°26' TP48E 173
MD84-557 Top 5320 75°48E 1080 AA93-7/59GR Top 68°27 72°01'E 509
101176-55 Top 53°23' 06°40°E 2926 DF86-91TC Top 68°29' 70°06'W 1079
RC13-263 Top 33°48' 08°13'W 3389  AA93-7/39GR Top 68°33' T4°25E 775
MD80-301 Top 54°00' 66°50'E 3750 AA93-7/38GR Top 68°3T 74°31'E 667
101678-64 Top 54°01' 24°12W 4515  AA93-7/19GR Top 68°39' 76°43E 775
[01277-12 Top 54°01" 19°48°E 3178 AA93-7/13GR Top 68°40" TT°16E 538
MD82-424 Top 54°06' 00°21'W 2350 AA93-7/12GR Top 68°42' 77°31E 707
KR88-10 Top 54011 144°48'E 2785 AA93-7/18GR Top 68°43' 76°45'E 820
MD24-KK02 Top 34°13' 03°31E 1522 AA93-7/17GR Top 68°4T 76°48' 798
MD24-KK32 Top 34°30 03°48E 2020 AA93-7/15GR Top 68°49' T7°10E 760
KR88-11 Top 54°55 144°04'E 2880 AA93-7/14GR Top 68°55' 76°54E 700
MD84-552 Top 54°55' 73°50E 1780 AA93-7/GR158 Top 68°55' 76°37E 700
RC8-46 Top 55°20 65°28°E 2761  AA93-7/41GR Top 68°57' 73°34°E 792
MD82-425 Top 55°35' 00°43'W 1940 AA93-7/37GR Top 68°58' 75°11'E 775
KR88-12 Top 5624 145°17E 3020 AA93-7/43GR Top 69°14 76°06E 548
ELT33-21 Twi-2 56°26' 119°48'W 2240 DFBC83-2711 Top 75°42' 170°39°E 322
ELT36-38 Tw3-4 56°28 161°46'E 2258 DFBC83-28II Top 75°51 169°18'E 485
RC11-91 Tw3-4 56°34' 34°11'E 5150 DFBCS83-2911 Top 76°01' 167°12'E 622
RC11-90 Tw2-3 56°38' 25°43°E 5334 DFBC83-30II Top 76°05' 166°42'E 668
VI14-53 Top 56°43' 24°31'W 7906 DFBC83-11I Top 76°10" 168°58'E 540
[01678-89 Top 57°04' 18°32'W 4285 DFBC83-40II Top 76°21' 167°12'E 732
[01176-65 Top 57°13' 08°12°E 5483 DFBC83-5I1 Top 76°30' 166°00'E 640
MD82-428 Top 57°19" 07°59'W 3750 DFBC83-23I1 Top 76°31' 170°05'E 860
ELT36-33 Top 57°46" 154°55' 1877 DFBC83-2I1 Top 76°37 164°21'E 540
MD82-430 Top 57°52 10°40'W 3863 DFBC83-4211 Top 76°38' 166°03'W 420
KR88-13 Top 57°5T 144°35E 3740 DFBCS83-411II Top 76°30' 164°01'W 516
MD82-445 Top 58°18' 16°02'W 5750 DFBC83-211I Top 76°41' 167°49°E 768
MD82-432 Top 58°39 14°55'W 4150 DFBCS83-43111 Top 76°43' 176°19'W 541
MD82-443 Top 58°4T 15°26'W 5650 DFBC83-20II Top 76°47 166°41'E 750
MD82-434 Top 58°52 16°39'W 3640 DFBC83-1011 Top 76°57' 166°20'E 878
MD82-433 Top 58°53" 15°12'W 4750 DFBC83-9I1 Top T77°05' 166°31'E 915
KR88-31 Top 59°00 89°24E 4595 DFBCS83-1III Top 77°10' 169°07E 930
KR87-10 Top 59°40¢ S51°17TW 2820 DFBCS83-8II Top 77°10' 165°48'E 871
MD84-540 Top 60°44' 86°23' 3964 DFBC83-191II Top 77°18 158°43'W 677
KR87-08 Top 60°55' 56°26'W 2150 P1010 Top 77°20' 35°00'W 476
KR88-30 Top 61°00' 93°12E 4300 DFBCS83-7II Top 77°21 165°53'E 880
KR88-14 Top 61°17 144°26'E 4200 DFBC83-6ll Top 77°30" [65°48'E 823
PCDF82-34 Top 62°18' 57°3TW 1979

RC, piston core from Robert Conrad; KTB, multicore from Marion Dufresne; MDBX and KR, Marion Dufresne box cores; IO,
piston core from Island Orcadas; MD, kullenberg from Marion Dufresne; V, Vema; PC and DF, piston cores from U.S. Coast
Guard Glacier; AA, piston core from Aurora Australis; GC, grab core from Franklin; ELT, Eltanin trigger cores; and DFBC, deep-

freeze box cores.

Because the phytoplankton population of the Southern
Ocean is dominated by a few species present in all the core
tops whatever the surface water hydrology, IKM needs to
increase the statistical weight of background species sensitive
to local surface hydrology [Pichon et al., 1987]. Therefore the
IKM based on Antarctic diatoms uses a ranking system in four

classes rather than relative percentages (Table 3). Relative
abundances to 0.3% belong to the rank O to minimize the
effect of contamination by specimens from another
biogeographic zone during slide preparation.

2.5.2. MAT. MAT compares the floral assemblage from
each sample to a subset of modern floral core-top analogs. It
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Table 2. Locations and Depths in the Core of the Last Glacial Maximum (LGM) Horizon

Core Latitude, Longitude Depth, LGM depth, Core Latitude, Longitude Depth, LGM depth,
°S m cm °S m cm
ELT49-37 51°42'S  100°03'E 3540 58-59  RC13-261 56°07S  08°41'W 4221 81-82
ELT50-8 50°56' 104°54E 3226 158-159 RC13-263 53°48' 08°13'W 3389 180-181
ELT50-11 55°57 104°5TE 3923 99-100 RC13-271 51°59' 04°31E 3634 948-949
ELTS50-13 60°00' 105°00E 4209 39-40 RCI13-273 55°05' 11°35E 4967 60-61
ELT49-17 46°17 90°15E 3502 39-40 RC13-275 50°43' 13°26'E 1984 59-60
ELT49-10 59°01' 110°08E 4371 61-62  RC13-276 47°42' 14°42E 5015 40-41
ELT50-17 62°00" 120°03'E 4081 90-91 RC14-11 38°00" 54°11E 3268 80-81
ELT49-19 43°53' S0°06'E 3304 98-99  RCl4-12 38°45' 59°18E 5271 100-101
ELT49-23 47°08' 95°05E 3257 38-39  RC15-93 46°06' 13°14W 2714 98-99
ELT49-24 47°59' 95°02'E 3213 39-40 RC17-61 52°12' 54°28°E 3947 261-262
ELT49-25 49°23' 94°50'E 3336 83-84 RC17-63 45°39' 48°17E 2947 241-242
ELT49-29 57°06' 94°57TE 4237 3839  RCl12-241 43°28' 57°39W 3499 70-71
ELT49-33 57°46' 100°02'E 4040 3940 RC12-289 47°54' 23°41'W 4484 61-62
ELT45-64 52°29' 114°05E 3825 41-42  RC12-291 42°35' 17°48'W 3508 80-81
ELT45-69 48°51" 114°37E 3413 41-42  RCI13-251 42°31 11°40E 4341 18-19
ELT45-71 48°02' 114°29E 3660 3839 RC13-253 46°3¢' 07°37E 2494 40-41
ELT45-74 47°33' 114°26'E 3806 41-42 RC13-254 48°34' 05°08'E 3636 60-61
ELT45-79 45°03' 114°22°E 4099 41-42 RC13-255 50°35' 02°54E 3332 140-141
ELT49-6 51°00' 109°59E 3326 98-99 RC11-78 50°52' 09°52°W 3115 178-179
ELT49-7 53°02' 110°03'E 3592 59-60  RC11-80 46°45' 00°03'W 3656 81-82
ELT49-8 55°04' 110°01'E 3692 102-103 RC11-83 41°36' 09°43'E 4718 338-339
ELT35-15 52°56"  116°S9'W 3766 200-201 RC11-91 56°34' 34°11E 5373 20-21
ELT36-36 60°23' 157°32’E 2818 102-103 RC11-93 56°18' 51°58E 5373 540-541
ELT39-13 45°01" 125°59E 4538 62-63  RC11-94 54°29' 53°03'E 4303 500-501
ELT39-18 48°01' 126°05E 4615 39-40 RC11-96 50°28' 59°35E 4839 100-101
ELT39-21 48°52' 126°01'E 4078 82-83 RC11-97 50°19' 61°12E 4638 22.23
ELT45-29 44°53' 106°31'E 3821 4142  RC11-118 37°48 71°32E 4354 39-40
ELT45-35 53°30' 111°20E 3920 161-162 RC11-119 40°18' 74°34E 3709 39-40
ELT45-63 53°2¢' 114°15E 3920 141-142 RC11-120 43°31 79°52E 3193 79-80
ELT11-4 57°48  115°12W 4776 14-15  RC8-39 42°53' 42°21'E 4330 91-92
ELT11-12 65°52'  115°05'W 4721 18-19  RCB8-43 48°41 5T°22°E 4319 41-42
ELT14-6 57°01'  160°06'W 4520 112-113  RCB-46 55°20 65°28E 2761 19-20
ELT15-4 59°01 99°46'W 4914 59-60  RC9-139 47°46' 123°06'E 4158 51-52
ELT15-12 58°41' 108°48'W 4575 31-32 RC11-71 49°08' 37°25'W 5537 400-401
ELT17-9 63°05'  135°07W 4851 160-161 RC11-77 53°03' 16°27W 4098 200-201
ELT21-20 60°15'  120°10'W 4703 161-162 MD82-424 54°05' 00°21'W 2350 260-261
ELT15-6 59°58'  101°19'W 4910 27-28  MDB84-551 55°00" 73°16'E 1504 160-161
V14-57 57°34' 17°06'W 4978 200-201 MD73-026 44°59' 53°17E 3429 253-254
V16-65 45°00' 45°46'E 1618 40-41 MD84-527 43°29' 51°19E 3262 300-301
V16-115 5541 141°1TE 3147 100-101 MD24-KK63  51°56' 42°53°E 2550 320-321
V1i8-110 53°35' 44°42'W 2610 30-31 MD88-770 46°01° 96°28'E 3290 110-111
V22-108 43°11' 03°15W 4171 100-101 MDB84-529 48°54' 61°32E 2600 40-41
V24-203 36°59' 59°59°E 4997 179-180 MD88-769 46°04' 90°06E 3420 110-111
V29-84 43°51' 27°36'E 5451 120-121 MD88-772 50°01" 104°S4E 3240 140-141
V29-86 49°34' 30°01'E 5614 181-182 MDB88-773 52°54' 109°52 2460 430-431
"'V29-87 49°0¢6' 2723E 5314 21-22  MD88-787 56°23' 145°18E 3020 250-251
V29-89 45°44' 25°39°E 5%45 120-121 MD84-552 54°55' 73°50E 1780 170-171
V29-90 43°42' 25°44°E 5148 58-59  MD80-304 51°04 6T°44E 1950 240-241
ELT11-1 54°54' 114°42'W 3477 42-43 MD82-434 58°52' 16°39W 3640 140-141
ELT11-2 56°03' 115°04W 3111 138-139 KR88-29 62°30' 95°53°E 3790 16-17
ELT11-3 56°54' 115°15'W 4026 60-61 KR88-27 63°39' 101°09'E 1210 20-21
RC13-256 53°11 00°21'W 2525 400-401 KR88-22 64°40' 119°30E 3140 45-46

ELT, Eltanin: V, Vema: RC. Robert Conrad; and MD and KR, Marion Dufresne.

calculates a dissimilarity coefficient which measures the
difference between the assemblage of the sample and the
assemblage of the analog. Calculation of the dissimilarity
coefficient is based on the squared chord distance [Prell, 1985].

This approach has several advantages over other statistical
estimation techniques. (1) It can be applied directly to relative
species abundances and therefore does not require any ranking
or factor analysis which may smooth or generalize the data. (2)
The location of the analogs provides geographic information
which may help to reconstruct past environmental conditions.

(3) Rare species with low relative abundances are as important
as dominant species. (4) Estimates are only weighted averages
of the analog parameter values. The MAT gives a standard error
for each estimate (SEE) instead of a mean standard deviation on
the whole range of estimate for the IKM. Finally, (5) any new
reliable sample can be added to the modern database and can
contribute to the result of any subject sample [Pflaumann et
al., 1996] without changing the entire equation as in IKM.

On the other hand the MAT approach has several
disadvantages. (1) It needs a wider distribution of surface
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Table 3. Conversion of Relative Percentages Into
Abundance Ranks for Each Species

Taxa/Rank Rank 0 Rank | Rank2 Rank3
Actinocyelus actinochilus 0.3 l 2493 2987
Azpetia tabularis 0.3 1 6.247  10.494
Azpetia tab. var egregius 0.3 1 2.027 2.053
Chacetoceros resting spore gp. 0.3 1 47981  93.961
Fragilariopsis curta 0.3 1 34162 66.324
Fragilariopsis cvlindrus 0.3 I 2478 2.956
Fragilariopsiy doliolis 0.3 I 20.8 39.601
Fragilariopsis kerguelensis 0.3 1 43336 84.672
Fragilariopsis obliquecostata 0.3 | 6.698 11.397
Fragilariopsis rhombica 0.3 1 2951 3.90t
Fragilariopsis ritscherii 0.3 1 2351 3.021
Fragilariopsis separanda 0.3 1 4.855 7.709
Fragilariopsis sublinearts 0.3 ! 4.078 6.155
Hemidiscus cuneiformis 0.3 i 3.926 5.853
Porosira glacialis 03 I 4.269 6.337
Porosira pseudodenticulata 0.3 l 2132 2.263
Rhizosolenia ant. var semis. 0.3 1 3.898 5.796
Rhizosolenia styliformis 0.3 1 3.268 4.536
Roperia tessalata 0.3 1 4.177 6.354
Stellarima microtrias 0.3 l 2.651 3.302
Thalassionama nitz. var lanc. 0.3 1 3.109 4.218
Thalassionama nitz. var parva 0.3 1 3.31 4.62
Thalassionema nitzschioides 0.3 1 2.99 3.979
Thalassiosira antarctica gp. 0.3 | 17.191  32.383
Thalassiosira eccentrica 0.3 1 2515 3.03
Thalassiosira gracilis 0.3 1 7.633 13.266
Thalassiosira lentiginosa 0.3 1 21165 4033
Thalassiosira oestrupii 0.3 1 5.989 9.979
Thalassiosira oest. var vanr. 0.3 1 2418 2.830
Thalassiosira oliverana 0.3 l 3.188 4.375
Thalassiosira nunida 0.3 l 2.061 2,123
Thalassiothrix spp. 0.3 1 2.692 3.384
Lrichotoxon reinboldii 0.3 1 2.394 3.789

sediment samples than the [KM to provide reliable analogs of
any subject sample. (2) It is very sensitive to the number of
analogs chosen for the estimated reconstruction and to the
maximal acceptable value of the dissimilarity coefficient. The
choice of this maximal value is empirical. We have chosen to
use five analogs and a maximal dissimilarity coefficient of
0.25 because they give the best results on the modemn model
(lowest residuals and standard deviations).

3. Results
3.1. Reconstruction of the Modern Model

A total of 110 diatom taxa or taxa groups have been
identified in the 195 periantarctic surface sediments of the
modem data set. Relative abundances of 42 taxa or taxa groups
displaying more than 1% of the total assemblage have been
plotted against February sea surface temperatures (SSTsfeb)
(Figure 2) and sea-ice presence in number of months per year
(Figure 3). Of those, 33 species or species groups have been
selected for IKM and MAT reconstructions because (1) they
represent more than 2% of the total diatom assemblages and
(2) their higher relative abundances in modern sediments
constrain particuliar SSTsfeb and sea-ice presence (Figures 2
and 3, underlined species names).
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3.1.1. IKM: Results of factor analysis. The Q-
mode factor analysis of the relative abundances of the 33
selected diatom species in the 195 surface sediment samples
resolved four varimax factors accounting for 87% of the
variance (Table 4). All factors are related to surface parameters
(SST or sea-ice cover). The addition of a fifth factor accounts
for 1.5% of the total varance and is unrelated to any
discernable biogeographic, physical, or chemical influence.
We chose to label this version of the transfer function
IKM195/33/4; future references will use this label for more
comprehension.

Factor 1 accounts for 35.5% of the total variance (Table 4)
and is dominated by three species, Fragilariopsis cura,
Fragilariopsis obliquecostata and Fragilariopsis sublinearis
(Table 5) which are species especially well adapted to the sea-
ice habitat [Hasle, 1969; Fenner, 1976]. High factor loadings
are encountered for SSTsfeb below 0°C (Figure 4a) and for
extensive sea-ice cover (Figure 3a). This assemblage is referred
as an "Antarctic sea-sce zone" assemblage. It extends from the
Weddell Sea to the Ross Sea around the Antarctic Continent
(Figure 6).

Factor 2 accounts for 39.9% of the total variance with
negative factor loadings (Table 4). It is dominated by
Fragilariopsis kerguelensis and Thalassiosira lentiginosa
(Table 5). High negative factor loadings fall between 2°C and
10°C for SSTsfeb (Figure 4b) and between O and 2 months of
sea-ice cover per year (Figure 5b). This assemblage is referred
as an "Antarctic open-ocean" assemblage and extends as a
circumpolar belt constrained by the Subantacrtic front (SAF) to
the north and minimum winter sea-ice edge to the south (Figure
6). It defines the well-preserved diatom-ooze surface belt
described by Burckle [1984).

Factor 3 accounts for 8.3% of the total variance (Table 4)
and is dominated by the Chaetoceros resting spores group
(Table 5). High factor loadings are encountered for SSTfeb
between 0°C and 2°C (Figure 4¢) and for sea-ice cover between
5 and 9 months per year (Figure 5c). It is located around the
Antarctic Peninsula and represents a "water stratification”
assemblage (Figure 6). Crosta et al. [1997] showed that
Antarctic Chaetoceros resting spores are preferentially
encountered in neritic environments, particuliarly in the
Antarctic Peninsula sector, and are indicators of a highly
stratified surface water layer in relation to meltwater input. In
deep-sea sediments they can be used as tracers of iceberg
meltings. Although not indentifiable to species level because
of the lack of morphological criteria, this group can be useful
for paleoreconstructions.

Factor 4 accounts for 3.3% of the total variance (Table 4). It
is dominated by five Subantarctic species Thalassionema
nitzschioides var. parva, Roperia tessalata, Thalassiosira
oestrupii, Hemidiscus cuneiformis and Fragilariopsis doliolus
(Table 5). High factor loadings are encountered for SSTsfeb >
10°C (Figure 4d) and for no sea-ice cover throughout the year
(Figure 5d). This assemblage is found north of the SAF in the
Indian Ocean (Figure 6) and represents a "Subantarctic"
assemblage.

3.1.2. IKM: Quantitative reconstruction of the
modern model. Following Imbrie and Kipp [1971], we used
amultiple curvilinear regression to quantify the relationships
between the four floral factors in each of the 195 surface
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Figure 2. Relative abundances of 42 diatom taxa or taxa groups plotted against February sea surface
temperatures: (a) from Actinocyclus actinochilus to Fragilariopsis curta, (b) from Fragilariopsis cvlindrus to
Odontella weissflogii, (c) from Paralia sol to Thalassionema nitzschioides, and (d) from Thalassiosira
antarctica to Trichotoxon reinboldii. Species used in the diatom database are underlined.

sample sediments and the modern SSTsfeb and sea-ice cover.
Estimated SSTsfeb are plotted against observed SSTsfeb in
Figure 7a (open squares). The multiple correlation coefficient
(MCC) is 0.97, and the slope of the correlation is 0.94. The
mean of the residuals is 0.73°C. This value 1s lower than the
standard deviation of the estimates (SEE) given by the equation
(1.1°C) (Table 6). I1IKMI195/33/4 accurately reconstructs
SSTsfeb on the whole range of SSTs encountered in the
Southern Ocean.

Estimated sea-ice cover values are plotted against observed
values in Figure 7b (open squares). The MCC is 0.98, and the
slope of the correlation line is 0.99. Mean residuals is 0.6
months of sea-ice presence per year (Table 6). This value is
less than the SEE given by the equation (0.9 months of ice
presence per year) (Table 6). The SEEis within the same range
as the interannual variability of the sea-ice cover, showing
that IKM195/33/4 accurately reconstructs this parameter.
However, a striking feature is the negative estimates of sea-ice
presence given by IKM195/33/4 (Figure 7b); modern sea-ice
estimates can therefore be out of the range of the modern
values.

3.1.3. MAT: Quantitative
the modern model.

reconstruction of
Reconstruction of the modern model

with the MAT approach has been tested for several parameters
such as February and August SSTs, sea surface salinities, sea-
ice extent and concentration, and finally, sea-ice presence in
number of months per year. Only the results of SSTsfeb and
sea-ice presence parameters are presented here. We will refer to
this version of the transfer function in the future under the
name of MAT5195/33.

Estimated SSTsfeb are plotted against observed SSTsfeb in
Figure 7a (solid circles). A simple linear regression between
estimates and modem values displays a correlation coefficient
of 0.96 and a slope of 0.89. Estimates are in a good agreement
with the modern values to 10°C. Above this value,
temperatures are underestimated because modern analogs are
missing in the Subantarctic zone (SAZ). Residuals and SEE are
good (mean residuals = 0.7°C, and mean SEE = 0.9°C) (Table
6). These results will be improved by the addition of new
reliable surface sediment samples from the SAZ.

Estimated values of sea-ice cover are plotted against
observed values in Figure 7b (solid circles). Both the
correlation coefficient and the slope of the regression line are
around 0.99, showing a good agreement of the estimates on
the total range of modem sea-ice cover values (0-10 months of
sea-ice presence per year). Mean residuals and mean SEE (0.3
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Figure 3. Relative abundances of 42 diatom taxa or taxa groups plotted against sea-ice cover: (a) from
Actinocyelus actinochilus to Fragilariopsis curta, (b) from Fragilariopsis cylindrus to Odontella weissflogii,
(c) from Paralia sol to Thalassionema nitzschioides, and (d) from Thalassiosira antarctica to Trichotoxon
reinboldii. Species used in the diatom database are underlined.

and 0.4 month per year respectively) are very low in
comparison to the annual variability of Antarctic sea-ice
extent (Table 6). The MAT approach provides better results
than the IKM approach for this parameter (no negative
estimates and lower mean residuals and standard deviation). We
therefore chose to use the MAT5195/33 for sea-ice
paleoreconstructions.

3.2. Quantitative Reconstruction
of the LGM Sea-Ice Presence

The MAT technique has been applied to 106 samples from
the LGM dated around 18,000 years ago (Figure 8 and Table 2).
Of those, 89 are CLIMAP points [CLIMAP, 1976, 1981] and
the 17 others are from R/V Marion Dufresnes cruises. The same

Table 4. Results of the O-Mode Factor Analysis: A
Focus on the Variance and the Cumulative Variance

Factor | Factor 2 Factor 3 Factor 4
Variance 35533 39912 8.26 3.265
Cumulate Variance 35.533 75444 83.705  86.9069

parameters have been reconstructed in the past using the MAT
approach. Only results concerning sea-ice cover in number of
months per year are presented here.

The maximum extent of Southern Ocean sea ice at the LGM
is inferred from the quantitative estimates of sea-ice presence
provided by MAT5195/33 (Figure 8). This limit has been
drawn north of control points displaying sea-ice presence
greater than 0.5 month per year. However, some control
points do not enter the general pattern of LGM sea-ice
distribution and are not taken into account for the
reconstruction of this limit (Figure 9). For example, the value
of 1.1 months of sea-ice presence at 40°S in the western Indian
sector of the Southern Ocean and very low sea-ice presence (0-
0.8 months per year) around 60°S and 90°-110°E are thought to
show advection, focusing, or dissolution phenomena. The
LGM sea-ice limit (bold line) was more than 3° father north
than its present position (thin line) (Figure 9). The maximum
difference between the LGM and the present maximum sea-ice
extent can be seen in the Atlantic sector of the Southern Ocean
where winter sea-ice was around 8 north of today's limit. In
this region the presence of the sea ice reached 3-3 months per
year where nearly no sea-ice is present today. [t confirms a
greater expansion of sea ice at the LGM in the Atlantic sector.
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Table 5. Varimax Factor Scores Matrix

Taxa/Factor Factor 1 Factor 2 FActor 3 Factor 4
Actinocyclus actinochilus 0.239 0.004 0.04 -0.093
Azpetia tabularis -0.105  -0.357  -0.009  0.137
Azpetia tab. var egregius -0.016  -0.033  0.001 0.165
Chaetoceros resting spore gp.  0.165 -0.087  0.725 0.196
Fragilariopsis curta 0.444 0.1 0.157 -0.025
Fragilariopsis cylindrus 0.178 0.051 0.094 -0.009
Fragilariopsis doliolus -0.007  -0.021 -0.023 0279
Fragilariopsis kerguelensis 0.05 -0.531 0.1 -0.132
Fragilariopsis obliquecostata 0.367 0.076 -0.161 0.094
Fragilariopsis rhombica 0.238 -0.018  -0.245  0.005
Fragilariopsis ritscherti 0.132 -0.035  -0.005 -0.19
Fragilariopsis separanda 0.253 -0.21 -0.189  -0.071
Fragilariopsis sublinearis 0.355 0.085 -0.28 0.159
Hemidiscus cuneiformis -0.009 -0.033  -0.030 0.298
Porosira glacialis 0.142 0.045 0.05 0.02
Porosira pseudodenticulata 0.152 0.035 -0.153 0.078
Rhizosolenia ant. var semis. 0.033 -0.083 0.104 -0.238
Rhizosolenia stvliformis -0.033 -0.057 0.054 0.167
Roperia tessalata -0.012  -0.039 -0.035  0.359
Stellarima microtrias 0.249 0.065 -0.103 0.073
Thalassionama nitz. var lanc. -0.062  -0.161 -0.014 0.439
Thalassionama nitz. var parva  -0.001 -0.005 -0.014 0.132
Thalassionema nitzschioides -0.014  -0.022 0.021 0.022
Thalassiosira antarctica gp. 0.27 0.07 0.365 0.082
Thalassiosira eccentrica -0.005  -0.015 -0.013 0.174
Thalassiosira gracilis 0.218 -0.242 0.072 -0.172
Thalassiosira lentiginosa 0.088 -0.427  -0.096  -0.006
Thalassiosira oestrupii -0.04 -0.104  -0.011 0.327
Thalassiosira oest. var vanr. 0 -0.001 -0.005 0.06
Thalassiosira oliverana 0.022 -0.327  -0.097 -0.112
Thalassiosira rumida 0.172 0.016 -0.111 0.061
Thalassiothrix spp. 0.04 -0.287  -0.067 0.061
Trichotoxon reinboldii 0.012 -0.132 -0.011  -0.098

The position of winter sea ice during the LGM in the Pacific
sector of the Southern Ocean cannot be determined with
precision because we have too few LGM samples in this sector.

4. Discussion

4.1. Modern Model

IKM195/33/4 resolves four factors displaying 87% of the
total variance (Table 4). The third factor represents a water
stratification assemblage dominated by the Chaeroceros
resting spores group (Table 5). This factor is located in the
Gerlache and Bransfield Straits in the western part of the
Antarctic  Peninsula  (Figure 6) where monogeneric
assemblages of Chaetoceros resting spores are found in
modern sediments. This region experiences important spring
and summer blooms of Chaetoceros species [Krebs, 1983;
Leventer, 1991] because of favorable growth conditions for
this genus. Such conditions are a function of both low-salinity
meltwater and protection from storm activity, both of which
contribute to water column stability [Amos, 1987; Huntley et
al., 1987; Leventer et al., 1993]. We chose to use the
Chaetoceros rtesting spore group in our diatom database
because very high relative percentages (>80%) of this group
(Figures 2a and 3a) and high factor loadings (Figures 4c and 5c)
constrain particular surface water conditions (-1°-1°C, and 5-8
months of sea ice per year). High factor loadings of this

CROSTA ET AL.: ANTARCTIC SEA ICE AT THE LAST GLACIAL MAXIMUM

assemblage (ruled by high relative percentages of Chaetoceros
resting spores) in fossil deep-sea sediments, where very few
resting spores are generally found in surface sediment, are
therefore indicators of water stratification due to iceberg
melting [Crosta et al., 1997). Even if Chaetoceros resting
spores represent a group of species of which little is known,
their introduction in the diatom database is important to
tracking iceberg melting and to trying to discriminate between
sea-ice and iceberg paleoenvironnements, which had been
already attempted with other diatom species by Labeyrie et al.
[1986].

Reconstructions of the modermn model of SSTsfeb and sea-ice
cover using the new modemn database have been tested by two
statistical methods (IKM and MAT). Both methods are reliable
approaches to reconstructing the two surface parameters even
if SSTsfeb values above 12°C are underestimated with
MAT5195/33 because of the lack of Subantarctic surface
sediment samples (Table 6 and Figure 7a). In this case,
IKM195/33/4 gives better results for high temperatures than
MAT5195/33, which is more sensitive to the modem analog
distribution as shown by Prell [1985]. For sea-ice cover
reconstructions the lack of modem analogs in the SAZ is not
so important because all these samples are in a zone of no sea-
ice throughout the year. In this case, MAT5195/33 displays
better estimates than IKM195/33/4 (Table 6 and Figure 7b).
Moreover, MAT5195/33 does not present any negative
estimates of sea-ice cover which are spurious in IKM195/33/4
results. We can therefore wonder if the IKM approach does not
also provide nondiscernible erroneous SSTsfeb estimates.
Because of these results and the relatively good distribution of
the 195 surface sediment samples composing the modern
database, we have chosen to use MAT15195/33 rather than
1KM195/33/4 for paleoreconstructions of sea-ice conditions.

4.2. LGM Sea-Ice

MAT5195/33 allows us to reconstruct quantitatively LGM
sea-ice presence per year and to draw the maximum sea-ice
extent at this time. This limit, based on diatom analysis and
statistical reconstruction, is compared to previous winter sea-
ice estimations extrapolated from lithological boundaries,
inferred sea-ice-rafted debris records, and faunal changes from
deep-sea cores in Figure 8 [Hayvs er al.,, 1976; CLIMAP, 1981,
Cooke and Hays, 1982]. Despite using the same proxies and
partially the same LGM data set, results given by these authors
show large discrepancies (maximum of 5° of latitude in the
Atlantic and the West Indian sectors of the Southen Ocean).
Our maximum sea-ice limit (Figure 8, bold line) is in the
variability of the former results despite using a totally
different technique. Qur results are in good agreement with
CLIMAP [1981] results (Figure 8, thin line). However,
discrepancies exist in two regions. The first one is located
north of the Weddell Sea around 45°-50°S and 10°-50°W. We
estimate there a greater winter sea-ice extension of 5° farther
north than CLIMAP [1981]. MAT45195/33 provides
quantitative estimates of 3-5 months of ice presence where
nearly no sea ice is present today. Hays er al. [1976] and
Cooke and Hays [1982] also find a greater winter sea-ice
extension in this region than CLIMAP [1981] does,
confirming our results. The second region is located in the
eastern Pacific Ocean around 55°-60°S and 90°-120°W. Using
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Figure 4. Factor loadings of the four factors resolved by IKM195/33/4 plotted against February sea surface

temperatures.

the sedimentary parameters observed throughout the Antarctic
Ocean (lithologic changes and sedimentation rate changes) and
the relative position with respect to summer sea ice in the
Atlantic and southwest Indian sectors 18,000 years ago,
previous authors have mapped the winter sea-ice extent in the
southeast [ndian and Pacific Oceans at about 5° north of the
summer sea-ice limit without any reliable control point.
Despite having few samples in these sectors we present here a
more reliable estimation of winter sea-ice cover in the
southeast Indian and Pacific Oceans at the LGM. We think that
the real winter sea-ice limit may be south of the limit given by
CLIMAP [1981] (Figure 8). Quantitative estimates in this
region are very low (around 0.5 months of sea-ice presence per
year) (Figure 9), showing an important summer sea-ice
meltback.

Antarctic sea ice is a highly variable feature of the Earth's
surface and is known to play an important role in global
climate. Seaice interacts with both the atmosphere above and
the ocean underneath in high latitudes [Wu er al., 1997]. Atits
maximum extent in August/September, modemn sea ice covers
around 8% of the southern hemisphere (20 millions of square
kilometers), about 1.5 times the area of the Antarctic itself

(Figure 9, thin line). On Figure 9 the bold line represents the
maximum extent of sea-ice 18,000 years ago estimated by
MAT5195/33. The LGM winter sea ice limit was located at
least 53° north of its actual position. In the Atlantic sector of
the Antarctic Ocean this limit was even near 8° farther north
than today. The surface occupied by sea ice was around the
double of the actual surface. Today, Antarctic sea-ice variations
modify the westerlies which, in turn, affect the cyclonic
behavior (Simmonds and Jacka, 1995). More extensive sea-ice
at the LGM may have lead to a greater cyclogenesis
[Simmonds, 1996], and the zone of intense cyclogenesis may
have been located farther to the north. These extratropical
cyclones associated with the sea-ice edge may have transported
moisture both to the southern midlatitudes leading to "cold
outbreak" events [Perrin and Simmonds, 1995] and to the
Antarctic ice cap. On the other hand the greater LGM sea-ice
cap may have acted as an insulator between the warm ocean and
the cold overlying air. This sheet prevented heat and moisture
from reaching the lower atmospheric layers, leading to reduced
precipitations over Antarctica as shown by the accumulation
rate record of Vostok [Jouzel et al. 1987]. It also reduced the
amount of solar radiation absorbed at the surface of the Earth.
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Figure 5. Factor loadings of the four factors resolved by IKM195/33/4 plotted against sea-ice cover.

This may greatly increase atmospheric cooling over the
Antarctic Ocean, increasing the themmal gradient to the
equator, and consequently, increasing the vigor of the
atmospheric and surface oceanic circulations [CLIMAP, 1976,
Labeyrie et al., 1986, 1996]. Varations of sea-ice extent and
concentration therefore influence southern semisphere
midlatitudes and high latitudes, but climate also influences sea-
ice conditions.

Analyzing cleaned diatom microfossils in cores from the
Atlantic and Indian sectors of the Southern Ocean, Frangois et
al. [1997, Figure 4c, p. 33] found a depletion of 315N south of
50°S at the LGM in comparison to today. Frangois et al. related
this depletion of 315Nto asignificant decrease in the vertical
supply rate of nitrate to the euphotic zone and thus to an
increase in the degree of stratification of the surface water
column. This zone of depletion is in good agreement with the
maximum sea-ice extent at this time. The greater sea-ice extent
and longer sea-ice presence may have played a significant role
in stabilizing the upper water column by insulating it from the
wind action and by meltwater input during the ice decay. The
greater sea-ice cover may have participated in the reduction of
the CO» "leak" from ocean to atmosphere by increased surface-

water stratification and hence to the lowering of atmospheric
CO2 concentration during the LGM recorded in Vostok
[Barnola et al., 1987].

This study must be considered as preliminary as only the
maximum sea-ice extent is presented here. The winter and
summer sea ice 18,000 years ago around Antarctica are critical
to drawing further conclusions on Southem Ocean
paleoceanography and paleoclimatology. The point now is to
reevaluate the extension of the Antarctic summer sea ice during
the LGM when solar irradiation was not very different from
today [CLIMAP, 1981]. In this optic, quantitative estimates of
sea-ice presence can be very useful for paleoenvironmental
interpretations. Near the Antarctic continent in the Indian
sector, MAT5195/33 estimates 6 months of sea-ice presence
per year, which is comparable with modern conditions in this
region. Spring/summer meltback of the ice was therefore not
very different than today, and the mean position of summer
sea-ice may be just a bit north of its present summer position
in this sector (around 62°-65°S). This limit is well south of the
summer position given by Cooke and Hays [1982], who
estimated the summer sea-ice limit to be around 55°S in the
Southern Indian sector. These preliminary results have to be
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improved in the future by the addition of new LGM samples
more south and by the specific reconstruction of summer sea
ce.

The MAT technique applied to Antarctic diatoms is a new
approach for sea-ice paleoreconstruction. The advantage of
MAT to lithological proxies is to provide numeric values of
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Table 6. Reconstruction of the Modern Model by
[KM195/33/4 and MAT3195/33

[KM 195/33/4 MATI195/33/5

SSTsfeb

R 0.97 0.96

MRES 0.73 7

MSEE 1.1 0.93
Sea-ice cover

R 0.98 0.99

MRES 0.6 0.3
MSEE 0.9 0.4

SSTsfeb, February sea surface temperatures: R, correlation
coefficient; MRES. mean of the residuals: and MSEE. mean of
the standard errors.

sea-ice cover which may be very important for reconstructions
of the climate system via general circulation models.

5. Conclusions

1. Reconstruction of the modern model has been tested with
two statistical techniques: IKM and MAT. MAT35195/33 gives
better results on modem sea-ice models than [KM195/33/4.
We have therefore chosen to use the MAT approach for sea-ice
paleoreconstructions.

2. The application of MAT35195/33 to 106 periantarctic
sediment samples dated around 18,000 years ago allow us to
map the sea-ice cover at this time. The quantitative estimates
confirm the winter sea-ice limit given by CLIMAP [1981]
except in two regions of the Southern Ocean: in the Atlantic
sector north of the Weddell Sea where MAT estimates more sea
ice and in the eastern Pacific sector where MAT estimates less
seaice.
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Figure 7. Observed values plotted against estimates for MAT5195/33 (solid circles) and [KM195/33/4
(open squares): (a) for February sea surface temperatures and (b) for sea-ice cover.
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Figure 8. Maximum sea-ice extent at the last glacial
maximum (LGM) estimated by MAT5195/33 (bold line) and
from former authors such as Climate: long-Range
Investigation, Mapping, and prediction [CLIMAP, 1981)
(thin line), Hays er al. [1976] (bold shaded line) and Cooke
and Hays [1982] (thin dotted line). The dots represent the
Jocations of the LGM samples used in this study.

3. The greater sea-ice extent at the L.GM may have been at
the origin of a greater cyclogenesis. The cyclones may have
an important effect on southern midlatitude and high-latitude
climates. The greater sea-ice cover may also have reduced the
amount of heat and moisture to the lower atmospheric layers.

4. The greater sea-ice cover may have participated in the
lowering of atmospheric CO2 during the LGM and in reducing
the leak of CO2 from the ocean to the atmosphere.

5. The mean position of the summer sea ice during the LGM
may be south of the limit encountered in the literature.
Additional work is necessary to determine this limit more
accurately.

6. Quantitative estimates of sea-ice cover in number of
months of ice presence are new paleoclimatic proxies that can
be directly introduced in general circulation models to test or
constrain the models.
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