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Sea-ice extent in the Southern Ocean during the Last Glacial
Maximum: another approach to the problem
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ABSTRACT. Determining past sea-ice distribution is an important goal of paleocean-
ographers. Here, we present a possible approach to determining past sea-ice distribution
in the Southern Ocean during the Last Glacial Maximum (LGM). Diatoms are the prin-
cipal opal-forming organisms south of the Antarctic Polar Front; their productivity 18
partly mediated by the presence/absence of sea ice. We reasoned that there should be good
coherence between percentage biogenic opal in surface sediments and percentage annual
sea-ice cover. This hypothesis was tested by comparing percentage biogenic opal in sur-
face sediments against modern-day sea-ice cover in surface waters directly above cach
core site. The chronology for each core was determined by various means (biostratigra-
phy, *C age dating, and carbonate and opal stratigraphy). With the resulting curve we
estimate that yearly concentration of sea ice can be determined to within 30%. Using
these data, we estimated percentage sea-ice cover during the LGM for a number of sedi-
ment sites (50-66° S) from the Southern Ocean. Core sites now beneath 100% open water
witnessed some 25-60% sea ice during the LGM, while core sites presently bencath sea

ice during half of the year witnessed more than 75% sea-ice cover during the LGM.

INTRODUCTION

Determining past sea-ice distribution in the Southern
Ocean has been an elusive goal of paleoceanographers and
climate modellers. Previous efforts by CLIMAP (1981) were
only partially successful; their lithologically based Last
Glacial Maximum (LGM) summer sea-ice boundary
(Cooke, 1978; CLIMAP, 1981; Cooke and Hays, 1982) was
challenged by Burckle and others (1982) who demonstrated
that it was a spring sea-ice boundary (Burckle and Cirilli,
1987). Further, if one examines maps of winter and summer
sea-ice limits of Cooke (1978) it is clear that the data from
LGM sediments were in sufficient detail only for the Atlan-
tic and southwest Indian oceans. More recent work suggests
that the spring sea-ice limit in the Pacific sector during the
LGM may have been very modest: on the order of a few
degrees north of its present position (Burckle and Cirilli,
1987). Other studies have used geochemical approaches,
such as stable isotopes, but such eflorts have largely been
restricted to the sub-Antarctic and Polar Front region where
the North Atlantic Deep Water is implicated in sea-ice build-
up and drawback (Charles and Fairbanks, 1992). Such studies
say very little about the percentage of sea-ice cover during the
year, and consequently fall short of the needs of paleocean-
ographers and climate and oceanographic modellers.

Here, we present one possible approach to determining
past (i.e. LGM) sea-ice distribution in the Southern Ocean.
This is our reasoning. For regions south of the present Ant-
arctic Polar Front, most diatom productivity should be
mediated by the presence/absence of sea ice. Secondly, since
diatoms are the principal opal-forming organisms, there
should be reasonable coherence between percentage bio-
genic opal in surface sediments and percentage annual sca-
ice cover. However, two questions are first addressed. Is di-
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atom productivity related to the presencefabsence (i.e. the
extent) of sea ice? Is percentage biogenic opal in surface
sediments related to sea-surface productivity?

Is diatom productivity related to the presence/ab-
sence of sea ice?

Two datasets are considered: surface-water diatom produc-
tivity (Hart, 1942) and modern-day sea-ice distribution
from satellite imagery (National Snow and Ice Data Center
(NSIDC), University of Colorado). Hart (1942) divided the
Southern Ocean zonally into three regions: the northern
region, north of the present-day Polar Front; an intermedi-
ate region which straddles the Polar Front; and a southern
region which extends from the intermediate region to the
Antarctic continent. The northern region is ignored here
since sea ice does not extend this far. Diatom productivity
(expressed as plant pigment m %) for each month for each
region was taken from Hart (1942). These data, although
generated more than 50 years ago, are used because they
are multi-year, circum-Antarctic and were collected as far
into the winter season as weather and sea-ice conditions per-
mitted. Using satellite imagery, the average percentage sea-
ice cover for each month of the year for the southern and
intermediate regions was also determined (Fig. la and b).
Productivity in the southern region (Fig. la) is clearly
related to sea-ice extent. When sea ice begins to melt back
in the spring, diatom productivity increases dramatically.
In contrast, when sea ice returns in the early fall, productiv-
ity declines. A perfect correlation does not emerge for the
intermediate region (Fig. 1b). Although there is good agree-
ment between the decline of sea ice and the rise of produc-
tivity in the spring, fall production drops before sea ice
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Fig. 1. Sea-ice concentration and plant pigment (measured as
plant pigment m ) for (@) southern region of Hart (1942)
and (b) intermediate region of Hart (1942). Percentlage sea-
ice cover is taken from NSIDC.

begins to build up again. Nevertheless, the bulk of produc-
tion occurs during the minimum sea-ice period.

Does percentage biogenic opal in surface sediments
reflect sea-surface productivity?

One of us (I.H.B) has made a census of diatom presence/
absence in the surface sediment of more than 3000 cores
from the world’s oceans. This distribution accurately reflects
surface water productivity. Diatoms occur beneath equator-
ial upwelling regions as well as beneath western and eastern
boundary currents but are not found in surface sediments
beneath the central water masses. In the Southern Ocean,
diatoms occur in significant numbers between the sub-Ant-
arctic Front and the Antarctic Slope Front (Burckle and
others, 1987), both in the water column and in underlying
surface sediments. 1o the south of the Antarctic Slope Front,
except for polynyas, diatom productivity is suppressed by
the presence of sea ice into the growing season, while, to
the north of the sub-Antarctic Front (i.e. in the southern
part of the central water mass), it is suppressed by tempera-
tures in excess of 8°C and low nutrient supply (Neori and
Holm-Hanson, 1982; Burckle and others, 1987; Sullivan and
others, 1993).

That sea ice suppresses diatom productivity is not sur-
prising. Diatoms are photosynthetic and require access to
sunlight as well as to nutrients in the water column. They
do occupy niches in sea ice, but many of these forms tend to
be weakly silicified and are dissolved when released to the
water column (see, e.g., Burckle, 1987). Further, a number
of studies (Lozano and Hays, 1976; CLIMAP, 198]; Cooke
and Hays, 1982) indicate that sea ice was much more exten-
sive around Antarctica during the LGM and that it per-
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Fig. 2. Percentage open water vs percentage opal in surface
sediments. Estimates of perceniage sea-ice cover during the
LGM were taken from this diagram.

sisted into the spring growing season (Burckle and others,
1982). In such circumstances, one would expect lower per-
centage opal in sediments representing the LGM. This was
found to be the case in the South Atlantic (Mortlock and
others, 1991). These authors reported significantly lower per-
centage opal at the LGM in sediment that, according to the
CLIMAP (1981) reconstruction, was covered by sea ice for
at least part of the year. Based upon these studies, our hy-
pothesis is that sea ice plays a role in mediating surface
water productivity for those regions which are covered by
sea ice during part of each year, and that percentage bio-
genic opal in surface sediments reflects changes in sea-ice
mediated productivity. Our further hypothesis is that, with-
in limits, percentage opal in LGM sediments can be used to
estimate sea-ice concentration during this climatic extreme.

RESULTS

We tested this hypothesis by comparing percentage biogenic
opal (Mortlock and Froelich, 1989) in surface sediments
from 62 cores against modern-day sea-ice cover in surface
waters directly above each core site. Most cores used in this
test were beneath sea ice during part of each year; a few
cores not covered by sea ice were also included. Chronology
for each core was determined by various means, including
biostratigraphy, *C age dating, and carbonate and opal
stratigraphy. We added to our own analyses a number of
opal measurements drawn from the published literature
(Schliitter, 1990). In each case, it was determined that the
core top represented the Holocene, although there is no cer-
tainty that it was the latest Holocene. Percentage sea ice
(during the year) at each core site was accessed from the
NSIDC.

The results show good coherence between percentage
opal and percentage open water (Fig. 2). Using the resulting
curve, we estimate that yearly concentration of open water
can be determined to within 20-30%. Table 1 gives our esti-
mate of percentage open water during the LGM for six sedi-
ment cores (50-66° S) from the Pacific and Atlantic sectors.
Core sites that are now beneath 100% open water witnessed
some 25—60% sea ice during the LGM. Especially instruc-
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tive are the cores Robert Conrad 11-76, -77 and -78 which
were taken on a southwest—northeast track in the Atlantic
sector. Based upon present-day sea-ice distribution, one
would expect LLGM sea ice to have a higher yearly concen-
tration in RC11-76, and a lower concentration in RC11-78.
Robert Conrad 11-76 had 40-60% sea ice during the LGM.
To the north and east of this core, Robert Conrad 11-77
(53°S) had 35-55% sea ice during the LGM, while RC11-
78 (50° S) had 25—45% sea ice during this time. A core taken
further to the east and 2° of latitude to the south of RC11-78
(Robert Conrad 13-271; Table 1) had similar sea-ice concen-
tration during the LGM (30-50%).

Table 1. Modern-day sea-ice distribution at selected core sites,
and estimate of percentage sea-ice cover al these siles during

the LGM

Core site Lat./long. % Opal % Seaice % Opal %o Seaice
(H) (H) (LGM) (LGM)

Eltanin 17-17 66.59° S; 120.05° E 54 26 7 60-80

Eltanin 20-10 60.20° S; 12705° W 8l 0.5 67 10-30

Islas Orcadas 5201°S; 2047° E 82 0 47 30-50
1277-10

Islas Orcadas 59.23°8; 19.727° W 62 27 13 50-70
1578-4

Robert Conrad 54.383°S; 22.133° W 70 0 30 40-60
11-76

Robert Conrad 53057 8; 1645° W 68 0 40 35-55
11-77

Robert Conrad  50.867°S; 09.867° W 80 0 55 25-45
11-78

Robert Conrad  51.59°S; 0431°E 64 0 50 30-50
13-271

H = Holocene.

DISCUSSION

Although we view this approach as a viable way to deter-
mine past sea-ice distribution, we also acknowledge some
shortcomings. Clearly, our sample size is not sufficient and
the data base needs to be enlarged. In enlarging this data
base, we need to recognize the spatial differences in produc-
tivity in the Southern Ocean, particularly between the
Atlantic and Pacific sectors. Separate diagrams, similar to
Figure 2, need to be constructed for each sector. We also
need to consider sediment dilution from non-biogenic
sources (iceberg and sea-ice rafting, eolian input, etc).
Further, it should be noted that diatom productivity (and
percentage opal in surface sediments) falls off toward the
sub-Antarctic Front which is well north of the maximum
limits of sea ice. This drop in productivity is due to tempera-
ture constraints and nutrient limitation (Neori and Holm-
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Hanson, 1982; Burckle and others, 1987) and is not related
to sea-ice cover. Finally, we need to compare these results
with those obtained using other approaches. If a consensus
or near-consensus emerges, then we have a new set of
boundary conditions for paleoceanographers and climate
modellers.
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