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Millennial-Scale Instability of
the Antarctic Ice Sheet During
the Last Glaciation
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Records of ice-rafted detritus (IRD) concentration in deep-sea cores from the
southeast Atlantic Ocean reveal millennial-scale pulses of IRD delivery between
20,000 and 74,000 years ago. Prominent IRD layers correlate across the Polar
Frontal Zone, suggesting episodes of Antarctic Ice Sheet instability. Carbon
isotopes (573C) of benthic foraminifers, a proxy of deepwater circulation, reveal
that South Atlantic IRD events coincided with strong increases in North Atlantic
Deep Water (NADW) production and inferred warming (interstadials) in the
high-latitude North Atlantic. Sea level rise or increased NADW production
associated with strong interstadials may have resulted in destabilization of
grounded ice shelves and possible surging in the Weddell Sea region of West

Antarctica.

Ice-rafting events in North Atlantic sediments
provide evidence for millennial-scale insta-
bility of the Laurentide Ice Sheet (LIS) dur-
ing the last glaciation (I-6). The behavior of
the Antarctic Ice Sheet (AIS) on these time
scales has not been established, however, de-
spite its relevance to issues of natural and
anthropogenic climate change. Much of the
West Antarctic Ice Sheet (WAIS) is grounded
below sea level and is therefore potentially
susceptible to perturbations in sea level and
climate (7-9). This inherent instability was
also a characteristic of the LIS during the last
glaciation, which was grounded below sea
level in the Hudson Strait region (2). Under
full glacial conditions, the WAIS was about
two-thirds larger than the present-day WAIS,
sea level was ~120 m lower, and grounded
ice shelves in marginal seas around Antarcti-
ca were more extensive (9, 10). Thus, the
Pleistocene history of the AIS may have in-
cluded millennial-scale episodes of instability
similar to those in the LIS history. If so,
sediments offshore Antarctica should record
such episodes as layers enriched in IRD.
Pleistocene records of IRD from the South-
ern Ocean are sparse and have been limited to
glacial-interglacial time scales, mostly be-
cause of chronological uncertainties (/7—-13).
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General improvements to the dating and
chronological resolution of deep-sea sedi-
ment cores allowed us to document millen-
nial-scale episodes of IRD delivery to the
South Atlantic between 20,000 and 74,000
years ago (20 and 74 ka, respectively) (Table
1). We compared IRD fluctuations in cores
along a north-south transect across the Polar
Frontal Zone (PFZ) from ~41° to 53°S (Fig.
1). The southernmost record (core TTNO57-
13/1094) at 53°S is located south of the
present-day PFZ and ~2° north of the aver-
age winter sea ice limit (/4). The intermedi-
ate site (core TTN057-10) at 47°S is located
within the PFZ, and the northernmost core
(TTNO057-21) at 41°S is north of the present-
day PFZ.

All three cores record discrete episodes of
IRD deposition throughout the last glaciation
that recur on millennial [~6000- to 10,000-
year (~6- to 10-ky)] time scales (Fig. 2 and
Table 2). The northernmost and southernmost
cores at 41° and 53°S, respectively, share a
basic similarity in the timing of prominent
IRD peaks (Fig. 3). The core at 47°S in the
PFZ, however, contains additional IRD fluc-
tuations and displays peaks of different am-
plitudes relative to those observed in the oth-
er cores. The IRD is composed dominantly of
ash and quartz and includes minor amounts of
fine-grained volcanics, coarse-crystalline rock
fragments, and mica. Geochemical analysis
of volcanic ash in nearby cores suggests that
it was derived principally from the South
Sandwich Islands in the Scotia Arc, with
minor contributions from nearby Bouvet Is-
land (11). Volcanic eruptions in the South
Sandwich Islands produce ash that is carried
east by prevailing winds. The size fraction
analyzed (150 wm to 2 mm), however, pre-
cludes the inclusion of ash transported to the

core sites by wind or by direct fallout from
eruptions. The ash settles on ice shelves in the
Weddell Sea and on seasonal sea ice, which
acts as a conveyor of ash to the South Atlan-
tic sediments during its seasonal advance and
retreat. The quartz and other non-ash lithics
are derived from the calving of icebergs off
Antarctica (15, 16), which mainly originate
today from ice shelves such as those found in
the Weddell Sea (17).

There are at least two possible processes
that might account for the abrupt oscillations
in IRD in South Atlantic sediment cores.
Labeyrie et al. (16) interpreted increases in
quartz between 17 and 35 ka as reflecting
increased ice discharge from the AIS. Alter-
natively, changes in sea surface temperature
(SST) in the high-latitude South Atlantic
might increase the survivability of icebergs.
Keany et al. (12) suggested that IRD deposi-
tion was related to migration of the PFZ and
the zone of rapid melting of icebergs relative
to a core’s position. Peaks in IRD in Southern
Ocean sediments may therefore indicate an
increased production of icebergs and/or SST
changes that affect their survival. The former
has implications for AIS dynamics and pre-
dicts similar timing of IRD events across the
South Atlantic. Conversely, changes in fron-
tal boundary positions should result in diach-
ronous accumulation of IRD with latitude and
a “conjugate region” at intermediate latitudes
where the IRD signal is confounded (72).

The Polar Front in the study area is pres-
ently located at ~49°S and was apparently
displaced northward by ~2° to 4° during the
Last Glacial Maximum (/8). The winter sea
ice limit was displaced northward by ~5° to
8° in relation to its modern position at ~55°
in the study area (/9). Changes in SST asso-
ciated with PFZ migrations may have influ-
enced the position of melting of debris-laden
icebergs and sea ice in the South Atlantic
during the last glaciation, as predicted by
Keany et al. (12). Thus, we think that the IRD
record from 47°S (core TTN057-10) is not
solely a record of production of icebergs from
the AIS. In contrast, there is no indication
that the PFZ migrated north of 45°S during
the last glaciation (/8), yet the presence of
quartz in glacial sediments at 41°S (core
TTNO057-21) indicates that icebergs reached
this distant site. Similarly, the site at 53°S
(core TTN057-13/1094) has always been well
south of the PFZ and, therefore, the fluctuations
in quartz are most probably the result of iceberg
production rather than temperature-controlled
variations in melting-zone position.

To reconstruct the history of AIS instabil-
ity, we compared IRD records between cores
situated outside the past dynamic range of the
PFZ (Fig. 3). IRD concentrations in the South
Atlantic decrease with increasing distance
from Antarctic source areas, such that abun-
dances at 41°S are about two orders of mag-
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nitude less than that at 53°S (Fig. 2). Even so,
the pattern of prominent IRD layers in the
two sediment records is remarkably similar
(Table 2), and we interpret them as manifes-
tations of increased ice discharge from the
AIS. Radiocarbon ages are precise enough to
establish that South Atlantic (SA) events SAO
and SA1 are synchronous between the two
sites. We cannot prove that the other events
are strictly correlative between sites, but the
timing is close enough to suggest that the
major events represent synchronous deposits.
With our most conservative age model, peak
SAS shows a substantial temporal offset be-
tween 41° and 53°S, but this offset could be
the result of chronological uncertainties in
the lower portion of the record from core
TTNO057-13/1094. Between 10 and 60 ka, we
identified five (or possibly six) IRD events
that have a temporal spacing that ranges be-
tween ~6 and 10 ky (Table 2). This millen-
nial-scale spacing is similar to the 7- to 10-ky
recurrence of massive ice discharges associ-
ated with Heinrich events in the North Atlan-
tic (I-6).

Comparison of the planktic oxygen iso-
topic (8'%0) and IRD signals at 53°S re-
veals that most, but not all, of the major
peaks in IRD closely follow low planktic
8180 values (Fig. 4A). These low values
represent reduced salinity and/or increased
temperature of Antarctic surface waters.
During the last deglaciation (termination I),
South Atlantic IRD peak SAO (14.2 to 13.5
ka) correlates to the Antarctic Cold Rever-
sal and global meltwater pulse la (~14.4 to
13.7 ka) and may point to an influx of
icebergs from the AIS as the cause of these
events (20, 21). Peaks SA2 and SA4 coin-
cide with large increases in the abundance
of the planktic foraminifer Neogloboquad-
rina pachyderma. The co-occurrence of peaks
in IRD and foraminifera in the South Atlantic
contrasts with mid-latitude North Atlantic re-
sults showing low foraminiferal abundances
during Heinrich events (/, 22). Foraminifera
and IRD in the Irminger Basin of the high-
latitude North Atlantic, however, show a sim-
ilar relation to that observed in the South
Atlantic (23). This may result from iceberg-
induced upwelling, as has been reported for
increased radiolarian productivity in the
Southern Ocean (16, 24), or the retreat of sea
ice (23, 25).

To determine the phasing of South Atlantic
IRD events relative to variations in the strength
of North Atlantic Deep Water (NADW) pro-
duction and climate in the North Atlantic, we
compared the IRD and benthic 3'3C records
in piston core TTN057-21 at 41°S (Fig. 4B).
This core was taken on the same sediment
drift from which core RC11-83 was recov-
ered and has a stable isotope signal that ap-
pears nearly identical in structure to that of
RC11-83 (26). Charles et al. (27) demon-
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strated that the benthic 8'3C record of core
RC11-83 is sensitive to changes in NADW
input to the Southern Ocean and bears a

striking resemblance to the 330 of Green-
land ice core records. The two records are
similar because both the temperature over

Table 1. Eleven '“C dates on acid-leached monospecific samples of N. pachyderma from eight strati-
graphic levels in piston core TTNO57-13-PC4 and the MIS 4/3 boundary (43) were used to constrain the
glacial chronology for the spliced TTN0O57-13-PC4/1094 record. Piston core TTN057-13-PC4 was spliced
to Ocean Drilling Program (ODP) core 1094C-2H at a depth of 9.7 m (equivalent to 33,420 '%C years
before the present) by adjusting depths in core 1094C-2H upward by 3 m. Two 'C samples, at 9.2 and
11.8 m, were replicated and yielded radiocarbon ages within their respective errors. We chose to
construct our age model using dates exhibiting stratigraphic and chronologic internal consistency over
the intervals where nearby sample ages are indistinguishable at the 2o level. This choice does not
significantly affect the resulting age model. The '%C dates on samples at and below 11.8 m were not used
because this level is below the point where the piston core was spliced to ODP core 1094C-2.
Conventional *C ages shown are uncorrected and without the application of a reservoir effect. Calibrated
ages were calculated by applying an 800-year reservoir correction and converting to calendar years using
either the method of Stuiver et al. (44) or data from Bard et al. (45). For the latter, ages were determined
by both a least squares regression and a second polynomial fit. Center for Accelerator Mass Spectrometry
(CAMS) 52007 is from a 160-p.g target and did not yield a finite age.

Depth Conventional 4C Error Calibrated age

CAMS Sample (cn‘:\) (years) (years) (years) g Reference
52002 VIl 87-92 473 9,370 +80 9,600 (44)
50102 VI 0-5 536 10,050 *+40 10,310 (44)
52003 VI 12-17 548 9,970 +90 10,290 (44)
50103 V 60-62 741 13,140 *+50 14,400, 14,550 (45)
52004 V 81-86 763 13,070 +80 14,320, 14,470 (45)
50104 IV 90-92 919 26,360 *+150 29,130, 29,980 (45)
50106 IV 90-92REPL. 919 26,360 *+150 29,130, 29,980 (45)
52005 IV 141-143 970 33,420 +250 36,990, 37,830 (45)
50105 Il 50-52 1180 53,720 +3600 - -
52006 Il 50-52REPL. 1180 52,060 +2200 - -
52007 | 50-67 1289 >42,560 . . .

- MIS 4/3 1542 - - 59,000 (43)

TTN057-10 [Q

Polar Front

10°W 0° 10°E 20° 30°

Fig. 1. Site map of the southeast Atlantic indicating the core locations discussed in this study
relative to modern positions of important oceanographic boundaries and the winter sea ice margin.
Modified after figure F1 in (46).
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(SA2 through SAS) between 30 and 60 ka is
accompanied by an increase in benthic §'3C,
suggesting that South Atlantic IRD events are

Greenland and the benthic $!3C in the South
Atlantic are sensitive to the formation rate of
NADW (26, 27). Each of the IRD events

Table 2. South Atlantic IRD events and their corresponding calendar ages in cores TTN057-21 (41°S) and
TTNO057-13/1094 (53°S). Also shown are the age difference and the mean age of events present in both
cores. Where observed in both records, the temporal spacing between successive IRD events was
calculated with the mean ages.

E Age (ka) Difference Mean Spacing
vent

SAO . 14.8 136 1.1 14.2 -
SA1 18.3 to 26.5 18.1 to 26.6 1.8 24.5 10.3
SA2 309 29.9 1.0 30.4 5.9
SA3 37.1 36.1 1.0 36.6 6.2
SA4 41.7 to 45.1 42.3 to 46.5 1.1 438 7.2
SAS 51.2 - - - 7.4
SA6 - 55.4 - - 4.2

Fig. 2. (A) Time se-
ries of 8'®0 and
weight % of CaCO,
in cores TTNO57-21
(41°S) (green) and
TTNO57-10  (47°S)
(blue) and &'®O in
core TTNO57-13/ODP
Site 1094 (53°5) (gold).
Oxygen isotopes were
measured on plank-
tic foraminifer Globi-
gerina  bulloides in
cores TTNO57-21 and
RC11-83, whereas N.
pachyderma (sinistral)
was analyzed for 880
in cores TTNO57-10
and TTNO57-13/1094
in samples where a
sufficient number of
specimens could be
found. The age scale
for core TTNO57-21
(41°S) was derived by
aligning fine-scale fea-
tures in the isotopic
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2.0
2.5+
3.0+
3.5+

3.5
4.0
4.5
5.0+

(w Jad) 0g1Q €00eD%

3180 (permil) %CaCO3 §180 (per mil)
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records with those of o
nearby core RC11-83, 2
which has a well-con- ‘©
strained  accelerator S
mass  spectrometry

14C  chronology (28,
47). The chronology
for core TTNO57-10
(47°S) was derived by
visual matching of the
weight % CaCO,
record with those of
core TTNO57-21. The IR (U PR SR

age scale for TTNO57- 10 20 30 40 50 60 70 80
13/0ODP Site 1094 Age (ka)

(53°s) is given in Ta-

ble 1. (B) Time series of total lithic concentration (blue) and quartz concentration (red) in cores
TTNO57-21 (41°S), TTNO57-10 (47°S), and TTNO57-13/ODP Site 1094 (53°S). Lithics were
analyzed from the 150-um to 2-mm size fraction following the methodologies of Allen and Warnke
(48). Peaks are dominantly composed of ash and quartz, which were well correlated with each other
and with the overall trends in total lithics. Dotted arrows indicate IRD events that correlate across
the PFZ. Total lithics and quartz concentrations from 53°S are expressed in 10> and 102 grains per
gram, respectively, in order to enable a comparison of trends in each parameter. Quartz concen-
tration at ~44 ka is off scale at 16 X 10? grains per gram. Ages shown are 10 calendar years
determined by application of an 800-year reservoir effect and conversion to calendar years using
the methods of Stuiver et al. (44) and Bard et al. (45).
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associated with strong NADW production
and inferred warming in the North Atlantic.

South Atlantic IRD events tend to occur
during the strongest interstadials in Green-
land (interstadials 8, 12, 14, and possibly 16
and 17) during marine isotopic stage 3 (MIS
3) (28 to 59 ka). Bender et al. (28) have
suggested that these long interstadial events
(>2 ky) in Greenland have counterparts in
the Vostok ice core of Antarctica. The South
Atlantic events seem to follow a consistent
pattern with the exception of peak SAl,
which occurred during the Last Glacial Max-
imum. During the last deglaciation, SAO oc-
curred synchronously with the Antarctic Cold
Reversal (Fig. 4A) and coincides with warm-
ing in Greenland associated with the Bolling/
Allerod event. The inferred relation between
South Atlantic IRD events and warm phases
of the Dansgaard-Oeschger (D-O) cycles (29)
implies that South Atlantic events were not
correlative with North Atlantic IRD deposi-
tion because Heinrich events occurred during
the coldest phases of the D-O cycles (3-5).

The correlation of South Atlantic benthic
3!3C maxima and IRD events with interstadials
in Greenland argues for an interhemispheric
linkage that influenced the stability of the AIS,
as opposed to internal ice sheet dynamics (30).
Deposition of IRD in the South Atlantic during
times of warming in the North Atlantic may be
a manifestation of antiphase climate behavior
between these regions (31, 32), but not neces-
sarily in the sense normally considered when
comparing ice core records of climate. For ex-
ample, NADW is a major source of heat and
salt to the Southern Ocean today (33, 34), and
increased production of NADW during warm
D-O events may have been responsible for
basal melting of expanded Antarctic ice shelves
during the last glaciation. Alternatively, sea lev-
el rise associated with melting of the LIS during
warm D-O phases may have unpinned ice
shelves that had grounded on the Antarctic
continental shelf during times of lowered sea
level (7, 10, 35). Although evidence for the
magnitude and timing of sea level variations
during MIS 3 is scarce, millennial-scale fluctu-
ations have been proposed on the basis of 3'%0
evidence from the Sulu Sea (36) and uplifted
coral terraces on the Huon Peninsula, New
Guinea (37). Sea level rise associated with
strong interstadial events may not have caused a
concurrent unpinning of the LIS because it had
already experienced surging and rapid iceberg
discharge during the preceding cold D-O phase
(i.e., Heinrich Event).

Whereas D-O cycles and Heinrich events
appear to have global signatures (38—42), it
remains to be seen whether the South Atlantic
IRD events identified here will prove to have
important regional, hemispheric, or even global
implications. As yet, we cannot quantify the
volume of ice involved in the rapid calving
events or the pattern of discharge in other sec-
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Fig. 3. Comparison of T
total lithic peaks in
cores TTNO57-21 (41°S)
(red) and TTNO57-13/
ODP Site 1094 (53°S)
(blue). Prominent gla-
cial IRD events are as-
signed the labels of SA1
through SA6. Event
SAO is denoted as such
to indicate that it oc-
curs during deglacia-
tion. Brackets illustrate
the age range exhibited
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are composed of several higher frequency peaks.
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Fig. 4. (A) Total lithic
concentration (blue),
30 of N. pachy-
derma (black), and
abundance of forami-
nifera (green) in core
TTNO57-13/ODP Site
1094 at 53°S. Event
SAO occurs during the
Antarctic Cold Rever-
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sal, as indicated by an

increase in planktic
380 values during
Termination I. Events
SA1, SA3, and SA4 are
associated with low
planktic 3'%0 values,
which indicate either
the influence of melt-
water or warm SST.
Events SA2 and SA4
are associated with
large increases in fora-
miniferal abundance.
(B) Similarities exist
between the 580 rec-
ord of the Greenland
lce Sheet Project 2
(GISP2) ice core (gold)
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(Cibicidoides) records
of sediment cores
RC11-83 (green) and

10

T

30 40 50
Age (ka)

60

TTNO57-21 (blue), with each plotted on their independent chronologies (26, 27). Prominent
interstadials as defined in the GISP2 record are numbered, and the North Atlantic Heinrich (H)
events are indicated in relation to climatic events in the Greenland ice cores (3, 49). South Atlantic
IRD events SAO through SAS are expressed as peaks in the total lithic concentration in core
TTNO57-21 at 41°S (red). Events SA2 through SAS are each associated with high benthic 8'3C
values, indicating strong NADW production and inferred warming in the North Atlantic.

tors of the Southern Ocean. Nevertheless, the
association of IRD events in the South Atlantic
during times of increased NADW and warming
in the North Atlantic reflect a consistent re-
sponse to global climate change during the last
glaciation.
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