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Abstract

During the Last Glacial Maximum (LGM), ice thickened considerably and expanded toward
the outer continental shelf around the Antarctic Peninsula. Deglaciation occurred between
>14 ka BP and ca. 6 ka BP, when interglacial climate was established in the region.

Deglaciation of some local sites was as recent as 4—3 ka BP. After a climate optimum, peaking

ca. 4-3 ka BP, a distinct climate cooling occurred. It is characterized at a number of sites by
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expanding glaciers and ice shelves. Rapid warming during the past 50 yr may be causing
instability of some Antarctic Peninsulaice shelves. Detailed reconstructions of the glacial and
climatic history of the Antarctic Peninsula since LGM are hampered by scarcity of available
archives, low resolution of many datasets, and problems in dating samples. Consequently, the

configuration of LGM ice sheets, pattern of subsequent deglaciation, and environmental
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changes are poorly constrained both temporally and spatially.

Introduction

The Antarctic Peninsula region (Fig. 1), defined as the area between
62°and 75°S and 55° and 80°W and including the South Shetland Islands
and the islands in the northwestern Weddell Sea, can be roughly divided
into two climatic zones: polar maritime on the western side and polar
continental east of the peninsula (Martin and Peel, 1978). The western
side is subject to frequent passages of relatively warm, saturated cyclones
approaching from the west. Precipitation here may exceed 1000 to 1500
mm water equivalent yr—', while east of the topographic divide on the
Antarctic Peninsula precipitation is in the range of 100 to 200 mm yr~
(Robin and Adie, 1964; Aristarain et al., 1987). There is a high level of
interannual variability in mean temperatures in the Antarctic Peninsula
region, but generally the western-side mean annual air temperatures lie
between —3 and —10°C on a transect from 63°S to 73°S, while they lie
between —5 and —17°C on a similar transect along the east coast
(Vaughan and Doake, 1996). These differences in both precipitation and
temperatures are reflected in the position of the equilibrium line altitude
(ELA): because of heavier precipitation on the western side of the
Antarctic Peninsula ELA often lies at <100 m a.s.l., while due to
acombination of low temperatures and low precipitation it can locally lie
at >400 m a.s.l. on the Weddell Sea side. Antarctic Peninsula glaciers
typically descend to the coast and terminate in ice cliffs along the coast, as
calving tidewater glaciers or ice shelves.

The Antarctic Peninsula glacial system is sensitive to changes
in climate and sea level. Smith et al. (1999) and Domack et al. (2001a)
suggested that the Antarctic Peninsula region encompassed one of the
most dynamic climate systems on Earth, where the ecological and
cryospheric systems respond rapidly to climatic changes. Recent signs of
accelerating retreat of fringing ice shelves, in combination with rapid
warming (>2°C) in the central and southern part of the western Antarctic
Peninsula over the past 50 yr (Stark, 1994) have raised concerns as to the
future stability of the glacial system (Doake et al., 1998; Oppenheimer,
1998; Skvarca et al., 1999). Knowledge of past ice extent and the history
of glacial and climatic fluctuations are essential for understanding what
controls the dynamics and spatial patterns of glacial fluctuations. Out-
standing research questions include the following: What was the Last
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Glacial Maximum (LGM) configuration of the Antarctic Peninsula ice
sheet, and was it a concentric ice sheet or a number of confluent local ice
caps and domes? What drove the initial ice retreat from LGM positions:
global sea-level rise or regional warming? What was the timing and
pattern of the deglaciation of presently ice-free coastal areas? What
specifically characterizes the transition from glacial climate to the present
interglacial climate situation? Can we define temporally a climate opti-
mum and glacial minima in the Antarctic Peninsula region, and what is
happening to Antarctic Peninsula glaciers today? Also, constraining the
glacial and climatic development in the Antarctic Peninsula region since
LGM is necessary for providing boundary conditions for glaciological
modeling, and for understanding the contribution of Antarctic Peninsula
ice to Holocene global sea-level rise (Bentley, 1999; Ingélfsson and
Hjort, 1999).

Timing of the last maximum ice extent in the Antarctic Peninsula
region is poorly known, and there is a lack of '*C dates and well-
constrained chronologies for the LGM positions of ice margins and the
subsequent deglaciation of the Antarctic Peninsula continental shelves.
This is partly due to lack of datable material in transitional glacial marine
sediments deposited below floating ice shelves in proximity to the
grounding lines of the retreating glaciers. Another problem is that ob-
tained '*C ages can be both contaminated by old detrital carbon or
affected by abnormally high local seawater reservoir effects, making
reliable chronologies difficult to establish (Domack, 1992; Harden
et al., 1992; Domack et al., 2000, 2001a; Pudsey and Evans, 2001; and
general discussions on the dating of calcareous marine shells in Bjorck
et al., 1991a; Gordon and Harkness, 1992; Berkman and Forman, 1996;
Berkman et al., 1998; Ingdlfsson et al., 1998). While most authors as-
sume that the last Antarctic peak glaciation coincided with the timing of
lowest global sea levels during marine oxygen isotope stage (MIS)
2, ca. 20-18 ka BP (**C kiloyears before present), circum-Antarctic
field data suggest considerable regional differences in glacial maxima
between 20 and 10 ka BP (e.g., Stuiveretal., 1981; Anderson etal., 1992;
Domack et al., 1995, 1999; Licht et al., 1996; Kellogg et al., 1996;
Ingélfsson et al., 1998; Hall and Denton, 1999, 2000; Denton and
Marchant, 2000). It has been suggested that the last maximum ice extent
in the Antarctic Peninsula region occurred later than 30 ka BP (Sugden
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FIGURE 1. The Antarctic Peninsula region, with localities men-
tioned in the text. Numbers refer to constraining minimum dates for the
deglaciation, in "*C kiloyears (ka) before present. Where reported as,
e.g., Anvers Island 12-11/7-6 ka, the first set of numbers refers to
deglaciation of outer-middle continental shelf areas; the second set
refers to deglaciation of inner shelf, fjords, and embayments.

and Clapperton, 1980) and prior to 14-12 ka BP (Anderson et al., 2002;
Banfield and Anderson, 1995; Domack et al., 2001a). Recent inter-
pretations, however, suggest that the ultimate Wisconsinan ice sheet
maximum may predate the 20-18 ka BP LGM: Bentley and Anderson
(1998) suggested that ice volumes were considerably greater before
35 ka BP compared to after 35 ka BP, and Hjort et al. (1997, in press)
likewise argue that the maximum ice extent since the last inter-
glacial (MIS 5e) probably occurred before MIS 3 in the western Weddell
Sea. Berkman et al. (1998) argued, on the basis of circum-Antarctic finds
of fossil marine shells of ages at or beyond the limit of radiocarbon
dating, that MIS 3 was an important interstadial period around
Antarctica, but good stratigraphic and chronological control for a middle
Wisconsin interstadial event is still lacking.

This paper reviews the most important types of proxy data
used for putting constraints on the glacial and climatic history of the
Antarctic Peninsula region. We aim to synthesize the available data
into a tentative hypothesis concerning the environmental history of this
area since the most recent pre-Holocene global glacial maxima, the 20—
18 ka BP LGM. All '“C age determinations of marine samples referred
to below are reservoir corrected by 1,300 yr (Berkman and Forman,
1996) but not calibrated, and where appropriate, the material dated is
also given.
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Onshore Evidence for the Extent of Last Glacial
Maximum lce in the Antarctic Peninsula

ICE EXTENT, ICE THICKNESS, AND ICE FLOW DIRECTIONS

Evidence of more extensive ice cover than today is present on
every ice-free lowland area along the Antarctic Peninsula and its
outlying islands, in the form of glacial drift, erratics, and striations
(e.g., Curl, 1980; Sugden and Clapperton, 1980; Clapperton, 1990).
Directional evidence suggests ice flow offshore toward the continental
shelf areas around the Antarctic Peninsula. The distribution of erratics
and the direction of glacial striae on the lowlands mostly agree with ice
flows constrained by local topography, where outlet glaciers have
occupied valleys, fjords, and straits and flowed toward the coastal areas
and shelves from ice divides in the Antarctic Peninsula mountain
chain. The available chronological controls, in the form of radiocarbon
dates from organic material in glacial drift and overlying sediments,
provide minimum ages for this glacial event as being Late Wiscon-
sinan—early Holocene (Sugden and John, 1973; Hjort et al., 1997;
Ing6lfsson et al., 1998).

Evidence of LGM ice thickness and ice movements includes ice-
abraded ridge crests, striations, erratics, and glacial drift on nunataks
and coastal mountains. Ancient glacial trimlines are rarely recognized.
Systematic attempts to map altitudinal evidence of LGM ice thickness
in the Antarctic Peninsula region have been made on its southern
and central parts (Carrara, 1979, 1981; Clapperton and Sugden, 1982;
Waitt, 1983; Bentley and Anderson, 1998; Bentley et al., 2000; Hjort
et al., in press) and in the South Shetland Islands (John and Sugden,
1971; Sugden and John, 1973; Curl, 1980). Carrara (1979, 1981) and
Waitt (1983) concluded that striations and erratics on nunataks on the
southern Antarctic Peninsula showed that sometime in the past these
were overridden by a considerably thickened ice sheet, at least 500 m
thicker than today (Waitt, 1983; Bentley and Anderson, 1998). Bentley
et al. (2000) suggested that in the southern and central parts of the
Antarctic Peninsula, the Wisconsinan ice sheet, sometime prior to 35
ka BP, had expanded to form two ice domes and probably merged with
an expanded West Antarctic Ice Sheet in the Weddell Sea. Based
on cosmogenic exposure ages from erratics, they suggested ice-sheet
lowering in the southern part of the Antarctic Peninsula, signifying
deglaciation, already at ca. 16 ka BP. Bentley and Anderson (1998),
Bentley (1999), and Anderson et al. (2002) reconstructed the LGM con-
figuration of an Antarctic Peninsula ice sheet, with ice flowing out
toward the shelf edges from an ice divide stretching north-south along
the axis of the peninsula (Fig. 2).

A number of additional investigations infer former ice thickness on
the northern part of the Antarctic Peninsula region and the islands in the
western Weddell Sea (e.g., Elliot, 1981; Rabassa, 1983; Ingdlfsson et al.,
1992; Hjort et al., 1997). Hjort et al. (1997, in press) presented evidence
suggesting that presently ice-free areas on James Ross, Vega, and
Seymour Islands in the northwest Weddell Sea had, at least once, been
overridden by glaciers advancing from the Antarctic Peninsula, deposit-
ing tills and crystalline erratics up to 300—400 m a.s.l. Hjort et al. (in
press) suggest that this period of extensive glaciation was contempora-
neous with Bentley and Anderson’s (1998) LGM grounding line position
some 200 km farther east, but was probably older than 30 ka BP. Hjort
et al. (in press) suggest that the ice flowing east off the peninsula during
LGM was thinner, channeled through the straits and troughs, and did not
attain much greater thickness there than ca. 150 m a.s.l.

RAISED BEACHES

Raised beaches on the Antarctic Peninsula can generally be
regarded as isostatic fingerprinting of earlier expanded ice volumes
compared to present. Raised marine beach deposits, which postdate



the last major glaciation in the Antarctic Peninsula region, have
been described from most ice-free areas on the peninsula and nearby
islands (e.g., John and Sugden, 1971; Curl, 1980; Birkenmajer, 1981;
Ingélfsson et al., 1992; Lépez-Martinez et al., 1996; Hjort et al.,
1997). These suggest expanded ice volumes prior to the early—mid-
Holocene, compared to the present. Since there are as yet no well-
constrained relative sea-level curves for any part of the region, the
history of relative sea-level changes cannot give more than rough
constraints on possible ice volumes and deglaciation history. In the
northern part of the region the postglacial marine limit generally lies
at altitudes between 15 and 20 m a.s.l., with the highest marine limit
on James Ross Island at 30 m a.s.l. (Hjort et al., 1997). There, a 4c
analysis on in situ mollusk shells from sublittoral sediments related to
the marine limit date it to ca. 7.5 ka BP. The marine limit rises toward
the south, and is highest on Horseshoe Island in Marguerite Bay, at ca.
55 m a.s.l. (Hjort and Ingdlfsson, 1990). The Horseshoe Island marine
limit has not been absolutely dated, but is constrained by minimum
ages for the deglaciation of Marguerite Bay as being older than 7-6 ka
BP (Kennedy and Anderson, 1989; Harden et al., 1992; Pope and
Anderson, 1992). The north-south gradient in altitude of the marine
limit agrees with the conclusion of Bentley and Anderson (1998) and
Anderson et al. (2002) that there were greater LGM ice volumes in the
central and southern parts of the region than in the northern part.

In summary, there is ample evidence on land of more extensive
ice cover during LGM than today. In the central and southern part, the
ice may have been >500 m thicker than today (Waitt, 1983; Bentley
and Anderson, 1998), while in the northern part estimates vary
between 150 and 400 m (Hjort et al. 1997, in press).

Offshore Evidence for the Extent of Last Glacial
Maximum lce

There is strong evidence of grounded ice sheets and outlet glaciers
extending onto the Antarctic Peninsula continental shelf areas during
the LGM. (e.g., Kennedy and Anderson, 1989; Herron and Anderson,
1990; Larter and Bartek, 1991; Anderson et al., 1991a, 1992, 2002;
Pope and Anderson, 1992; Banfield and Anderson, 1995; Bart and
Anderson, 1996; Larter and Vanneste, 1995; Sloan et al., 1995; Canals
et al., 2000; Domack et al., 2001a). The marine geological evidence
includes the following:

1. Shelf bathymetry: glacial troughs, moraine ridges, drumlins, flutes,
and other glacial lineations. These delineate the drainage of glaciers
and show that the shelf areas have been shaped by erosion and
deposition below and in front of moving outlet glaciers and ice
streams.

2. High-resolution seismic records: glacial unconformities, sedi-
ment cover, grounding-zone wedges. These records signify the
extent of glacial erosion and subsequent deposition on the shelf.

3. Sediment cores: sedimentological and petrographic analyses for
identifying tills and glaciomarine sediments. The tills are first-
order data on former ice extent, and '*C dates from glaciomarine
sediments provide constraining minimum dates for deglaciation
of the shelf areas.

ICE EXTENT ON THE WESTERN CONTINENTAL SHELF

Kennedy and Anderson (1989) and Anderson et al. (1991b) sug-
gested that grounded ice had extended across the shelf areas off
Marguerite Bay (Fig. 1) during the LGM, based on a prominent glacial
erosion surface identified. Seismic studies by Bart and Anderson (1996)
showed that this unconformity extends to the shelf break. Hiemstra
(2001) recognized a grounded-ice-to-recessional-ice scenario for
Marguerite Bay, based on microscopic analyses of glacigenic core
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FIGURE 2. Grounding line positions and paleodrainage of the LGM
Antarctic Peninsula ice. Modified after Bentley and Anderson (1998)
and Anderson et al. (2002). Present-day ice shelves are also shown.

sediments. Anderson et al. (2002) presented swath bathymetric records
that are interpreted to show drumlins, flutes, and striations in the
landward portions of the Marguerite Bay trough. They also described
megascale glacial lineations in the seaward portion of the trough,
extending into a prominent grounding zone wedge on the midshelf.

Pudsey et al. (1994) published side-scan sonar records offshore
Anvers Island that show glacial flutes on the inner shelf there. Larter
and Vanneste (1995) described relict subglacial till deltas on the
Antarctic Peninsula outer shelf, off Anvers Island, which they inter-
preted as products of progradation at former ice-stream grounding
lines. They took this discovery to imply that grounded ice on the outer
shelf had been low profile and fast flowing. Constraining minimum
age for the till deltas of 11.3 ka BP was provided by '*C dates from
stratigraphically overlying glacial marine sediments (Pudsey et al.,
1994). A study by Domack et al. (2001a) of glaciomarine sediments on
top of a diamicton in the Palmer Deep also suggests that the shelf close
to Anvers Island was covered by ice prior to ca. 11 ka BP.

Banfield and Anderson (1995) recognized a widespread glacial
unconformity extending to the continental shelf break off the Bransfield
Strait, with prominent ridges occurring above the unconformity, within
troughs on the middle shelf. Bentley and Anderson (1998) suggest that
these ridges are moraines, marking the LGM grounding line (Fig. 2).
A recent swath bathymetric documentation by Canals et al. (2000)
showed that during a past glacial maximum a major ice stream had
flowed off the northwestern side of the Antarctic Peninsula, depositing
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a >100-km-long, elongated, ice-molded sediment body. They argued
that it had been deposited below >1000-m-thick ice, under conditions of
very fast ice flow. The age of these deposits is not yet constrained by e
dates, and a LGM age is still circumstantial. Canals et al. (2000) proposed
that during LGM a separate ice dome had existed over Brabant and
Anvers Islands, with its eastward draining entering the Gerlache Strait
and flowing northward into the Bransfield basin.

Bentley and Anderson (1998) and Anderson et al. (2002) reviewed
available data on LGM grounding line positions. They concluded that
LGM glaciers flowing west from the Antarctic Peninsula had generally
grounded on the middle-outer shelf, at water depths of ca. 400 m
(Fig. 2), and that Antarctic Peninsula ice had met with the local ice cap
over the South Shetland Islands.

ICE EXTENT IN THE NORTHWESTERN WEDDELL SEA

Due to inaccessibility, the geologic data from the western Weddell
Sea is scarcer than data from west of the peninsula. Sea ice has long
prevented the acquisition of marine geologic data south of 65°S. Shelf
bathymetric data indicate submarine troughs, which have drained large
outlet glaciers from the Antarctic Peninsula into the Weddell Sea (Sloan
et al., 1995). Anderson et al. (1992) and Bentley and Anderson (1998)
suggested, on the basis of high-resolution seismic records and sediment
cores, that Prince Gustav Channel and adjoining bays contain little
sediment. They interpreted this to indicate recent glacial erosion.
Multibeam records from the inner shelf show flutes and other glacial
lineations (Domack et al., 2001b). Seismic profiles and sediment cores
suggest a widespread erosional unconformity extending all the way to the
shelf break (Anderson et al., 1992), and Anderson et al. (2002) described
aprominent grounding zone sediment wedge above the unconformity on
the midshelf. They suggested that the unconformity marked the
extension of an Antarctic Peninsula ice sheet, and that it had grounded
on the outer continental shelf, some 200 km east of the peninsula, during
arecent glaciation (Fig. 2). The age of the unconformity is uncertain since
it is not constrained by any available dates (Anderson et al., 2002), but
Bentley and Anderson (1998) and Anderson et al. (2002) correlated it to
the LGM.

Evidence for Timing of the Deglaciation of the
Continental Shelves

The oldest '*C dates constraining minimum ages for ice retreat from
the outer and middle shelf areas west of the Antarctic Peninsula come
from the Bransfield Strait (Banfield and Anderson, 1995) and the shelf
areas west of Anvers Island (Pope and Anderson, 1992; Pudsey et al.,
1994). These indicate ice retreat prior to 14—13 ka BP and 12-11 ka BP,
respectively ('*C dates on organic carbon in diatomaceous mud
samples). Most dates from the inner shelf areas and fjords and bays on
the peninsula constrain deglaciation to as late as 8—6 ka BP (e.g., Harden
etal., 1992; Pudsey et al., 1994; Shevenell et al., 1996; Hjort et al., 2001).
According to Harden et al. (1992), glacial-marine sedimentation began
in the central part of the Gerlache Strait after 8 ka BP ('*C analyses
on diatomaceous sediment samples), providing a constraining minimum
date for deglaciation and shelf ice retreat in the strait. Similarly,
Shevenell et al. (1996) dated the onset of glaciomarine sedimentation
in Lallemand Fjord to ca. 8 ka BP (**C analyses on a scaphopod
[Dentalium] shell). The inner shelf areas around Anvers Island ('*C
analyses on organic carbon; Pudsey et al., 1994) and in Marguerite Bay
(**C analyses on diatomaceous sediment samples; Harden et al. 1992), as
well as George VI Sound e analyses on barnacle shells; Clapperton
and Sugden, 1982; Hjort et al., 2001), were ice free prior to 7-6 ka BP.
Domack et al. (2001a) recently published a Late Wisconsin—Holocene
chronology for environmental changes in the Palmer Deep (Fig. 1), based
on AMS '*C analyses of acid insoluble organic matter and foraminiferal
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calcite, which showed that the inner shelf areas there might have been
deglaciated as early as ca. 11 ka BP.

The low resolution in the deglaciation chronologies from most of
the shelf areas makes it currently impossible to recognize more than the
general pattern, that the outer and middle shelf areas deglaciated
between 14 and 8 ka BP, while most inner shelf areas, fjords, and bays
were deglaciated before 8—6 ka BP. Improved chronologies for marine
sediment cores, which are currently being developed (Domack et al.,
2001a), are the key to better resolution in reconstructions of spatial and
temporal patterns of the deglaciation of the Antarctic Peninsula shelf
areas. Domack et al. (2001a) recognized a rapid deglacial episode in
the Palmer Deep record, characterized by high primary production and
iceberg rafting, between ca. 11-10 ka BP. This deglacial event occurs
concurrently with the Northern Hemisphere Younger Dryas stadial. In
the Palmer Deep record, it was followed by a climate cooling between
ca. 10-8 ka BP.

There is as yet no conclusive data to suggest that ice retreat from
the LGM positions and subsequent deglaciation of the continental shelf
areas were controlled by regional warming. Hence the ice retreat was
probably controlled by the global sea-level rise due to meltwater input
from the Northern Hemisphere glaciers, causing grounding lines retreat
of Antarctic Peninsula glaciers (c.f. Hollin 1962; Stuiver et al. 1981).

Timing of Deglaciation in Presently Ice-Free
Terrestrial Coastal Areas

The deglaciation of coastal areas that are presently ice free is con-
strained by minimum ages obtained from '*C dating of fossil mollusk
shells from raised marine deposits, peat deposits in mossbanks on the
islands off the Antarctic Peninsula, organics (bulk organics, microbial
mats, aquatic mosses, and algal flakes) from lake sediments, and fossil
penguin remains (bones, eggshell fragments, squid peaks) from coastal
rookeries. It is important to stress that age constraints referred to below
are all minimum ages for the deglaciation, since there is an unknown lag
time between deglaciation and colonization by plants or animals.

The oldest '“C dates, on fossil mollusks from raised marine deposits
and organics from lake sediments, give a minimum age for initial
deglaciation on King George Island as 9-8 ka BP (Sugden and John,
1973; Miusbacher, 1991). A well-dated lithostratigraphic record from
northern James Ross Island, where glaciomarine and sublittoral deposits
overlie till in coastal sections, constrains deglaciation there as prior to ca.
7.4 ka BP (**C analyses on mollusk shells; Hjort et al., 1997). According
to Zale (1994a), Hope Bay was deglaciated prior to ca. 6.3 ka BP
(chronology based on basal 14C dates from a lake sediment core). In the
southern part of the peninsula, '*C dated barnacle fragments from ice-
shelf moraines at Two Step Cliffs on Alexander Island (Fig. 1) provide
minimum ages for deglaciation and ice-shelf retreat in George VI Sound
of 6.5-5.7 ka BP (Clapperton and Sugden, 1982; Hjort et al. 2001).

A number of studies, exploring primarily lake-sediment archives
and mossbank peats, suggest that once the glaciers were inside the
present coastline, glacial retreat and ice disintegration were slow
(Barsch and Mé&usbacher, 1986a; Mausbacher et al., 1989; Zale and
Karlén, 1989; Mausbacher, 1991; Ing6lfsson et al., 1992; Bjorck et al.,
1993, 1996a, 1996b; Lopes-Martinez et al., 1996; Hjort et al., 1997):
On King George Island, glaciers were at or within their present limits
by ca. 6 ka BP (Martinez-Macchiavello et al., 1996), on northern James
Ross Island prior to 4.7 ka BP (Hjort et al., 1997), but parts of Byers
Peninsula on Livingston Island deglaciated as late as 5-3 ka BP
(Bjorck et al., 1996a). Minimum date for deglaciation on Elephant
Island is provided by the onset of moss-bank formation on the steep
slopes at Walker Point by 5.5 ka BP (Bjorck et al., 1991b).

Penguin colonization and location of rookeries is determined by
a number of climate-dependent factors, such as availability of ice-free



coastal areas suitable for nesting, absence of persistent ice foot, access to
open water during the nesting season, and the availability of food (Baroni
and Orombelli, 1994). The timing of penguin occupation at coastal sites
is therefore a good proxy for minimum age of deglaciation and climate/
sea-ice situation similar to the present. Radiocarbon-dated organic re-
mains from fossil penguin rookeries in Marguerite Bay suggest initial
colonization in the period 6.5-5.5 ka BP (Emslie, 2001), which confirms
minimum ages for deglaciation of 7-6 ka BP provided by marine-
geological studies. Zale (1994a, 1994b) studied the history of Adélie
penguin occupation at the large Hope Bay rookery. He dated first
penguin colonization there at ca. 5.5 ka BP, about 0.8 ka subsequent to
the deglaciation of Hope Bay. The oldest dated occupation of penguins at
King George Island is 5.8-5.3 ka BP (Barsch and Méusbacher, 1986b).

It can be concluded that the transition from glacial to interglacial
conditions in the Antarctic Peninsula region was broadly completed
by ca. 6 ka BP. Here, interglacial conditions are defined by glacier
volumes and configurations similar to or less than at present, lake-
sediment accumulation in ice-free basins, mossbank growth on the
islands off the peninsula, and penguin occupation of coastal rookeries.

Mid-Holocene Glacial Readvances

There are indications from a number of sites for mid-Holocene
glacial expansions: Méausbacher (1991) found evidence of increased
glacial activity between 5 and 4 ka BP on King George Island, sup-
porting Sugden and John (1973), who had suggested glacial expansion
there after 6 ka BP. Hansom and Flint (1989) documented glacial
readvance on Brabant Island some time after 5.3 ka BP, and the post—
5.7 ka BP expansion of the George VI Ice Shelf is well documented
(Sugden and Clapperton, 1980, 1981; Clapperton and Sugden, 1982;
Hjort et al.,, 2001). A mid-Holocene glacial readvance on northern
James Ross Island, initially described by Rabassa (1983), was con-
strained by further stratigraphical and chronological data to have
culminated in at least 7 km of ice advance around 4.6 ka BP (Hjort
et al., 1997). Zale (1994b) described a set of distinct moraines in Hope
Bay, at the northern tip of the Antarctic Peninsula, which he suggested
marked a glacial oscillation at ca. 4.7 ka BP.

Yoon et al. (2000) identified cold waters with extensive sea-ice
cover between ca. 6.2 and 4 ka BP, from a multiproxy study of gravity
cores from fjord margin sediments on King George Island, which
correlates well with Miusbacher’s (1991) suggestion of increased gla-
cial activity at that time. The marine records from the Palmer Deep
and Lallemand Fjord do not recognize a mid-Holocene glacial event
(Shevenell et al., 1996; Taylor et al., 2000; Domack et al., 2001b;
Brachfeld et al., 2002), although Shevanell et al. (1996) identified a mid-
Holocene cool event in the Lallemand Fjord record. Hjort et al. (1997)
suggested that the glacial advance might be a regional response to
increased precipitation, due to warming and increased cyclonic activity
in mid-Holocene. Domack et al. (1991) suggested a similar interpretation
for mid-Holocene glacial advances in East Antarctica.

Holocene Climatic Optimum

Paleoclimatic records, with high resolution and good chronologies,
are scarce from the Antarctic Peninsula region (Fenton, 1980, 1982;
Barsch and Miusbacher, 1986a; Zale and Karlén, 1989; Miusbacher
et al.,, 1989; Schmidt et al., 1990; Mausbacher, 1991; Bjorck et al.,
1991b, 1993, 1996a, 1996b; Wasell and Hikansson, 1992; Wasell, 1993;
Zale, 1993, 1994; Hakansson et al., 1995; Yang and Hartwood, 1997,
Domack et al., 2001a). Bjorck et al. (1996a) presented a paleoclimatic
synthesis for the Holocene development in the Antarctic Peninsula
region, based on multivariate analysis of a large and complex data set
containing numerous stratigraphic variables in lake sediments and
mossbank peats (Fig. 3). Their reconstruction indicates that the climate
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FIGURE 3. Paleoclimatic synthesis for the Antarctic Peninsula
region. Modified after Bjorck et al. (1996a).

fluctuated from relatively mild and humid conditions prior to ca. 5 ka
BP (characterized by high diversity of spores, aerobic conditions, and
complete dominance of allochtonous components [C/N] in lake
sediments) to more cold and arid conditions. Around 4.2 ka BP a gradual
warming occurred, coupled with increasing humidity. These mild and
humid conditions reached an optimum between 4 and 3 ka BP, after
which a distinct and rapid climatic deterioration occurred.

The climatic pattern for the last 5 ka is quite similar between the
South Shetland Islands, in the maritime climate west of the peninsula,
and James Ross Island in the colder and dryer climate in the western
Weddell Sea, and Bjorck et al. (1996a) suggested that this might
indicate that the primary factor controlling the climatic variations is the
strength of the high-pressure cell over the Antarctic ice sheet.

The marine record from Lallemand Fjord (Fig. 1) recognizes
a broad climatic pattern (Shevenell et al., 1996; Domack et al., 1995;
Taylor et al., 2001), with an earlier relatively warm period between ca.
7.5-5.8 ka BP and a climatic optimum, reflected by high productivity
in the fjord, between 4.2 and 2.7 ka BP. Domack et al. (2001a) defined
a more prolonged Holocene climatic optimum in the Palmer Deep
record, between ca. 8 and 3 ka BP, characterized by enhanced biologi-
cal productivity and minimum IRD concentrations. The difference
between the terrestrial record and the Palmer Deep record with regard
to the duration of the Holocene climate optimum might be a reflection
of paucity of terrestrial paleoclimatic data extending beyond 6-5 ka
BP, or be partly caused by oscillations in humidity, reflected in the
terrestrial record but not picked up by the marine record.

Neoglaciation 3—0, 1 ka BP : Climate Cooling and
Increased Ice Volumes

The paleoclimatic synthesis of Bjorck et al. (1996a) recognized
that after ca. 3 ka BP the climate became characterized by cold and dry
conditions, which persisted until ca. 1.5 ka BP. Thereafter the climate
was somewhat warmer and more humid, but still cold compared to the
situation during the climatic optimum.

A number of investigations suggest that glaciers have oscillated
and expanded in the Antarctic Peninsula region during the past ca.
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2.5 ka (John and Sugden, 1971; John, 1972; Sugden and John, 1973;
Curl, 1980; Birkenmajer, 1981; Clapperton and Sugden, 1988; Zale
and Karlén, 1989; Clapperton, 1990; Lépez-Martinez et al., 1996). In
the South Shetlands, Curl (1980), Birkenmajer (1981), Clapperton and
Sugden (1988), and Bjorck et al. (1996b) found evidence for glacial
expansions in the form of readvance moraines covering Holocene
raised beaches, and all suggested that this advance had coincided with
the Little Ice Age (LIA) glacial expansion in the Northern Hemisphere.
Lichenometric dating, using Rhizocarpon geographicum thalli, dates
the advances to ca. A.D. 1240, 1720, and 1780-1822 (Curl, 1980;
Birkenmajer, 1981). Whalebone found on top of a moraine on the front
of Rotch Dome on Livingston Island dates the advance there to after
ca. 0.3 ka BP, or after ca. A.D. 1650 (Bjorck et al. 1996b).

Barcena et al. (1998) studied siliceous microfossils from the
Bransfield Strait. They found significant increase in sea-ice taxa after 3 ka
BP. Fabres et al. (2000) presented a palacoclimatic sedimentary record
from the Bransfield Strait, extending back to almost 3 ka BP. They
recognize a distinct neoglacial cooling as well as a LIA cold pulse. The
marine record from Lallemand Fjord (Shevenell etal., 1996; Tayloretal.,
2000) suggests decreased productivity in the fjord after ca. 3 ka BP due to
cooling. Diatom abundances reflect more extensive and seasonally
persistent sea ice after ca. 2.7 ka BP (Shevenell et al., 1996) and after ca.
0.4kaBPanice-shelf advance into the fjord is documented. Levanteretal.
(1996) presented a multiproxy record from the Palmer Deep, and
identified both short-term (200 yr) and long-term (2500 yr) cyclicity in the
variability of stratigraphic parameters that they interpreted to signify
responses to climatic fluctuations. Levanter et al. (1996) and Kirby et al.
(1998) suggested, on the basis of organic productivity changes and mag-
netic lithostratigraphic changes, respectively, that ca. 2500 BP marked
the termination of the Holocene climate optimum as reflected in the
sediment core record. Domack et al. (2001a) define a neoglacial cooling
in the Palmer Deep record, starting at ca. 3 ka BP and lasting until about
100 yr ago. The neoglacial conditions are characterized by greater
concentrations of IRD, decreasing sediment accumulation, and decreased
biological productivity. The timing of neoglacial onset, as reflected in the
Palmer Deep record (Levanter et al., 1996; Kirby et al., 1998; Domack
et al., 2001a), agrees well with other marine (Smith et al., 1999) and
terrestrial (Bjorck et al., 1996a; Ingélfsson et al., 1998) records.

A Distinct Warming during the Last 100 Years:
Effects and Cavuses

A number of paleoclimatic records show that climatic development
in the western Antarctic Peninsula region has moved from a relatively
cold regime to an increasingly warm regime during the past 100 yr
(review in Smith et al., 1999). Air-temperature records from the Antarctic
Peninsula reveal a distinct and dramatic warming trend of 2—3°C for the
past 50 yr (King, 1994, Stark, 1994; Smith et al., 1996; King and
Harangozo, 1998). Polar ecosystem research and paleoecological
records indicate ecological transitions that have occurred in response
to this climate change (Fraser et al., 1992; Emslie, 1995; Trivelpiece and
Fraser, 1996; Emslie et al., 1998). A number of the Antarctic Peninsula
ice shelves have been retreating during much of the past century, with
increasing speed since the late 1980s (e.g., Rottetal., 1996; Vaughan and
Doake, 1996; Cooper, 1997; Scambos 2000). Skvarca et al. (1999)
estimated the ice-shelf loss to amount to ca. 10,000 km? since the mid-
1960s. The retreat appears to have been caused by the regional warming,
but the mechanisms causing this climate change are poorly understood
(Smith et al., 1999). It has been suggested that at least some of the ice
shelves were not present earlier in the Holocene and that the recent
collapse is probably not unprecedented during the last ca. 10 ka (Hjort
et al., 2001; Pudsey and Evans, 2001). Domack et al. (2001b), Pudsey
et al. (2001), and Pudsey and Evans (2001) suggested that the Larsen
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Ice Shelf and the Prince Gustav Channel Ice Shelf, respectively, had
expanded in response to enhanced cooling and more persistent sea ice
during the last ca. 2.5 ka. Pudsey and Evans (2001) concluded that the
recent decay, although probably a response to regional warming, could
not be viewed as an unequivocal indicator of anthropogenic climate
pertubation.

Existing antarctic meteorological observations may provide some
understanding of modern climatic variations. Many meteorological
stations were established in 1957 (the International Geophysical Year),
with highest density on the Antarctic Peninsula. Simple mean
temperature trends such as reported by Vaughan et al. (2001) are
therefore biased toward a relatively small part of the continent and
provide only limited information about simultaneous continental
antarctic air temperature variations. We present spatially interpolated
air temperature variations in order to provide insight into the overall
geographical pattern of late-20th-century antarctic temperature changes.
Most of the homogenized meteorological data used in the analysis were
obtained from the NASA Goddard Institute. Interannual surface air
temperature variations are known to be substantial in polar regions, so
we decided to reduce the influence of such short-term variations and to
highlight trends by comparing 5-yr unweighted temperature means
centered on 1960 and 1998, using data from 1958-1962 and 1996—
2000, respectively. The results of the spatial surface temperature
analysis are displayed in the accompanying map series (Fig. 4),
showing annual and seasonal changes from 1960 to 1998. Existing
meteorological data from islands in the South Atlantic and South Pacific
were incorporated into the analysis, although the temperature maps
shown here are truncated shortly beyond the Antarctic coast. Ship-based
temperature observations were not included in the present analysis due
to potential difficulties with such data.

For the winter season (JJA) the net temperature change 1960-1998
has been warming in coastal regions, including the Antarctic Peninsula
and little change only in the central Antarctic (Fig. 4). Spring (SON) has
experienced net warming in East Antarctic coastal regions, while the
interior regions and the Antarctic Peninsula have cooled. Summer (DJF)
has only experienced small changes during the observational period. The
net result has been slight summer cooling in the Antarctic mainland and
more pronounced warming in the Antarctic Peninsula. Except for the
Antarctic Peninsula, there has been a general trend toward cooler autumn
conditions from 1960 to 1998, especially affecting East Antarctic. The
net result has been autumn warming in the Antarctic Peninsula and
cooling in the Antarctic mainland.

These seasonal changes have affected the mean annual air
temperature (MAAT) in various ways, although the net continental
surface temperature change has been small for the period 1960-1998.
There has been some warming affecting mainly coastal regions between
the Ross Sea and the Antarctic Peninsula, while net cooling has affected
interior areas and most of the East Antarctic Plateau.

The data shows that Antarctic surface air temperature records
1960-1998 reveal surface air temperature trends toward cooling in the
interior and warming in the coastal regions. Doran et al. (2002) have
described ecosystem response in areas affected by this cooling. A more
detailed analysis shows the spatial and seasonal patterns of these trends
to be complicated and to change with time; that is, the temperature
relationship between specific locations is not temporally consistent
within Antarctica. A warming trend has persisted within the Antarctic
Peninsula during the observational period, with exception of the spring
season. The cooling has been modest in coastal East Antarctic regions,
but more pronounced near the Amundsen-Scott Base and at the South
Pole. By this, an Antarctic Peninsula—Central Antarctic temperature
opposition apparently has prevailed during much of the late 20th
century. This situation has been difficult to simulate by General
Circulation Models (Connolley et al., 1998) and is not yet fully
understood (King and Harangonzo, 1998).
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FIGURE 4. Seasonal and annual surface air temperature changes,
1960-1998. Gray indicates temperature increase; white indicates
temperature decrease.

The observed spatial pattern of temperature variations, however,
suggests that the temperature change may have been caused by a large-
scale circulation pattern that exhibits long-term persistence. Van Loon
and Williams (1977) linked mean winter surface temperature trends in
Antarctica to slow (multiyear) variations in atmospheric long waves,
suggesting that midlatitude large-scale circulation plays a significant
role in the spatial variability of temperature over the continent. The
present cooler conditions in central Antarctica may be associated with
stronger zonal westerlies around the Antarctic continent, causing
warmer conditions and less sea ice to prevail in the Antarctic Peninsula
region (c.f. King and Harangonzo, 1998; Thompson and Solomon,
2002), due to its penetration north into the zone of westerlies.

Summary and Discussion

A reconstruction of the glacial and climatic history of the
Antarctic Peninsula since the LGM recognizes the following fairly
consistent general patterns (Fig. 5):

1. There is evidence of much more extensive ice cover in the
Antarctic Peninsula region than today prior to ca. 14 ka BP. In

the central and southern parts, the ice may have been >500 m
thicker than today, while in the northern part estimates vary
between 150 and 400 m. LGM glaciers from the Antarctic
Peninsula generally grounded on the middle-outer shelf, at water
depths of ca. 400 m, and were probably fringed by ice shelves
extending over the outer shelf and the shelf break.

2. Taken together, the terrestrial and marine geological data on
LGM ice extent and configuration can be interpreted to suggest
that the LGM Antarctic Peninsula ice sheet was composed of
a number of confluent, localized ice caps, domes, and ice stream
systems advancing out from the spine of the Antarctic Peninsula
toward the middle-outer continental shelf, rather than a concentric
and dynamically coherent ice sheet.

3. Deglaciation occurred mainly during the time period >14-6 ka
BP. Outer and middle shelf areas deglaciated between 14 and
8 ka BP, while most inner shelf areas, fjords, bays, and presently
ice-free coastal land areas deglaciated prior to 8—6 ka BP.

4. The transition from glacial to interglacial conditions in the
Antarctic Peninsula region, signaled by ice configuration be-
coming similar to or less than at present, by the onset of lake-
sediment accumulation in ice-free basins, by moss-bank growth
on the islands off the peninsula, and by penguin occupation of
coastal rookeries, was broadly completed by 6 ka BP.

5. Mid-Holocene glacial- and ice-shelf readvances have been
described from a number of sites.

6. Terrestrial paleoclimatic records, based on stratigraphical varia-
bles in lake and moss-bank archives, suggest a climate optimum,
with relatively warm and humid conditions, between ca. 4 and 3
ka BP. The marine record from Palmer Deep recognizes a longer
climate optimum, between ca. 8 and 3 ka BP.

7. Available data suggest that after ca. 3-2.5 ka BP a distinct cooling
occurred, and that glaciers and ice shelves expanded during the late
Holocene.

8. Air temperature records show a distinct and rapid warming in the
Antarctic Peninsula region during the past 50 yr, which may be
causing disintegration of some of the Antarctic Peninsula ice
shelves.

One interpretation of the data is that Antarctic Peninsula deglaciation
and Holocene climate development, prior to the neoglacial cooling
after ca. 2.5 ka BP, were significantly lagging the Northern
Hemisphere deglaciation and Holocene climate development (Hjort
et al., 1998; Ing6lfsson et al., 1998; Ingdlfsson and Hjort, 1999). The
late (ca. 4-2.5 BP) Holocene climate optimum recognized in the
terrestrial archives of the Antarctic Peninsula is also recognized as
a broadly synchronous environmental event in East Antarctica and
Ross Sea/Victoria Land (e.g., Baroni and Orombelli 1994; Cunning-
ham et al., 1999; Hall and Denton, 1999, 2000; Kulbe et al., 2001),
which supports the notion of a circum-Antarctic climate optimum. This
optimum is not recognized in the Antarctic ice cores. The ice-core
records on Holocene climate variability from Byrd, Vostok, and Taylor
Dome differ considerably in terms of temperature trends for the past 20
ka and through the Holocene (Blunier et al., 1998; Thompson et al.,
1998; Petit et al., 1999; Steig et al., 1998, 2000) and cannot be used as
proxies for environmental changes in the coastal areas of the continent.
A study by Ciais et al. (1994) on Holocene temperature variations in
Antarctica, as expressed in data from 6 ice cores, indicated only subtle
temperature variations (*1°C) for the past 10 ka BP. That study places
the Antarctic Holocene climate optimum between ca. 10 and 8 ka BP.
A study on 11 ice core isotope records for reconstructing Holocene
climate variability in Antarctica (Masson et al., 2000) likewise
recognized a widespread early Holocene climate optimum (11.5-9 ka
cal yr BP: ca. 10-8.5 ka 'C years).
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FIGURE 5. A tentative synthesis of glacial and environmental changes in the Antarctic Peninsula region since the LGM.

The large Antarctic system allows for significant regional vari-
ability in the Holocene development of climate and glaciation. Ice-core
records from the high-altitude inland continental plateau may not capture
well signals of environmental change in the peripheral maritime areas of
the system. White and Steig (1998) suggested that the inland-plateau ice
cores might not be entirely representative of Antarctic climate
development, and that records from far more locations are needed to
complete the story. The early Holocene ice core temperature optimum
(Masson et al., 2000) occurs at a time of summer insolation minimum at
65°S (Berger, 1978; Berger and Loutre, 1991), which probably precludes
insolation forcing for the suggested temperature rise. Alternative ex-
planations (Masson et al., 2000) are that the isotope records of Antarctic
inland ice cores might be showing responses to changes in local ice-sheet
elevations, in connection with rapid sea-level rise and deglaciation of the
shelf areas in early Holocene causing drawdown of ice from the plateaus,
or decreased summer sea-ice coverage causing the source of precipitation
to move closer to the continent, rather than a circum-Antarctic Holocene
temperature optimum in early Holocene. Some of the differences be-
tween the different records may reflect lag in response to climate forcing
between the atmospheric, terrestrial, and oceanic systems.

One of the challenges of paleoclimatic research is to understand the
phase relationships between climatic changes in high-latitude Northern
and Southern hemispheres and identify mechanisms that can reconcile
the different dynamical behavior of glaciers and climate. In order to
respond to this challenge, well-dated, high-resolution paleoclimate
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records from Antarctica are essential. In our opinion, the following
should be taken into consideration when developing future research
strategies:

1. Defining the LGM glacial situation in both time and space: The
extent of ice on the continental shelf areas and timing of the last
maximum glaciation is poorly known. We know from a few
radiocarbon dates that ice extended out toward the shelf edges some
time before 14 ka BP, but it is not known if the Wisconsinan
maximum ice extent on the Antarctic Peninsula coincided with the
last global glacial maximum 20-18 ka BP.

2. Developing well-constrained deglaciation chronologies for the
continental shelf areas: The deglaciation of the shelf areas is con-
strained by relatively few dates on the western (Pacific) shelf of
the peninsula, while a deglaciation chronology for the eastern
(Weddell Sea) shelf is still lacking.

3. Better constraining the onshore LGM ice-sheet configuration and
thickness, as well as obtaining more high-resolution chronologies
for the deglaciation of presently ice-free areas and Holocene
environmental changes. Developing programs for cosmogenic
exposure dating of erratics and bedrock surfaces can help confine
LGM ice thickness in different parts of the Antarctic Peninsula.

4. More data highlighting the relative sea-level history is needed:
There exist no well-dated sea-level curves from the region, which
can be used for better understanding the geometries of past ice-
sheet loads.
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