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a b s t r a c t

The Antarctic Peninsula is one of the most rapidly warming regions on Earth, as evidenced by a recent
increase in the intensity and duration of summer melting, the recession of glaciers and the retreat and
collapse of ice shelves. Despite this, only a limited number of well-dated near shore marine and lake
sediment based palaeoenvironmental records exist from this region; so our understanding of the longer-
term context of this rapid climate change is limited. Here we provide new well-dated constraints on the
deglaciation history, and changes in sea ice and climate based on analyses of sedimentological proxies,
diatoms and fossil pigments in a sediment core collected from an isolation basin on Beak Island in Prince
Gustav Channel, NE Antarctic Peninsula (63�360S, 57�200W). Twenty two radiocarbon dates provided
a chronology for the core including aminimummodelled age for deglaciation of 10,602 cal yr BP, following
the onset of marine sedimentation. Conditions remained cold and perennial sea ice persisted in this part of
Prince Gustav Channel until c. 9372 cal yr BP. This was followed by a seasonally open marine environment
until at least 6988 cal yr BP, corresponding with the early retreat and disintegration of the ice shelf in
southern Prince Gustav Channel. Following isolation of the basin from 6988 cal yr BP a relatively cold
climate persisted until 3169 cal yr BP. A Mid-late Holocene climate optimum occurred between 3169 and
2120 cal yr BP, inferred from multiple indicators of increased biological production. This postdates the
onset of the Mid-late Holocene climate optimum in the South Shetland Islands (4380 cal yr BP) and the
South Orkney Islands (3800 cal yr BP) suggesting that cooler climate systems of theWeddell Sea Gyre to the
east of the Peninsula may have buffered the onset of warming. Climate deterioration is inferred from
c. 2120 cal yr BP until 543 cal yr BP. This was followed by warming. Superimposed on this warming trend,
the instrumental record of recentwarming at nearbyHope Bay ismirrored bya recent increase in the lake’s
primary production and a shift in the diatom communities in the uppermost 3 cm of sediments, suggesting
that this is amongst the first records to show an ecological response to recent rapid temperature increase.
These new constraints on glaciological and climate events in Prince Gustav Channel are reviewed in the
context of wider changes in the Antarctic region.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction (0.6 � 0.2 �C) during the 20th century (Houghton et al., 2001;
The Antarctic Peninsula (AP) is particularly sensitive to climate
change. Currently it is one of the most rapidly warming regions on
Earth, with temperatures rising at six times the global mean
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Vaughan et al., 2003). This warming has resulted in an acceleration
in the intensity and duration of summer melting by up to 74% since
1950 (Vaughan, 2006), the recession of snowfields and glaciers
(Cook et al., 2005), and a reduction in the duration of sea ice cover
(Parkinson, 2002). It has alsobeen linked to the retreat and collapseof
ice shelves (e.g., Vaughan and Doake,1996; Rott et al.,1998; Scambos
et al., 2003; Hodgson, 2011) causing increased flow velocities of their
feeder glaciers (De Angelis and Skvarca, 2003; Scambos et al., 2004).

In order to better understand the longer-term context of these
anomalies, ice, marine, and lake sediment cores, together with
geomorphological evidence, are being used to reconstruct palae-
oenvironmental changes through the Holocene. To date, most ice

mailto:mksterken@gmail.com
mailto:sjro@bas.ac.uk
mailto:daho@bas.ac.uk
mailto:Wim.Vyverman@ugent.be
mailto:balbo@imf.csic.es
mailto:balbo@imf.csic.es
mailto:Koen.Sabbe@ugent.be
mailto:S.Moreton@nercrcl.gla.ac.uk
mailto:Elie.Verleyen@ugent.be
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
http://dx.doi.org/10.1016/j.quascirev.2011.10.017
http://dx.doi.org/10.1016/j.quascirev.2011.10.017
http://dx.doi.org/10.1016/j.quascirev.2011.10.017


M. Sterken et al. / Quaternary Science Reviews 31 (2012) 93e11194
cores from the AP region only span a few thousand years, although
a new ice core extracted from James Ross Island is predicted to span
the late glacial and Holocene (Mulvaney et al., 2007). Therefore,
investigations of the deglaciation of the Antarctic Peninsula Ice Sheet
from its Last Glacial Maximum (LGM) limits, and the regional Holo-
cene climate evolution have largely been derived from marine sedi-
ment cores, for example in Marguerite Bay (Ó Cofaigh et al., 2005),
Lallemand Fjord (Taylor et al., 2001), Bismark Strait (e.g., Domack,
2002) and Bransfield Strait (e.g., Barcena et al., 1998). On land,
recordshavebeenderived from lake sediment cores, forexample from
Alexander Island (e.g., Bentley et al., 2005; Smith et al., 2007; Roberts
et al., 2008), Horseshoe Island (Wasell and Håkansson, 1992), the
western and northern islands of the Antarctic Peninsula (e.g., the
South Shetland Islands; Björck et al., 1993), James Ross Island (e.g.,
Björck et al., 1996), and the South Orkney Islands (Jones et al., 2000;
Hodgson and Convey, 2005). Well-dated terrestrial and near shore
marine records spanning the entire Holocene are however still rare,
particularly along the northeasternmargin of the AP, theWeddell Sea
margin, and thewesternmarginof theAPbetween theSouthShetland
IslandsandMarguerite Bay (Bentleyet al., 2009;Hodgsonet al., 2009).

Although the deglaciation of the Antarctic Peninsula Ice Sheet
since the LGM, andHolocene environmental and climate changes are
poorly constrained in some areas, attempts have been made to
formulate a regional consensus (e.g., Hjort et al., 2003; Ingólfsson
et al., 2003; Bentley et al., 2009; Hodgson et al., 2009). However,
the limited number of records from the AP means that there are still
considerable gaps in understanding, for example of the differences in
the climate and glaciological history of the east vs. the western
margin of the AP, and between the APand other regions of Antarctica.

In this paper, we analyse the record of palaeoenvironmental
change from sediments that have accumulated in an isolation basin
on Beak Island in northern Prince Gustav Channel (Figs. 1 and 2).
We integrate a radiocarbon dated stratigraphy, sedimentological,
fossil diatom and pigment analyses to reconstruct and constrain the
timing of themain glaciological and palaeoclimate events occurring
there during the Holocene.

2. Site description

Beak Island (63�360S, 57�200W) is a partially emerged periphery
of an inactive volcanic caldera situated in Prince Gustav Channel
between Vega Island and the Tabarin Peninsula (Figs. 1 and 2a). The
island is composed of Miocene volcanic rocks, mainly porphyritic
basalt, hyaloclastites and pillow lavas, belonging to the James Ross
Island Volcanic group (Bibby, 1966). Beak Island is currently free of
permanent snow fields, ice caps or glaciers, and is assumed to have
a similar continental climate regime to the Tabarin Peninsula (28 km
to the northeast) where mean annual temperatures are �5.3 �C and
mean annual precipitation 60.53 mm (Data from Base Esperanza,
Hope Bay). The regional climate is influenced by (1) the westerly
storm tracks bringing humid, warm air from the northwest, and by
(2) the cold barrier winds bringing arid air-masses from the south
and southwest (i.e., the Weddell Sea) (Björck et al., 1996). The region
is influenced by the rain shadow effect of the mountains of the
Antarctic Peninsula. Snowfall periodically occurs during summer,
followed by rapid melting and long dry periods.

Several lakes andponds occuron the island (Fig. 2a, b). Beak Lake 1
(63�3603800S, 57�2002000W, the name is unofficial) is the largest and
deepest lake (c. 24 m), it is near circular, with a diameter of c. 400 m
and occupies a depression created by a secondary eruption vent. The
current retaining sill height is 10.95 � 10 cm above the present high
tidemarkand is lower thanthe14.91�10cmma.s.l.Holocenemarine
limit (Fig. 2a; Roberts et al. 2011). The lake is flanked by a>10m rock
cliff 200m to thewest andnorthwest, and is bordered byperiglacially
patterned ground to the north, east and south. Moss banks occur on
the north-western shores of the lake, and are dissected by a series of
small, braidedmeltwater streamsemanating fromasnowbankon the
adjacent slope (Fig. 2b). Beak Lake 1 has a single outflow to the
southwest,whichdischarges to theseaviaa series of pondsand raised
shorelines. The outflow is vegetated by thick orange and green
microbial mats and was nearly inactive at the time of sampling
(January 2006). Ice cover is likely to persist for 8e9 months per year.

3. Methods

3.1. Lake sediment coring

Following routine limnological measurements (cf. Hodgson et al.,
2001), core sites were selected on the basis of bathymetric mapping
with a hand-held echo sounder along static lines. Sediment cores
were collected at 20mwaterdepth using a Livingstone corer (Wright,
1967). One core sequence (sections BK1E andBK1D)was sectioned at
0.5 cm resolution in the field, sealed in sterile Whirlpack bags and
stored frozen; a duplicate core (BK1G) was retained intact for high
resolution, non-destructive core scanning.

3.2. Geochronology

A chronology for the sediment sequence was established by AMS
radiocarbon (14C) dating of macrofossils of the aquatic moss Crato-
neuropsis Chilensis (also referred to as Cratoneuropsis relaxe subsp.
minor) (Ochyra, 2008, Ochyra pers. comm.), and macrofossils of
lacustrine cyanobacteria. Bulk (inorganic) sediments were dated in 7
samples where no macrofossils were present. Paired cyanobacterial
mat and moss macrofossils were analysed at 15.5e16 cm, and over-
laps between core sections were independently dated at 73e74 cm.

Macrofossils were hand-picked from frozen bulk material, after
overnight defrosting at 5 �C, immersed in ultra-pure (18.2 m Ohm)
water, sealed and placed in an ultrasonic bath for an hour and then
refrozen and stored. Samples were sent frozen to the Scottish
Universities Environmental Research Centre (SUERC) and Beta
Analytic (Miami, Florida) for accelerator mass spectrometry (AMS)
radiocarbondating. SUERC-sampleswere heated in 2MHCl (80 �C for
8 h), rinsed in deionised water, until all traces of acid had been
removed, and dried in a vacuum oven. Inorganic sand and rock
fragments in samples SUERC-12947,12574,12575,12576,12577were
removed by sieving/hand-picking and set aside from finer organic
bearing material before combustion. Moss samples dated by Beta
Analytic (BETA 288864-67)were leachedwith a 0.5Me1.0MHCl bath
to remove carbonates, heated to 70 �C for 4 h. Leaching was repeated
until no carbonate remained, followed by rinsing to neutral 20 times
with deionised water, then placed in 0.5%e2% solution of NaOH for
4 h at 70 �C and rinsed to neutral 20 times with deionised water. The
processwas repeated until no additional reaction (typically indicated
by a colour change in the NaOH liquid) was observed. Samples were
then leached again in a 0.5Me1.0M HCl bath to remove any CO2
absorbed from the atmosphere by the NaOH soakings and to ensure
initial carbonate removal was complete, and then dried at 70 �C in
a gravity oven for 8e12 h.

Dates are reported, in years AD for ‘modern’mossmacrofossils, as
conventional radiocarbon years BP (14C yr BP)� 1s, and as calibrated
years BP (cal yr BP relative to AD 1950). For the ‘modern’ radiocarbon
samples calibration was carried out using CALIBomb with the SH1
compilation of Southern Hemisphere datasets (Hua and Barbetti,
2004; Reimer et al., 2004b). The remaining dates were calibrated in
CALIB v6 (Reimer and Reimer, 2011) using the SHCal04 14C atmo-
sphere dataset (McCormac et al., 2004; Reimer et al., 2004a) for
freshwater samples, the MARINE09 calibration curve (Reimer et al.,
2009) for marine samples, and a mixed MARINE09-SH04 curve
(50% marine) for samples at the marineelacustrine transition.



Fig. 1. Map of the northern Antarctic Peninsula region, showing Beak Island and locations mentioned in the text. Numbered sites with chronological constraints on deglaciation
include (1) Southern Prince Gustav Channel, inferred maximum c. 16,700 14C yr BP (19,950 cal yr BP) (Pudsey et al., 2006); (2) Outer continental shelf in the NW Weddell Sea
maximum of 20,319 cal yr BP (Smith et al., 2010); (3) continental shelf edge, 18,510 cal yr BP (Heroy and Anderson, 2007); (4) southwest Vega Island 11,911 cal yr BP (Zale and Karlén,
1989); (5) Cape Lachmann on James Ross Island 10,718 cal yr BP (Ingólfsson et al., 1992) and 8000 � 800 yr BP at a higher altitude (Johnson et al. 2011); (6) inner shelf of the north-
western Weddell Sea 10605, 9569 and 8832 cal yr BP (Domack et al., 2005); (7) inner Larsen-A Ice Shelf region, 10,700 � 500 yr BP (Brachfeld et al., 2003); (8) The Naze, James Ross
Island, 8023e7512 cal yr BP (Ingólfsson et al., 1992, p. 213); (9) Brandy Bay c. 5510e5080 cal yr BP (Hjört et al., 23 1997, p. 271); (10) Terrapin Lake, 4645e3110 cal yr BP (Björck et al.,
1996, p. 215); (11) Seymour Island 7500 � 700 yr BP (Johnson et al. 2011); (12) Hope Bay, minimum extrapolated age of 6735e7471 cal yr BP (Zale, 1994b). Swath bathymetry data in
Fig. 1c show the location of Beak Island in the context of a major former outlet of the Antarctic Peninsula Ice Sheet and ice flow directions of the former Antarctic Peninsula Ice Sheet
and James Ross Island ice sheets (adapted and reproduced with permission from Johnson et al. (2011) which synthesises data from RVIB Nathaniel B Palmer cruises NBP0003 and
NBP0107; RRS James Clark Ross cruise JR71; RVIB Nathaniel B Palmer cruises 0201, 0502 and 0602 and HMS Endurance surveys).
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Absolute percentage of modern carbon (pMC) data were corrected
according to 13C/12C isotopic ratios from measured pMC, where the
“modern” (i.e., 1950) pMC value is 100 and the present day (2010)
pMC value is 107.5. For the marine samples, dates were corrected for
the Antarctic marine reservoir effect by using a DR value of 880� 50
years (1280 � 50 minus the global marine reservoir of 400 years)
based on the nearest measurements of the pre-1950 AD marine
reservoir effect at the Hope Bay refuge which consists of penguin
bones from animals consumed during the unplanned winter of
Nordenskölds 1903 Expedition that have been dated at 1280� 50 14C
yr BP (LU3101) (Björck et al., 1991b). ‘Classical’ age-depth modelling
was undertaken using CLAM software (http://www.chrono.qub.ac.

http://www.chrono.qub.ac.uk/blaauw/clam.html


Fig. 2. (a) Oblique aerial view of Beak Island and Beak Lake 1 (BK 1) from the north (b) Geomorphological map of the central part of Beak Island showing the study site (Beak 1) and
the position of the lake sediment core (20 m). Surveying was carried out using a Trimble 5700 GPS. Altitudes were referenced to vertical datum WGS84 and corrected using the
EGM96 geoid model.
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uk/blaauw/clam.html; (Blaauw, 2010)),with probability distributions
formodern ‘bomb’-carbon influenced, andmixedmarine/freshwater
samples generated and imported from OxCal v4 (www.c14.arch.ox.
ac.uk/oxcal.html; Bronk Ramsey, 2001); all median calibrated ages
and ranges quoted are 2s error. Interpolated ages in the text are based
on the ‘best-fit’ age from the CLAM age-depth model. To assist in
future with tracking of reservoir correction and calibration proce-
dures, ages cited in the text have not been rounded. Independent
constraints on the Beak Lake 1 chronology were provided by
comparing visible tephra layers in the core with the regional
tephrochronology.

3.3. Stratigraphy and sedimentary properties

The cores were photographed, macroscopically described, and
analysed for wet density, dry weight, organic content and
carbonate composition following standard methods (Dean, 1974).
Wet mass and volume specific magnetic susceptibility was
measured using a Bartington 1 ml MS2G sensor. For C/N
measurements, samples were dried, and carbonates removed by
addition of 5% HCl then washed and wet sieved through 2 mm and
63 mm mesh, and vacuum filtered to remove the clay fraction
(<4 mm). Samples were homogenised to powder and analysed
using a CE-440 elemental analyser (Exeter Analytical). Combustion
was at 975 �C, with detection by thermal conductivity.

3.4. Siliceous microfossils

Subsamples of 0.07e0.21 g wet sediment were prepared
following Renberg (1990) with absolute diatom abundances deter-
mined following Battarbee & Kneen, (1982). Slides were mounted in
Naphrax� and random fields were scanned at 1000� magnification
on an Olympus CX 41 microscope. At least 400 valves were counted
in each samplewhich was enough to capture the taxonomic richness
of the assemblage. Marine diatom taxonomy followed Roberts
and McMinn (1999) and Cremer et al. (2003) and freshwater
diatoms followed Patrick and Reimer (1966), Round et al. (1990), Van
de Vijver and Beyens (1997), Van de Vijver et al. (2002), Sabbe et al.
(2003), Cremer et al. (2004), Van de Vijver et al. (2010) and Sterken
et al. (submitted for publication).

The diatom stratigraphy was divided into zones using strati-
graphically constrained cluster analysis (CONISS; Grimm,1987) and
plotted using Tilia 2.0.b.4 (Grimm, 1991e1993) and Tilia Graph
View version 2.0.2. (Grimm, 2004). The significance of the zones
was assessed using the broken stick model (Bennett, 1996) in the
rioja package for R (Juggins, 2009). Changes in the diatom
communities were interpreted following previously published
ecological preferences of indicator taxa, in addition to quantitative
relationships established between lacustrine diatom communities
and environmental variables on Livingston Island (45 lakes, South
Shetland Islands; 62�400S, 61�000W) Signy Island (24 lakes, South
Orkney Islands; 60�430S, 45�380W; Jones et al., 1993), and Beak
Island (6 lakes; Sterken et al. unpubl. data).

The siliceous cysts of chrysophytes and scales/plates of testate
amoebae were also counted. Scales were identified following
Douglas and Smol (2001), and mostly assigned to the genus
Euglypha. It is possible that a few (less than 10%) belonged to the
genus Assulina (see Douglas and Smol, 2001 for a review).

3.5. Fossil pigments

Fossil pigments were extracted from bulk sediments following
standard protocols (Wright et al., 1991). All samples were freeze
dried followed by immediate pigment extraction by sonication
(30 s at 40 W) in 2e5 ml high-performance liquid chromatography
(HPLC)-grade acetone (90%), and filtration of the extracts through
a nylon filter (mesh size 0.20 um) to remove fine particles.

Pigments were separated and quantified using an Agilent
technologies 1100 series HPLC with an autosampler cooled
to �10 �C, a diode array spectrophotometer (400e700 nm),
absorbance and fluorescence detectors. A reversed phase Spher-
isorb ODS2 column was used (internal diameter: 4.6 mm, particle
size of 5 pm) with a gradient of three solvents (Wright et al., 1991;
Method A). The HPLC system was calibrated using authentic
pigment standards and compounds isolated from reference
cultures following Scientific Committee on Oceanic Research
(SCOR) protocols (Jeffrey et al., 1997). The taxonomic affinities of
the pigments were derived from Jeffrey et al. (1997) and Leavitt and
Hodgson (2001). To calibrate pigment derivatives the response
factor of the native pigment was used, and for unidentified carot-
enoids a mean carotenoid response factor was applied.

4. Results

4.1. Limnology

The lake was circumneutral with pH ranging from 7.37 at the
surface to 6.87 at the bottom (Table 1). Water temperature on the
day of sampling was 4.82 �C (surface) and 4.26 �C (bottom). Salinity
was 0.13e0.14 PSU, and conductivity and specific conductivity
ranged between 172 and 177 mS/cm and 280e293 mS/cm respec-
tively. Nutrient levels and ion composition were relatively low and
below detection limits for both ammonium and nitrite, which is
similar to other lakes and ponds on the island (Table 1).

4.2. Geochronology

The1.66mmaster core consistedof twodrives (BK-1E andBK-1D).
Twenty two samples from this core were 14C dated (Table 2). The
sediments are Holocene in age with a median basal calibrated age of
10,612 cal yr BP, andmodelled age of 10,602 cal yr BP. The surface had
a ‘modern’ percentage modern carbon (pMC) value, suggesting no
freshwater radiocarbon reservoir effects prior to 1950. In general,
radiocarbon ages were in stratigraphic order with exceptions at
15.5 cmand32.5 cm, and at 103.5 and129.5 cmdepth. The exceptions
at 15.5 cm and 32.5 cm may have been the result of translocation of
some surface moss fragments from the dense, 5 cm thick moss layer,
which required a considerable effort to penetrate during coring,
although all macrofossil samples for dating were taken from the
central part of the cores. Alternatively, these radiocarbon ages from
aquatic mosses, which are adjacent to prominent volcanic ash
(tephra) layers Ta and Tb (Fig. 3) may be compromised, either by
reworking following catchment disturbance and/or due to possible
changes in local-regional atmospheric 14C equilibrium associated
with large volcanic eruptions, as found in our recent studies on the
South Shetland Islands (Watcham et al., 2011). As the influence of the
latter is relatively poorly understood in this region, we have excluded
these two radiocarbon age outliers. The exceptions at 103.5 and
129.5 cm, where ages of 10,901 � 53 and 10,752 � 62 14C BP were
older than the basal sediment age of 10,625� 5414C BP (166e167 cm
depth; Fig. 3) possibly reflect the incorporation of older sediments, or
marine derived material with a reservoir effect. The presence of
distinct sedimentological lithofacies (Fig. 3), and clear stratigraphic
zones in diatom and pigment compositions (Figs. 4 and 5) between
167 and100 cmdonot suggestmajor reworking of this sediment unit,
which, with a sill height at c. 7e8 m below sea level at the time of
deposition (Hodgson et al. unpubl. data), was protected from large-
scale disturbances by marine currents or icebergs. Therefore, our
age model rejects these dates and treats the dates below 108 cm as
minimum ages.
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Table 1
Summary of limnological measurements in Beak Lake 1 compared with limnological measurements from Beak Lakes 2e6, also on Beak Island (Fig. 2b). Surface and vertical
profiles of lake water conductivity, temperature and oxygen saturationwere measured using a YSI MDS 600 water quality meter. Water samples were collected in acid-washed
Nalgene bottles. Analyses followed the procedures described in Hodgson et al. (2009b).

Sample Temp (�C) Sp. cond. (mS/cm2) Cond. (mS/cm) Salinity PSU DO2 (%) DO2 (mg/l) pH Altitude sill (m) Max. dept h (m)

Beak 1 surface 4.8 280 172 0.13 107.5 13.79 7.4 10.95 24
Beak 1 bottom (24 m) 4.3 293 177 0.14 80.3 10.38 6.9
Beak 2 12.2 250 188 0.12 112.5 12.05 8.6 2.365 4
Beak 3 14.3 311 247 0.15 111.3 11.46 8.9 0.515 1
Beak 4 12.8 612 470 0.3 114.1 12.03 9.8 e 0.5
Beak 5 12.8 312 239 0.15 115.3 12.2 9.1 e 0.5
Beak 6 13.3 272 212 0.13 110.2 11.57 9.2 0.5

Sample NO3eN (mg/l) NH4eN (mg/l) PO4eP (mg/l) Si (mg/l) Cl� (mg/l) TDN (mg/l) Na (mg/l) K (mg/l) Mg (mg/l) Ca (mg/l)

Beak 1 <0.1 <0.01 0.017 1.22 68.8 0.14 37.7 2.0 6.57 5.05
Beak 2 <0.1 0.025 0.006 0.35 59.6 0.49 34.2 2.5 5.97 3.7
Beak 3 <0.1 0.021 <0.005 0.89 73.6 0.58 40.9 3.1 8.67 5.24
Beak 4 <0.1 <0.01 <0.005 2.97 144 1.7 108 6.5 8.55 3.72
Beak 5 <0.1 0.045 0.041 0.70 68.7 0.57 39.4 3.4 10 4.87
Beak 6 <0.1 <0.01 <0.005 1.07 62.5 0.66 31.1 4.1 8.96 4.86

Sample TOC (mg/l) DOC (mg/l) SO4eS (mg/l) Al (mg/l) Fe (mg/l)

Beak 1 0.75 0.99 3.27 0.126 0.109
Beak 2 2.4 2.67 3.32 0.009 0.018
Beak 3 3.1 3.86 4.66 0.011 0.045
Beak 4 7.7 11 10 0.079 0.063
Beak 5 2.9 3.25 6.01 0.035 0.084
Beak 6 4.3 4.62 3.51 <0.002 0.093

M. Sterken et al. / Quaternary Science Reviews 31 (2012) 93e11198
Geochemical analysis of glass shards in tephra deposits in the core
permitted comparisons with the regional tephrochronology and
provided independent constraints on the radiocarbon ages. Five black
(basic-intermediate) visible volcanic ash (tephra) horizons in the
Beak Lake 1 core were characterized by higher MS values and lower
organic content compared to their bracketing sediments. These
include a prominent c. 2 cm thick black tephra ‘layer’ at 32e34 cm
(Fig. 4; Tb), a 1 cm thick layer at c. 58e59 cm (Td), and an 8e10 cm
thick airfall and reworked tephra deposit between 130 and 140 cm
depth (Te), and a number of other minor tephra. We provisionally
linked these tephra deposits to previously published ages for tephras
from the Deception Island volcano (180 km to thewest) as follows: Ta
(16e17 cm, 1981e2028 cal yr BP) may be equivalent to the relatively
small eruption between 900 and 1500 cal yr BP (Björck et al., 1991c,
1993; Hodgson et al., 1998) or 800e1000 cal yr BP (Watcham et al.
(2011), or may comprise reworked material from Tb; Tb (32e34 cm,
2260e2329 cal yr BP) may be equivalent to the 2300e2800 cal yr
BP eruption (Bjorck et al., 1991c) or 2200e2400 cal yr BP (Watcham
et al., 2011); Tc (44.45 cm, 3169e3286) may be equivalent to the
3310 � 70 yr BP eruption (dated using relative palaeomagnetic
intensity data,Willmott et al., 2006); Td (58e60cm, 4788e5043cal yr
BP) may be equivalent to the 5000 � 70 yr BP eruption (Willmott
et al., 2006) or c. 4800e5000 cal yr BP (Watcham et al., 2011); Te (c.
130e140 cm, 9868-10081) is possibly the result of an unreported
eruption from Deception Island between c. 10,000e11,000 yr BP. It
has a geochemical shard geochemistry more commonly associated
with eruptions from Deception Island rather than, for example, the
10700 yr BP eruption from the South Sandwich Islands found in the
EPICA Dome C ice core (Smellie, 1999, 2001; Fretzdorff and Smellie,
2002; Risso et al., 2002; Narcisi et al., 2005), the only other major
eruptionwith geochemical data from this area in the 11000e7000 yr
BP interval. We acknowledge that it could also be related to the
explosive eruption at c. 7000e7500 yr BP (Lee et al., 2007;Watcham
et al., 2011), which is probably equivalent to the 6920 yr BP eruption
based on relative palaeomagnetic intensity data reported inWillmott
et al. (2006). This alternative scenario is indicated by a dashed line
with question marks in Fig. 3, but is considered unlikely based on
preliminary ice core data from James Ross Island (R. Mulvaney, pers.
comm.). Further work on the major element geochemistry of these
deposits will help refine this regional tephrochronology,
4.3. Sedimentological properties

Seven distinct lithological units were observed with well defined
transitions (Fig. 3). The base of the core was composed of coarse
gravel that prevented deeper penetration of the corer, overlain by
gravelly sand, gravel, sand and mud (166e147 cm). From
147e102 cm, lenses of gravel, sand,fine sand and siltwere embedded
in a black organic mud matrix, and overlain by a unit of dark grey/
black fine organicmud (102e75 cm). Themain lithological change in
the core occurred at c. 75 cm,where greenish-grey fine organicmuds
were overlain by a unit of light greenish-grey to olive green clay rich
laminated sediments composed of decayed cyanobacterial mats
(74e45 cm) and a unit of olive green,fineorganicmats (45e30 cm). A
unit of olive green laminated fine organic mud/mats occurred
between c. 28e5 cm and there were abundant moss macrofossils in
the uppermost 5 cm of the core. Mossmacrofossils were also present
at 17.5e15 cm and 33e32 cm and in small quantities between 20 and
9 cm. Therewas no evidence of slumps or other discontinuities in the
core and the upper c. 70 cmwas finely laminated.

Visible tephra layers Taee corresponded to peaks in magnetic
susceptibility (MS) and troughs in LOI (Fig. 4). With the exception of
the tephra layers, MS was generally highest where coarse gravels to
silts were present (Fig. 4). Wet density also tracked the presence of
the coarser sediment fractions, declining markedly in the organic
units above 75 cm (Fig. 4). LOI925, a proxy for carbonate content, was
fairly constant between c. 5e9% throughout the core, with the
exception of minima in the tephra layers and a sharp drop to c. 4%
above 20 cm depth (Fig. 4). LOI550, a proxy for organic content,
remained below 3.5% between 166 and 105 cm associated with the
coarser sediment fractions, and only rose above 5% after the tran-
sition into more organic cyanobacterial mat/organic-rich mud
remains above 96 cm depth. A peak in LOI550 occurred at the main
transition at 75 cm. A long and sustained peak occurred between 45
and 25 cm,with itsmaximumat 30 cmbriefly interrupted by tephra
layer (Tb) at 33 cm . Organic content (LOI550) increased from 10 cm
towards the top of the core, with theminor decrease in the top 2 cm
being an artefact of the removal of the moss macrofossils from the
analytical samples. The C/N ratio was lowest below 75 cm and
increased towards 15.9 at 72.5 cm (Fig. 4) maintaining relatively
high values until 27.5 cm. Low C/N values were present between



Table 2
Radiocarbon dates for the Beak Lake 1 sediment core. Calibration of 14C age data is as follows: calibrationmodels: A¼ CALIBomb SH1, a compilation of Southern Hemisphere datasets ((Hua and Barbetti, 2004); http://calib.qub.ac.
uk/CALIBomb/), using the absolute percentage of modern carbon (pMC) data, corrected according to 13C/12C isotopic ratios frommeasured pMC, where ‘modern’ is 1950 AD and 100 pMC, and ‘present day’ is defined as 2010 and
107.5 pMC; B ¼ SHCal04.14C atmosphere (McCormac et al., 2004); http://calib.qub.ac.uk/calib/calib.html) where cal yr BP ¼ yr before 1950 AD; C ¼ 50% SHCal04.14C atmosphere, 50% MARINE09 mixed model;
D ¼ Intcal09.14CMarine with DR set to 880 � 50 to account for the local marine reservoir offset see text (Reimer et al., 2009).

Lab/Publication
code

Core ID &
depth

Stratigraphic
depth (cm)

Summary description Carbon source Marine/
Lacustrine

Carbon
content

d13CVPDB pMC/14C
enrichment

Conventional
radiocarbon age

2s calibrated age data (A ¼ yr AD;
B-D ¼ cal yr BP)

(wt %) (&) (% modern � 1s) (years BP � 1s) Min. e Max Rel.
Prob.

Median
prob.

Age
Model

BEAK LAKE 1
SUERC-12385 BK1E: 0e1 0e1 Fine strands aquatic moss

Cratoneuropsis chilensis
Macrofossil Lacustrine 44.2 �32.4 108.6 � 0.5 modern >2004 AD or 1.00 >2004 AD A

107.9 � 0.5a 1957e1958 0.00 1958 AD A x
BETA-288864 BK1E: 2.5 2.5e3 Fine strands aquatic moss

C. chilensis
Macrofossil Lacustrine 26.8 �26.5 122.2 � 0.5 modern 1982e1986 0.86 1984 AD A

122.5 � 0.5a 1961e1962 0.11 1961 AD
BETA-288865 BK1E: 4 4e4.5 Fine strands aquatic moss

C. chilensis
Macrofossil Lacustrine 43.0 �27.1a 94.1 � 0.5 490 � 40 451e545 0.98 505 B

BETA-288866 BK1E: 8.5 8e8.5 Fine strands aquatic moss
C. chilensis

Macrofossil Lacustrine 4.2 �25.4 81.4 � 0.5 1650 � 50 1368e1607 1.00 1477 B

BETA-288867 BK1E: 12 12e12.5 Olive green fine organic
mud/mat

Mat (TOC) Lacustrine 2.8 �28.4a 79.8 � 0.4 1810 � 40 1557e1742 0.90 1663 B
1753e1811 0.10

SUERC-12394 BK1E: 15.5 15.5e16 Greenish-grey laminated
fine organic mud

Mat (TOC) Lacustrine 1.4 �26 82.3 � 0.4 1563 � 35 1311e1424 0.78 1390 Bb

1457e1516 0.19
Not analysed BK1E: 15.5 15.5e16 Very fine strands aquatic

moss C. chilensis
Macrofossil Lacustrine Insufficient material for AMS dating; 2 attempts - x

SUERC-12395 BK1E: 31 31e32 Olive green fine mud/light
grey clay laminations

Mat (TOC) Lacustrine 9.3 �29.8 75.1 � 0.3 2305 � 35 2153e2277 0.69 2235 B
2289e2344 0.32

SUERC-12386 BK1E: 32e33 32e33 Fine strands aquatic moss
C. chilensis

Macrofossil Lacustrine 30.0 �28.9 87.2 � 0.4 1101 � 35 914e1015 0.87 957 Bb

1023e1055 0.13
SUERC-12396 BK1E: 34 34e35 Consolidated medium-dark

olive green mud/mat
Mat (TOC) Lacustrine 11.4 �31.4 74.7 � 0.3 2345 � 35 2297e2355 0.54 2307 B

2157e2265 0.46
SUERC-12397 BK1E: 43.5 43e44 Light grey-olive green fine

organic mud/mat
Mat (TOC) Lacustrine 6.7 �30.4 69.4 � 0.3 2940 � 35 2918e3160 0.95 3018 B

SUERC-12398 BK1E: 46 46e47 Light grey-olive green fine
organic mud/mat

Mat (TOC) Lacustrine 4.0 �29.3 66.5 � 0.3 3280 � 35 3370e3511 0.89 3441 B
3518e3557 0.11

SUERC-12401 BK1E: 55 55e56 Light grey-olive green fine
organic mud/mat

Mat (TOC) Lacustrine 4.1 �29.9 60.4 � 0.3 4048 � 35 4384e4571 0.96 4473 B

SUERC-12402 BK1E: 59 59e60 Light grey-olive green fine
organic mud/mat

Mat (TOC) Lacustrine 3.0 �30.2 58.2 � 0.3 4346 � 35 4816e4972 0.97 4857 B

SUERC-12403 BK1E: 73.5 73e74 Medium-light olive green
fine organic mud/mat

Mat (TOC) Transition end 9.6 �26.7 47.3 � 0.2 6010 � 36 6674e6888 1.00 6783 B

SUERC-12564 BK1D: 8.5 73e74 Medium-light olive green fine
organic mud/mat

Mat (TOC) Transition end 8.7 �27.8 46.8 � 0.2 6098 � 35 6781e7001 0.99 6890 B

SUERC-12404 BK1E: 78.5 78e79 Dark greenish-grey/black fine
organic mud

Bulk (TOC) Transition start 3.1 �22.4 43.2 � 0.2 6735 � 35 6797e7088 0.97 6944 C

SUERC-12565 BK1D: 14.5 79e80 Dark greenish-grey laminated
organic mud

Bulk (TOC) Transition start 1.2 �22.5 39.8 � 0.2 7393 � 36 7508e7672 1.00 7596 C

SUERC-12943 BK1D: 38.5 103e104 Dark greenish-grey laminated
fine organic mud

Bulk (TOC) Marine 0.3 �21.9 25.7 � 0.2 10901 � 53 10734e11173 1.00 10993 D x

SUERC-12566 BK1D: 43.5 108e109 Laminated organic mud with
coarse sand/silt and clay

Bulk (TOC) Marine 0.2 �21.5 30.2 � 0.2 9626 � 48 9255e9532 1.00 9418 D

SUERC-12944 BK1D: 64.5 129e130 Clay rich black volcanic silty
sand (reworked?)

Bulk (TOC) Marine 0.2 �20.6 26.2 � 0.2 10752 � 62 10578e11069 1.00 10796 Db

SUERC-12945 BK1D: 75.5 140e141 Clay rich black volcanic silty
sand (airfall?)

Bulk (TOC) Marine 0.2 �21.2 28.3 � 0.2 10147 � 46 9873e10238 1.00 10090 D

SUERC-12567 BK1D: 101 166e167 Dark greenish-grey/black
coarse sand and silt/clay bands

Bulk (TOC) Marine 0.3 �21.5 26.6 � 0.2 10625 � 54 10461e10892 1.00 10612 D

‘x’ ¼ age omitted from age-depth model due to ages being out of sequence or reworking of older sediment.
a Indicates absolute pMC. Probabilities with a total sum >0.95 are shown.
b Ages adjacent to visible volcanic ash layers were omitted from the age model (see Methods).
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Fig. 3. Stratigraphic age-depth plot undertaken in CLAM (Blaauw, 2010) and lithology of the Beak Lake 1 sediment core. CLAM settings: smooth spline (smoothing 0.3); 1000
iterations weighted by calibrated probabilities at 95% confidence ranges and resolution 1 year steps. CLAM output statistics: 0e166 cm; 350 models with age reversals were
removed; e log goodness of fit ¼ 139.09; 95% confidence range 126e1006 years, mean 306 years. Tephra references: 1 ¼ Björck, et al. (1991c); 2 ¼ Hodgson et al. (1998);
3 ¼ Wilmott et al. (2006); 4 ¼ Lee et al. (2007); 5 ¼ Watcham et al. (2011).
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20.5 and 9.5 cm, and slightly higher values occurred in the top 9 cm
of the core, including peaks at 8.5 and 3.5 cm (Fig. 4).

4.4. Siliceous microfossils

The diatom stratigraphy of the Beak-1 core was divided into
6 zones based on a CONISS cluster analysis of the diatom species
composition (Fig. 4). A broken stick analysis showed that three of
these zones were significant (Zones 1þ 2, Zone 3, Zones 4þ 5). The
non-significant ones were retained because they correspond to
marked changes in other siliceous microfossil groups and in sedi-
mentological properties in the core (Fig. 4).

Diatom Zone 1 (166e105 cm) was characterized by very low
total diatom concentrations including 23e45% broken valves and
a moderate species richness of 15e25 species (Fig. 4). The diatom
communities comprised a mixture of marine and sea ice related
taxa, such as Navicula glaciei (12e31%), Achnanthes brevipes
(15e31%) and Navicula perminuta (6e10%), and open water marine



Fig. 4. Sedimentological, geochemical and microfossil-based proxies in the Beak-1 sedi ent core, plotted against depth (cm). Corresponding interpolated calibrated ages are given, and depths of 14C dates (Table 2 and Fig. 3) are
indicated by black dots. LOI stands for organic content measured by % weight loss on ignit n (LOI550; after combustion at 550 �C for 2 h) and carbonate composition (LOI950; % weight loss after combustion at 950 �C for 2 h). The ratio of
stomatocysts to diatoms and the total abundance of cysts are used as measures of the am nt of planktonic chrysophytes. Diatom species richness is the number of taxa in each sediment sample. The diatom turnover rate is calculated
as the sum of the number of taxa gained and the number of taxa lost when moving from o e sample to the next (in order of deposition). The number of broken diatom valves is calculated as a percentage of the total number of diatoms
counted, with the exclusion of Chaetoceros RS. The zonation of the core is based on the ONISS analysis of the diatom species compositions (Fig. 5). Ta, Tb, Tc and Td represent the tephra layers in the core.

Fig. 5. Diatom stratigraphy of the Beak-1 sediment core, plotted against depth (cm) and a e. Ages are calibrated and corrected for marine reservoir effects. Corresponding interpolated calibrated ages are given, and depths of 14C dates
(Table 2 and Fig. 3) are indicated by black dots. Only diatom species with a relative ab dance exceeding 5% or occurring in five or more samples are shown, as well as selected species with a specific (ecologically meaningful)
distribution in the core. Chamaepinnularia spp. includes a combination of C. gerlachei, C. sp , C. sp. 3 and C. cymatopleura. Centric species are summed, as well as all species of the genera Cocconeis and Fragilariopsis. Photomicrographs of
key diatom species are presented in Sterken et al. (submitted for publication). Zonation f the core is based on a CONISS analysis of the diatom species compositions.
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taxa such as Chaetoceros resting spores (CRS) (13e29%) (Fig. 5).
Occasional freshwater diatoms valves were present, with Staur-
osirella pinnata reaching a maximum of 5% in the basal sample.

In Diatom Zone 2 (105e76 cm) total diatom concentrations
increased to their highest abundance of 210 � 107, the fraction of
broken valves decreased to 7e37%, and species richness increased
slightly to 23e32. Total diatom concentrations were very variable,
largely as a result of changes in CRS, reaching relative abundances
of up to 76.7%. When CRS abundances dropped at 94 and 88 cm
depth, Navicula glaciei became co-dominant (up to 25%) together
with centric species (25% at 94 cm) and Craspedostauros and Ber-
keleya species (11% and 5% at 88 cm, respectively) (Fig. 5). Other
(spring) sea ice related species (e.g., Fragilariopsis spp.; Armand
et al., 2005; Crosta et al., 2008), and brackish-water diatoms (e.g.,
Craspedostauros sp.) became increasingly abundant in this zone
with Fragilariopsis spp. reaching 28%, whilst Achnanthes cf. brevipes
declined.

Diatom Zone 3 (76e70 cm) included a clear transition from
marine to freshwater diatom assemblages coinciding with the
marked transition in lithology at 75 cm depth (Figs. 3 and 5).
Diatom species richness (15e31), turnover rate (8e33) and
percentage of broken valves (10e38%), all reached their maxima
between 76 and 74 cm depth, and all reached their minima
between 73 and 71 cm, immediately after the transition. Diatoms
were dominated by taxa characteristic of lakes with relatively high
production (e.g., Nitzschia perminuta (2e19%), and Nitzschia frust-
ulum (7e39%), Gomphonema spp. (2e11%)), and taxa known to have
a broad salinity tolerance, for example Craticula antarctica (4e11%)
between 76 and 74 cm, and by Naviculadicta seminulum (45%) and
Brachysira minor (12e25%) between 73 and 70 cm depth (Fig. 5).

In Diatom Zone 4 (70e44 cm) Planothidium renei was the
dominant taxon and its abundance varied widely from 19 to 60%
(Fig. 5). Achnanthidium cf. exiguum, Chamaepinnularia austral-
omediocris and P. renei appeared at 70e67 cm depth and main-
tained relative abundances of 2e13%, 15e76% and 19e55%
respectively. A. cf. exiguum declined sharply from 13% to 2% above
49 cm and C. australomediocris gradually declined towards the top
of the core. The number of broken valves fell to <10%, and species
richness was a fairly constant 21e27 from here to the top of the
core. Euglypha type plates appeared for the first time in this zone
(Fig. 4).

Diatom Zone 5 (44e20 cm) was marked by an increase in the
concentration of stomatocysts and Euglypha type plates to
77e277 � 105/g and 82e416 � 104/g respectively. The former can
be an indicator of low productivity in temperate lakes, but have
been correlated with the presence of mosses and/or with lake ice
cover in high latitude lakes (Smol, 1983, 1988; Douglas and Smol,
1995; Zeeb and Smol, 2001). The latter are often associated with
moss habitats in sub-Antarctica (Vincke et al., 2006), and acid peats
and bogs (Smith, 1992). The diatoms in this zone were again
dominated by P. renei (15e76%), with a minor increase in Plano-
thidium delicatulum (5e15%), by the appearance of the tycho-
planktonic diatom S. pinnata rising to a maximum abundance of
13% at 27 cm depth, and the presence of aerophilic taxa such as
Stauroneis cf. subgracilior, Caloneis bacillum, Mayamaea atomus
var. permitis and Diadesmis spp. (Fig. 5), at relative abundances
below 5%.

In Diatom Zone 6 (20e0 cm) P. renei remained dominant
(13e44%), but was replaced briefly by the dominance of the moss-
associated B. minor reaching 50% at 14 cm (Fig. 5). B. minor started
its increase from 20 cm which coincided with the appearance of
Psammothidium abundans, a diatom common in deep freshwater
(>5 m) lakes in the Larsemann Hills (Verleyen et al., 2003), and
indicative of low phosphorous concentrations and high light
intensities. The appearance of this latter species also coincidedwith
a marked decline in carbonate content (LOI950) at 20 cm depth
(Fig. 4). P. delicatulum increases up to 35%. This species currently
occurs in low-elevation lakes in Signy and Livingston islands, is
epilithic, found at sea spray associated sites and/or in meltwater
streams (Jones et al., 1993; Jones & Juggins, 1995; Sterken et al.
unpubl. data). Planothidium lanceolatum increased through this
zone towards the top of the core. This species is currently found in
high-elevation, low productivity lakes with low nutrient concen-
trations (Jones et al., 1993; Jones and Juggins, 1995; Sterken et al.
unpubl. data). Euglypha type plates and stomatocysts were also
abundant in this zone increasing to zone maxima of 387 � 104/g
and 271 � 105/g respectively (Fig. 4), before declining towards the
top of the core. In the uppermost core sediments there was
a moderate increase in species richness to 30 from a zone mean of
23.5 and an increase in the abundances of N. frustulum from<3% to
11.7%. This species was also abundant in Zone 5, and immediately
after the transition in Zone 3.
4.5. Fossil pigments

Changes in total pigment concentrations and relative abun-
dances in the corewere broadly consistent with the lithological and
diatom zones (Fig. 6). Independent cluster analysis of the pigment
relative abundance data shows that there are two lower zones,
a transitional zone, and two upper zones (Fig. 6).

In Pigment Zone I (165e145 cm) total pigment concentrations
were low with a mean of 20 mg/g of caroteoids and 26 mg/g of
chlorophylls. The carotenoids included pigments produced by
marine diatoms, dinophytes and chrysophytes (diatoxanthin), and
chlorophytes (lutein). b,b-carotene (chlorophytes and cyanobac-
teria) and chlorophyll derivatives, including (pyro)phaeophitin
a were relatively abundant. Occasional occurrences of terrestrial/
lacustrine cyanobacteria specific pigments (myxoxanthophyl,
canthaxanthin) suggest the presence of material of both marine
and terrestrial origin.

Pigment Zone II (145e86 cm) was defined by a marked increase
in carotenoid concentrations to a mean of 104 mg/g and a moderate
increase in chlorophylls to 67 mg/g, suggesting and increase in
phototrophic production or pigment preservation. Pigment
composition remained similar, being dominated by a derivative of
b,b-carotene, and fucoxanthin, which is present in diatoms and
chrysophytes, became more abundant above 105 cm. Of the chlo-
rophyll derivatives pyrophaeophytin awas near absent in the lower
part of the zone, being replaced by native chlorophyll a and chlo-
rophyll a derivative 2. Total carotenoid and chlorophyll concen-
trations increased towards the top of the zone but this increase was
not seen as an increase in the total organic content (LOI550, Fig. 4).

Pigment Zone III (86e70 cm) spanned the Diatom Zone 3
transition between marine and freshwater diatoms, but starts
slightly earlier at 86 cm. Total concentrations of chlorpohylls and
carotenoids were highly variable ranging from 34 to 302 mg/g and
17e379 mg/g, respectively. There was an increase in the number of
pigment derivatives with some, such as Phaeophorbide a and
Phaeophytin b appearing for the first time, and others such as
chlorophyll a derivative 2, and a derivative of b,b-carotene
becoming near absent. Zeaxanthin appeared for the first time above
70 cm depth, lutein and phaeophytin b (indicative of chlorophytes
and bryophytes; Leavitt and Findlay, 1994) reached their maxima in
this zone, and at 74 cm depth, small peaks similar to hexanoyloxi-
fucoxanthin, canthaxanthin and vaucheriaxanthin were also
present.

Above the transition in Pigment Zone IV (70e44 cm) there was
a marked decline in pigment concentrations with means of 2.3 and
80 mg/g for carotenoids and chlorophylls respectively. Many



Fig. 6. Fossil pigment stratigraphy of the Beak-1 sediment core, plotted against depth (cm). Corresponding interpolated calibrated ages are given, and depths of 14C dates (Table 2
and Fig. 3) are indicated by black dots. Only pigments constituting more than 2% of the total carotenoids or total chlorophylls are shown. Total pigment concentrations (grey shaded
graphs) are expressed in mg/g dry weight (DW). Zonation of the core is based on a CONISS analysis of the pigment composition.
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carotenoids were below detection limits whilst pyrophaeophytin
a dominated the chlorophylls and phaeophytin bwas subdominant.

In the upper Pigment Zone V (44-0) therewas a clear peak in total
chlorophyll and total carotenoid concentrations between 44 and
20 cm (129 and 200 mg/g respectively, which corresponds exactly
with Diatom Zone 5, and a marked peak in the organic content.
There was also an increase in pigment diversity with pigments
produced in diatoms, cryptophytes and cyanobacteria and green
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algae/mosses, including fucoxanthin and its derivatives, diadinox-
anthin, diatoxanthin, lutein, vaucheriaxanthin-like pigments and
b,b-carotene. Non-degraded chlorophyll a and phaeophorbide a,
a pigment produced under grazing conditions reappeared in this
zone togetherwith a peak of alloxanthin-like pigments (almost 100%
at 21 cm depth). Above 20 cm, pigment concentrations declined
again with means of 24 mg/g and 118 mg/g for carotenoids and
chlorophylls respectively. Some sampleswere devoid of carotenoids,
and contained only small concentrations of chlorophyll-derived
pigments, which coincided with the marked shifts in diatom
communities (Fig. 5). The uppermost samplewas distinguished only
by minor peaks in fucoxanthin together, lutein, b,b-carotene, chlo-
rophyll b (likely related to mosses) and a chlorophyll a derivative.

5. Discussion

5.1. 10,602e9372 cal yr BP: deglaciation and the establishment of
perennial sea ice

The minimum modelled age of deglaciation of Beak Island is c.
10,602 cal yr BP based on the onset of marine sedimentation.
Sedimentological analyses of a suite of cores from the outer to inner
marine continental shelf provide the earliest constraints on
deglaciation of Antarctic Peninsula Ice Sheet and the onset of post
glacial marine deposition in the glacial troughs in this region. In
southern Prince Gustav Channel (southwest of James Ross Island
near the Larsen Ice Shelf, Fig. 1b,1) deglaciation commenced from
an inferred maximum of c. 16,700 14C yr BP (19,950 cal yr BP)
(Pudsey et al., 2006), but the reservoir effect was large (i.e., �6000
years) so dating-control is limited. To the east, ice retreat from the
outermost continental shelf had commenced sometime after
20,319 cal yr BP in the NWWeddell Sea (Smith et al., 2010, Fig.1b, 2)
and shelf edge at 18,510 cal yr BP (Heroy and Anderson, 2007,
Fig. 1b, 3). Subsequent deglaciation of this trough towards Beak
Island is poorly constrained in the marine geological record, but
terrestrial radiocarbon dates and cosmogenic isotope ages from the
surrounding islands provide evidence of deglaciation along the
margins of the main trough. The nearest site (33 km south) is the
southwest of Vega Island (Fig. 1b, 4) where estimates based on
sediment containing organic material (‘probably algae’) between
two moraine ridges was dated at 10,235 14C yr BP (11,911 cal yr BP)
(Zale and Karlén, 1989), which just predates the Beak Island
deglaciation, and 30 km southwest at Cape Lachmann on James
Ross Island where Ingólfsson et al. (1992, Fig. 1b, 5) suggested an
initial deglaciation around 9525 14C yr BP (10,718 cal yr BP) from
moss deposits in a cliff section at <20 m altitude.

Interestingly, these deglaciation ages are similar to the
minimum uncorrected ages of 10600, 9760 and 9210 14C yr BP
(10,605, 9569 and 8832 cal yr BP) measured on foraminifera in two
marine sediment cores obtained on the inner shelf of the north-
western Weddell Sea (Domack et al., 2005, Fig. 1b, 6) and with
a geomagnetic intensity age of 10,700 � 500 yr BP from the inner
Larsen-A Ice Shelf region (Brachfeld et al., 2003, Fig. 1b, 7) sup-
porting a broadly synchronous disintegration of the north eastern
part of the Antarctic Peninsula Ice Sheet on the inner continental
shelf (cf. Hodgson et al., 2006a; Heroy and Anderson, 2007) at this
time. The grounding line features and the nature of streamlined bed
forms formed in deformation till in this region of the north-western
Weddell Sea margin suggest that this retreat was continuous in the
major troughs (including Prince Gustav Channel, Robertson Trough,
and the troughs of the, Larsen-A and Larsen Inlet), but was stag-
gered and punctuated by still stands across the mid-shelf (e.g.,
Northern Larsen-A, south of Prince Gustav Channel) (Evans et al.,
2005). Reconstructions of relative sea level change at Beak Island
also support this early Holocene deglaciation as regional isostatic
uplift was sufficiently advanced to be outpacing eustatic sea level
rise at a rate of 3.91 mm yr�1 by c. 8000 cal yr BP (Roberts et al.
2011).

A series of younger deglaciation ages has also been recorded on
the islands flanking Prince Gustav Channel. These include cosmo-
genic isotope ages for deglaciation of 8000 � 800 yr BP at a higher
altitude of 120 m a.s.l. at Cape Lachmann on James Ross Island
(Johnson et al. 2011, Fig. 1b, 5) and dates from the emplacement of
glaciomarine deposits over glacial till between 8460 � 90 and
7920 � 60 14C yr BP (8023e7512 cal yr BP) at The Naze on James
Ross Island which have been attributed, not to deglaciation, but to
a glacial readvance (Ingólfsson et al., 1992, p. 213, Fig. 1b, 8). Further
inland a short-lived readvance of glaciers into Brandy Bay between
5000 and 4500 14C yr BP (c. 5510e5080 cal yr BP) (Hjört et al., 1997,
p. 271, Fig. 1b, 9) associated with the Bahía Bonita glacial drift
(Rabassa, 1983; Björck et al., 1996) and proxy evidence of high
water levels in Terrapin Lake (southern end of The Naze, James Ross
Island, Fig. 1b,10) associated with ‘probable’ glacial advances
between 4200 14C yr BP until around 3000 14C yr BP
(4645e3110 cal yr BP) (Björck et al., 1996, p. 215).

Some of these younger chronological constraints are of similar
ages to the deglaciation of other regional sites (not directly abutting
PGC), for example cosmogenic isotope ages of 7500 � 700 yr BP at
Seymour Island (76 km to the southeast; Johnson et al. 2011, Fig. 1b,
11) and a minimum extrapolated age of deglaciation of ca 6300 14C
yr BP (6735e7471 cal yr BP) (Zale, 1994b, p 183) obtained from
a radiocarbon dating model applied to lake sediments for deglaci-
ation of Hope Bay, 32 km north (Fig. 1b, 12).

Collectively these data suggest that the main deglaciation of
Prince Gustav Channel took place around c. 10,602 cal yr BP and
supports the hypothesis of Johnson et al. (2011) that, following
Antarctic Peninsula Ice Sheet retreat onto the mid-shelf, grounded
ice would have retreated from Prince Gustav Channel before the
feeder glacier troughs and marginal terrestrial sites became ice-
free. This minimum age for deglaciation is in phase with the early
Holocene warm period between 11000 and 9500 yr BP detected in
ice cores from the central plateau (Masson-Delmotte et al., 2004,
2011; Fig. 7) and lacustrine and shallow marine sediment cores
from elsewhere in Antarctica (see Verleyen et al., 2011 for a review).
It is however unlikely that warmer climate conditions alone led to
the destabilisation of the Antarctic Peninsula Ice Sheet. Changing
configurations of ocean currents, bringing warmer water onto the
continental shelf and into contact with the grounded ice sheet, ice
streams and floating ice (shelves) in combination with the rising
global sea levels due to melting of the Northern Hemisphere ice
masses at the start of the Holocene are also likely to have affected
the stability of the marine based Antarctic Peninsula Ice Sheet. One
theory is that the resulting meltwater from the Antarctic Peninsula
Ice Sheet stratified the water column around the AP forming
a meltwater lid and promoting the formation of sea ice. This could
explain the lower diatom abundance and assemblages character-
istic of more persistent sea ice recorded at Beak Island between
10602 and 9372 cal yr BP and in the Palmer Deep, on the north-
western side of the AP between c. 12800 and 9000 yr BP
(Sjunneskog and Taylor, 2002). Alternatively the increased sea ice at
the Palmer Deep could indicate a regional climate reversal between
11000 and 9000 yr BP (Taylor and Sjunneskog, 2002), but would be
inconsistent with ice core data (Masson-Delmotte et al., 2004,
Fig. 7) and marine and lacustrine sediment cores from elsewhere in
Antarctica (e.g., Verleyen et al., 2011).

Between c. 10,602e9372 cal yr BP (Diatom Zone 1, 166e105 cm)
the sediments were interpreted as glaciomarine deposits derived
from the decaying Antarctic Peninsula Ice Sheet, including iceberg
rafted debris (e.g., Pushkar et al., 1999; Brachfeld et al., 2003;
Domack et al., 2005). This was supported by the low total diatom



Fig. 7. Summary diagram showing selected palaeoenvironmental proxies from the Beak Lake 1 record, together with a synthesis of the main environmental changes interpreted
from the core analyses (horizontal bars). These are compared with the Antarctic EPICA Dome C ice core deuterium-based temperature reconstructions (Stenni et al., 2003) and
a Principal Components Analysis (showing Axis 1) of the common and residual signals in 5 Antarctic d18O records (Masson-Delmotte et al., 2011). Data are smoothed using negative
exponential local smoothing using a third-order polynomial regression and weights from a Gaussian density function with outliers rejected; sampling proportion 0.1 except for Total
chlorophyll which is 0.3 due to the lower resolution of the data.
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concentrations, the high concentration of broken valves, the low
organic carbon values (LOI550), the low water content, the high
magnetic susceptibility, the high sedimentation rates, a lithology
composed of coarse material of varied sizes, and two 14C dates
being out of stratigraphic order. They suggest that the deglaciation
inferred at 10,602 cal yr BP was not just a transition from a groun-
ded ice stream to a floating ice shelf, but that icebergs and sea ice
were present in Prince Gustav Channel at this time. This interpre-
tation is supported by the diatom communities in this zone, which,
were mainly composed of sea ice indicator taxa (Navicula glaciei;
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Whitaker and Richardson,1980) and thus likely reflect the presence
of a nearly permanent, or at least seasonal sea ice cover over the
coring site (e.g., Burckle and Cirilli, 1987). This interpretation does
not rule out the presence of decaying icebergs, which can penetrate
through pack-ice (Reece, 1950; Pudsey and Evans, 2001). The
presence of some freshwater diatoms and cyanobacterial pigments
(and possibly the older dates) is consistent with the incorporation
of minor quantities of reworked freshwater or sub aerial sediments,
presumably present in the basin or its environs prior to the early
Holocene marine transgression.

5.2. 9372 to 6988 cal. BP: seasonally open water marine
environment

From 9372e6988 cal yr BP (Diatom Zone 2, 105e76 cm) rela-
tively productive, open water conditions influenced by seasonal
meltwater were inferred. This is reflected in the higher organic
content (LOI550) values and increases in total diatom and pigment
concentrations, all of which increased through this period. Diatom
species richness and absolute abundances, mainly driven by CRS,
reached their maxima. CRS are often found in open water assem-
blages, where surface waters are strongly stratified due to the
melting of nearby ice (Karl et al., 1991; Buffen et al., 2007; Crosta
et al., 2008). They typically occur in high productivity zones, with
diverse phytoplankton assemblages (Comiso et al., 1990; Smith and
Nelson, 1990; Leventer, 1992). Highly productive open water
conditions were further supported by good pigment preservation
including peaks in total pigment concentrations at 98 and 90 cm
depth. Alloxanthin-like pigments were also resolved at 108 cm
depth indicating the presence of cryptophytes (Jeffrey et al., 1997;
Buchaca and Catalan, 2007), which have been associated with the
increased meltwater runoff and reduced surface water salinities
caused by the recent regional warming along the western AP
margin (Moline et al., 2004). The reduction in coarse-grained debris
and the slower sedimentation rates likely reflect the continued
retreat of glaciers and ice shelves in the region and, a reduction in
the number of (debris laden) icebergs.

In the upper part of Diatom Zone 2 (90e76 cm, 8746e6988 cal yr
BP) total diatom concentrations peaked, together with a fucoxan-
thin derivative, and the species composition changed to nearshore
marine and brackish-water taxa (e.g. Craspedostauros sp., Navicula
cryptotenella and different Nitzschia species), sea ice and ice-melt
related species (e.g., Navicula glaciei) and several ice-edge species
(e.g., Fragilariopsis cylindrus). These shifts in diatom and pigment
assemblages suggest that the basin was only isolated by a shallow
sill. Under such circumstances regular flushing by sea water would
be reduced, particularly in winter when ice may have grounded on
the sill, and the basin may have experienced a combination of open
sea water, winter sea ice, and brackish conditions following
seasonal inflows of meltwater.

The period between 9372 and 6988 cal yr BP is not well resolved
in AP palaeoenvironmental records, with contrasting patterns in
the timing and duration of events (Bentley et al., 2009). This vari-
ability may reflect the shift from a regime strongly influenced by
atmospheric warming (as seen in the ice cores from 11 000 to
9500 yr BP, Fig. 7), to one influenced by a combination of atmo-
spheric and oceanographic forcing. Along the southwestern margin
of the AP, there is evidence for the collapse of the King George VI Ice
Shelf (Alexander Island) between c. 9600 and 7730 cal yr BP due to
a combination of these forcings (Bentley et al., 2005; Smith et al.,
2007) and for glacier thinning and ice margin retreat until at
least 7200 yr BP (Bentley et al., 2006). This continued deglaciation
coincides with the first part of what is termed a ‘climate optimum’

in the Palmer Deep record between 9070 and 3360 cal yr BP
(Domack, 2002), which is likely to be associated, not with
a geographically extensive atmospheric optimum (as this would be
resolved in ice cores), but with a marine optimum, most likely due
to the enhanced influx of warm circumpolar deep water onto the
western AP continental shelf (cf. Smith et al., 2007), or a change in
local atmospheric circulation reducing the extent of local sea ice (cf.
Turner et al., 2009; p. 241). Similarly, a marine sediment core from
Maxwell Bay (South Shetland Islands) recorded minimum sea ice
densities and inferred warmer water between 8200 and 5900 cal yr
BP (Milliken et al., 2009), but interestingly this was not supported
by organic carbon measurements which did not increase until the
Mid-late Holocene. Our record is also consistent with warmer but
variable oceanographic conditions, and agrees with a recent study
(A. Haworth, pers. comm.) on diatoms from southern Prince Gustav
Channel, which suggests longer periods of seasonally open water
conditions at the ice shelf edge occurred from around 8360 cal yr
BP. On northern James Ross Island these warmer ocean conditions
may have led to an increase in water availability and precipitation
which could explain the local glacier readvance in Croft Bay and
Brandy Bay (Fig. 1b, 9) between 7300 and 6700 14C BP (c.
8175e7960 and 7600e7430 cal yr BP) (Ingólfsson et al., 1992),
although these initial findings were later revised to a shorter period
of readvance into Brandy Bay between 5000 and 4500 14C yr BP (c.
5590e5890 and 4870e5290 cal yr BP) (Hjort et al., 1997, p.271).

5.3. 6988 to 6407 cal yr BP: lake isolation

The transition between marine, brackish and freshwater dia-
toms in Zone 3 was complete by 76 cm at 6988 cal yr BP, with
freshwater diatoms dominant after 6407 cal yr BP (70 cm). This
transition was the result of the isolation of the lake basin due to
a fall in relative sea level, which we have described in detail else-
where (Roberts et al., 2011). This isolation event dominated all
proxies and prevents the reconstruction of past climate changes in
this zone (cf. Wasell and Håkansson,1992; Verleyen et al., 2004a,b).
The transition accounts for the short peaks in diatom turnover and
species richness and is dominated by diatoms, that are generally
found in coastal lakes influenced by sea birds and mammals (e.g.,
the N. frustulum/inconspicua complex, Nitzschia perminuta and
N. seminulum; Björck et al., 1996; Van de Vijver et al., 2008). The
relatively high organic carbon content (LOI550), increases in C/N and
total diatom concentrations point to high productivity conditions
due to the continued availability of a marine derived nutrient pool.
Pigments respond earlier to the transition and their concentrations
were highly variable with an increase in the number of degradation
products consistent with a rapid succession of phototrophic
communities responding to the changing environmental
conditions.

Although the isolation event overrides other environmental
changes, regionally this period coincides with relatively warm
conditions reported in the Bransfield Basin between 6800 and
5900 cal yr BP (Heroy et al., 2007), maximal productivity near the
inner Larsen-A region (Fig. 1) at c. 6300 � 500 yr BP where ice shelf
margin and open water conditions were present across the inner-
middle shelf (Brachfeld et al., 2003; Evans et al., 2005) and the
deglaciation of Hope Bay, ca 6300 14C yr BP (6735e7471 cal yr BP
(Zale, 1994b) and its occupation by penguins sometime after c.
5500 cal yr BP (Zale, 1994a).

5.4. 6407 to 3169 cal yr BP: cool conditions with extended ice cover

The period between 6407 and 3169 cal yr BP (70e44 cm) shared
identical diatom and pigment zone boundaries and was charac-
terized by a decline in organic content (LOI550) and total diatom and
pigment concentrations. In some samples carotenoids were below
detection limits. The diatom assemblages included increases in
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Achnanthidium cf. exiguum and B. minor, species typical of high-
altitude, nutrient-poor lakes on Livingston Island with low chlo-
rophyll a concentrations (Jones and Juggins, 1995). Collectively
these proxies suggest that cooler climate conditions had become
established with more prolonged seasonal, or perennial, ice cover.

The onset of these cooler conditions predates the low nutrients
and productivity inferred from an extensive growth of aquatic
mosses in Lake Boeckella (Hope Bay) after 4700 cal yr BP (Gibson
and Zale, 2006). However, its onset is nearly coeval with the
onset of cold and arid climatic conditions inferred between c.
5890e5600 and 4840e4520 cal yr BP (c. 5000 and 4200 14C yr BP)
from lake sediment cores on James Ross Island (Björck et al., 1996),
which may have led to the glacier advances inferred on James Ross
Island after c. 5450e4980 cal yr BP (4600 14C BP); although the
latter paper links the glacial advances to a milder but more humid
climate (Hjort et al., 1997) whereas the Beak Island record, which is
independent of local glacier activity suggests that cold conditions
may have induced the regional glacier advances during this period.
In Maxwell Bay, in the South Shetland Islands a gradual oceanic
cooling is inferred between 5900 and 2600 cal yr BP (Milliken et al.,
2009).

5.5. 3169e2120 cal yr BP: Mid-late Holocene Hypsithermal

The period between is 3169 and 2120 cal yr BP (44e20 cm) was
characterized by a prolonged peak in organic carbon content, total
pigment concentrations (Fig. 7) and an increase in sediment accu-
mulation rates. Interestingly the total diatom concentrations
remained near stable which suggest that this period of higher
primary production was dominated by other organisms including
green algae, yellow-green algae and cyanobacteria (e.g., lutein,
zeaxanthin, vaucheriaxanthin-like; Fig. 6) representing an increase
in the diversity of the phototrophic community. The reappearance
of phaeophorbide a is likely related to increased grazing activity by
zooplankton and the development of a planktonic community; the
latter being supported by the sub-dominance of the tychoplank-
tonic diatom species S. pinnata. The presence (although in small
numbers) of some typical aerophilic diatoms could be associated
with the development of moss communities like those present on
the north-western shores of the lake, fed by small, braided melt-
water streams. The presence of Euglypha type plates in this zone
could corroborate this interpretation, pointing to moss growth in
the catchment or littoral area of the lake (Vincke et al., 2006;
Douglas and Smol, 2001). The near dominance of alloxanthin
towards the top of this zone suggests that this period ended with
major cryptophyte blooms. Collectively this period is consistent
with a warmer climate and longer ice-free periods.

This period of increased primary productivity in Beak coincides
with a period of increased diatom abundance in southern Prince
Gustav Channel from 4270 to 3530 cal yr BP towards a peak
between 2840 and 1340 cal yr BP (Haworth et al., pers. comm.). It is
likely an expression of theMid-late Holocene Hypsithermal (MHH),
a warm period found in several parts of the AP and elsewhere in
Antarctica (Hodgson et al., 2004; Verleyen et al., 2011). The exact
timing of this event is however still inadequately resolved around
the continent (Hodgson et al., 2009). At nearby James Ross Island it
is seen in lake sediment records between c. 4680 and 3120 cal yr BP
(4000 and 3000 14C yr BP; Björck et al., 1996), although the dating
resolution of this study is limited to 2-3 radiocarbon dates per core.
Better-dated records (14 radiocarbon dates) west of the Antarctic
Peninsula, in the South Shetland Islands date the MHH at c.
4380e2530 with an optimum slightly after 3120 cal yr BP
(4000e2500 and 3000 14C yr BP; Björck et al., 1993).

Similarly, to the north in the South Orkney Islands well-dated
records (13e16 radiocarbon dates) place the MHH between 3800
and 1400 cal yr BP (Jones et al., 2000; Hodgson and Convey, 2005).
This suggests that the onset of warming at Beak Island was buffered
by the cooler climate systems of theWeddell Sea Gyre to the east of
the Peninsula. Less precisely dated (due to marine reservoir effects)
evidence for a warm period along the eastern margin of the AP
suggests a previous collapse of the Prince Gustav Channel Ice Shelf
further South in the Prince Gustav Channel ending at c. 1900 14C BP,
when the ice shelf reformed (Pudsey & Evans, 2001), and in the
Larsen-A region, fluctuations in ice shelf stability/extent were
recorded at c. 3800, 2100 and 1400 yr BP (Brachfeld et al., 2003).
Interestingly, this warm period postdates the maximum Holocene
warming seen in ice cores from the continental plateau (Fig. 7).

5.6. 2120 to 543 cal yr BP: climate deterioration

From 2120 cal yr BP there was a marked decline in total pigment
concentrations and a return to lower organic content. A rise in
B. minor and Psammothidium abundans, which are typically asso-
ciated with low nutrients, and the low carbonate content (LOI950)
might indicate more acidic conditions, associated with the estab-
lishment of benthic mosses which can have an acidifying influence
on their direct environment (Wetzel, 2001) and which have been
used as indicators of low productivity and low nutrient conditions
in similar lakes in the AP region (Gibson and Zale, 2006). Alterna-
tively, B. minor, which elsewhere is found in terrestrial moss
habitats, may have been washed in from the marginal moss banks.

This period of low pigment concentrations, low nutrient
conditions and possible acidity in the lake starting 2120 cal yr BP is
interpreted as a climate cooling signal but slightly predates
reconstructions in other regions of the AP, where a neoglacial
cooling is only inferred for the past 1500 years (see Bentley et al.,
2009). This earlier onset can possibly be attributed to the cooling
effect of the Weddell Sea Gyre and corresponds with the refor-
mation of ice shelves in the Prince Gustav Channel (1900 14C BP;
Pudsey and Evans, 2001). In its later phase it is also consistent with
the ice shelf stability recorded in the Larsen-A region after 1400 yr
BP (Brachfeld et al., 2003), as well as neoglacial cooling in other
parts of the AP (e.g. the South Shetland Islands: Björck et al., 1991a,
1993; and Bransfield Strait: Fabrés et al., 2000) and east Antarctica
(Verleyen et al., 2011).

5.7. 543 cal yr BP to present: climate warming and recent
ecological changes

A number of changes occurred in the top c. 5 cm which con-
sisted of the most recent flocculent sediments together with
abundant moss shoots. These included a lower wet density,
a marked peak in organic content (LOI550; Fig. 4), an increase in
diatom species richness and an increase in species favoring
moderately high nutrient concentrations (e.g. Nitzschia frustulum/
inconspicua). For the diatoms a higher resolution analysis is
required to determine the statistical significance of this change
(Tavernier et al. unpubl. data). Similarly the response in the
pigments is less clear due to the limited dry weight of material
available for analysis. Nevertheless the positive shift in organic
content, diatom species richness and changing diatom species
composition occurred sometime after 543 cal yr BP. In its later
phase above 3 cm, this warming signal may be associated with the
measured increases in summer temperature at nearby Hope Bay
of þ0.41 �C per decade between 1946 and 2006 (Turner et al.,
2009). Similar recent temperature rises have been recorded
elsewhere in the AP (Vaughan et al., 2003; Bentley et al., 2009),
and elsewhere in Antarctica (Hodgson et al., 2006b). This
temperature increase has already affected the physical environ-
ment of the AP being linked to the recent recession of snowfields
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and glaciers (Cook et al., 2005), a reduction in the duration of sea
ice cover (Parkinson, 2002) and the disintegration of ice shelves
(e.g., Vaughan and Doake, 1996; Rott et al., 1998; Scambos et al.,
2003, Hodgson, 2011). This sediment core from Beak Island is
amongst the first records to show a lacustrine response to this
most recent period of rapid warming within a long-term historical
context beyond instrumental records (cf. Quayle et al., 2002). It
therefore mirrors similar studies in the Arctic where the
temperature rises since the industrial revolution have resulted in
significant regime shifts in lake ecosystems (e.g., Smol et al., 2005;
Smol and Douglas, 2007).

6. Conclusions

This study has provided newwell-dated multi proxy constraints
on Holocene climate and environmental changes at Beak Island in
the Prince Gustav Channel region north of James Ross Island. These
include:

1. Establishing aminimum age for deglaciation of the study site of
10,602 cal yr BP from the presence of marine sediments and sea
ice diatoms. This is similar to the minimum age of 10,605 cal yr
BP measured on foraminifera in a marine sediment core on the
inner continental shelf of the north-western Weddell Sea and
with geomagnetic intensity ages of 10,700 � 700 from the
inner Larsen-A Ice Shelf region, suggesting a broadly synchro-
nous disintegration of the north eastern part of the Antarctic
Peninsula Ice Sheet at this time. Reconstructions of relative sea
level change at Beak Island support this early Holocene
deglaciation.

2. Evidence that the deglaciation post-dated the transition from
a grounded ice stream to a floating ice shelf in Prince Gustav
Channel, because iceberg rafted debris and sea ice diatoms
were present in the Beak Lake1 sediment record from
10,602 cal yr BP.

3. Identifying a transition from nearly permanent sea ice cover
and high iceberg concentrations to a seasonally open marine
environment around 9372 cal yr BP. This broadly corresponds
with the early retreat and disintegration of the ice shelf in
southern Prince Gustav Channel.

4. Inferring relatively cool climate conditions between 6407 and
3169 cal yr BP.

5. Constraining the local timing of the Mid-late Holocene climate
optimum to between 3169 and 2120 cal yr BP based on indi-
cators of biological production. This onset postdates the onset
of the MHH in the South Shetland Islands (4380 cal yr BP) and
the South Orkney Islands (3800 cal yr BP) suggesting that
cooler conditions in the Weddell Sea Gyre to the east of the
Peninsula may have buffered the onset of warming. The warm
period coincides with a previous collapse of the Prince Gustav
Channel Ice Shelf which ended at c. 1900 14C BP, when the ice
shelf reformed, and fluctuations in ice shelf stability/extent in
the Larsen-A region, which were recorded until c. 1400 yr BP.

6. Constraining the return of cooler climate conditions from 2120
to 543 cal yr BP from a decrease in lake production and
comparing this with evidence for neoglacial cooling elsewhere
in Antarctica.

7. Finding evidence of an increase in the lake’s primary produc-
tion after 543 cal yr BP and a shift in the diatom communities in
the upper 3 cm, and relating this to the recent measured
regional warming trend at Hope Bay. This is amongst the first
records to show an initial warming from 543 cal yr BP, followed
by a lacustrine response to the most recent period of rapid
warming within a long-term historical context and will be the
subject of further study.
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