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ABSTRACT: The transition from the late Pleistocene to the Holocene (30 000–5000 years ago) was a period of
considerable climate variability, which has been associated with changes in deep water formation and the intensity
of the Meridional Overturning Circulation. Although numerous records exist across the North Atlantic region, few
Antarctic ice core records have been obtained from the south. Here we exploit the potential of upwelling ancient
ice – so-called blue ice areas (BIAs) – from the Patriot Hills in the Ellsworth Mountains to derive the first deuterium
isotope record (dD) from continental Antarctica south of the Weddell Sea. Gas analysis and glaciological
considerations provide a first relative chronology. Inferred temperature trends from the Patriot Hills BIA and snow
pit suggest changing climate influences during the transition between the last glacial period and Holocene. Under
modern conditions, the interplay between the Antarctic high-pressure system and the Southern Annular Mode
appears to play a significant role in controlling katabatic wind flow over the site while the BIA record suggests that
greater sea ice extent during the last glacial period was a major control. Our results demonstrate the considerable
potential of the Patriot Hills site for reconstructing past climate change in the south Atlantic region.
Copyright # 2013 John Wiley & Sons, Ltd.
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Introduction

The transition from the late Pleistocene to the mid-Holocene
(30 000–5000 calendar years ago before C.E. 1950 or
30–5 cal ka) in the North Atlantic region was characterized
by a series of abrupt climatic events. The most prominent
features were the end of the Last Glacial Maximum (LGM), at
around 19 cal ka, rapid warming at 14.65 cal ka on the
Greenland Ice-Core Chronology 2005 (GICC05; the start of
the ‘Bølling’, or GI-1 in the Greenland Ice-Core isotope
stratigraphy) and a period of severe cooling referred to as the
Younger Dryas Stadial (YD or GS-1) dated to between 12.85
and 11.65 cal ka (Rasmussen et al., 2006; Walker et al.,
2009; Blockley et al., 2012). In the Southern Hemisphere
(SH), the most detailed records of temperature come from
Antarctic ice cores, providing precise and accurate recon-
structions on millennial and glacial–interglacial timescales
that help inform on regional, hemispheric and global mecha-
nisms of change (Pedro et al., 2011) (Fig. 1A).
An intriguing observation over this period and during

previous deglaciations is that temperature trends appear to have
been largely asynchronous between the hemispheres (EPICA,
2006). The Antarctic records (e.g. EDML, Byrd and Law Dome)
preserve a coherent trend through the deglaciation, character-
ized by a long gradual warming commencing around
18 cal ka, interrupted by the so-called Antarctic Cold Reversal
(ACR; �15–13 cal ka), and then continued warming into the
early Holocene (Morgan et al., 2002; Pedro et al., 2011;
Mayewski et al., 2013). All these Antarctic records show a very
different deglacial pattern from that recorded in the North

Atlantic (Rasmussen et al., 2006; Turney et al., 2006a, 2006b;
Lowe et al., 2008), with the ACR clearly preceding the Younger
Dryas stadial (EPICA, 2006; Pedro et al., 2011).
Comparisons between these polar climate reconstructions

raise questions over how the global oceanic circulation
system responds/drives abrupt climate change. Many of these
hypotheses revolve around changes in deep water formation
and the intensity of the Atlantic Meridional Overturning
Circulation (MOC), with associated changes in SH westerly
airflow (Toggweiler et al., 2006; Sijp and England, 2009). A
popular view is an anti-phase reorganization of the MOC
between the two hemispheres because of imbalances in the
rate of formation of North Atlantic and Southern Ocean deep
and intermediate waters, with the latter acting as a heat
reservoir (Stocker and Johnsen, 2003). This results in contrast-
ing temperature regimes in the two hemispheres; periods of
maximum cooling in the North Atlantic appear to coincide
with warming and iceberg rafting over the Southern Ocean
(Kanfoush et al., 2002; EPICA, 2006).
There is a remarkable dearth of sites spanning the Last

Glacial Termination to the early Holocene Termination in the
southern Atlantic Ocean. Glaciomarine sediments provide
minimum age estimates of grounded ice retreat of the Rønne-
Filchner Shelf from 19 ka BP (uncorrected radiocarbon)
(Hillenbrand et al., 2013) but the only ice core records from
the Weddell Sea region are those obtained from James Ross
Island (Mulvaney et al., 2012) and Berkner Island (Mulvaney
et al., 2007), although no multi-millennial isotope record has
yet been reported from the latter. All the other records
spanning this period are from remote locations and either
connected through the Antarctic Coastal Current or reliant on
inferred atmospheric teleconnections.
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Given the remote nature of the region, and the logistical
expense of ice coring, an alternative approach to developing
new ice records in the region is the exploitation of blue ice
areas (BIAs) (Whillans and Cassidy, 1983; Korotkikh et al.,
2011; Spaulding et al., 2012). BIAs are formed in areas of
negative surface mass balance, where the ice is exposed on
the surface due to ablation, with no persistent snow and thus
no accumulation. These unusual locations develop close to
mountains or nunataks, where changes in elevation of the ice
sheet surface lead to strong prevailing katabatic airflow which
cause high levels of sublimation, driving a negative mass
balance and leading to local net ablation (Bintanja, 1999;
Sinisalo and Moore, 2010; Spaulding et al., 2012). As ice
flow compensates for ablation, regional ice flow can be
redirected towards the ablation area, causing older ice to
be brought up to the surface (Whillans and Cassidy, 1983).
This effectively means, by crossing BIAs with high rates of
ablation, one is travelling over an increasing old ice surface.
As a result, there is the potential to obtain long, highly
resolved climate records by collecting a surface ‘ice se-
quence’ as opposed to a vertical one. Highly detailed
temperature reconstructions have been obtained from BIAs in
other regions, such as the Last Interglacial record from Mount
Moulton in Marie Byrd Land (Korotkikh et al., 2011), but to
date none has been investigated in the Weddell Sea region.
Here we report a new climate reconstruction from a West
Antarctic BIA called the Patriot Hills and demonstrate the
considerable potential this archive has for generating highly
resolved climate records from the Weddell Sea.

Glaciological setting

The Patriot Hills is a small mountain range (approximately
8 km long) at the end of Horseshoe Valley, located at the

southernmost extent of the Ellsworth Mountains in West
Antarctica (80˚180S, 81˚210W; Fig. 1B). The highest summits
protrude some 400–600m above the surrounding ice sheet,
the latter spanning an altitude of 1100m above sea level at
the head of the valley to 800m at the Patriot Hills. These
summits mark the transition between the polar plateau and
the grounding line of the West Antarctic Ice Sheet (WAIS) in
this region. The local climate is dominated by southerly and
south-westerly prevailing dry katabatic winds with mean
wind speeds of 5m s�1 (but can reach in excess of 20m s�1)
while precipitation is principally delivered via frontal
systems originating in the Weddell Sea (Wendt et al., 2009).
The ice flowing from the Horseshoe Valley coalesces
with the Institute Ice Stream and from there into Hercules
Inlet, supporting the extensive Rønne Ice Shelf (approxi-
mately 50 km north-east of the Patriot Hills), on the southern
edge of the Weddell Sea. The BIA lies alongside the northern
side of the Patriot Hills and before 2010 was the landing
strip for Antarctic Logistics and Expeditions (ALE), which
operated in the area for 25 years. ALE have since relocated
their logistical hub to a BIA on the Union Glacier (some
60 km to the north-west), providing a unique opportunity to
sample the Patriot Hills BIA as a possible palaeoclimate
archive.
Horseshoe Valley has an unusual glaciological setting,

being a locally sourced valley glacier that coalesces with
the Institute Ice Stream close to the grounding line of the
WAIS in the Weddell Sea. Glaciological and geomorpho-
logical evidence suggests that the Horseshoe Valley has
remained isolated throughout the last glacial cycle, and that
ice within the valley is most probably local in origin.
Previous work has placed upper limits on the thickening of
the ice locally and regionally since the LGM (Bentley et al.,
2010; Fogwill et al., 2012). The identification of weathered

Figure 1. (A) The Antarctic and Southern Ocean region, showing the location of the Patriot Hills within the context of the principal global climate–
ocean systems and key sites discussed in the text (Mayewski et al., 2009). (B,C) Transect and sampling locations on the Patriot Hills blue ice,
Horseshoe Valley, Ellsworth Mountains. This figure is available in colour online at wileyonlinelibrary.com.
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and iron-stained erratics, yielding a cluster of exposure ages
>400 cal ka (Fogwill et al., 2012) on the uppermost
weathered slopes of the Patriot Hills implies that there has
been no inundation by the WAIS over the surrounding
escarpments during the last glacial cycle, and that Horse-
shoe Valley has remained glaciologically isolated. This
interpretation is supported by recent work which demon-
strated that the Ellsworth Trough abutting the Ellsworth–
Whitmore Mountains Block preferentially drains ice
from the WAIS interior down into the Institute Ice Stream
(Jordan et al., 2013), suggesting the hypothesized input
from local outlet glaciers is negligible (Casassa et al.,
2004; Wendt et al., 2009). It therefore appears that
Horseshoe Valley is effectively isolated from West Antarctic
ice flow.
Using a ground-based radio echo sounding and differential

GPS, previous studies have attempted to map the surface and
subglacial topography of the BIA, as well as characterize the
regional mass balance and ice flow (Casassa et al., 2004;
Wendt et al., 2009). Although the general ice flow direction
is from the north-west to south-east (towards the Institute Ice
Stream), pervasive katabatic winds from the ice-sheet interior
cross the axis of the escarpment, resulting in maximum
ablation values of –170 kgm�2 a�1� effectively 15–20 cm of
ablation per year across the surface� sustaining the BIA
(Casassa et al., 2004); englacial layers manifest themselves as
surface debris bands, supporting the interpretation of negative
mass balance (Rivera et al., 2013) and lateral flow towards
the range (Fig. 2). Detailed glaciological surveys undertaken
across the valley suggests that Horseshoe Valley is today in
mass balance (Casassa et al., 2004), with an integrated
accumulation in the valley upstream of 0.11� 0.04 km3 a�1

and a net accumulation rate of 100 kgm�2 a�1.
These glaciological observations have important implica-

tions for our investigation into the palaeoclimatic value of the
Patriot Hills BIA. Not only does the altitude of Horseshoe
Valley respond directly to the thickness of the Institute Ice
Stream but, more importantly, the ice appears to be locally
derived, thereby providing a potential record of change in the
immediate area over at least the last glacial cycle. To
investigate the age of the ice outcropping at the Patriot Hills
BIA, a detailed programme of surveying and sampling was
undertaken in January 2012.

Materials and methods

Samples from the blue ice site were taken along an 800-m
transect from 80.31743˚S, 81.39904˚W to 80.1059˚S,
81.38558˚W (Fig. 1C) in January 2012 and analysed for
deuterium (dD) and for trace gases concentration (CH4, CO2,
CO, N2O and d13C-CO2) during the same year. The transect
started outside the debris bands furthest from the Patriot Hills
to avoid any contamination of the gas and stable isotope
samples.
Surface ice samples along the BIA were taken for dD analysis

at a minimum sampling resolution of 10m and increased to
5m along the steeper 400m of the transect towards the Patriot
Hills. A small pyramid of ice (measuring approximately 5�5�
5cm) was cut using an electric chain saw out from the surface,
the debris swept clear and a sample was taken (avoiding most
visible fractures in the ice); there was no evidence of surface
refreezing from the level at which the samples were taken. The
samples of ice were put into sterilized centrifuge tubes and
kept frozen. To assess the quality of our surface samples, five
trenches were excavated with an electric chain saw down to a
depth of 70 cm, every 200m along the transect. Individual
blocks of ice weighing a minimum of 1 kg were removed from
30 and 70cm depth and kept frozen in sealed plastic sheeting
for gas analysis in Australia. Alongside these efforts, a 3-m-deep
snow pit was excavated approximately 4 km from the transect
(80.27861˚S, 81.24944˚W). Contiguous 5-cm samples were
taken for modern dD measurements to derive an estimate of the
seasonal cycle.
dD measurements were made on transect and pit samples

at the Australian Antarctic Division Isotope Laboratory using
an online chromium reduction method on a EuroVector
EuroPyrOH-HT system interfaced in continuous flow mode to
an Isoprime isotope ratio mass spectrometer. Analytical
precision is <0.5‰ and dD values are expressed relative to
the Vienna Standard Mean Ocean Water 2 (VSMOW2). Gas
samples were extracted from the blocks of ice at CSIRO using
a dry extraction ‘cheese grater’ and cryogenic trapping
technique (Etheridge et al., 1996), with minor alterations
(Rubino et al., 2013). The trapped air samples were analysed
by gas chromatography (GC) and the trace gas concentrations
are reported on the calibration scales maintained by CSIRO
GASLAB (Francey et al., 2003).

Figure 2. Radar profile from the Patriot Hills
acquired with a 2.5-MHz radio echo sounder. Ice
thickness was calculated using a cold ice radar
wave propagation speed of 0.168mns�1. The
profile began close to the BIA margin, and moved
to the north for about 2.5 km recording ice
thickness of up to 600m defining the internal
layer structure exposed on the surface of the BIA.
The strong internal layer marked IL can be
followed up to the surface, where a moraine belt
is visible on the ground. BC corresponds to
approximate location of a base camp where
VHF communication distorted the radar data
(vertical noise).
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Results and discussion

Blue Ice Area

The gas samples from the trenches support the interpretation
that the ice closest to the Patriot Hills is oldest (Fig. 3) as
shown by both the decrease in concentration of most trace
gases and the decrease in d18O-CO2, the latter a measure of
exchange of oxygen isotopes between CO2 and H2O in the
ice, in turn dependent on the temperature of the site and CO2

age (Assonov et al., 2005). The poor reproducibility of
measurements from within the trenches, however, suggests
some trace gases have been produced either in situ (within
the ice at Patriot Hills) or during sampling, transport and
storage. This is supported by the high concentrations of CO

and the relatively low d13C-CO2, consistent with production
of trace gases from organic molecules, as found in Greenland
ice (Francey et al., 1997; Jenk et al., 2012). Future work will
focus on samples from greater depth (>3m) to derive gas
measurements representative of the time of ice formation.
Regardless, the lowest values measured for CH4, CO2 and
N2O were obtained from Trenches 1 and 2, consistent with
the ice being of late Pleistocene age while the samples
obtained from Trenches 4 and 5 are most probably Holocene
(EPICA, 2006; Joos and Spahni, 2008; Schmitt et al., 2012;
Fig. 3).
The overall dD profile from the surface ice is consistent

with a late Pleistocene to Holocene age for the Patriot Hills
ice (Fig. 4). The isotopic values obtained from 0 to 300m
along the transect have an average dD value of –345‰ and
then rise to values that generally exceed –290‰ between 350
and 800m along the transect. The overall trend broadly
mirrors other late Pleistocene and early Holocene records
obtained from across Antarctica (Blunier and Brook, 2001;
EPICA, 2006; Pedro et al., 2011; Fig. 4).
Due to the paucity of contemporary data in the region,

contiguous 5-cm-long dD values were measured from the
shallow snow pit near the BIA. Given the small catchment of
Horseshoe Valley (1087� 100 km2; Casassa et al., 2004), the
location of the snow pit can be taken as representative of the
climate conditions in the area. Although it is not currently
possible to assign an absolute age model to this profile (Fig.
4), the large inferred seasonal swings in temperature suggest
that at least 5 years are preserved within the upper 3m, with
some evidence for higher snowfall during the spring and
autumn, but no evidence of diffusion of dD with depth.
Importantly, the average value from the snow pit is compara-
ble with those samples taken furthest along the BIA transect,
supporting a Holocene interpretation for this part of the
sequence (Fig. 4).
Intriguingly, within the parts of the profile identified here as

late Pleistocene and Holocene, significant variability is
recognized. Within the late Pleistocene, we identify a range
of 52‰ in dD; in the Holocene, we observe an even larger
range of some 82‰. Given the large seasonal range in values
from the shallow snow pit, 10 contiguous 2.5-cm-long
isotopic samples were measured in the trenches. All record
relatively small differences (T1: –346.4�2.0‰ (n¼ 4); T2:
–348.8�2.8‰ (n¼ 9); T3: –242.0� 2.5‰ (n¼10); T4:
–282.9�6.8‰ (n¼10); T5: –244.2� 0.8‰ (n¼ 10)), suggest-
ing the isotopic values do not reflect intra-annual variability.
Instead, it seems more likely that the isotopic measurements
obtained along the 800-m Patriot Hills BIA transect represents
multi-year to decadal variability. Using the dD–temperature
relationship of 6.34�0.09‰ per ˚C for Antarctica (Masson-
Delmotte et al., 2008) as a first-order estimate of temperature
– consistent with the recently reported James Ross Island
(Abram et al., 2011) – the isotopic values suggest a range in
temperature of 8 and 13 ˚C during the late Pleistocene and
Holocene, although whether changes in the seasonality of
snowfall and/or the potentially higher resolution of the
Holocene part of the sequence might explain part or all of
this variability remains to be determined.
Unfortunately, developing a precise and accurate chronol-

ogy for the Patriot Hills sequence is currently not possible
given the dating uncertainties associated with the surface gas
samples. Nevertheless, the cosmogenic evidence (implying
local ice formation) and the gas measurements (indicating
older ice towards the Patriot Hills) suggest the record spans
somewhere between 30 and 5 cal ka, which implies a
resolution of 30 years m�1 across the transect. High-
resolution ground-penetrating radar will help to refine this

Figure 3. Gas analyses obtained from trenches 1–5. (A) CH4, (B) CO2,
(C) N2O, (D) CO, (E) d13C-CO2, (F) d

18O-CO2 (‰). Circles denote
samples taken from 70 cm depth; triangles 30 cm depth. Grey
horizontal bar denotes Holocene values (Joos and Spahni, 2008). This
figure is available in colour online at wileyonlinelibrary.com.
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value considerably in the future. Regardless, although the
overall trend is consistent with other Antarctic records from
this period, the variability in isotopic values in the BIA at
Patriot Hills is considerably greater (Blunier and Brook, 2001;
EPICA, 2006; Pedro et al., 2011), suggesting that there were
significant changes in temperature and/or source of precipita-
tion during both the late Pleistocene and Holocene.

Contemporary controls on local climate

Unfortunately, there are limited observational data for the
Patriot Hills site, with measurements recorded only for the
summer seasons of 2008–2010. To explore the climatic
influences on the Patriot Hills area we therefore investigated
the ERA-Interim data monthly mean of daily mean data for
the period 1979–2012 (34 years) obtained from data-portal.
ecmwf.int/data/d/interim_moda/. Analyses were made with
KNMI Climate Explorer (climexp.knmi.nl/) (van Oldenborgh
and Burgers, 2005). Temperatures over the Patriot Hills were
extracted from 850 hPa (consistent with the observed delivery
of moisture associated with frontal systems) and compared
against a variety of different climate modes and sea ice
extent. Here we report the results of monthly and annual
correlations against: Weddell Sea ice extent anomaly (derived
using a bootstrap algorithm, from NASA National Snow and
Ice Data Center; nsidc.org/data/smmr_ssmi_ancillary/regions/
weddell.html); the Southern Annular Mode (SAM as defined
by Marshall (2003); www.nerc-bas.ac.uk/icd/gjma/sam.html)
and the El Ni~no-Southern Oscillation Nino 3.4 region of the
central Pacific (ENSO; NOAA Climate Prediction Centre;
www.cpc.ncep.noaa.gov/data/indices/) (Table 1).
The results of our analyses suggest little if any modern

influence of ENSO or sea ice extent in the Weddell Sea on
the Patriot Hills over the period 1979–2012 (Table 1). Instead,
the dominant control appears to be SAM, which has a
statistically significant negative relationship with temperatures
over the Patriot Hills throughout the year (apart from October)

(producing an annual negative correlation with an r value of
0.64); i.e. when SAM is in a negative phase, the temperature
at Patriot Hills increases; when positive, Patriot Hills is
cooler. To explore this relationship further we undertook
spatial correlations between the Patriot Hills temperatures
and the zonal and meridional wind components in the SH
(Fig. 5). We observe a weakening of the SH westerlies close
to Antarctica and enhanced westerly airflow at mid-latitudes
during warmer periods over the Patriot Hills (associated with
a negative SAM; Fig. 5A), associated with increased meridio-
nal airflow at 850 hPa. Previous work has suggested this
region is heavily influenced by storm tracks originating from

Figure 4. Comparison between
the new Patriot Hills dD record,
the North Greenland ice core
d18O (Rasmussen et al., 2006)
and the EPICA EDML d18O record
(EPICA, 2006) (on the GICC05
timescale). Locations of trenches
1–5 (T1–5) are shown along the
transect. Contemporary dD values
over the last 5 years (obtained
from the surface 3-m snow pit/
core) are shown alongside the
isotopic profile of Patriot Hills.
Grey columns are inferred points
of correlation. LGIT, Last Glacial–
Interglacial Transition. This figure
is available in colour online at
wileyonlinelibrary.com.
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Table 1. Correlations between temperature from 850-hPa tempera-
ture (extracted from ERA-interim, 1979 to present), Weddell Sea ice
extent anomaly (NASA NSIDC), the Southern Annular Mode
(Marshall, 2003) and the El Ni~no-Southern Oscillation Nino 3.4
region of the central Pacific (NOAA CPC).

Weddell Sea
ice extent
anomaly

(NASA NSDIC)

Southern
Annular Mode
(Marshall, 2003)

Nino 3.4
(NOAA CPC)

January �0.315 �0.545��� 0.285
February 0.082 �0.586��� 0.206
March �0.356� �0.528�� �0.103
April 0.243 �0.413� 0.006
May �0.229 �0.505�� 0.182
June 0.036 �0.349� �0.142
July �0.096 �0.733��� �0.046
August �0.016 �0.457�� �0.376�

September 0.188 �0.550��� �0.197
October �0.011 �0.165 0.049
November �0.161 �0.662��� 0.332
December �0.128 �0.534�� 0.171
Annual �0.052 �0.636��� �0.037

Statistical probabilities: �< 0.05; ��< 0.01; ���< 0.001.
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the South Atlantic or developing over the Weddell Sea due to
blocking by the Antarctic Peninsula, which penetrate the
west Antarctic (Noone et al., 1999; Reijmer and Broeke,
2001; Abram et al., 2007). In marked contrast, however,
we observe southerly (positive) flow over the Patriot Hills into
the Weddell Sea (Fig. 5B) which appears to be linked to an
expansion of the Antarctic high-pressure system (Fig. 5C).
The above relationships can best be explained by enhanced

katabatic wind flow over the Patriot Hills site. Using data
collected during the ill-fated British Antarctic (Terra Nova)
Expedition of 1910–1913, meteorologist George Simpson was
one of the first to describe the physical characteristics of the
Antarctic katabatic wind systems (Simpson, 1919, 1923). The
phenomenon is well documented in both the austral summer
and winter and is often simply described as the accelerating
flow of cold, dense air from the interior plateau, funnelled
and deflected by topography (Parish and Bromwich, 1987).
The vertical velocity changes over the Antarctic interior,
however, can modify the temperature regime by means of
enhanced subsidence of air several degrees warmer than the
surface, increased further by adiabatic heating (Simpson,
1919; Hudson and Brandt, 2005). Furthermore, as noted by
Simpson, within the airstream itself a temperature inversion
also develops, with net warming at the surface locally due to
vertical mixing in the lower tens of metres of the atmosphere.
This effect has been demonstrated by satellite remote sensing,
where thermal IR recognizes a warm surface katabatic
signature, that can raise the local temperature >10 ˚C
(Bromwich et al., 1993). The practical upshot is that within a
katabatic wind, the airstream itself is warmer than surround-
ing air masses towards the surface but colder at higher
altitude, so much so that taken up to the boundary layer, the
katabatic airflow remains negatively buoyant while warming
the surface downstream at the coast (Bromwich et al., 1993).
The expansion of the Antarctic high-pressure system over the
coastal margin (Fig. 5C) during negative phases of the SAM
(Fig. 5A) therefore appears to result in a net pressure gradient
force, enhancing downslope flow (Parish and Bromwich,
2007) (Fig. 5B), and resulting in higher temperatures over the
Patriot Hills.

Interpretation of past trends

Although the relationship between modern temperatures in
the Patriot Hills and the SAM appear strong, this cannot
explain the observed trends during the full glacial period. The

lower temperatures inferred from the oldest dD values would
imply poleward westerly airflow, whereas LGM winds appear
to have been centred over present-day/more northern lat-
itudes (Hesse, 1994; Sime et al., 2013) when sea ice was
greatly expanded (Roche et al., 2012), consistent with a large
meridional temperature gradient at this time (Rind, 1998).
Instead, the more heavily fractionated isotopic content of the
BIA closest to Patriot Hills is consistent with the larger extent
of sea ice and the inferred colder conditions during the
glacial period (Fig. 4) (EPICA, 2006; Bentley et al., 2010).
The relatively large variability in the Patriot Hills record,

however, suggests there were periods of significantly reduced
fractionation, implying intermittent open water during the
late Pleistocene (Smith et al., 2010; Weber et al., 2011). With
the retreat of the Rønne–Filchner Ice Shelf during the
Termination and the reduced proximity of source water to
site, contemporary conditions were established in the early
Holocene. If correct, the Patriot Hills warming during this
transition implies significant reorganization of regional atmo-
spheric circulation, probably related to grounding line retreat
in the Weddell Sea (Fig. 4). Further work to refine the
chronology and other proxies contained in the ice will allow
us to explore the timing and phasing of these events in greater
detail.
These results suggest BIAs hold considerable promise for

developing high-resolution records across Antarctica. Within
the Ellsworth Mountains, BIAs appear to provide new valuable
(and cost-effective) palaeotemperature archives for recon-
structing past change in the circum-Weddell Sea. The Patriot
Hills record is highly sensitive to climate in the region and the
broader South Atlantic, offering the potential to precisely
compare ice records at either end of the MOC. These results
support the growing body of evidence that BIAs may greatly
complement ice core records across the continent.
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BA C

Figure 5. Spatial correlations between annual temperature over the Patriot Hills, West Antarctica, and zonal (A) and meridional (B) wind stress, and
pressure height (C) at 850 hPa (derived from ERA-interim 1979 to present). Base maps were produced using KNMI Climate Explorer (van Oldenborgh
and Burgers, 2005). The solid square marks the location of the Patriot Hills site. This figure is available in colour online at wileyonlinelibrary.com.
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Abbreviations. ACR, Antarctic Cold Reversal; ALE, Antarctic Logistics
and Expeditions; BIA, blue ice area; LGM, Last Glacial Maximum;
MOC, Meridional Ocean Circulation; SAM, Southern Annular Mode;
SH, Southern Hemisphere; WAIS, West Antarctic Ice Sheet.
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