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ABSTRACT
Understanding the Holocene is particularly important for providing the context for recent ice sheet
dynamics –i.e. understanding whether current ice sheet dynamics are unusual or part of Holocene
natural variability (Bentley et al., 2014). Knowledge on the most recent millennia of Antarctic Ice
Sheet history is vital for evaluating the response of the ice sheet to various forcing agents, such as
sea-level rise, atmospheric and oceanographic temperature changes, and for constraining
grounding-line retreat on Holocene to recent time scales (Bentley et al., 2014). The main objective
of this thesis is to add new data to reconstruct the Holocene deglaciation history of King George
Island, South Shetland Islands, northwest Antarctic Peninsula, by investigating morpho-sedimentary
records of glacigenic and coastal landforms and associated sediments from the on-shore ice-free
areas around Maxwell Bay (King George Island), namely Potter Peninsula and Fildes Peninsulas.

In order to accomplish the thesis objectives, I used (i) cosmogenic exposure dating and radiocarbon
dating for absolute chronological constraints; (ii) stratigraphy and sedimentology for relative
chronological constraints and reconstruction of paleoenvironmental conditions; (iii)
geomorphological mapping for spatial distribution of landsystems; (iv) and ground-penetrating radar
(GPR) investigations for the study of internal sedimentary architecture of coastal landforms.

Radiocarbon dating results yield new age constraints for the onset of deglaciation on Potter
Peninsula, which occurred around at or before 7.8 ka cal BP instead of an earlier accepted age of
9.5 ka cal BP. I provide additional evidence for a short-lived glacier re-advance between 7.2 and 7.0
ka cal BP. This re-advance is likely linked to a glacier re-advance or still-stand documented on
South Shetland Islands for that time period. Nevertheless, climatic conditions associated with this
glacial re-advance remain unclear. In contrast, on Fildes Peninsula, exposure and radiocarbon
dating indicate that glacial oscillations were minimal during the last 7 ka. I applied radiocarbon
dating to remnants of mosses preserved in moraines. The moraines were formed close to the
present glacier limit between 0.5 and 0.1 ka cal BP, during the last glacier re-advance in South
Shetland Islands. This advance is linked to reductions in summer/annual insolation coupled with a
shift to more intense Southern Hemisphere westerly winds in the Southern Ocean. Stronger, and
possibly more poleward-shifted southern westerly winds produced more precipitation-laden storm
fronts passing over the South Shetland Islands and thus, increased ice accumulation.

The data also show that between 1.9 and 1.3 ka cal BP a climatic optimum was reached on Fildes
and Potter Peninsula, which lasted until the last glacier readvance. GPR investigations and
radiocarbon dating from a gravel spit system on Potter Peninsula document coastal progradation
during the late phase of the last glacier re-advance, with a stable relative sea-level. Results also
show an interruption of spit progradation that coincides with a proposed onset of accelerated
isostatic rebound in reaction to glacier retreat subsequent to the last glacier re-advance. Spit growth
resumed in the late 19th century after the rate of isostatic rebound decreased, and continues until
today.
The findings of this thesis support both, glacio-isostatic adjustment (GIA) models that show limited
and those which show more pronounced ice-load changes on the South Shetland Islands during the
late Holocene, suggesting that some GIA model parameters for the South Shetland Islands (e.g.,
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lithospheric thickness, mantle viscosity) need to be better constrained. Furthermore, my findings
have implications for regional paleoclimatic reconstructions and on ice sheet modeling for the
Holocene of the northwest Antarctic Peninsula region.
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ZUSAMMENFASSUNG
Das Verständnis über das Holozän ist besonders wichtig, um die gegenwärtige Eisschilddynamik in
den richtigen Kontext setzen zu können. So ist z.B. zu klären ob die derzeitige Eisschilddynamik
ungewöhnlich ist oder eher als Teil der Holozänen klimatische Schwankungen zu sehen ist (Bentley
et al., 2014). Kenntnis über die Entwicklung der antarktischen Eisschilde im letzten Jahrtausend ist
dabei sehr wichtig, um das Verhalten dieser Eisschilde gegenüber verschiedenen Faktoren wie z.B.
Meerespiegelanstieg,
atmosphärische
und
Schwankungen
von
Atmosphären
und
Wassertemperatur abzuschätzen, und um den Rückzug der Aufsetzlinie über Holozäne und rezente
Zeitskalen zu bestimmen. Ziel dieser Arbeit ist, neue Daten zur Rekonstruktion der Holozänen
Gletscherrückzugsgeschichte auf King George Island, den südlichen Shetland Inseln und der
nordwestlichen Antarktischen Halbinsel zu gewinnen. Die Rekonstruktion basiert auf morphosedimentären Studien von glazigene und küstennahe Landschaftsformen und ihrer assoziierten
Sedimenten der eisfreien Landgebiete in der Maxwell Bay (King George Island), namentlich der
Potter und Fildes Halbinsel.
Um die Ziele dieser Arbeit zu erreichen, habe ich folgende Methoden benutzt: (i) kosmogene
Expositionsdatierungen und Datierungen mit der Radiokarbon Methode für eine absolute zeitliche
Einordnung, (ii) stratigraphische und sedimentologische Methoden für relative Altersabschätzungen
und für die Rekonstruktion der paläo-Umweltbedingungen, (iii) Kartieren mit geomorphologischem
Schwerpunkt um die räumliche Verteilung der Landschaftssysteme zu erfassen (iv) und
Untersuchungen mit dem Bodenradar (Ground Penetrating Radar, GPR) um die interne
sedimentäre Struktur der küstennahen Landformen aufzulösen.
Ergebnisse der Radiokarbondatierung geben neue Altershinweise für das Einsetzen des
Gletscherrückzugs auf der Potter Halbinsel. Demnach setzte der Gletscherrückzug erst bei oder vor
ca. 7,8 ka cal BP ein, anstatt wie bisher angenommenem bei 9,5 ka cal BP. Meine Ergebnisse
geben überdies Hinweise auf einen kurzlebigen Gletschervorstoß zwischen 7,2 und 7,0 ka cal BP.
Dieser Gletschervorstoß steht wahrscheinlich im Zusammenhang mit einem Gletschervorstoß oder
Gletscherstillstand, der auf den ganzen Südlichen Shetland Inseln zu dieser Zeit dokumentiert ist.
Nichtdestotrotz bleiben die klimatischen Bedingungen, die mit diesem Gletschervorstoß in
Verbindung stehen, weiter unklar. Im Gegensatz dazu zeigen Expositions- und Radiokarbon Alter
auf der Fildes Halbinsel, dass glaziale Schwankungen während der letzten 7 ka minimal waren.
Überreste von in Moränen erhaltenen Moosen konnten mit der Radiokarbon Methode datiert
werden. Die Moränen entstanden in der Nähe der heutigen Gletscherfront zwischen 0,5 und 0,1 ka
cal BP, während des letzten Gletschervorstoßes auf den Südlichen Shetland Inseln. Dieser Vorstoß
wird im Zusammenhang mit der Verringerung der sommerlichen/jährlich Sonneneinstrahlung,
welche an stärkerwerdende Westwinde der Südhemisphäre im Südozean gekoppelt ist,
interpretiert: stärkere und womöglich mehr polwärts-verlagerte Westwinde sorgten für
niederschlagsreichere Sturmfronten über den Südlichen Shetland Inseln, wodurch es dort zu mehr
Eis Akkumulation kam.
Die Daten zeigen außerdem, dass zwischen 1,9 und 1,3 ka cal BP ein klimatisches Optimum auf
der Fildes und der Potter Halbinsel erreicht war. Dieses Optimum dauerte bis zum letzten
Gletschervorstoß an. Das Vorrücken während der letzten Phase des letzten Gletschervorstoßes bei
einem stabilen relativen Meeresspiegel wurde anhand von GPR-Untersuchungen und Radiokarbon
Datierungen eines Nehrung-Systems auf der Potter Halbinsel untersucht. Die Ergebnisse zeigen
außerdem, dass das Vorrücken der Hakenbildung unterbrochen wurde. Dabei fiel die
Unterbrechungsphase mit dem Einsetzen des beschleunigten isostatischen Zurückfederns in Folge
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des Gletscherrückzugs nach des letzten Gletschervorstoßes zusammen. Der Haken-Wachstum
th
begann erneut im späten 19 Jahrhundert, nachdem die Rate des isostatischen Zurückfedern
nachließ, und setzt sich bis heute fort.
Die Erkenntnisse dieser Arbeit unterstützen sowohl die Modelle der glazial-isostatische Anpassung
(GIA) mit beschränkter als auch die mit stärkterer Eismassen-Veränderungen auf den Südlichen
Shetland Inseln während des späten Holzäns. Dies legt nahe, dass einige GIA Modellparameter für
die Südlichen Shetland Inseln (z.B. Lithosphärenmächtigkeit, Mantelviskosität) besser bestimmt
werden müssen. Des Weiteren haben meine Erkenntnisse Auswirkungen auf regionale PaläoklimaRekonstruktionen und Eisschildmodellierungen für das Holozän der nordwestlichen Antarktischen
Halbinsel.
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CHAPTER 1: INTRODUCTION
1. AIMS OF THE STUDY
Although a relatively well-known deglaciation history after the Last Glacial
Maximum (LGM; 25-20 calibrated age in thousands of years before present, ka cal
BP) is now available for the Antarctic Peninsula region (Ó Cofaigh et al. 2014)(Fig.
1A), detailed information is lacking as on how deglaciation continued during the
Holocene and on the timing of Neoglacial readvances. Understanding the
Holocene is particularly important for providing the context for recent ice sheet
change, by revealing whether it is unusual or is a part of Holocene natural
variability (Bentley et al., 2014). The most recent millennia of Antarctic Ice Sheet
history are important for evaluating the response of the ice sheet to various forcing
agents such as sea-level rise, atmospheric and oceanographic temperature
changes, for constraining past rates of grounding-line retreat (Bentley et al., 2014),
and for the refinement of glacio-isostatic adjustment (GIA) models during this time
period. The Holocene ice-unloading history of the northern Antarctic Peninsula
region has long been debated (Roberts et al., 2011; Watcham et al., 2011;
Whitehouse et al., 2012; Simms et al., 2012; Simms et al., 2018). New field data
can help refine GIA models of post-LGM and Holocene deglaciation.

Figure 1. Geographic location of the working area. A) King George Island (KGI) belongs to the
South Shetland Islands, wich are on the northwestern tip of Antarctic Peninsula. B) KGI is framed
by the Drake Passage and the Bransfield Strait. Box marks the position of the study sites. C) Map of
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ice-free areas around Maxwell Bay. Contour lines are from Antarctic Digital Database
(http://www.add.scar.org/home/add7), bathymetry from GEBCO (Weatherall et al., 2015)

My research focuses on the Holocene terrestrial glacial chronology and related sea
level fluctuations and geomorphological development in King George Island. The
main objective of my work is to gain a better understanding of the nature and the
timing of the deglaciation and associated climate-controlled processes in the
northernmost part of the Western Antarctic Peninsula region. Thus, I am aiming at
reconstructing the post-LGM deglaciation history by investigating the terrestrial
record of different glacigenic and coastal landforms and associated materials
(raised beaches, beach ridges, spit systems, isolation basins, moss banks, glacial
erratics, moraines, etc.) from the on-shore ice-free areas around Maxwell Bay. To
do so, I used stratigraphy, cosmogenic exposure dating, radiocarbon dating,
geomorphological mapping and ground-penetrating radar (GPR) investigations.
2. SETTING
Located 120 km NW off of the Antarctic Peninsula, King George Island (62° 23′ S,
58° 27′ W) is the largest of the South Shetland Islands (SSI), (Fig. 1B). The island
group is framed by the Drake Passage towards the NW and the Bransfield Strait
towards the SE. At present, approximately 90% of King George Island’s surface is
covered by the Collins Ice Cap which has a maximum thickness of c. 400 meters
(Blindow et al., 2010) (Fig. 1C). King George Island is subject to a maritime climate
and regularly hit by cyclonic weather systems that move eastward along the Drake
Passage (Kejna et al., 2013). Strength of circumpolar westerly winds increased
since the 1970s, especially during the austral summer, accompanied by higher
cloudiness and precipitation (van den Broeke, 2000; Turner et al., 2005;
Stammerjohn et al., 2008; Montes-Hugo et al., 2009).
The annual mean air temperature on King George Island during the time period
1948 to 2011 CE was -2.5 ºC (Kejna et al., 2013), but temperatures are often
above zero during summer. However, the average annual temperature of the
South Shetland Islands has increased by almost 3°C since the middle of the last
century (Vaughan et al., 2003; Meredith and King, 2005), thus far exceeding
average global warming by 1.5-1.8ºC (Sánchez-Lugo et al., 2018). Warming
caused rapid glacial retreat (Steig et al., 2009; Osmanoğlu et al., 2013) resulting in
the collapse of many permafrost-related and glacigenic landforms (Bockheim et al.,
2013). Moreover, ice retreat exposed coastal areas characterized by moraines,
raised beaches, isolation basins and bedrock outcrops, leaving fresh exposures for
geomorphological and stratigraphic surveys. The ice-free areas are located mainly
around the southern bays of King George Island, which are the sites with the
greatest concentration of research activities in Antarctica. One of them is Maxwell
Bay, where Potter Peninsula and Fildes Peninsula are situated.
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2.1

Deglaciation of King George Island after the LGM

The Last Glacial Maximum (LGM) of the Antarctic Peninsula took place between
25-20 ka cal BP, when an ice sheet extended towards the shelf edge (Ó Cofaigh et
al., 2014). A smaller ice cap independent from that based on Antarctic Peninsula,
positioned at the outer continental shelf 50 km north of its present location covered
the South Shetland Islands (John & Sugden, 1971) (Fig. 2). In Maxwell Bay the ice
was grounded with a thickness of at least 570 m (Simms et al., 2011). Initial
deglaciation of the bay associated with decoupling of the ice sheet from the sea
floor occurred between 14.8 and 14.1 ka cal BP (Simms et al. 2011), whereas onland, deglaciation initiated not earlier than 15.5 ± 2.5 ka BP (Seong et al., 2008).
Following the onset of deglaciation, the ice sheet further retreated and became
floating with a stable position at 10.1 ka cal BP (Simms et al., 2011).

Figure 2. Extension of the LGM ice cap (blue full and dotted line) and its axis (red dotted line). The
dashed red line represents the ice cap axis. The white arrows indicate the direction of the ice flow
(after Simms te al., 2011). Antartic Peninsula (AP), South Shetland Island (SSI), King George Island
(KGI) and Livingston Island (LI). Bathymetric contours every 500 m ( Weatherall et al., 2015).

During the early Holocene, rapid glacial retreat took place in Maxwell Bay from
10.1 to 8.2 ka cal BP. The inner bay was ice free by 9.1 ka cal BP, and the entire
bay became ice free by 5.9 ka cal BP, except for the tributary fjords, including
Potter Cove, which were still filled with ice (Simms et al., 2011). On land, raised
beaches across the South Shetland Islands up to elevations of 18 m amsl (John
and Sugden, 1971; Fretwell et al., 2010; Hall, 2010) mark the isostatic rebound of
7

the island chain and surroundings in response to glacial retreat since the LGM
(John and Sugden, 1971; Barsch and Mäusbacher, 1986; Bentley et al., 2005,
Fretwell et al., 2010; Watcham et al., 2011). The raised beaches have been dated
with ages up to c. 6 ka cal BP (Barsch and Mäusbacher, 1986). The progressive
ice retreat is associated with the formation of glacial polished surfaces in Barton
and Weaver Peninsula (Fig. 1C), and with the onset of lake sedimentation in Fildes
and Byers Peninsula, Livingston Island (Fig. 2) between 10 and 8 ka BP (Seong et
al., 2008; Watcham et al., 2011; Toro et al., 2013; Oliva et al., 2016; Roberts et al.,
2017). Moreover, the first birds started to colonize ice-free areas in Potter
Peninsula at c. 7.5 ka cal BP (del Valle et al., 2007).
Deglaciation on land continued during the mid-Holocene Climatic Optimum (3.2-2.7
ka cal BP; Björk et al., 1991a and b), with glaciers retreating to positions landward
of their present limits. Formation of peat banks and lakes sediments and
establishments of bird colonies continued during that time (del Valle et al., 2002).
However, between c. 5.9 and 2.6 ka cal BP, sea surface temperatures decreased
and sea-ice cover increased in Maxwell Bay (Milliken et al., 2009). After that, a
neoglacial period commenced, with coves still filled with ice. The neoglacial period
ended at 1.7 ka cal BP (Simms et al., 2011).
Deglaciation of tributary fjords to Maxwell Bay initiated after 1.7 ka cal BP (Simms
et al., 2011; Wölfl et al., 2016). Marine and terrestrial records generally indicate
warmer temperatures between 1.4 and 0.55 ka cal BP and a cooler period between
0.55 and 0.05 ka cal BP, tentatively linked to the northern hemisphere Medieval
Warm Period and the Little Ice Age (LIA), respectively (Hall, 2007; Hass et al.,
2010; Monien et al., 2011; Majewski et al., 2012). The last glacier re-advance on
King George Island took place between 0.45 and 0.25 ka cal BP (Yoon et al., 2004;
Yoo et al., 2009; Simms et al., 2012). In Maxwell Bay, raised beaches at 7.5 to 4 m
masl show a morphogenetic relationship to moraines from former outlet glaciers
(John and Sugden, 1971; Sugden and John, 1973). Those beaches, termed “6-mbeaches” by John and Sugden (1971) interfinger with moraines regarded as
terminal moraines of the last glacial re-advance (Sugden & John, 1973; Clapperton
and Sugden, 1988, Simms et al., 2012). This indicates that such moraines formed
coeval with the 6-m-beaches during the last glacial re-advance (John and Sugden,
1971; Sugden and John, 1973; Hall 2010).
2.2

Potter Peninsula

Unlike other ice-free peninsulas around Maxwell Bay, this peninsula is largely
covered by till deposits with associated sediments containing datable organic
remnants. Therefore, Potter Peninsula is an ideal place to address the objectives
of this thesis.

8

Potter Peninsula is embedded on its S and E coast within Maxwell Bay and
borders at its NE side the Fourcade Glacier, an outlet glacier from the Collins Ice
Cap, occupying the head of Potter Cove (Fig. 1C). On the other hand, the
Warszawa Icefield limits the eastern border of the ice-free area of Potter Peninsula.
As elsewhere in King George Island, Potter Peninsula is generally ice-free during
summer times although snow and ice patches are commonly present. The Three
Brothers Hill (196 m) is the most prominent morphological feature, being an
andesitic plug with columnar jointing, which marks the final stage of activity of a
Paleogene stratovolcano. This volcano erupted lava flows and pyroclastic rocks,
and its related pyroclastic rocks and hypabyssal intrusions are mainly responsible
for the lithology of Potter Peninsula (Kraus and del Valle, 2008). The landscape of
Potter Peninsula is characterized by glacial landforms, mainly moraines
surrounded by a coastal environment with active, Holocene (Lindhorst and Shutter
2014, Heredia Barión et al., accepted, Chapter 2; Heredia Barión et al., reviewed,
Chapter 3) and probably older raised marine features (John and Sugden, 1971).
2.3

Fildes Peninsula

Better resolved GIA models are needed to examine the impact of future Antarctic
Peninsula ice-melt on rates of regional-global sea-level rise (Lindow et al., 2014).
Such models rely on well-dated geomorphological features and lake records from a
limited number of ice-free areas in Antarctica such as Fildes Peninsula in the
southwest of King George Island to test their performance (Watcham et al.,
2011)(Fig. 1). Fildes Peninsula is the most prominent ice-free area of King George
Island (Fig. 1B and C). The peninsula is a tableland composed of raised marine
platforms at an altitude up to 180 m (John and Sugden 1971), shaped on Late
Cretaceous to Paleogene basic volcanic rocks (Barton 1965). Fildes Strait
separates Fildes Peninsula from Nelson Island, with Maxwell Bay to the east, and
the open waters of the Drake Passage on its W coast (Fig. 1). The coastline has an
indented shape with coves and is characterized by sea cliffs and stacks (Hall,
2003).
The Bellingshausen Ice Cap occupies the N of Fildes Peninsula (Fig. 1C). The ice
is bounded by prominent moraines (Shetland I moraines; Hall, 2007) exposing
lake, marine and fluvial sediments detached and transported presumably during
the most extended glacier advance of the last 7 ka, after 1.3 ka cal BP (Hall, 2007;
Heredia Barión et al., in prep; Chapter 4). On the NW coast of the peninsula a
prominent marine platform exists at c. 35-40 masl, which cuts into volcanic
bedrock, and which is <7 km long and as much as 1 km wide (John and Sugden,
1971). This feature is flat to gently undulating and seaward sloping (Hall, 2003). On
its surface it is possible to find granitic erratic blocks (Barsch and Mäusbacher,
1986; Hall, 2003), whereas most of other erratics on King George Island are
composed of basic, quartz-free lithologies. I surveyed and classified all of the
limited number of large (>50 cm diameter) boulders on the NW glacial foreland and
sampled granitic erratics (Heredia Barión et al., in prep., Chapter 4) Another
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characteristic of the area is the presence of several lakes filling over-deepened
glacial basins. Radiocarbon ages obtained from marine-terrestrial transition
sediments from lakes and raised beaches have been used to reconstruct past
changes in local RSL at several sites across the South Shetland Islands, having a
highstand at 18-15 m amsl during 8.0-7.0 ka cal BP (Watcham et al., 2011).
3. OUTLINE OF THESIS
This thesis is subdivided into five chapters.
Chapter 1 introduces the overall aims and regional setting of this study, including
its deglaciation history after the LGM.
Chapter 2 shows the sedimentary architecture of a gravel spit based on GPR data,
and a new concept for the development of polar gravel spits and the interplay of
glacier retreat, glacio-isostatic adjustment and coastal progradation is presented,
allowing for the prediction of future coastal developments in comparable polar
settings. Chapter 3 focuses on the geomorphological evolution and radiocarbon
chronology of glacial fluctuations in Potter Peninsula. The presented data show
that the deglaciation phase on Potter Peninsula started several hundreds of years
before the generally accepted age and lasts until the present. Furthermore, it is
likely that during the Holocene, the glacier limit advanced towards the outer Potter
Cove several times, while occupying a bigger proportion of the peninsula than
today. Chapter 4 is based on sediment core studies, radiocarbon and surface
exposure dating chronology. This chapter shows evidence for a phase of relatively
fast mid-Holocene glacier retreat on Fildes Peninsula, after 7 ky cal BP onwards. I
also show that Fildes Peninsula only experienced one glacier readvance during the
Holocene. This last glacier re-advance most likely occurred several centuries ago.
Chapter 5 presents the conclusions of this thesis.
Chapter 2 is based on a manuscript accepted by “Earth Surface Processes and
Landforms”. Chapter 3 was sent to “The Holocene” and reviewed with minor
revisions, whereas chapter 4 is based on a manuscript in preparation for
publication in Nature´s “Scientific Reports”.
4. OVERVIEW OF SELECTED METHODS
4.1

Ground-penetrating radar (GPR)

Ground-penetrating radar (GPR) is based on the transmission of high-frequency
electromagnetic pulses that are partly reflected at electromagnetic discontinuities in
the subsurface. The amplitude of the reflected signal is recorded as a function of
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the two-way-travel time (TWT). GPR always images an interference pattern caused
by the thickness of individual electromagnetically uniform sediment packages and
the wavelengths present in the GPR signal. GPR data from the spit-system
described in chapter 2 were acquired by means of a GSSI (Geophysical Survey
Systems Inc.) SIR-3000 GPR with a 200 MHz antenna; operated in discrete mode
(trace increment 0.05 m). Post-processing of GPR data using the software
ReflexW (Sandmeier Geo) comprises data editing, subtraction of low-frequency
signal components (dewow), frequency filtering, gain adjustment, topographic
migration and correction for along-profile topography. A mean subsurface radarwave velocity of 0.08 m ns-1 was determined based on the analysis of diffraction
hyperbolas. Interpretation of GPR data is based on migrated as well as nonmigrated data, the latter being essential for a correct tracing of ringing multiples
and diffraction hyperbolas. Only non-migrated data are shown in this work. Data
interpretation follows the approach of radar-facies interpretation (Gawthorpe et al.,
1993; Bristow, 1995). Analogous to the concepts of seismic interpretation
introduced by Mitchum et al. (1977), the term ‘radar facies’ describes a two or
three-dimensional set of reflections with similar characteristics, bordered by ‘radar
surfaces’ (Bristow, 1995). Consequently, the interpretation of unconformities in this
thesis is based on the tracing of reflection terminations and abrupt changes of the
radar facies.
4.2

Cosmogenic exposure dating

I used cosmogenic isotope analysis to produce exposure ages for erratic boulders
remnants of glacial retreat. The cosmogenic isotope concentration in a rock is
proportional to the length of time that it has been exposed on, or close to the
earth’s surface (Balco, 2011). The production rate (amount of cosmogenic isotopes
produced each year per gram of the relevant mineral) of cosmogenic isotopes
varies both spatially and in time, typically due to atmospheric depth and magnetic
field effects.
For sample processing I remove the upper few centimetres of sub-horizontal
exposed erratic surfaces with a hammer and chisel. We assume that the rock
surface has been completely shielded until its first exposure by glacial retreat. The
shapes, sizes and positions of the sampled boulders suggest recent overturning is
very unlikely. We measured the skyline of each sample with a clinometer and
compass for topographic shielding, determined using the online geometric
shielding calculator, v. 1.1 (Balco et al., 2008). We minimized the possibility of
burial by snow by sampling at well-exposed localities with flat and snow-free
ground and collected samples from positions away from slopes or cliffs to minimize
the probability of post-depositional movement. With the support of a GPS Trimble
Pathfinder ProXH we performed differential GPS (dGPS) surveys of the locations
of erratic boulders sampled for exposure dating. As geodetic reference, we used
the landmark DALL 66019M002 (S62°14′16.335″, W58°39′52.364″, ellipsoidal
height 39.376 m) located on the Argentine Carlini base, up to 17 km away from the
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sampled erratics. Post-processed uncertainties for the samples were less than 0.1
m in the altitudinal as well as in the horizontal. All coordinates are based on the
WGS84 ellipsoid.
Cosmogenic exposure dating is a powerful chronological tool for reconstructing
glacier and ice sheet extent and thickness. It has not been widely applied on South
Shetland Islands, mainly because quartz-rich (mainly granitic) bedrock and erratics
required for Berylium-10 (10Be) isotope analysis are largely absent from the
basaltic-andesitic volcanic-arc environment of the islands. Elsewhere in the
Antarctic Peninsula region, where granitic erratics are more prevalent, 10Be
exposure dating has proved successful in establishing the timing and rate of
deglaciation from Last Glacial Maximum limits (Johnson et al., 2012; Davies et al.,
2017; Johnson et al., 2017). Such dating is particularly useful in areas with few
sedimentary deposits, insufficient organic material for radiocarbon dating or where
large marine reservoir effects prevent accurate radiocarbon dating (Seong et al.,
2008; Balco and Schaefer, 2013; Glasser et al., 2014; Ó Cofaigh et al., 2014). I
obtained 10Be exposure ages from the limited number granitic erratics, remnants of
Bellingshausen Ice Cap retreat following the LGM (chapter 4). These erratics were
most likely transported from the Peninsula area at the LGM when the South
Shetland Islands and Antarctic Peninsula ice sheets coalesced. For cosmogenic
isotope dating, 10Be is most commonly used as it has the best determined
production rate and can be measured at low concentrations (Balco, 2011).
Purified quartz separates were prepared from the rock samples at Bremen
University cosmogenic nuclide laboratory. We used standard physical rock
preparation, using a jaw crusher, sieves (125 µm–1000 µm) and Frantz magnetic
separation up to 1.5 A. We further cleared the non-magnetic fraction of unwanted
phases such as feldspar and carbonates through chemical purification with a 30%
HCl + 0.03% H2O2 leaching. The resulting, almost pure quartz and feldspar sample
was further cleaned of meteoric beryllium by 3 steps of weak 2% HNO3 + 2% HF
leaching. We weighed the mass before and after, to keep track of how much mass
had been lost.
Separation of beryllium from the quartz separates was carried out at the Institute
for Geology und Mineralogy, University of Cologne, Germany. Quartz purity was
determined prior to dissolution by ICP-OES. The samples were spiked with ~300
micrograms of commercially available Be carrier (Scharlab, 1000 microgram/l
Berylium ICP standard solution, batch number 14569501). After digestion in HF
acid, remaining insoluble fluoride salts were heated several times in the presence
of aqua regia and aliquot of the sample was taken for an ICP-OES measurement
before the sample underwent column separation using the single-step column
procedure (Binnie et al., 2015). The separated Be(OH)2 was co-precipitated
alongside Ag (Stone et al., 2004) with a respective mass ratio of around 1:5, before
being pressed into Cu targets for measurement on Cologne AMS, Institute of
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Nuclear Physics, University of Cologne (Dewald et al., 2013). 10Be/9Be AMS
measurements were normalised to the standards of Nishiizumi using the nominal
values reported in Nishiizumi et al. (2007). A blank was prepared in tandem with
the samples and 10Be concentrations are reported following subtraction of the 10Be
atoms measured in the blank. Though sample concentrations are relatively low the
maximum blank subtraction was <6%. Analytical uncertainties for the 10Be
concentrations were derived by summing in quadrature the uncertainty in the mass
of Be added during sample processing (estimated to be 1% at 1 sigma) and the
AMS measurement uncertainties of both the samples and blank.
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Be exposures ages were calculated using CRONUS-Earth online calculator
version 3 (http://hess.ess.washington.edu/math/v3/v3_age_in.html; see Balco et al.
2008). As is normal in the Antarctic Peninsula region, we used the Antarctic (“Ant”)
pressure flag and the scaling scheme “LSDn” (Lifton et al., 2014). We employed
the scaling model “LSDn” because it is physically based, scaling neutrons, protons
and muons independently (Johnson et al., 2017). For sites in Antarctica, using the
LSDn scaling yields smaller systematic biases compared with the scaling scheme
“Lm” (Lal, 1991; Stone, 2000; Balco et al., 2008; Johnson et al., 2017). No snow
cover or erosion correction was applied following the assumptions given by in the
region (Johnson et al., 2012; Lindow et al., 2014; Glasser et al., 2014; Ó Cofaigh et
al., 2014; Johnson et al., 2017). We applied a quartz density of 2.7 g cm-3 for the
samples and no erosion was considered in the age calculations because we did
not find clear evidence on the surfaces sampled and the lithologies are not prone
to substantial erosion.
I chose to measure cosmogenic 3He in basaltic boulders surrounding the Three
Brothers Hill because this nuclide accumulates in pyroxene and olivine crystals,
which are present as phenocrysts in Potter Peninsula basalts (chapter 3). The
basalts of the peninsula have been K-Ar dated at 49 ± 1 to 42 ± 1 Ma (cf. Smellie
et al., 1984). Cosmogenic 3He is stable, and therefore accumulates within a rock,
recording the total time of exposure to cosmic rays that it has experienced.
I used four samples of 1 kg weight each from basaltic boulders. Some of them
showed striated surfaces. To confirm the mineralogy and rock type of the samples,
we made thin sections at CICTERRA, Córdoba, Argentina. The thin section
analysis showed olivine and clinopyroxene phenocrysts, which represented 5-10 %
of the total sample mass, with a modal grain size of ca. 200-500 µm.
To process the samples, we used standard physical rock preparation, using a jaw
crusher, sieves (125 µm-1000 µm) and Frantz magnetic separation up to 1.5 A at
Bremen University, Germany. We used as a first step a low amperage (ca. 0.100.20 A) to get magnetic grains separated from the olivine and pyroxene. The
olivine and pyroxene represented the non-magnetic fraction. We mainly used a
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slope on the machine of up to 24°. After that, we ran the non-magnetic fraction
again, this time using 0.20-0.30 A. This left the nonmagnetic fraction with
concentrated olivine and pyroxene, plus any other non-magnetic fractions. If those
included feldspars, we ran the non-magnetic fraction again, this time using 1.5 A.
The pyroxene and olivine went to the magnetic side, the feldspar to the nonmagnetic. Using di-iodomethane (DIM, ρ = 3.3 g cm-3) we concentrated the olivines
and pyroxenes further. If the olivine and pyroxene concentrate had matrix still
attached, even after magnetic or heavy-liquid separation, we treated them with
dilute 5% HNO3 to clean them. This was done in a bottle or beaker, in an ultrasonic
bath, for c. 30 minutes. We weighed the masses before and after, to keep track of
how much mass was lost. We obtained pure pyroxene ± olivine separates for each
sample. Those samples were examined under a binocular microscope and backpicked for purity. Unfortunately, of the five samples, the mass of the separate of
one sample was too small. Consequently, just four samples were further analysed.
The remaining steps of sample analyses were performed at the noble gas
laboratory of GFZ Potsdam, Germany. Pyroxene separates were squeezed
between two hard-metal plates in an ultrahigh vacuum crusher in an attempt to
determine the trapped 3He/4He. After crushing, pulverized samples were sieved to
>100 µm before heating in order to minimize the contribution of atmospheric He
irreversibly adsorbed to the grains (Protin et al., 2016). They were subsequently
wrapped in Al foil and loaded to the sample carrousel above the resistance-heated
extraction furnace, which was baked at 100°C for one week. Noble gases were
extracted in two heating steps at 900 and 1750°C (with an initial 600°C step for
sample 02-Potter), purified in two Ti sponge and foil getters and two SAES (ZrAl)
getters, and measured in a Helix SFT mass spectrometer using procedures similar
to those reported by Niedermann et al. (1997). 4He blank values were (2-10) × 1012
cm3 STP for crushing extractions, (4-5) × 10-12 cm3 STP for 600 and 900°C
heating steps and (18-40) × 10-12 cm3 STP for 1750°C steps. He concentrations
were calculated by peak-height comparison with our in-house noble gas standard,
an artificial mixture of the five noble gases in nitrogen with a 3He/4He ratio of (21.66
± 0.24) × 10–6 (Blard et al., 2015). Two aliquots of the CRONUS-P pyroxene
standard material were measured alongside the samples and gave 3He
concentrations of 4.86 ± 0.10 × 109 and 4.79 ± 0.10 × 109 at g-1, which agree within
2σ uncertainties with the global mean value of 5.02 ± 0.12 × 109 at g-1 (Blard et al.,
2015).
To calculate 3He exposure ages, the 3He concentrations specifically produced by
cosmic ray irradiation (3Hecosmo) must be determined. Ideally, He in phenocrysts is
a mixture of only magmatic and cosmogenic components. If so, the concentration
of cosmogenic 3He is calculated using the following equation (Niedermann, 2002):
3

Hecosmo=4Heheat x (3He/4Heheat - 3He/4Hecrush)
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4

Heheat is the 4He concentration and 3He/4Heheat the isotope ratio determined during
stepwise heating, while 3He/4Hecrush is the isotope ratio determined by crushing the
mineral separates in vacuo. The latter method selectively releases gases trapped
in fluid and melt inclusions. In contrast, heating also releases gases from the
crystal lattice, such as cosmogenic He. The cosmogenic component is thus
calculated by subtracting trapped 3He from the total 3He that is released by heating
of the sample powders in vacuo. However, in our samples 3He/4Hecrush ratios were
systematically higher than 3He/4Heheat, so exposure ages calculated according to
the equation above are negative. This is because in old basalts such as those
analyzed here, radiogenic 4He produced by decay of U and Th (either in the
phenocrysts or implanted form the basalt matrix; Williams et al., 2005) and 3He
generated by the thermal neutron capture reaction 6Li(n, α)3H3He (Dunai et al.,
2007) may be present as well. Indeed, the 3He/4Hecrush values were lower than
expected for typical magmatic He (Table SM 2), indicating that radiogenic He
dominates over magmatic He and is even extracted by crushing. Therefore,
instead of using 3He/4Hecrush in the equation above, we assumed that magmatic He
is negligible and thus non-cosmogenic He is essentially represented by radiogenic
He with a typical 3He/4He ratio of 0.028 x 10-6 (0.02 Ra, where Ra is the
atmospheric 3He/4He ratio). To be conservative, a 100% uncertainty was assigned
to that value. Because of the dominance of radiogenic He, which prevented a
determination of the magmatic 3He/4He ratio as some radiogenic He was even
released by crushing, a mere correction for radiogenic 4He based on U and Th
contents (Blard and Farley, 2008) is not feasible for these samples.
The exposures ages were calculated using the CRONUScalc calculator (Version
2.0; Marrero et al., 2016) with the time-dependent Lal (1991)/Stone (2000) scaling
model (Lm) for altitude at Antarctic pressure conditions and the primary calibration
data set for 3He in pyroxene (Borchers et al., 2016), which yields a long term sealevel high latitude (SLHL) scaled production rate of 122 ± 13 at g -1 yr-1 (Borchers et
al., 2016). External age uncertainties in Supplemental Table S2 include production
rate uncertainties. Using other scaling models (eg. Lifton-Sato-Dunai, Lifton et al.,
2014), the exposure ages change by up to c. 6%. We report both internal and
external uncertainties, but following Balco et al. (2008) we use external
uncertainties because we compare the obtained exposure ages with calibrated
AMS radiocarbon ages from the excavated sedimentary sequences on the
peninsula and other radiocarbon and cosmogenic exposure ages at the South
Shetland Islands.
4.3

Radiocarbon dating

Absolute age data were obtained by AMS radiocarbon dating of mosses, seaweed,
marine mollusk shells, bird and seal bones penguin bone. To reduce the risk of
contamination with modern material, all samples for dating were taken from fresh
outcrops, at least 0.3 m below the surface, packed in zip-lock bags and stored at 4
°C. Sample preparation for samples was undertaken at the Alfred Wegener
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Institute Helmholtz Centre for Polar and Marine Research and the British Antarctic
Survey. Sample measurements and corrections for 13C/12C ratio and calculation of
Conventional Radiocarbon Ages were undertaken by ETH Zürich and Beta
Analytical Inc., USA. Local reservoir corrections (ΔR) for marine samples as
reported for the SSI are in a broad range of about 700 to 1100 years (Curl, 1980;
Björck et al., 1991; Berkman and Forman, 1996; Milliken et al., 2009; Hall et al.,
2010; Hass et al., 2010; Watcham et al., 2011). Hall et al. (2010), based on paired
radiocarbon and uranium–thorium dates of Antarctic solitary corals, proposed a ΔR
of 791 ±121 years. This local reservoir age is further supported by results of Simms
et al. (2012) who used optical-stimulated luminescence dating of cobble surfaces
to investigate the depositional ages of beach ridges on KGI. Due to the verification
with two independent dating methods, the local reservoir correction proposed by
Hall et al. (2010) was used in this study. Calibration of conventional radiocarbon
ages was done using the software Calib (v7.0.4, Stuiver and Reimer, 1993) and
the calibration curve Marine13 (Reimer et al., 2013). Calibrated ages are rounded
to the next decade and provided as median of the probability distribution with 2σ
error range (95.4 % probability).
4.4

Stratigraphical logging

Trough satellite and aerial imagery I located recently ice-free areas of the island,
with potential stratigraphic outcrops. Once in the field I tested the selected points to
be surveyed to find suitable outcrops for stratigraphical logging. I made
stratigraphic logs from pit dugs, and I characterized them using textural criteria,
fabric, composition, sedimentary structures and the stratigraphic relationships
existing between different depositional units (chapter 3 and 4). For a better facies
interpretation I collected samples for textural studies (chapter 3). I digitalized the
stratigraphical profiles with the software SedLog 3.0 (Zervas et al. 2009).
4.5

Geomorphological mapping

Geomorphological mapping is essential for accurately locating and interpreting
potential outcrops and landforms to be surveyed. I carried out geomorphological
mapping of Potter Peninsula and Fildes Peninsula (chapter 2-4) through
interpretation of geomorphological features in the field combined with the study of
satellite images and orthorectified panchromatic aerial images. Then, I used the
software ArcMap to digitalize and georeferenciate the mapped landforms from the
surveyed localities.
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ABSTRACT
Sedimentary architecture and morphogenetic evolution of a polar bay-mouth
gravel-spit system are revealed based on topographic mapping, sedimentological
data, radiocarbon dating and ground-penetrating radar investigations. Data
document variable rates of spit progradation in reaction to atmospheric warming
synchronous to the termination of the last glacial re-advance (LGR, 0.45-0.25 ka
BP), the southern hemisphere equivalent of the Little Ice Age cooling period.
Results show an interruption of spit progradation that coincides with the proposed
onset of accelerated isostatic rebound in reaction to glacier retreat. Spit growth
resumed in the late 19th century after the rate of isostatic rebound decreased, and
continues until today. The direction of modern spit progradation, however, is
rotated northwards compared to the growth axis of the early post-LGR spit. This is
interpreted to reflect the shift and strengthening in the regional wind field during the
last century. A new concept for the interplay of polar gravel-spit progradation and
glacio-isostatic adjustment is presented, allowing for the prediction of future coastal
evolution in comparable polar settings.
KEYWORDS
Ground-penetrating radar; polar gravel beaches; glacio-isostatic adjustment;
deglaciation; Antarctic Peninsula
1. INTRODUCTION
A spit is a wave-built sediment body attached to a headland on one end and
terminating in open waters on the other (Evans, 1942). Gravel spits prograde by
arcuate-shaped accretion of gravel ridges (Bluck et al., 2001). Among other
morphologies of barrier coasts, they are typical for comparable sheltered coastal
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environments and tend to be best developed in areas where short-period waves
approach the coast at a high angle (Otvos, 2012; Cooper et al., 2015). In high
latitudes, spits often consist of cobbles and boulders derived from moraines in
upstream direction. Periglacial and polar beach systems are subjected to glacioisostatic movements and consequently varying relative sea level. This results in a
complex sedimentary architecture due to shifts in sediment supply and
depocenters (Orford et al., 2002), as well as, the accommodation space, i.e. the
space which is available for sedimentation. Polar beach systems are valuable
archives of sea level, past sea-ice conditions as well as the wave- and storm
climate (Baroni and Orombelli, 1991; Møller et al., 2002; Hall and Perry, 2004;
Santana and Dumont, 2007; Mason 2010; St-Hilaire-Gravel et al., 2010, 2015;
Lindhorst and Schutter, 2014; Simkins et al., 2015; Nielsen et al., 2017).
Morphodynamics of gravel spit formation in mid-latitude settings is well understood
(Forbes and Taylor, 1987; Forbes et al., 1995; Tamura, 2012; Bujalesky and
Gonzalez Bonorino, 2015; Burningham 2015). The same is valid for the involved
main controlling factors: coast-oblique incident waves that cause a significant
longshore drift, the availability of a sediment source in the up-drift direction, and
wave refraction around the growing tip of the spit leading to a reduction in
alongshore-transport capacity and, as such, triggering sedimentation (Bluck et al.,
2001; Nielsen and Johannessen, 2009). However, only few studies have focused
on the dynamics of gravel beaches in polar regions (St-Hilaire-Gravel et al. 2012,
2015; Lindhorst and Schutter, 2014; Strzelecki et al., 2015, 2018) and there still is
a gap in knowledge on the evolution, the sedimentary dynamics and the resulting
internal architecture of gravel-spit systems developed under the circumstances of
rapid atmospheric warming and associated changes of wind climate and relative
sea level. This study aims at filling this gap by revealing the genesis of, and by
providing a concept for, the evolution of polar gravel-spit systems that developed
during a phase of accelerated deglaciation and subsequent crustal isostatic
adjustment.
1.1

Regional setting

Study site
The studied spit is about 350 m wide and 280 m long, and located at the mouth of
Potter Cove, a tributary fjord of Maxwell Bay situated in the SW of King George
Island (Figures 1-3). King George Island (KGI, 62° 23′ S, 58° 27′ W) is the largest
of the South Shetland Islands (SSI), located 120 km NW of the Antarctic Peninsula
(AP). The Drake Passage towards the NW and the Bransfield Strait towards the SE
frame the island group. About 90 % of the island is covered by the Collins Ice Cap,
which elevates to 700 m above present mean sea level (amsl) (Rückamp et al.,
2011; Osmanoğlu et al., 2013). Outcropping bedrock and moraines, and active and
raised beaches characterize the ice-free areas on KGI. The Potter Cove spit
system stands exemplarily for similar systems along the coasts of the SSI and
elsewhere (Figure 4).
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Potter Cove is about 4 km long and 2.5 km wide with a recently stranded tide-water
glacier located at the head of the cove. Water depths in the inner cove are up to 50
m and exceed 100 m in the outer cove (Schloss et al., 2012). In the surroundings

Figure 1. Location of studied spit system. A) King George Island (KGI) belongs to the South
Shetland Islands, W of the Antarctic Peninsula. B) KGI is framed by the Drake Passage and the
Bransfield Strait. Ice-free areas (black) are limited to the coastal zone, whereas the inland is
glaciated (white); box marks the position of Potter Peninsula; C) Satellite image of Potter Peninsula
with location of the Potter Cove spit system (box). Past ice front positions are from Rückamp et al.
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(2011); bathymetric data from Deregibus et al. (2015). D) Wind data for the 1985-2015 CE
observational period.

of the spit, water depths reach 20 m (Deregibus et al., 2015; Figure 1C). The tidal
range is about 1.2 m during neap and 1.5 m during spring tide (Schoene et al.,
1998).
Atmospheric and marine climate
Average sea-surface temperature in Potter Cove reaches 1 ºC during the summer
months, and has increased by 0.36 ºC per decade during the past two decades
(Schloss et al. 2012). Maxwell Bay and Potter Cove are generally free of sea ice
from November/December to April/May; open waters in the Bransfield Strait last
from December to April (Griffith and Anderson, 1989; Yoon et al., 1997; Schloss et
al., 2012). The wind field in the study area is W-E bi-directional, with predominant
winds from SW to NW and from NE to SE; average wind speed is about 15 m s-1
(Braun et al. 2001; Bañón et al., 2013; Schloss et al., 2014; Falk and Sala 2015;
SMN, 2016; Figure 1D). SW to NW winds are more common during the austral
summer, whereas NE to E winds are weaker and less common. However, local
scale wind patterns, especially in fjords and coves, are strongly influenced by the
surrounding topography (Braun et al., 2004; Navarro et al., 2013; Falk and Sala).
The southern and western coasts of Potter Peninsula including the western coast
of the spit are exposed to oceanic waves coming from the Bransfield Strait (Figures
1 and 3A). During open-water seasons, the predominant direction of incident
waves is oblique to the coast from S to SW creating a northward-flowing longshore
current (Lim et al., 2013). Waves are refracted at the entrance of Potter Cove and
bend around the spit into the cove, where wave energy decreases. During westerly
storms, waves at the entrance of the cove reach a height of up to 1.7 m, whereas
waves in the inner cove are 50-40 % lower (Lim et al., 2013). The wave climate of
Potter Cove is strongly influenced by local wind conditions and only subjected to
1948 to 2011 CE was -2.5 ºC (Kejna et al., 2013), but temperatures are often
above zero during summer. Average annual air temperatures above the AP have
increased rapidly by up to 3°C in the second half of the last century, causing an
accelerated glacier retreat (Meredith and King, 2005; Cook et al., 2005; Vaughan,
2006).
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2015).

Figure 2. Topography and geomorphology of Potter Cove spit system. A) Digital terrain model
based on dGPS measurements (numbers refer to elevation in m above mean sea level). Note upper
and the lower terrace, and the position of GPR transects (lines presented in the text are marked in
red); yellow stars mark sample positions for radiocarbon dating. B) Geomorphological elements of
the spit system. Figure numbers refer to surface photographs; hp: heliport; b: building. C) Aerial and
satellite imagery of the spit system, taken in 1956 and 2013 respectively. White arrows indicate the
direction of spit progradation.

minimal swell energy (Lim et al., 2013). Fetch inside Potter Cove is very limited
and, as a result, even strong easterly winds cannot create significant wave heights.
KGI is subjected to a maritime climate and regularly hit by cyclonic weather
systems moving eastward along the Drake Passage (Kejna et al., 2013). The
strength of circumpolar westerly winds has increased since the 1970s, especially
during the austral summer, accompanied by higher cloudiness and precipitation
(van den Broeke, 2000; Turner et al., 2005; Stammerjohn et al., 2008; MontesHugo et al., 2009). The annual mean air temperature on KGI during the time period
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Holocene deglaciation and sea-level history
The deglaciation of Potter Cove initiated somewhat after 1.6 ka cal BP (Wölfl et al.,
2016). Along the coasts of the SSI, Holocene raised beaches occur up to
elevations of 18 m amsl (John and Sugden, 1971; Fretwell et al., 2010; Hall, 2010;
Simms et al., 2012). Beach uplift on the SSI results from crustal relaxation in
reaction to decreasing ice load following the Last Glacial Maximum (John and
Sugden, 1971; Bentley et al., 2005, Fretwell et al., 2010; Watcham et al., 2011; Ó
Cofaigh et al., 2014). Raised beaches along the coasts of Maxwell Bay, located at
7.5 to 4 m amsl (locally termed “6-m-beaches”), interfinger with terminal moraines
of the last glacial-readvance (LGR), which occurred between 0.45 and 0.25 ka cal
BP (John and Sugden, 1971; Sugden and John, 1973; Clapperton and Sugden,
1988; Yoon et al., 2004; Yoo et al., 2009; Simms et al., 2012). It is therefore likely
that these beaches developed during the LGR (John and Sugden, 1971; Sugden
and John, 1973; Hall 2010).
Recent uplift of KGI was 0.4 mm a-1 during the last decade (Rülke et al., 2015).
Average uplift during the entire Holocene, however, is 2.8 to 3 mm a-1 (Bentley et
al., 2005; Fretwell et al., 2010). Fall of relative sea level on KGI accelerated during
the last 500 years (Bentley et al., 2005, Hall, 2010; Watcham et al., 2011). This
was most likely the result of a short-term acceleration in glacio-isostatic rebound
after the LGR, with a modeled peak uplift rate of 12.5 mm a-1 between 1700 and
1840 CE (Simms et al., 2012).
There are numerous sea-level curves for the SSI, derived from dating of raised
beaches, marine abrasion terraces, and isolation basins (Pallàs et al., 1997;
Bentley et al., 2005; Hall, 2010; Watcham et al., 2011). However, Holocene ice
retreat and resulting fall of relative sea level was not a continuous process (Simms
et al., 2011). Bentley et al. (2005) show that an initial post-glacial sea-level fall was
interrupted by a mid-Holocene highstand at about 14.5 to 16 m amsl from 5.8 to
3.0 ka cal BP. In contrast, data presented by Hall (2010) show a continuous sealevel fall, which becomes accelerated between 1.5 and 0.5 ka cal BP. Watcham et
al. (2011) presented a sea-level curve based on data from isolation basins and
raised beaches. This curve shows two mid-Holocene sea-level highstands for KGI
at about 8.0 and 7.0 ka cal BP, and a subsequent sea-level fall due to long-term
glacio-isostatic rebound. Simms et al. (2012) mentioned that most sea-level curves
for the SSI indicate an accelerated fall over the past 2.0 ka cal BP, whereas sealevel records from regions along the western AP reflect a decrease in uplift rate
over time.
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Figure 3. A) View along the west coast of the spit looking north. Height of cliff is up to 5 m.
Positions of GPR transect PB-019 and the lower and upper terrace are shown. B) Panorama of cliff
section showing internal sedimentary bedding and position of dated samples. Elevations are in m
amsl. C, D, E) Images of surface sediment texture; see Figure 2 for locations.

2. METHODS
2.1
Topographic mapping
Data on ridge- and terrace elevations, required for spit-system mapping and for the
topographic correction of ground-penetrating radar data, were collected using a
Leica GS09 differential GPS (dGPS) in either RTK rapid static or RTK kinematic
mode (3D-accuracy of better 2 cm). As geodetic reference, the point DALL
66019M002 (S62°14′16.335′′/W58°39′52.364′′/ ellipsoidal height 39.376 m) located
on Carlini (formerly Jubany) Station was used. All UTM coordinates refer to zone
21E and are based on the WGS84 ellipsoid. No fixed tidal datum exists for the
working area due to the lack of long-term water-level observations. Measured
WGS84 ellipsoid heights were therefore corrected for the geoid undulation of 22.00 m ± 0.10 m using the data of the EGM96 (Lemoine et al., 1998). A geoid
height of zero is taken as local vertical datum and referred to as present mean sea
level (msl).
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2.2
Ground-penetrating radar
Ground-penetrating radar (GPR) is based on the transmission of high-frequency
electromagnetic pulses that are partly reflected at electromagnetic discontinuities in
the subsurface. The amplitude of the reflected signal is recorded as a function of
the two-way-travel time (TWT). GPR always images an interference pattern caused
by the thickness of individual electromagnetically uniform sediment packages and
the wavelengths present in the GPR signal (Lindhorst and Schutter, 2014). GPR
data for this study were acquired by means of a GSSI (Geophysical Survey
Systems Inc.) SIR-3000 GPR with a 200 MHz antenna; operated in discrete mode
(trace increment 0.05 m). Post-processing of GPR data using the software
ReflexW (Sandmeier Geo) comprises data editing, subtraction of low-frequency
signal components (dewow), frequency filtering, gain adjustment, topographic
migration and correction for along-profile topography. A mean subsurface radarwave velocity of 0.08 m ns-1 was determined based on the analysis of diffraction

Figure 4. Selection of other gravel spits of the South Shetland Islands, comparable to the Potter
Cove System. GI: Greenwich Island; LI: Livingston Island. Scale bars represent 500 m in each
picture. Satellite images (Google Earth) are from 2011 (A, B), and from 2010 (C).

hyperbolas. Interpretation of GPR data is based on migrated as well as nonmigrated data, the latter being essential for a correct tracing of ringing multiples
and diffraction hyperbolas. Only non-migrated data are shown in this work. Data
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interpretation follows the approach of radar-facies interpretation (Gawthorpe et al.,
1993; Bristow, 1995) as applied by Lindhorst et al. (2008) to spit sediments of
lower latitudes. Analogous to the concepts of seismic interpretation introduced by
Mitchum et al. (1977), the term ‘radar facies’ describes a two or three- dimensional
set of reflections with similar characteristics, bordered by ‘radar surfaces’ (Bristow,
1995). Consequently, the interpretation of unconformities is based on the tracing of
reflection terminations and abrupt changes of the radar facies.
2.3
Absolute age determination
Absolute age data were obtained by AMS radiocarbon dating of seaweed and a
penguin bone. To reduce the risk of contamination with modern material, all
samples for dating were taken from fresh outcrops, at least 0.3 m below the
surface, packed in zip-lock bags and stored at 4 °C. Sample preparation and
measurement as well as correction for carbon isotope fractionation and calculation
of conventional radiocarbon ages (CRA) were performed by Beta Analytic Inc.,
USA. Local reservoir corrections (ΔR) for marine samples as reported for the SSI
are in a broad range of about 700 to 1100 years (Curl, 1980; Björck et al., 1991a;
Berkman and Forman, 1996; Milliken et al., 2009; Hall et al., 2010; Hass et al.,
2010; Watcham et al., 2011). Hall et al. (2010), based on paired radiocarbon and
uranium–thorium dates of Antarctic solitary corals, proposed a ΔR of 791 ±121
years. This local reservoir age is further supported by results of Simms et al.
(2012) who used optical-stimulated luminescence dating of cobble surfaces to
investigate the depositional ages of beach ridges on KGI. Due to the verification
with two independent dating methods, the local reservoir correction proposed by
Hall et al. (2010) was used in this study. Calibration of conventional radiocarbon
ages was done using the software Calib (v7.0.4, Stuiver and Reimer, 1993) and
the calibration curve Marine13 (Reimer et al., 2013). Calibrated ages are rounded
to the next decade and provided as median of the probability distribution with 2σ
error range (95.4 % probability).
2.4
Historical aerial imagery
To reconstruct coastal evolution through time, an orthorectified panchromatic aerial
image (Falkland Island Dependency Aerial Survey Expedition, FIDASE; image ID
X26FID0039076; pixel resolution 0.9 m; acquired 1956/12/20) and a satellite
scenery (WorldView2, DigitalWorld; scene ID: 103001001F612100; pixel resolution
0.5 m; acquired 2013/03/07) were georeferenced and compared with regard to
coastline position as marked by the location of the active berm. The berm was
chosen as local reference to minimize errors potentially induced by tidal water-level
oscillations.
2.5
Data on wind speed and direction
Carlini Station (National Meteorological Service of Argentina) is located at 15 m
amsl and 600 m away from the spit system (Figure 1). Continuous meteorological
observations are available since May 1985. They encompass three-hourly
measurements of surface air temperature, wind direction and velocity, barometric
sea-level pressure and cloudiness (SMN, 2016). The data are available from
SCAR READER (Turner et al., 2004). Data on wind direction and velocity are
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analyzed for sea-ice free months (November- April) with respect to decadal
summaries of wind statistics (Figure 1D).
3. RESULTS
3.1
Morphology
The Potter Cove spit is attached to a headland composed of volcanic rocks and
glacial moraines (Figures 1 and 2A). Two terrace levels are present, here termed
lower and upper terrace, connected by a slope facing north. This slope is
characterized by superimposed ridges that create a stairways morphology (overall
slope 5°; Figure 2A, B). Towards Maxwell Bay, there is an up to 5 m high active
cliff, whereas an active gravel berm ridge frames the modern beach towards the
interior of Potter Cove (Figure 2B). From W to E, the height of the berm ridge
decreases from 1 to 0.4 m amsl.
The upper terrace (situated at 3 to 5.7 m amsl) exhibits a series of curved, NNWSSE to NW-SE striking, morphological ridges, towards the W truncated by the cliff
(Figure 3A). The height difference between swales and adjacent ridge crests is
less than 0.6 m in the SW and less than 0.2 m on the rest of the terrace. The upper
terrace slightly descends towards the NE with an overall slope of 0.6º.
The lower terrace is located at and below 0.8 m amsl. Ridge crests on this terrace
are located at 0.4 to 0.8 m amsl and ridges are curved with their convex side facing
N (Figure 2B). Ridge elevations are less than 0.2 m. The landward, S-slope of the
lower terrace, measured over all the ridges is 0.2º, with a maximum of 0.6º.
3.2
Sedimentology
Grain sizes along the modern beach and on the spit range from sand to gravel.
Sediments are in general poorly sorted (Figures 3C-E). However, well sorted
gravel sheets occur in the modern swash zone. Ridges of the lower terrace are
composed of rounded to well-rounded (according to the classification scheme by
Tucker, 1996) cobbles, with a maximum grain size of 12 cm and an almost matrixfree texture (Figure 3C). Sediments of the upper terrace coarsen from the NE to
the SW (increase in maximum grain size from 5 to 20 cm), accompanied by a trend
towards better rounding and less matrix content. Most gravels at the surface and in
the uppermost part of the sediment column are gelifracted with sharp angular
edges (Figure 3E).
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Figure 5. A) GPR line PB-003 showing the internal architecture of the lower and upper terrace of the spit system. For location see Figure 2. B)
Interpretation of A. For a detailed discussion of radar facies and sediment geometries see text and Table I. C) Along-transect topography without
vertical exaggeration (VE).
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Figure 6. A) GPR line PB-009. For location see Figure 2. B) Interpretation of A. For a detailed discussion of radar facies and sediment geometries
see text and Table I. C) Along-transect topography without vertical exaggeration.
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Figure 7. A) GPR line PB-083. For location see Figure 2. B) Interpretation of A. For a detailed discussion of radar facies and sediment geometries
see text and Table I. C) Along-transect topography without vertical exaggeration.
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Figure 8. A) GPR line PB-019 imaging
the internal architecture of the upper
terrace along the active coastal cliff.
For location see Figures 2, 3. B)
Interpretation of A. For a detailed
discussion of radar facies and sediment
geometries see text and Table I. C)
Along-transect
topography without
vertical exaggeration.
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3.3
Spit-internal sediment geometries
Out of 29 GPR lines, 4 were selected to document the internal architecture of the
spit system (Figures 2A and 5-8). Seven radar facies (rf) and three radar surfaces
(rs) were defined to classify the radar-reflection patterns and to deduce the
sedimentary geometries (Table I). The spit system comprises two distinct units.
The upper unit, Unit 1, is characterized by clear GPR reflections and
unconformably overlies the lower Unit 2, which shows irregular reflections (rf IRRB), diffraction hyperbolas, and pronounced ringing multiples. Units are seen to
represent the sediments of the spit overlying the basement respectively. The
contact between the two units elevates towards the SSW. In the GPR data, this
contact is irregular and poorly defined with the exception of the southwestern part
of the study area, where a clear contact (rs3) is imaged (Figures 5 and 6).
Sediments of the spit (Unit 1) have a thickness of 1 to 3.5 m, with lower values in
the central part of the spit and higher values in the SW, where morphological
ridges are superimposed on the upper terrace. Internally, tabular, continuous
reflections (rf IS-A) predominate, dipping radially from the presumed spit axis
towards the shores (Figures 5 and 6). These reflections are bundled into packages
by erosional unconformities, characterized by the truncation of underlying
reflections (rs1; Figures 5, 6 and 8). Morphological ridges of the upper terrace
show convex curved reflections of low to high amplitude (rf CU), bounded by
seaward-dipping unconformities (rs1) as well as tabular to slightly convex
reflections of medium to high amplitude (rf IL), bounded by landward-dipping
unconformities (Figures 6 and 7). The central part of the spit system is dominated
by irregular, low- to high-amplitude reflections with numerous diffraction hyperbolas
(rf IRR-A). Near the surface, slightly concave, low- to medium-amplitude reflections
occur (rf H; Figures 5-7).
3.4
Historical coastline development and wind-field evolution
Historical aerial and satellite imagery shows that the active cliff on the W side of
the spit system retreated by 20 m in the time period 1956 to 2013 CE.
Simultaneously, the northern coastline prograded by 25 m towards the NNE
(linearly averaged rate of progradation is 0.44 m a-1; Figure 2C). In the year 1956
the front of the Potter Cove tide-water glacier was located 1200 m away from the
gravel spit inside the cove (Figure 1C). Since then the glacier front has
experienced a net retreat of more than 1000 m along the flow line and has stepped
back onto land in the year 2016 (Jerosch et al., 2018).
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Table I. Radar facies and radar surfaces defined for the interpretation of the GPR data
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The direction of predominant winds in the Potter Cove area changed from NW to
W-SW over the last 30 years (Figure 1D). Moreover, the study site became
stormier, with >20% of W-SW winds exceeding 15 m s-1 and a general increase in
maximum wind speed in more recent times (c. 30 m s-1 in the time period 19851995, and 38-45 m s-1 in the subsequent decade 1995-2015).
4. DISCUSSION
Bay-mouth spit systems like the Potter Cove spit, are common morphological
features along the periglacial coasts of the SSI, where they developed at the
entrances of coves and embayments (Figure 4). These entire systems exhibit
superimposed beach ridges, and most comprise several terrace levels, separated
by slopes or truncated by erosional scarps (John and Sugden, 1971; Sugden and
John, 1973; Curl, 1980; Hall 2010). Data on the internal architecture of these
systems is missing. Similarities in overall morphology, i.e. the existence of several
terrace levels connected by steep slopes, however, suggest that bay-mouth spit
development is not only controlled by local factors like wave-climate, nearshore
bathymetry and sediment availability, but may reflect regional patterns of relative
sea-level changes and climate development.
4.1
Sedimentary architecture of Potter Cove gravel spit system
The Potter Cove spit comprises two terrace levels, located around 3.5 m and 0.8 m
amsl, respectively (Figure 9). Both terraces are characterized by a shallow ridge
and swale morphology and are connected by a north-facing slope with
superimposed ridges (Figure 2). Morphologically, these terraces form a spit
southward-attached to moraines and the volcanic rocks of Potter Peninsula
(Figures 1 and 2). In such a coastal configuration, moraines act as both headland
anchor and source of sediment which is distributed along the coast by alongshore
currents (Hayes et al., 2010). The western coast of the spit, facing Maxwell Bay, is
under erosion and an active coastal cliff developed, documenting ongoing
cannibalization and reorganization of the spit system (Figures 2 and 3).
GPR data document that both terrace levels are composed of well-stratified gravel
deposits (Figures 3B, 5 and 8; Table I). The 1 to 3.5 m thick beach sediments
unconformably overlie a basement characterized by irregular GPR reflections and
diffraction hyperbolas or appearing transparent in the GPR data (Figures 5 and 6).
Whereas transparent parts are interpreted as volcanic bedrock based on outcrop
evidence 70 m E to the GPR line PB-009 (Figure 2B), diffraction hyperbolas point
to the presence of large boulders and cobbles as this is common in the moraines
that crop out immediately S of the upper terrace. The contact between spit
sediments and underlying moraine deposits remains unclear in the GPR data, most
likely due to the similar lithology of both depositional units.
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Figure 9. A) Simplified genetic model for the Potter Cove gravel-spit system through time. Note rotation of the axis of spit progradation from stage
1 to 3. B) Fence diagram summarizing the main architectural elements of the spit system based on the GPR data. For orientation of cross sections
see A.
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The main sedimentary architectural elements of the upper terrace are packages of
divergent seaward-dipping gravelly beds delimited by erosional unconformities
(Figures 5-8). Sedimentary beds dip with up to 11º towards the modern shore and
are seen as the result of swash sedimentation at the beach face. Superimposed on
the prograding beach sediments of the upper terrace, there are morphological
ridges composed of gravel-size sediments (Figures 2B, 3C-E). These ridges are
interpreted as beach ridges built by waves with run-up heights lower than the ridge
crests, according to architectural similarities with gravel beach ridges described
from elsewhere in KGI (Lindhorst and Schutter, 2014).
Gravel ridges towards the SW, facing Maxwell Bay, are coarser grained and
composed of rounded cobbles (Figure 3E). These ridges are amalgamated and
superimposed on the SW slope of the upper terrace (Figures 5-7 and Figure 9,
stage 1). Ridge internal sediment geometries comprise of convex-aggradational
and landward-dipping beds and are interpreted to reflect waves of higher energy
that were able to overwash the ridge crests and to transport material to the
landward side of the ridge (Lindhorst and Schutter, 2014) (Figure 7). Differences in
ridge-internal geometries between the northern and the western slope of the spit
are attributed to the higher-energetic wave-climate at the coast facing Maxwell Bay
compared to the sheltered coast inside Potter Cove (Figures 1 and 3).
The lower terrace consists of up to 2 m thick, seaward-dipping gravelly beds,
bound into packages by seaward-dipping erosional unconformities. Several
arcuate morphological ridges, composed of gravels to cobbles, are superimposed
onto the prograding beach deposits of the lower terrace (Figure 2). Seawarddipping internal beds, as imaged by the GPR, indicate swash deposition with low
wave run-up heights even during storms as expected for the comparable sheltered
environment inside Potter Cove (Figure 5).
Based on the internal sediment geometries, which predominantly comprise
seaward-dipping beds, both terrace levels are interpreted to result from spit
progradation (Figure 9). For the upper terrace, striking of beach ridges and internal
sediment geometries indicate a NW-SE oriented axis of spit progradation (Figure 9,
stage 1). This is slightly different from the lower terrace that started to grow in a
northerly direction and subsequently experienced a shift of the direction of
progradation towards the NNE over the last decades (Figure 2C and Figure 9,
stage 3). Even little changes in storm intensity or the predominant angle of wave
impact have been shown elsewhere to alter the pattern of spit progradation (Allard
et al., 2008; Ashton et al., 2016). Consequently, the still ongoing rotation of the axis
of spit progradation is proposed to reflect either a strengthening of westerly storms
or the reaction of the system to the observed change of the predominant wind
direction during the last decades and a subordinate shift in the direction of (storm-)
wave impact onto the coast. Increased storm frequency or -intensity would both
result in higher sediment redistribution from the western coast of the spit towards
the interior of Potter Cove, due to intensification of the alongshore transport. With
the available local meteorological data it remains unclear as to whether the
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observed shift in the direction of spit progradation is part of a long-term trend or
caused by more recent changes in the wind field. On a more regional scale,
however, there is evidence that the strength of circumpolar westerly winds
increased since the 1970s, especially during the austral summer (van den Broeke,
2000; Turner et al., 2005; Stammerjohn et al., 2008; Montes-Hugo et al., 2009).
This is attributed to the poleward movement of the Southern Annular Mode during
the last decades, which caused a strengthening of atmospheric low pressure
systems around the AP (Marshall et al., 2006). In this context, the observed
change in the progradational direction of the spit is likely to reflect larger scale
changes in the wind system during the last decades.
4.2
Timing of spit evolution
Radiocarbon ages are regarded as similar within the sigma-2 error range (Table II;
Figure 2). Seaweed ages from beach sediments, in general, can be regarded as
maximum ages, while penguin bones, due to the potential of multiple relocations
prior to final burial, represent minimum ages (Watcham et al., 2011). It is therefore
assumed that the upper terrace formed not before 0.65 ka cal BP, with a median of
the probability distribution around 0.4 ka cal BP (Figure 9, stage 1). Age estimates
for the upper terrace fit well with dating results from beach systems at similar
elevation in the proximity of the study site (Hall et al., 2010; Simms et al., 2012;
Lindhorst and Schutter, 2014). The very recent age of the lower terrace, by
contrast, does not allow for absolute age determination using the radiocarbon
method. However, given a linearly averaged rate of progradation of 0.44 m yr-1 as
inferred from historical aerial imagery (Figure 2C), the growth of the lower terrace
is expected to have started around 1880 CE (0.07 ka BP; Figure 9, stage 3).
4.3
Reaction of spit system to accelerated glacier retreat
Based on the direct comparison of radiocarbon ages and dates obtained by means
of optical stimulated luminescence, Simms et al. (2012) concluded that the
formation of beaches now elevated to 7.5-4 m amsl is linked to the last glacial
readvance (LGR; 0.45-0.25 ka cal BP; Yoon et al., 2004; Yoo et al., 2009; Simms
et al., 2012). These beaches are generally seen as transgressive features,
deposited under the circumstances of a relative sea-level rise and increasing
storminess during the late stage of the LGR (John and Sugden, 1971; Simms et
al., 2012). The internal architecture of the Potter Cove spit system, however,
contradicts this general interpretation and draws a more differentiated picture
comprising subsequent phases of coastal progradation interrupted by a rapid fall of
relative sea level (Figure 10).
The very gentle seaward slope of the upper terrace (0.6°) is indicative of either
rapid spit growth in a very short time period or slow spit growth under a stable
relative sea level, i.e. a very low rate of glacio-isostatic adjustment. Due to the
large error bars, the radiocarbon ages do not allow for a determination of the
duration of the older phase of coastal progradation during which the upper terrace
formed. However, given that the progradation rate of the lower terrace (0.44 m yr-1)
is representative of this setting, sediments of the upper terrace are expected to
have been deposited within 200 to 300 years. In combination with the tilt of the
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upper terrace (c. 0.3 m over a preserved distance of ca. 90 m along the former axis
of spit progradation) this results in a minimum estimate for the rate of relative sea
level fall of 1 to 1.5 mm a-1 during the time of early post-LGR spit progradation.
This rate is far below the long-term average uplift of the study area during the
entire Holocene, which is estimated at 2.8 to 3 mm a-1 (Bentley et al., 2005;
Fretwell et al., 2010). The recent uplift rate, by contrast, is close to zero (Simms et
al., 2012; Rülke et al., 2015). This latter is also corroborated by the almost nonexisting dip of the lower terrace that indicates no significant uplift since onset of spit
progradation, i.e. during the last 100 to 150 years.
The upper terrace is nowadays located at c. 3.5 m amsl, whereas the lower terrace
is situated at 0.8 m amsl. Both are connected by a north-facing slope (5° angle)
with superimposed beach ridges (Figure 5 and Figure 9, Stage 2). The similarity of
internal sediment geometries of the upper and lower terrace indicates comparable
elevations with regard to mean sea level during both phases of coastal
progradation (Figure 9). The connecting slope is consequently interpreted to have
formed during a period of accelerated sea-level fall which amounts to about 2.7 m
in total (Figure 9, stage 2). Such a period of accelerated fall of relative sea level is
expected to result in a reduction of accommodation space and sediment supply, as
indicated by a down-stepping of coastal sediments and the amalgamation of waveformed ridges on the slope (Figures 5, 9 and 10). Formation of this slope as the
result of increased coastal erosion or a longer period of sediment starvation under
constant isostatic uplift can be excluded, as amalgamated ridges represent
constructive sedimentary features. Comparable morphologies are described from
beach-ridge systems of Varanger Peninsula and interpreted as the product of a
sudden drop in sea level (Fletcher et al., 1993). Based on modeling results,
increased glacio-isostatic uplift in reaction to glacier retreat is assumed for the time
following the maximal glacier advance of the LGR, i.e. after around 0.35 ka BP
(1600 CE, Simms et al., 2012). The results of these rebound models further show
that a reduction of 16 to 22 % in ice volume is sufficient to explain about 2.5 m of
uplift within 250 years until the mid-19th century.
Summarizing, progradation of polar gravel spits as exemplarily observed in the
Potter Cove spit system, is bound to phases of comparable low rates of glacioisostatic uplift and a resulting stable relative sea level. The morphology of the
Potter Cove spit system, with two terrace levels connected by a steep slope with
superimposed amalgamated beach ridges, is seen to archive two phases of
coastal progradation separated by an abrupt increase in the rate of local glacioisostatic uplift in reaction to deglaciation after the last glacial re-advance. Based on
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No

Sample
ID

Lab ID

Dated
material

Coordinates

Altitude

WGS84 UTM
21E

m amsl

X
1
2

3
4

PB-30002
PB-30061

Beta297365
Beta304147

PB-PC1.0

Beta338478

seaweed

Po-23

Beta431963

penguin
bone

12

13

C/ C ratio
[o/oo]

14

C age
[a BP]

cal BP (2 σ ranges, 95.4% probability)

Y

seaweed

412739 3098106

2.7

-23.8

seaweed

412742 3098145

1.1

-24.1

412839 3098163
412761 3098081

0.6
2.3

Calibrated age (ΔR 791 ± 121 a)

1540 ±
30
1600 ±
30

-21.3

1510 ±
30

-22

1600 ±
30

Rel. area
u.
distribution

Range [a]

1.00

110

610

0.005

150

160

0.009
0.98

190
220

220
650

0.001

1

4

0.99

60

550

0.005

150

160

0.009
0.98

190
220

220
650

Median of
prob. [ka]
0.38 ±
0.25
0.43 ±
0.25

0.35 ±
0.27
0.43 ±
0.25

Table II. Results of radiocarbon dating
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Figure 10. Concept for the interplay of ice volume, glacio-isostatic adjustment (GIA), relative sealevel change, and spit progradation. Note the predicted future development of the system. LGR: last
glacial re-advance; GAmax: maximum glacier extent during the LGR.

these findings, a concept for the interplay of ice volume, glacio-isostatic
adjustment, relative sea level, and spit progradation is presented (Figure 10). This
concept not only explains the morphological and sedimentological characteristics
of the Potter Cove system, but also allows predicting future developments of
comparable systems elsewhere.
5. CONCLUSIONS
Sedimentary architecture and development of a polar gravel-spit system have been
revealed based on ground-penetrating radar- and topographical data, historical
aerial imagery and radiocarbon ages. Morphology and internal sediment
geometries document changes in the rate of glacio-isostatic uplift between 1-1.5
mm and 12.5 mm a-1 on multi-decadal to centennial time scales. Based on the
proposed interplay of fast changes in the rate of crustal relaxation and modes of
beach sedimentation, a concept for the interaction of isostatic coastal uplift and spit
development has been presented. This concept does not only explain the observed
architecture of the spit system but bears implications for the expected future
development of similar beach systems in KGI and elsewhere in comparable
settings. Accelerated glacier retreat and reduction in ice volume of inland ice
shields during the last decades is expected to cause a significant increase in the
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rate of isostatic uplift and therefore relative sea level fall during the next decades.
The current phase of coastal progradation is expected to terminate in the near
future and to be replaced by the development of steep slopes with superimposed
amalgamated ridges due to the reduction in accommodation space.
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ABSTRACT
Despite comprehensive post- Last Glacial Maximum reconstructions of the
Antarctic Peninsula ice sheet, detailed information is still missing on how
deglaciation continued during the Holocene. Because its key stratigraphic
exposures and geomorphology, Potter Peninsula on King George Island, is an
ideal place to answer those questions. This study contributes to unraveling glacial
oscillations and landscape development of Potter Peninsula by adding
chronostratigraphic data and detailed geomorphological mapping. Our data show
that the deglaciation phase on Potter Peninsula started at ≥7.8 ka cal BP, instead
of the generally accepted minimum age of 9.5 ka cal BP. Moreover, we suggest
that the study area experienced several cycles of reglaciation and glacial retreat
during the Holocene. During these cycles, the glacial front reached positions
similar to the present day, or was positioned further landward as compared to
today. Regarding the warming of the last decades, our results indicate that
periglacial and paraglacial processes are actively modifying the glacier foreland.
Our findings also have implications on regional paleoclimate reconstructions and
on ice sheet modeling for the Holocene of the northwest Antarctic Peninsula
region.
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1. INTRODUCTION
The Antarctic Peninsula (AP) Ice Sheet is affected by environmental changes
caused by the climate warming especially since 1992 (Vaughan et al., 2013). For
predictions of the future and for assessments of sea-level variations during
deglaciation and periods of warming, more data and the refinement of existing
models is needed (Spada et al., 2013). One of the key locations to study the
impact of the recent warming is King George Island (KGI), the largest of the South
Shetland Islands (SSI), situated northwest of the AP (Fig. 1A). KGI stands as an
example of those changes responding to climate warming in the AP region and a
test-bed for predicting future responses to climate change (Kennicutt, 2009).
The average annual temperature of the SSI has increased by almost 3°C since the
middle of the last century (Vaughan et al., 2003; Meredith and King, 2005), thus far
exceeding average global warming by 1.5-1.8ºC (Sánchez-Lugo et al., 2018). The
warming caused rapid glacial retreat (Steig et al., 2009; Osmanoğlu et al., 2013)
resulting in the collapse of many permafrost-related and glacigenic landforms
(Bockheim et al., 2013). Moreover, the ice retreat exposed coastal areas leaving
fresh exposures for geomorphological and stratigraphic surveys. They are located
mainly around the southern bays of KGI, which are the sites with the greatest
concentration of research activities in Antarctica. One of them is Maxwell Bay,
where Potter Peninsula is situated (Fig. 1C).
Although a comparably well-known deglaciation history after the Last Glacial
Maximum (LGM; 25-20 calibrated age in thousands of years before present, ka cal
BP) is now available for the AP region (Ó Cofaigh et al. 2014), detailed information
is still missing for the Holocene in more local ice cap model reconstructions
(Bentley et al., 2014) such as on KGI. Moreover, detailed age data of
geomorphological features from this ice-free area can help refine existing icemodels for the AP and establish whether post-LGM retreat was a continuous
process or interrupted by glacial re-advances during the Holocene. Understanding
the Holocene is particularly important for providing the context for recent ice-sheet
change, in order to assess whether it is unusual or a part of a normal Holocene
variability (Bentley et al., 2014). The most recent millennia of Antarctic Ice Sheet
history are important for evaluating the response of the ice sheet to various forcing
agents such as sea-level rise, atmospheric and oceanographic temperature
influences, and for constraining past rates of grounding-line retreat (Bentley et al.,
2014).
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Figure 1. Geographic context of the study area. A) Location of the South Shetland Islands (SSI)
and B) King George Island (KGI) and Livingston Island (LI). Bathymetric contours every 500 m
(Weatherall et al., 2015). Note the extension of the LGM ice cap (blue full and dotted line) and its
axis (red dotted line; after Simms et al., 2011). C) Location and topography of Potter Peninsula and
bathymetry of Potter Cove (Deregibus et al., 2015). Note also the position of sedimentary cores and
the position of moraine complexes (NBP0703_JPC-15, Majewski et al., 2012; PS69/337-1, Wölfl et
al., 2016). Moraine complex M4 represents the position of Fourcade Glacier in 1956 (Wölfl et al.,
2016); see Fig 2 and 3 for ice front position in 1956.

Potter Peninsula is an ideal place to unravel those questions. Unlike other ice-free
peninsulas around Maxwell Bay, this peninsula is largely covered by till deposits
with associated sediments containing datable organic remnants. Based on the
study of one key exposure on Potter Peninsula, Sugden and John (1973) proposed
a minimum age for the onset of the deglaciation on Potter Peninsula at 9670 ± 230
14
C years before present (9.5 cal ka BP). This age was determined at the base of a
2.5 m thick stratigraphic section, the “Potter Cove section” (see Fig. 2). This
section is composed of marine sands with remnants of algae and bivalves
deposited in an ice-free environment, which are capped by till, representing a
subsequent glacial re-advance. del Valle et al. (2007) studied a similar stratigraphic
profile situated 60 m away to the west, named “Pingfo II”. Fourcade (1960),
González-Ferrán and Katsui (1970), John and Sugden (1971) and Sugden and
John (1973), published sketch maps of Potter Peninsula, and Birkenmajer (1998)
tried a reconstruction of the Quaternary glacial history of the peninsula based on
previous works. This study aims to discuss the paleoenvironmental evolution of
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Potter Peninsula after the LGM through the use of detailed geomorphological
mapping and also by adding new chronological constraints. To do so, we reexcavated a profile in a similar location to the one made by del Valle et al. (2007),
but went deeper to find a similar minimum age for the deglaciation or even an older
age. In addition; we also studied an additional stratigraphic profile in the glacier
foreland, next to the present ice limit.
2. REGIONAL SETTING
2.1

Study area

Potter Peninsula is adjacent to Maxwell Bay and borders the Fourcade Glacier at
its northeastern side. The Fourcade Glacier is an outlet glacier from the Collins Ice
Cap, occupying the head of Potter Cove (Fig. 1C). On the other side, the
Warszawa Icefield limits the eastern border of the ice-free area of Potter Peninsula.
As elsewhere on KGI, the peninsula is generally ice-free during summer times
although snow and ice patches are commonly present. The Three Brothers Hill
(196 m) is the most prominent morphological feature, being an andesitic neck with
columnar jointing, related to the final stage of activity of a Paleogene stratovolcano.
This volcano erupted lava flows and pyroclastic rocks. These rock types, along with
related hypabyssal intrusives are the main lithologies exposed on Potter Peninsula
(Kraus and del Valle, 2008a). The landscape of Potter Peninsula is characterized
by glacial landforms, mainly moraines surrounded by a coastal environment with
active, Holocene (Lindhorst and Schutter 2014, Heredia Barión et al., in review)
and probably older raised marine features (John and Sugden, 1971).
2.2

Glaciological and climate setting

During the LGM an ice sheet extended towards the shelf edge of the AP (Ó
Cofaigh et al., 2014). A second, smaller ice cap reaching the outer continental shelf
50 km north of its present location covered the SSI (John and Sugden, 1971) (Fig.
1B). Initial deglaciation of Maxwell Bay associated with decoupling of the ice sheet
from the sea floor, occurred between 14.8 and 14.1 ka cal BP (Simms et al., 2011),
whereas further inland, the age of deglaciation was determined as 15.5 ± 2.5 ka
BP, based on cosmogenic nuclide dating (Seong et al., 2008).
Today, approximately 90% of the surface of KGI is covered by the Collins Ice Cap
reaching a maximum thickness of about 400 meters (Blindow et al., 2010). The
Equilibrium Line Altitude (ELA) of the ice cap and discharge glaciers increased
from c. 150 in the 1980s (Curl et al., 1980) to c. 260 meters above mean sea level
(m amsl) in 2015 CE (Falk et al., 2018).
KGI has a maritime climate and is regularly hit by cyclonic weather systems
moving eastward along the Drake Passage (Kejna et al., 2013). The annual mean
air temperature on KGI between 1948 and 2011 CE was -2.5 ºC (Kejna et al.,
45

2013), but temperatures are often above zero during summer. The warming trend
over the past decades has currently come to a halt, and between 1999 and 2015
CE a slight cooling occurred (Oliva et al., 2017a). Together with an increase of
precipitation on the western AP during the last 5 decades (Thomas et al., 2008;
Goodwin et al., 2016), this resulted in a slightly positive glacier mass balance on
the islands peripheral to the northern AP, such as the SSI (Oliva et al., 2017a).
3. METHODS
We used geomorphological mapping, radiocarbon and cosmogenic 3He exposure
dating in our methodology. The obtained 3He exposure ages, however, show very
scattered values, presumably due to nuclide inheritance, and thus we do not
consider them for our interpretation. For the interested reader we documented the
results in the Supplemental Material.
3.1

Geomorphological mapping

Geomorphological mapping is essential for accurately locating and interpreting
potential outcrops, landforms and landsystems to be surveyed. We carried out
geomorphological mapping of Potter Peninsula through interpretation of
geomorphological features in the field combined with the study of a satellite image
(WorldView2, DigitalWorld; scene ID: 103001001F612100; pixel resolution 0.5 m;
acquired 2013/03/07). We also take into account an orthorectified panchromatic
aerial image of 1956 (Falkland Island Dependency Aerial Survey Expedition,
FIDASE; image ID X26FID0039076; pixel resolution 0.9 m; acquired 1956/12/20)
to infer the area deglaciated over the last decades.
We based our topography on a digital elevation model from the peninsula with a
spatial resolution of 3 m pixel-1 (Kraus and del Valle, 2008b). Then, we digitalized
and georeferenced the mapped landforms from the surveyed localities.
3.2

Stratigraphic profiles

Since we excavated one of our profiles in a similar location to “Pingfo II” (del Valle
et al., 2007), we named it “new Pingfo II” section. We also excavated another
section in glacial deposits next to the present glacier limit, named as “Inland
outcrop”.
We characterized the stratigraphic sections by describing their facies, using
textural criteria, fabric, composition, sedimentary structures and the stratigraphic
relationships existing between the different depositional units. The profiles were
excavated by using shovel and pick-axe. For the measurement of the profile
depths we employed measuring tape and hand level.
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For a better sedimentary facies interpretation of the new Pingfo II section we
carried out sediment textural studies (see Supplemental Material, available online).
We digitized the stratigraphic profiles with the software SedLog 3.0 (Zervas et al.,
2009).
3.3

Radiocarbon dating

Absolute age data were obtained by AMS radiocarbon dating of seaweed, marine
mollusk shells, penguin and undetermined bones, and remnants of mosses
embedded in sediments. To reduce the risk of contamination with modern material,
all samples for radiocarbon dating were taken from fresh and previously cleaned
outcrops and stored in zip-lock plastic bags at 4ºC. We did the sample preparation
at the Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research.
Sample measurements as well as correction for 13C/12C ratio and calculation of
Conventional Radiocarbon Ages were done by ETH Zürich and Beta Analytics
INC., USA (Table II). We used the ΔR value of 791 ± 121 years (Hall et al., 2010).
For further explanation on the chosen ΔR value, please see the Supplemental
Material, available online. Calibration of conventional radiocarbon ages was done
using the software Calib (v7.0.4, Stuiver and Reimer, 1993) and the calibration
curve Marine13 (Reimer et al., 2013) and SHCal13 for Southern Hemisphere
(Hogg et al., 2013) for marine and moss samples respectively.
Calibrated ages in thousands of years before present (ka cal BP) are rounded to
the next decade and provided as median of the probability distribution with 2σ error
range (95.4% probability). A Bayesian age-depth model for the Potter Cove
sedimentary sequence was built using the Bacon R package (Blaauw and
Christen, 2011).
4. RESULTS
4.1

Geomorphological setting

Our field observations showed that the contact between the Warszawa Icefield and
the ice-free area is gentle. On the other hand, the contact between the Fourcade
Glacier and the sea creates a steep ice front (Fig. 1C).
The Warszawa Icefield and the Fourcade Glacier markedly retreated from 1956 to
2013, as evident from satellite image analysis (Fig. 3). About 40 % of the presentday deglaciated area of Potter Peninsula became ice-free since 1956. However,
due to the extended snow cover (see Fig. 3A), detecting a glacier border is difficult
and retreat values are thus viewed as maximum values.
Except for the Three Brothers Hill, Potter Peninsula is roughly divided in two sub
environments, a lower environment situated between 0 and 15 m, and a higher47

elevated environment covering altitudes between 50 and 100 m, showing a
staircase morphology. The low areas comprise Holocene and active beaches. The
higher-elevated area includes vegetated cryogenized bedrock plateaus and glacial
deposits/till.
We subdivided the study area into five local geomorphological units (Fig. 2A, B and
Table I), following the classification proposed by Oliva and Ruiz-Fernández (2017)
in similar settings of the SSI. From the glacier to the coast, the following units are
identified:
Unit 1: Recently deglaciated/proglacial area
This area has no vegetation cover and borders the Warszawa Icefield. Towards the
north and southeast it is bordered by the sea. It covers an altitude range from sealevel (in the north) up to 80 m amsl towards inland (southeast). The area next to
the current glacial front is in many cases waterlogged. Moreover, many lakes
developed in the last decades as the glacier front retreated (Fig. 3B). The
northeastward retreat of the Warszawa Icefield over the last six decades exposed
about 2.7 km2, corresponding to 37% of the present ice free area of the peninsula.
Periglacial processes as frost cracking and freeze thaw in cobbles and boulders of
coarse-grained pyroclastic lithologies is active (Fig. 3D) On the other hand, blocks
of metric sizes of those lithologies are more resistant to such processes and
remain intensely polished and striated. Basaltic lithologies stand more resistant to
such periglacial processes.
Fluted glacial deposits or flutings are widespread in Unit 1 (Fig. 2, 4E and F). In the
northern part, the flutes are oriented NW-SE whereas west of Superior Lake they
are oriented NNE-SSW and towards Stranger Point, they are oriented N-S and
NW-SE. Flutes formed parallel to the ice-flow and are the product of combined
erosional and depositional processes of subglacial origin in a water-saturated –
warm-based– bed of deformable till (Glasser and Benett, 2004; Benn and Evans,
2010).
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Figure 2. A) Landforms and geomorphological map of Potter Peninsula. PC: Potter Cove section (Sugden and John, 1973); nPII: new Pingfo II
section (this study); B) Mapped geomorphological units (1 to 5) described in the text and in Table I.
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Local
Landform
geomorphological
units
Unit 1: Proglacial Polished and striated
area (recently
blocks
deglaciated)
Till ridges (squeezecrevasse-ridges)

Characteristics, distribution, dimensions

Linear and continuous glacial scratches and polish on boulder
surfaces. Distributed in different volcanic lithologies.
Aligned longitudinal diamictitic ridges. 0.3 m high,15-60 m long

Fluted feautures/Flutings Streamlined, attenuated, lineal hills, associated or not with bedrock
obstacles and boulders. Lenght:Width=from 20:1 to 10:1
Moraine ridges
Linear and curvilinear ridges with gentle lee-flanks and steep stossflanks.
Deltas
Fan-shaped features resulting from the discharge of proglacial
streams carrying sediments to the sea. 70 m long and 200 m wide.
Lakes

Alluvial fans

Landslides

Unit 2: Older
deglaciated area

Lakes

Stone sortedcircles/polygons
Stone stripes

Inactive protalus lobe

Landslides
Striated and polished
blocks and bedrock
Unit 3: Moraine
systems

Kettle-lakes
Polished and striated
blocks
Stone sortedcircles/polygons
Landslides

Semi-permanent intra-moraine water bodies. Triangular Lake has
an outflow towards the south. There are also some filling hollows
and the water source is from snow packs, thawing of
permafrost/ice core and from seasonal proglacial streams.
Fan-shaped deposits of decametric dimensions. Built up from
sediment discharge of proglacial streams. Are connected to deltas
downstream.
Erosive scars and convex accumulation of debris triggered by
water saturation of the active layer resting on permafrost. 225 m
wide, 70 m long.
Intra-moraine water bodies. There are also some filling hollows and
the water source is from snow packs and rest of water from mass
movements after the degradation of moraines
Features on gentle surfaces (3-6º) with thick-grained (i.e. cobbles)
sediments towards the periphery. Mainly developed in water
saturated areas along streams.
Features with classified sediments of several centimeters width
and several meters lenght. Developed in slopes up to 10º. They
are between 20 and 50 m amsl.
Feature with tongue-like form, conformed of angular boulders. 75
m long, 70 m width. Vegetation on it suggests inactivity of the
landform. Located at 30 m amsl.
Erosive scars and shallow convex accumulation of debris triggered
by water saturation of the active layer of permafrost.
Lineal and continuous glacial polish and scratches on some
bedrock outrops and principally on boulder surfaces. It represents
by mostly basaltic and andesitic lithologies
Water filled hollow created by water of seasonal snow packs and
fusion of ice-core or active table.
Linear and continuous glacial scratches and polishing on boulder
surfaces.
Features on gentle surfaces (3-6º) with thick-grained (ie. cobbles)
sediments towards the periphery. Located at 90 m amsl.
Accumulation of debris triggered by water saturation of the active
layer resting on permafrost and possibly on ice core. Distributed on
the slopes of the moraine. 20/80 m width, 120/180 m lenght.
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Stone stripes

Unit 4:Bedrock
plateaus and
Three Brothers
Hilll

Features with classified sediments of several centimeters width
and several meters lenght. Developed on slopes up to 10º. Located
between 20 and 70 m amsl.
Mudflows/slumps
Rapid mass movements in fine grained sediments transport
material down-valley on the Stranger Point moraine system. The
sliding surface corresponds to the limit of the active layer in contact
with the permafrost table. More abundant on the northern slope of
the moraine. Variable size
Resedimented till as
Degraded moraines surrounding Three Brothers Hill with slopes of
debris flows
22-27º reworked into several channelized shallow debris flows. On
moraines slopes of 12º the debris flows are not channelized and
are wider with stone stripes developed on top.
Polished bedrock (striae) Linear and continuous scratches and polish of glacial origin on
bedrock surfaces.

Talus accumulations

Solifluction lobes

Rock falls
Stone stripes

Accumulations of coarse sediments at the foot of rock cliffs
intensely affected by frost shattering. Poorly lichenized sediments
suggest active dynamics. An exception is around the Three
Brothers Hill. Situated from next to sea-level up to 100 m amsl.
Appear as step-like landforms at Three Brothers Hill, often with
concentration of clasts in the risers. Risers varying from 30 cm up
to 1 m in lobes. Developed at south facing talus slopes of the hill.
At Three Brothers Hill, appear as tongue-like features with ca. 6 m
width in slopes of up to 20º. The lobes are densely covered by
vegetation. Located between 80 and 40 m amsl on the bedrock
plateaus. There they have not vegetation cover. Their width varies
depending if they are associated with rock scarps or located on
the plateau itself.
Accumulation of large blocks fallen from the margin of bedrock
outcrops. They are next to sea-level up to 14 m amsl.
Features with classified sediments of several centimeters width
and several meters lenght. Developed on slopes up to 10º

Frost shattered rock/debris Highly gelifracted and vegetated bedrock plateaus. Situated
covered w/ lichens
between 45 and 90 m amsl.
Protalus lobes

Feature with tongue-like form, conformed of angular boulders. C.
120 m long, 50 m wide. Absence of vegetation indicates activity of
the landform. Located at 50 m amsl.
Unit 5: Raised
Raised beaches
The highest beaches are found at Stranger Point (ca. 14 m amsl).
beaches and
Their elevation and their surface grain-size decreases along the
present-day beach
south coast of the Peninsula in direction to Potter Cove, where just
present-day beach levels exist east of Carlini Station. Beach ridges
are well developed on each raised beach. The raised beaches are
poorly vegetated with exception of areas next to inactive lagoons
and those at Stranger Point at 6 m amsl and higher levels.
Present-day beach (PDB) Surrounds the Peninsula. The active berm mean elevation ranges
from 2.4 m amsl at Stranger Point to up to 1 m amsl at Mirounga
Point (Lindhorst and Schutter, 2014; Heredia Barión et al., 2018,
submitted for publication). Significant biological activity (penguins,
sea lions, elephant seals and stranded algae).
Deltas
Features resulting from the discharge of fluvial sediments in the
sea. Up to 50 m long and 70 m wide.
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Alluvial fans

Fan-shaped deposits of decametric dimensions. Built up from
moraine material, basically through debris flow and sediments
transported by snow-melting streams.
Inactive alluvial zone/fans Deposits of debris of alluvial origin no longer active. They cover
raised beaches.
Penguin mounds
Approximately circular, dome-shaped features. The biggest are 2025 m in diameter and 3 m height. Principally distributed in raised
beaches of Stranger Point and next to the PDB along the southeast
coast.
Lake/lagoon
Permanent water body distributed in flat areas present between
series of raised beaches and the active berm.

Table I. Landforms and local geomorphological units identified on Potter Peninsula.

Meltwater channels coming from the glacier front cut steep interfluves up to 4 m
high into the fluted glacial deposits (Fig. 4E). The meltwater channels run parallel
to the axes of the flutes and discharge into the cove forming two alluvial fans and
deltas (Fig. 2).
Several till ridges are located along the north coast of Unit 1, between the alluvial
fans. These ridges resemble crevasse-squeeze ridges formed by pressing of
saturated basal till during stagnation phases transverse to glacial flow (Benn and
Evans, 2010), especially on inter-ice stream ridges (Klages et al., 2013). Moreover,
morainic ridges of 80 m length are located southeast of the ridges.
Unit 2: Older deglaciated area
This area is ice-free at least since 1956. It is composed of glacial deposits and
occupies mostly the western sector of the peninsula. It is mostly situated at 60 to
75 m amsl, but also reaches down to sea level. In contrast to the proglacial area,
the glacial deposits and other landforms of Unit 2 are covered to a high percentage
by mosses and lichens (Fig. 3C). Polished and striated andesitic and basaltic
blocks are common (Fig. 4C), but there are no pyroclastic rocks with such
characteristics. Apart from preserved glacial deposits and these erosional features,
other glacial landforms are absent in this unit.
Periglacial landforms like sorted polygons and stone stripes are widespread. A
small-sized protalus lobe at 30 m amsl is found several hundred meters away
southeast of Carlini Station (Fig. 2).
Several lakes developed in this unit. The largest is Rudy Lake, with an effluent
running towards Potter Cove. At its east side debris flows developed on the
interface between the active layer and permafrost (Fig. 4A). Note that we could not
find kame terraces described by Birkenmajer (1998) around Rudy Lake and
southeast and north of it.
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Unit 3: Stranger Point and Three Brothers Hill moraine systems
The Stranger Point moraine system is located north of Stranger Point. It is situated
up to 105 m amsl and stretches over 1.25 km. The moraine is elevated 40 m above
the adjacent bedrock plateau and 25 m above the raised beaches of Stranger
Point,

Figure 3. Comparison between the positions of the tide-water Fourcade and inland Warszawa
glaciers in (A)1956 CE and (B) 2013 CE; B is a composite satellite image (NIR-G-B) reflecting in red
tones the vegetation cover (mostly lichens) on the Peninsula. Stars labeled 1 and 2 indicate the
position of the stratigraphic sections, new Pingfo II and inland glacial deposits respectively; see
Figs. 5 and 7 for their stratigraphy. (C) and (D) are field photos from vegetated and recently
deglaciated glacial deposits (geomorphological Units 2 and 1, respectively). Note the action of
freeze-thaw processes causing laminated cracking in pyroclastic lithologies (circle). The directions
of the points of view of C and D are indicated in B.
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Figure 4. Some of the most widespread landforms observed on Potter Peninsula: (A) slump on
glacial deposits showing the permafrost (white arrow); bag on top as scale, (B) stone stripes, (C)
polished and striated block, (D) frost shattered bedrock covered in some extent with lichens, (E)
flutings in recently deglaciated glacial deposits, being eroded by fluvioglacial activity; and (F) flutes
in a smaller scale with indication of former ice movement direction.

where this moraine rests on preserved raised beaches located at 6 m amsl and
higher, up to ~12 m amsl. The eastern flank of the moraine descends smoothly
towards the present-day beach, while on the western side, the moraine descends
to 60 m amsl bordering the Triangular Lake. On its northern flank the moraine
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borders the proglacial area of Unit 1. This moraine is likely to sit directly on the
bedrock plateau, which is exposed towards the south. Since the moraine is
degraded through slumps and debris flows, only discontinuous and relatively few
morainic crests are preserved on it.
The moraine consists of unconsolidated basaltic and andesitic gravels and
boulders in a sandy to silty matrix. In some cases the boulders show signs of
glacial abrasion, namely striae and polished surfaces. Cobbles and boulders of
coarse-grained volcanics (i.e. pyroclastics) are generally intensely cracked. Those
cracked sediments are reworked by cryoturbation processes, generating stone
sorted polygons and stone stripes of metric sizes (Fig. 4B).
The northern, ice facing slope of the moraine declines towards the glacier with
about 20º, while the southern slope declines with a similar value towards the south.
However, because the northern slope has a higher insolation than the southern
slope, the snow does not accumulate for long time and the active layer thaws
deeper and faster. Thus, periglacial mass movements such as mudflows and
landslides are reworking the unconsolidated sediments of the northern side faster
than those of the southern slope. Mudflows and landslides are likely generated at
the contact between the permafrost and the active layer. For the mudflows, the
permafrost table acts as the sliding surface for the downslope mobilization of the
water-saturated overlying sediments (Oliva and Ruiz-Fernández, 2017). Landslides
are likely triggered by water saturation of the active layer of permafrost.
Furthermore, re-deposited till (as a product of the moraine degradation) is
reworked by solifluction on inclined surfaces, creating stone stripes.
The Three Brothers Hill moraine system is partly vegetated and surrounds the
homonym hill. It covers an altitude between about 100 and 10 m amsl and it is
composed of basaltic and andesitic blocks embedded in an unconsolidated sandysilty matrix. Morainic ridges surround the hill in a stepped fashion around its
northern flank reaching up to 40º slope inclination, while along the south-eastern
flank the morainic ridges occur at the foot of the neck, on a slope that incline about
5º, and also the ridges are wider spaced. The northern morainic ridges are highly
degraded by debris flows which redeposit unconsolidated moraine sediments
downslope. Also talus accumulations coming from the weathering of Three
Brothers Hill as well as rock falls coming from steeped walls of the hill partially
cover preserved morainic crests (Fig. 2). Centimeter-sized stone stripes are formed
on the surface of the southern sector of the moraine.
Unit 4: Bedrock plateaus and Three Brothers Hill
Bedrock exposures form two tilted plateaus and a nearly horizontal plateau,
landward of the south coast and of Stranger Point respectively. The heights of the
tilted plateaus range from 40 m up to 95 m landwards. The plateau surfaces are
56

intensely cryogenized (Fig. 4D). In some parts, however, the bedrock is still
relatively fresh and exhibits polished surfaces and striae. One of the tilted plateaus
has a slope of 10º and solifluction processes evacuate the debris resulting from
frost shattering in form of stone stripes and solifluction lobes. Protalus lobes and
talus accumulations are developed at 50 m amsl at the foot of rock scarps of this
plateau (Fig. 2). Talus accumulations also reach the south coast.
The quasi-horizontal plateau landward of Stranger Point is located at 45-50 m
amsl. It is also affected by frost shattering and is intensely vegetated. All the
plateaus show rockfall activity. As in the tilted plateaus, several sorted talus
accumulations at the foot of their cliffs descend to the raised beaches towards the
coast of Stranger Point.
As we mention earlier, the Three Brothers Hill is a Paleogene andesitic neck with
columnar jointing. Its weathering by frost action caused talus accumulations and
rockfalls in its surroundings. Moreover, vegetated solifluction lobes are located on
the south side of the hill, protected from sun radiation.
Unit 5: Raised beaches and modern beach environment.
The southern and west coast of the peninsula is occupied by a series of raised
beaches composed of gravel beach-ridge systems developed on top of a
prograding strand plain (Lindhorst and Schutter, 2014). The northern coast exhibits
modern gravel ridges up to 2 m amsl gently sloping seawards. The rest of the
coastline is composed of beach ridge-systems clustering around 11.5, 9.5, 7.5 and
≥ 5.5 m amsl (Lindhorst and Schutter, 2014). Furthermore, a well-developed spit
system occurs at the mouth of Potter Cove, at Mirounga Point (Heredia Barión et
al., 2018, in review) (Fig. 2). At Stranger Point, numerous abandoned as well as
populated penguin rookeries are situated on top of the ridges (Fretwell et al.,
2010). They are up to 35 m in diameter and rise up to 2 m above the underlying
ridges (Lindhorst and Schutter, 2014). The present-day beach has elevations up to
ca. 2 m depending on whether the coast is sheltered or exposed to the
predominant waves (Lindhorst and Schutter, 2014).
Deposits of clast-supported, rounded and subrounded cobbles are facing the
northern flank of the Three Brothers Hill at 110 m amsl. The cobbles have
diameters up to 30 cm, and the deposits are protected from falling scree by an
overhang of a cliff of Three Brothers Hill. These cobbles were interpreted as
pockets of in situ beach material deposited by marine action in a former
(Pleistocene) non-glacial interval and subsequently overridden by ice (“residual
beaches”, John and Sugden, 1971). Actually, they are possibly kame terraces
deposits and may have early Holocene exposure ages (Watcham, 2010).
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Several alluvial fans resting on Unit 5 are a product of the discharge of moraine
sediments from debris flows and sediments transported by snow-melting streams
on raised beaches. The discharge of Triangular Lake to the sea produces an
alluvial fan and also a small delta. Inactive alluvial fans cover raised beaches and
they terminate against a lagoon at the south coast of the peninsula, next to
Elefante Refugee (Fig. 2).
4.2

Chronostratigraphy

The top of the new Pingfo II section is located at 6 m amsl and in this section, we
dated twenty one samples with AMS radiocarbon dating (Fig. 5 and Table II;
Supplemental Figure S1, available online). Samples included remains of seaweed,
Laternula elliptica shells and rest of bones, likely from birds and seals (cf. del Valle
et al., 2007). It is important to note that all the radiocarbon ages from different
organisms are in agreement, suggesting that their reservoir effect has the same
value and thus, it is not an issue for radiocarbon dating in this section. The
chronological model for the marine sediments from the section is illustrated in Fig.
6. The obtained sedimentation rate of 10 mm a-1 is quite homogenous throughout
the section. The modeled ages cluster between 7.8 and 7.5 ka cal BP.
As indicated by the till deposited on top and the coarsening upward trend of the
profile, a glacier re-advance took place over relative distal glaciomarine sediments
and deformed the overlying glacio-proximal sediments (Fig. 5). Moreover, we found
several escape structures made by Laternula elliptica, dissecting debris flow beds
deposited between the glaciomarine sediments (Fig. 5). Such escape structures
together with the presence of debris flow beds may indicate a high sedimentation
rate related to the proximity of a glacier, forcing the bivalves to go up and try to
escape towards the surface through the sediments deposited on top of them, as
described by del Valle et al. (2007).
A second stratigraphic section 2.3 m thick was excavated in recently deglaciated
inland glacial deposits, 700 m away from the present (2013 CE) limit of the glacier.
The section contains two tills (Fig. 7). There, we obtained two radiocarbon dates
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Figure 5. Stratigraphic profile of new Pingfo II section (see Fig. 2 and location 1 in Fig. 3; see also
Supplemental Figure S1, available online). See Table I for radiocarbon dating details. The legend
shows the lithologies and symbols used in this profile and the one in Fig. 7.
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No

Lab ID

Dated material Depth

Facies δ13C (‰)

14

C age [a
BP]

m below top
outcrop

Calibrated age (ΔR 791 ± 121 a)
cal BP ( 2σ ranges, 95.4%
probability)
median rounded 2σ error rounded
of prob. median [a]
error [ka]
[a]
[ka]

1

Beta-441402 Bone
(penguin)

1.50

4

-21.6

7860 ± 40

7555

7.6

240

0.2

2

Beta-441403 Bone
(penguin)

1.55

4

-22.2

7890 ± 40

7582

7.6

240

0.2

3

ETH-67269 Bivalve shell

1.60

4

-1.6

8010 ± 85

7695

7.7

267

0.3

4

ETH-67267 Bivalve shell

1.70

4

0.0

7805 ± 85

7507

7.5

275.5

0.3

5

Beta 431964

1.85

3-4

-23.1

7780 ± 30

7485

7.5

226.5

0.2

6

ETH-67270 Bivalve shell

2.05

3

-1.3

8170 ± 85

7840

7.8

287

0.3

7

ETH-67272 Bivalve shell

2.10

3

-13.4

8115 ± 80

7789

7.8

281.5

0.3

8

ETH-71994 Bivalve shell

2.56

3

2.0

7920 ± 20

7609

7.6

226.5

0.2

9

ETH-67268 Bivalve shell

2.70

3

-13.6

7705 ± 80

7418

7.4

267.5

0.3

10

ETH-67273 Bivalve shell

2.95

1

-4.4

8005 ± 85

7691

7.7

266

0.3

11

ETH-67275 Bivalve shell

3.05

1

-12.1

7950 ± 70

7639

7.6

273.5

0.3

12

ETH-67274 Seaweed

3.05

1

-2.3

8020 ± 90

7705

7.7

254

0.3

13

ETH-67276 Bivalve shell

3.10

1

-10.5

8145 ± 70

7816

7.8

273

0.3

14

ETH-72000 Bivalve shell

3.11

1

1.3

8015 ± 20

7698

7.7

227.5

0.2

15

ETH-67277 Bivalve shell

3.30

1

-1.0

8300 ± 75

7973

8.0

296

0.3

16

ETH-71996 Bivalve shell

3.41

1

2.9

8005 ± 20

7688

7.7

226.5

0.2

17

ETH-71997 Bivalve shell

3.46

1

0.8

7995 ± 20

7679

7.7

227

0.2

18

Beta 441404

Bone
3.50
(indeterminate
)

1

-23.8

8100 ± 40

7774

7.8

240

0.2

19

ETH-67278 bivalve shell

3.50

1

-9.0

8090 ± 75

7766

7.8

270.5

0.3

20

ETH-72001 Bivalve shell

4.00

1

2.1

7995 ± 65

7681

7.7

248.5

0.3

21

ETH-71995 Bivalve shell

4.47

1

8.0

8195 ± 25

7862

7.9

251

0.3

22

Beta-441400 Moss

2.20

1

-20.9

1880 ± 30

1778

1.8

79

0.1

23

Beta-441401 Moss

2.20

1

-22.1

1850 ± 30

1741

1.7

104.5

0.1

Bone
(penguin)

Table II. Results of radiocarbon dating. Samples 1-21 belong to the new Pingfo II section, whereas
22 and 23 belong to the inland outcrop. Samples Coordinates: 62.2389ºS, 58.6729ºW; UTM -21:
413071, 3098082 (Samples 1-21); 62.2473 ºS; 58.6466 ºW; 414461,3097178 (Samples 22 and 23)

from the base of the section (1.7 and 1.8 ka cal BP; Fig. 7 and Samples 22 and 23,
Table II), containing fragments of mosses embedded in the glacial deposits.
Deposits of this section record a glacier re-advance.
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5. DISCUSSION
Based on the chronological data and geomorphological mapping, we propose the
following Holocene landscape evolution for Potter Peninsula.
Early Holocene
There are different opinions about the environmental development on the SSI
during the early Holocene, based on evidence of regional warming and an
extensive glacial retreat after the LGM, but also on indications for a glacier stillstand and even a re-advance.
The chronostratigraphy of the new Pingfo II section reflects the transition from a
relative distal glaciomarine environment between 7.8 and 7.5 ka cal BP to a
subsequent proximal glaciomarine and glacier front environment, as the Fourcade
glacier re-advanced over the previously deposited sediments (Fig. 5), reaching the
mouth of Potter Cove. The re-advance bulldozed over the marine sediments,
leaving algae as a compacted seaweed layer. Our interpretation of the changes in
the sedimentary environment is in agreement with previous studies of Sugden and
John (1973) and del Valle et al. (2007). On the other hand, our chronology differs
from the one obtained by Sugden and John (1973). They propose that the onset of
the deglaciation on Potter Peninsula was at or before 9.5 ka cal BP. Although our
profile is deeper than the section from these authors, our detailed
chronostratigraphy could not replicate or even find such an older age. Other
authors obtained similar results (Strelin et al., 2014). Instead our oldest modeled
age is 7.8 ka cal BP, and oldest radiocarbon date was 8.0 ka cal BP. Furthermore,
our new radiocarbon data are more consistent, detailed and reliable than
previously available data. The oldest age obtained by Sugden and John (1973)
seems to be an outlier in comparison to our age model (Fig. 6). Thus, we propose
to place the minimum age for the onset of the deglaciation phase on Potter
Peninsula at 7.8 ka cal BP. Moreover, while the marine sediments were deposited
at 7.8 to 7.5 ka cal BP, the relative sea level was up to 14 m above present mean
sea level at Potter Peninsula, based on calculated isostatic uplift values for this
area (Fretwell et al., 2010). Sediment cores retrieved from inner Maxwell Bay,
suggest that the bay was ice free by 9.1 ka cal BP (Simms et al., 2011) and the
glacier retreat increased around 8.0 ka cal BP, when the warmest Holocene
conditions are recorded in the AP (Bentley et al., 2009, Milliken et al., 2009). Ice
retreat is also evidenced by the existence of ice-free areas further inland around
Maxwell Bay. There, glacially polished bedrock surfaces dated with cosmogenic
nuclides at Barton and Weaver Peninsulas as well as the onset of lake
sedimentation at Barton and Fildes Peninsulas between 11.0 and c. 8.0 ka cal BP
(Seong et al., 2008; Watcham et al., 2011; Oliva et al., 2016a) evidence the start of
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Figure 6. Bayesian age model for the new Pingfo II section with our ages clustering between 7.8
and 7.5 ka cal BP, compared to the much older age reported by Sugden and John (1973).

the deglaciation in the region. At Byers Peninsula, Livingston Island, SSI (Fig. 1B),
radiocarbon data from lake sediments suggest that the onshore glacier retreat
started there between 8.3 and 7.5 ka cal BP (Oliva et al., 2016b).
According to our age model and stratigraphy, the Fourcade glacier re-advanced
after 7.5 ka cal BP. This re-advance can be tentatively correlated with a rise of the
relative sea level curve for the SSI at 7.2-7.0 ka cal BP (Watcham et al., 2011).
This rise is related to a pause on the post-LGM glacier retreat and still-stand during
deglaciation (Watcham et al., 2011). Furthermore, surface exposure ages of
moraine boulders on Hurd Peninsula, Livingston Island, suggest a glacier advance
at c. 7.0 ka BP (Hall, 2009; pers. comm. Brenda Hall, 2015). By contrast, proxies of
terrestrial and marine records from the northwestern AP indicate extensive glacial
melt, open waters without sea-ice in Maxwell Bay and warm conditions similar to
the present at about 7.0 ka BP (Milliken et al., 2009; Watcham et al., 2011;
Mulvaney et al., 2012; Peck et al., 2015; Roberts et al., 2017). Thus, although we
propose a glacier re-advance on the SSI at about 7.0 ka cal BP, it still has an
unclear climate connection and could be related to changes in glacier stability due
to precipitation, regional glacio-isostatic adjustment and/or sea-level variations.
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Mid-Holocene
The degree of development of periglacial patterned ground landforms could be
used to get a relative minimum age for the exposure of the geomorphological Unit
2 after the proposed glacier re-advance during the early Holocene in Potter
Peninsula. Jeong (2006) attempted to date the deglaciation on KGI by radiocarbon
dating on remnants of mosses and lichens in sorted polygons. They found that the
diameter of sorted vegetated polygons is directly related to their age, with the
biggest polygon (3.23 m) being the oldest (4710 ± 40 14C years BP; 5.4 ± 0.1 ka cal
BP). We measured sorted polygons and circles of the geomorphological Unit 2 are
up to ~2.5 m in diameter and thus, tentatively 2.6 ka old. However, ages derived
from stone sorted circles have limitations as an indicator of deglaciation ages
(Jeong, 2006).
On the SSI, the glaciers reached their present limits around 6 ka BP (Mäusbacher
et al., 1989; Watcham et al., 2011; Ó Cofaigh et al., 2014). From 4.5 to 2.8 ka cal
BP, studies based on lake sediments propose a phase of significant warming, with
glaciers situated landward of their present limits and formation of peat banks
(Björck et al., 1991a, 1991b). By contrast, investigations in marine sediment cores
suggest decreasing sea surface temperatures and sea-ice cover increasing in
Maxwell Bay between c. 5.9 and 2.6 ka cal BP, without evidence of glacier readvance (Milliken et al., 2009). Lake sediment deposition continued. Based on
relationships with adjacent moraines and on varve counting, respectively,
Birkenmajer (1998) and del Valle et al. (2004) propose a minimum age of 0.5 ka for
Rudy Lake in Unit 2.
In summary, the vegetated glacial deposits of Unit 2 seem to have roughly a midHolocene maximum age, based on the development of patterned ground
landforms, lake sediment formation and regional paleoenvironmental correlations.
Late Holocene
The results of our geomorphological mapping campaign showed that vegetated
protalus lobes of Units 2 and 4 are located between 30 and 60 m amsl. Several
protalus lobes on the SSI are dated through cross-cutting relationships with raised
beaches and linked to the last glacier re-advance (i.e. 0.8-0.3 ka old, Serrano and
López-Martínez, 2000). Protalus lobes are landforms which move down-slope
throughout frost creep, associated with deglaciation and transition from a glacial to
a periglacial environment on the SSI (Serrano and López-Martínez, 2000). The
protalus lobes on Potter Peninsula are approximately 200 m below the present-day
ELA in the study area, indicating very different environmental conditions during
their formation. Furthermore, as elsewhere in periglacial settings (Kääb, 2007), the
vegetation cover on the protalus lobe next to Carlini Station together with the
absence of a basal talus at its foot could point to the inactivity of the landform due
to a more humid and warmer climate conditions.
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The onshore glacier retreat of the last ~60 years revealed a till sequence with
remnants of mosses at its base, which we dated at 1.8 and 1.7 ka cal BP. This
sequence shows colonization of mosses, and indicates that at 1.8-1.7 ka cal BP,
the glacier was at its 1950s or even at its current position, or further landward (see
the relative position of the section in Fig. 3B). Afterwards, the mosses were overrun
by a glacier re-advance, and became embedded in the till (Fig. 7). Thus, the ice
extended further seaward than today after 1.7 ka cal BP, and the mosses may
represent warmer temperatures prior to the re-advance. In Potter Cove, off-shore
geomorphological studies reveal that the outermost marine moraine complex M1
(Fig. 1C) represents the latest preserved maximum position of the Fourcade
Glacier, likely between 2.6 and 1.7/1.6 ka cal BP (Simms et al., 2011; Wölfl et al.,
2016). Furthermore, marine sediment cores and the position of the submerged
moraine complexes M2 and M3 indicate that the Fourcade Glacier was located
inside the inner cove between 0.5 and 0.1 ka cal BP (Fig. 1C) (Majewski et al.,
2012; Wölfl et al., 2016; Munoz and Wellner, 2018). In contrast, at Barton
Peninsula and Byers Peninsula, Livingston Island, radiocarbon dating on basal
lake sediments and exposure dates from bedrock outcrops, suggest that no major
glacier advances occurred in the last 2.4 ka cal BP (Seong et al., 2008; Oliva et al.
2016a and b). Warm and humid climatic conditions on KGI are supposed for the
time period between c. 1.4 and 1.1 ka cal BP based on sedimentological and
geochemical data from a marine massive diamicton (Yoon et al., 2004). Other
marine and terrestrial records on KGI indicate still warmer temperatures between
1.4 and 0.55 ka cal BP and a cooler period between 0.55 and 0.05 ka cal BP,
tentatively linked to the northern hemisphere Medieval Warm Period and the Little
Ice Age, respectively (Hall, 2007; Hass et al., 2010; Monien et al., 2011; Angiel and
Dąbski, 2012; Majewski et al., 2012). Simms et al. (2012), based on the direct
comparison of radiocarbon ages and dates obtained by means of optical stimulated
luminescence concluded that the last glacier re-advance took place between 0.45
and 0.25 ka cal BP (Yoon et al., 2004; Yoo et al., 2009).
Summarizing, around 1.8/1.7 ka cal BP, a climatic optimum was reached and its
final phase may be indicated by a glacier re-advance probably between 0.5 and 0.1
ka cal BP. Subsequently, the inner Potter Cove was occupied by the Fourcade
Glacier, while onshore protalus lobes formed and the Warszawa Icefield bulldozed
the mosses into glacier till.
Raised beaches as indicators of Holocene glacial oscillations
As elsewhere on the SSI, the distribution of raised marine beaches at certain
altitudes provides minimum ages for the last coastal deglaciation (Hall, 2003).
Coastal gravel deposits at 6 m amsl and below overlie till and volcanic bedrock at
the west and north coast of Potter Peninsula. These coastal gravel deposits have
maximum ages of 0.65 ka cal BP (Curl, 1980; Lindhorst and Schutter, 2014;
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Heredia Barión et al., in review). At Potter Peninsula, they post-date the last glacial
re-advance (Sugden and John, 1973; Clapperton and Sugden, 1988).

Figure 7. Stratigraphic profile of studied inland glacial deposits deposits (see Fig. 2 and location 2
in Fig. 3). For legend see Fig. 5.

Raised beaches in the south of the peninsula at an elevation of up to 7.3 m amsl
are dated at 1.9 ka cal BP (Lindhorst and Schutter, 2014). Here, the highest beach
sediments overlie volcanic bedrock and till (Lindhorst and Schutter, 2014). At
Stranger Point, the highest raised beach at c. 12 m amsl is dated at 4.3 ka cal BP
and overlies glacier sediments (Lindhorst and Schutter, 2014). Furthermore, raised
coastal sediments at 14.4-17.1 m amsl dated at 5.5-5.4 ka cal BP give a minimum
age for beach formation and thus for the onset of the deglaciation of Stranger Point
(del Valle et al., 2002). Additionally, the Stranger Point moraine system of the
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geomorphological Unit 3 cross-cuts raised beaches at 6 m amsl, suggesting a
maximum age of 0.65 ka cal BP for a glacial re-advance which covered this
location.
Taking everything into account, it is likely that during the Holocene the glacier limit
advanced towards the outer cove several times (Fig. 8), while occupying a bigger
proportion of the peninsula compared to today.

Figure 8. Chronology of glacier fluctuations and geomorphological development at Potter Peninsula
and Potter Cove. Reddish tones indicate warm periods, whereas bluish tones indicate cold phases.
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Present-day deglaciation and active geomorphological processes
Judging from the simultaneous retreat of the present land-terminating glaciers,
there is strong evidence that glacier retreat on KGI was initiated by the increasing
air temperatures along the AP of the last decades (Braun and Gossmann, 2002).
Deglaciation also has exposed new onshore ice-free areas on Potter Peninsula,
which are subject to intense sediment reworking and redistribution characteristic of
paraglacial modifications of glacier forelands (Ballantyne, 2002). Moreover,
periglacial/frost action and mass-movement are the most widely processes
distributed on Potter Peninsula, particularly on the geomorphological Unit 1.
Freeze-thaw weathering shatters unconsolidated sediments and boulders on
moraines and other glacial deposits, but also is especially effective at bedrock
outcrops of bedrock plateaus of Unit 4. Rapid mass-movements like rockfalls
transfer the sedimentary products of the periglacial processes down-slope, creating
talus accumulation at the foot of bedrock plateaus and of Three Brothers Hill (Unit
4).
Cryoturbation forms sorted circles and polygons in gentle slope areas above 50 m
amsl on Potter Peninsula, particularly in areas where surficial sediments are
saturated with water. This may be explained by a permafrost table which inhibits
water draining away and being absorbed into the soil (Davies et al., 2013). On the
other hand, cryoturbation creates stone stripes on inclined surfaces. Furthermore,
in combination with gelifluction and frost-creep, stone stripes may result in
gelifluction lobes, like those located at the foot of the bedrock plateaus of Unit 4.
However, lobes do not point to the presence of permafrost in the rock slopes since
gelifluction and frost-creep are linked to seasonal frost (Matsuoka, 2001).
The Stranger Point moraine system is being actively degraded by mudflows,
solifluction and thermokarst processes as in similar settings of the SSI (LópezMartínez et al., 2012; Oliva and Ruíz-Fernández, 2017). Thermokarst is probably
related to the existence of permafrost or ice-cores, since we found them in
moraines on Potter Peninsula (Fig. 4A). Ice-cored moraines are ice-marginal
landforms that comprise a discrete body of glacier ice buried underneath sediment
(Lukas, 2011). John and Sugden (1971) and Sugden and John (1973) mapped icecored moraines next to the glacier limit. Hochschild (1995) also report that all the
glacial deposits on Potter Peninsula are ice-cored.
Fluvial processes are acting intensively next to the glacier front on Potter Peninsula
(Fig. 2, Unit 1; Fig. 4E). They are cutting the recently exposed moraine, providing a
large portion of suspended sediment load to Potter Cove and also forming alluvial
fans and deltas which prograde towards the cove. Moreover, the suspended
sediment input to the cove significantly changes physical and chemical properties
of the cove (Jerosch et al., 2018), e.g. salinity, turbidity, light transmission and
trace metals (Henkel et al., 2013), but also impacts the biological communities
living there (Quartino et al., 2013; Pasotti et al., 2015a, 2015b; Sahade et al., 2015;
Falk et al., 2018).
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6. CONCLUSIONS
Our study contributes to a deeper understanding of the Holocene glacial geology of
Potter Peninsula. We applied geomorphological mapping and stratigraphic surveys
of newly ice-free areas and performed AMS radiocarbon dating. We were able to
re-evaluate and improve the onset of the deglaciation on Potter Peninsula. We
propose a new minimum age of 7.8 ka cal BP instead of an earlier accepted age of
9.5 ka cal BP, based on our more detailed chronology and deeper excavation of
the new Pingfo II profile. We further propose a glacier re-advance after 7.5 ka cal
BP, likely between 7.2 and 7.0 ka cal BP, reaching the mouth of Potter Cove. It is
likely linked with a glacier re-advance or still-stand documented elsewhere on SSI
at about 7 ka cal BP. Nevertheless, climatic conditions associated with these
glacial re-advances remain unclear. Following the re-advance, during the midHolocene, the glacier front retreated to a position similar to the present one. As
result of the glacier re-advance, modern vegetated glacial deposits were formed. At
1.8-1.7 ka cal BP, a climatic optimum was reached with similar glacier limits
compared to 6 decades ago or even as today. This warm period ended with the
last glacier re-advance between 0.5 and 0.1 ka cal BP. Integrating, these findings
suggest that glaciers repeatedly occupied Potter Cove and also the peninsula
throughout the Holocene. They further indicate that the present state of reduced
ice in the study area is not unprecedented. Besides, the Holocene glacial history of
Potter Peninsula has been more variable than previously known, having
implications for calibrating local and regional ice sheet models. With regard to the
last decades, our data indicate that deglaciation exposed the glacier foreland to
periglacial, mass wasting and glaciofluvial processes which are degrading glacial
deposits and moraines.
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SUPPLEMENTAL MATERIAL TO CHAPTER 3: HOLOCENE GLACIAL
DYNAMICS AND GEOMORPHOLOGY OF POTTER PENINSULA, KING
GEORGE ISLAND (NW ANTARCTIC PENINSULA).
Heredia Barión, P. A., Strelin, J. A., Spiegel, C., Wacker, L., Niedermann, S., Kuhn,
G.
Textural analyses
We took 13 samples along the stratigraphic profile from the new Pingfo II section
(Supplemental Figure S1). For every sample, we used dry sieving to separate the
fraction larger than 2 mm. The rest of the sample was put in an ultrasonic bath for
10 seconds. Afterwards, we used a reciprocating shaker and left the sample there
overnight. Then, we used wet sieving to separate the fraction <0.063 mm (silt and
clay size). The larger fraction was dried in an oven at 50ºC. Once dried, we used
dry sieving to separate sands (>1mm, >0.5 mm, >0.25 mm, >0.125 mm and >0.063
mm). The silt and clay fraction was transferred to a sedimentation cylinder and 1 L
of distilled water was added. Using Stoke´s Law, we separated fine and coarse silt
from clays with the pipette method. To concentrate the clay afterwards we used a
centrifuge. The silt and clay fractions were dried again in an oven at 40ºC.
The results are shown in Supplemental Table S1.
Reservoir correction for radiocarbon age calibration
Local reservoir corrections (ΔR) for marine samples as reported for the SSI are in a
broad range of about 700 to 1300 years (e.g. Curl, 1980; Björck et al., 1991c;
Gordon and Harkness, 1992; Berkman and Forman, 1996; Milliken et al., 2009;
Hall et al., 2010; Hass et al., 2010; Watcham et al., 2011). Hall et al. (2010), based
on paired radiocarbon and uranium–thorium dates of Antarctic solitary corals,
proposed a ΔR of 791 ± 121 a. This local reservoir age is further supported by
results of Simms et al. (2012) who used OSL of cobble surfaces to investigate the
depositional age of beach ridges on KGI. Due to the verification with two
independent dating methods, the local reservoir correction proposed by Hall et al.
(2010) was used in this study.
3

He surface-exposure dating
We chose to measure cosmogenic 3He in basaltic boulders on the Three Brothers
Hill moraine system because this nuclide accumulates in pyroxene and olivine
crystals, which are present as phenocrysts in Potter Peninsula basalts. The basalts
of the peninsula have been K-Ar dated at 49 ± 1 to 42 ± 1 Ma (cf. Smellie et al.,
1984). Cosmogenic 3He is stable, and therefore accumulates within a rock,
recording the total time of exposure to cosmic rays that it has experienced.
We used four samples of 1 kg weight each from basaltic boulders (Supplemental
Figure S2; see Supplemental Table S2 A for dimensions of erratics). Some of them
showed striated surfaces, such as 01- and 05-Potter.
The exposures ages were calculated using the CRONUScalc calculator (Version
2.0; Marrero et al., 2016) with the time-dependent Lal (1991)/Stone (2000) scaling
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model (Lm) for altitude at Antarctic pressure conditions and the primary calibration
data set for 3He in pyroxene (Borchers et al., 2016), which yields a long term sealevel high latitude (SLHL) scaled production rate of 122 ± 13 at g -1 yr-1 (Borchers et
al., 2016). External age uncertainties in Supplemental Table S2 include production
rate uncertainties. Using other scaling models (eg. Lifton-Sato-Dunai, Lifton et al.,
2014), the exposure ages change by up to c. 6%. We report both internal and
external uncertainties, but following Balco et al. (2008) we use external
uncertainties because we compare the obtained exposure ages with calibrated
AMS radiocarbon ages from the excavated sedimentary sequences on the
peninsula and other radiocarbon and cosmogenic exposure ages at the SSI.
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Silt

Clay

0.35

5.65

6

22.5

9.4

9.1

10.5

11.2

5.0

18.5

13.8

1.05

4.90

5

14.5

17.4

18.2

21.4

19.5

4.3

3.6

1.2

1.35

4.65

Contact 5-4

0.2

0.6

2.2

26.5

61.1

5.5

1.4

2.5

1.50

4.50

4

0.2

0.1

0.4

16.4

65.0

11.3

2.7

3.9

1.65

4.35

4

2.0

0.5

1.8

14.5

54.8

16.4

7.5

2.5

1.85

4.15

Contact 4-3

0.0

0.1

0.5

25.0

66.2

5.3

2.2

0.7

1.90

4.10

3

3.2

1.0

2.1

10.5

47.9

19.2

13.6

2.5

2.17

3.83

3

1.8

0.5

0.7

4.2

44.8

27.8

14.7

5.5

2.37

3.63

3

0.4

0.1

0.2

2.1

48.5

35.4

10.6

2.8

2.62

3.38

3

5.9

0.5

0.7

3.8

39.2

30.2

15.9

3.8

2.87

3.13

3

0.4

0.1

0.3

1.2

31.9

42.1

20.9

3.0

2.97

3.03

1

0.1

0.2

0.8

4.7

56.7

28.1

8.2

1.2

3.15

2.85

1

0.4

0.3

1.1

5.8

57.7

20.6

12.3

1.9

Sample (depth, m)

height (m amsl)

Facies

Gravel

VC Sand >1 mm

C Sand >0,5 mm

M Sand>0,25 mm

F Sand>0,125 mm

VF Sand>0,063 mm

Table S1. Results of textural analyses in samples from the new Pingfo II section.
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Figure S1. Field picture of the new Pingfo II outcrop excavation. Six different sedimentary facies
were interpreted (Facies 1 to 6; please see main text and Fig. 5). A great amount of organic
remains of bivalves Laternula sp, seaweed, and penguin bones are widely disseminated was
accumulated in the stratigraphic column. In the whole exposure it is clear how the glacier approach
(gravity flows, ice rafted blocks) and finally override the marine and glaciofluvial deposits, deforming
the last. View is toward east-northeast.
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Sampling
With the support of a GPS Trimble Pathfinder ProXH, we performed differential
GPS surveys of the locations of erratic boulders sampled for exposure dating. Its
accuracy is better than 10 cm in all axes. As geodetic reference, we used the
landmark DALL 66019M002 (S62°14′16.335″/W58°39′52.364″/ ellipsoidal height
39.376 m) located on the Argentine Carlini base, just a couple of hundred meters
away from the sampled erratics. All coordinates refer to the UTM system and are
based on the WGS84 ellipsoid (zone 21E).
We collected five samples using a hammer and chisel to take the upper few
centimeters of exposed surfaces, dipping less than 10º. The sample 01-Potter, a
cobble sitting on top of a morainic crest facing Three Brothers Hill, was taken
entirely for analyses of the whole sample (see Supplemental Table S2 a and
Supplemental Figure S2). This sample exhibited a striated, more weathered upper
surface, suggesting that it was preserved in situ. The boulder shapes, sizes and
positions of the other samples also suggest that a recent turnover is very unlikely.
Furthermore we measured the topographic shielding of each sample with a
clinometer and compass. Preserved morainic crests as well as glacial erratics in
good conditions are rare in the Three Brothers Hill moraine system, since the
moraines are heavily degraded into debris flows and also covered by talus rock
accumulations. Therefore, we also took into account the presence of those
landforms to minimize the effect of post-depositional movements by sampling
erratics firmly embedded on the moraine.
Sample processing
To confirm the mineralogy and rock type of the samples, we made thin sections at
CICTERRA, Córdoba, Argentina. The thin section analysis showed olivine and
clinopyroxene phenocrysts, which represented 5-10 % of the total sample mass,
with a modal grain size of ca. 200-500 µm.
To process the samples, we used standard physical rock preparation, using a jaw
crusher, sieves (125 µm-1000 µm) and Frantz magnetic separation up to 1.5 A at
Bremen University, Germany. We used as a first step a low amperage (ca. 0.100.20 A) to get magnetic grains separated from the olivine and pyroxene. The
olivine and pyroxene represented the non-magnetic fraction. We mainly used a
slope on the machine of up to 24°. After that, we ran the non-magnetic fraction
again, this time using 0.20-0.30 A. This left the nonmagnetic fraction with
concentrated olivine and pyroxene, plus any other non-magnetic fractions. If those
included feldspars, we ran the non-magnetic fraction again, this time using 1.5 A.
The pyroxene and olivine went to the magnetic side, the feldspar to the nonmagnetic. Using di-iodomethane (DIM, ρ = 3.3 g cm-3) we concentrated the olivines
and pyroxenes further. If the olivine and pyroxene concentrate had matrix still
attached, even after magnetic or heavy-liquid separation, we treated them with
dilute 5% HNO3 to clean them. This was done in a bottle or beaker, in an ultrasonic
bath, for c. 30 minutes. We weighed the masses before and after, to keep track of
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Figure S2. Field pictures of the dated glacial erratic samples on marginal moraines around Three
Brothers Hill. A) Sample 01-Potter; B) Samples 02- and 04-Potter; C) Sample 05-Potter; D) Digital
3
Elevation Model of Three Brothers Hill showing the positions of all samples with their He exposure
ages.
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how much mass was lost. We obtained pure pyroxene ± olivine separates for each
sample. Those samples were examined under a binocular microscope and backpicked for purity. Unfortunately, of the five samples, the mass of the separate of
one sample was too small. Consequently, just four samples were further analyzed.
3

He preparation, methods and analysis
The remaining steps of sample analyses were performed at the noble gas
laboratory of GFZ Potsdam, Germany. Pyroxene separates were squeezed
between two hard-metal plates in an ultrahigh vacuum crusher in an attempt to
determine the trapped 3He/4He. After crushing, pulverized samples were sieved to
>100 µm before heating in order to minimize the contribution of atmospheric He
irreversibly adsorbed to the grains (Protin et al., 2016). They were subsequently
wrapped in Al foil and loaded to the sample carrousel above the resistance-heated
extraction furnace, which was baked at 100°C for one week. Noble gases were
extracted in two heating steps at 900 and 1750°C (with an initial 600°C step for
sample 02-Potter), purified in two Ti sponge and foil getters and two SAES (ZrAl)
getters, and measured in a Helix SFT mass spectrometer using procedures similar
to those reported by Niedermann et al. (1997). 4He blank values were (2-10) × 1012
cm3 STP for crushing extractions, (4-5) × 10-12 cm3 STP for 600 and 900°C
heating steps and (18-40) × 10-12 cm3 STP for 1750°C steps. He concentrations
were calculated by peak-height comparison with our in-house noble gas standard,
an artificial mixture of the five noble gases in nitrogen with a 3He/4He ratio of (21.66
± 0.24) × 10–6 (Blard et al., 2015). Two aliquots of the CRONUS-P pyroxene
standard material were measured alongside the samples and gave 3He
concentrations of 4.86 ± 0.10 × 109 and 4.79 ± 0.10 × 109 at g-1, which agree within
2σ uncertainties with the global mean value of 5.02 ± 0.12 × 109 at g-1 (Blard et al.,
2015).
Calculations of exposure ages and results
We used a rock density of 2.7 g cm-3 and no erosion was considered in the age
calculations because we did not find clear evidence on the surfaces sampled and
the lithologies are not prone to substantial erosion. We also did not consider
shielding by snow accumulation on the boulders. Snow accumulates up to 10 cm in
Potter Peninsula, being normally between 2 and 5 cm on the top of hummocky
areas (Winkler, 2000). However, winds blow off accumulated snow on the top of
hummocks, so it is preserved for no longer than 50 days per year (Wunderle et al.,
1998; Winkler, 2000). Moreover, rainfall occurring both in summer and winter
periods, also contributes to only a short period of snow cover (Falk and Sala,
2015). We assume also past snow accumulation on the Peninsula is insignificant
on top of morainic crests of the Three Brothers Hill moraine system in terms of
long-term integrated exposure history.
To calculate 3He exposure ages, the 3He concentrations specifically produced by
cosmic ray irradiation (3Hecosmo) must be determined. Ideally, He in phenocrysts
is a mixture of only magmatic and cosmogenic components. If so, the
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concentration of cosmogenic
(Niedermann, 2002):

3

He is calculated using the following equation

3

Hecosmo=4Heheat x (3He/4Heheat - 3He/4Hecrush)

4

Heheat is the 4He concentration and 3He/4Heheat the isotope ratio determined during
stepwise heating, while 3He/4Hecrush is the isotope ratio determined by crushing the
mineral separates in vacuo. The latter method selectively releases gases trapped
in fluid and melt inclusions. In contrast, heating also releases gases from the
crystal lattice, such as cosmogenic He. The cosmogenic component is thus
calculated by subtracting trapped 3He from the total 3He that is released by heating
of the sample powders in vacuo. However, in our samples 3He/4Hecrush ratios were
systematically higher than 3He/4Heheat, so exposure ages calculated according to
the equation above are negative. This is because in old basalts such as those
analyzed here, radiogenic 4He produced by decay of U and Th (either in the
phenocrysts or implanted form the basalt matrix; Williams et al., 2005) and 3He
generated by the thermal neutron capture reaction 6Li(n, α)3H3He (Dunai et al.,
2007) may be present as well. Indeed, the 3He/4Hecrush values were lower than
expected for typical magmatic He (Table SM 2), indicating that radiogenic He
dominates over magmatic He and is even extracted by crushing. Therefore,
instead of using 3He/4Hecrush in the equation above, we assumed that magmatic He
is negligible and thus non-cosmogenic He is essentially represented by radiogenic
He with a typical 3He/4He ratio of 0.028 x 10-6 (0.02 Ra, where Ra is the
atmospheric 3He/4He ratio). To be conservative, a 100% uncertainty was assigned
to that value. Because of the dominance of radiogenic He, which prevented a
determination of the magmatic 3He/4He ratio as some radiogenic He was even
released by crushing, a mere correction for radiogenic 4He based on U and Th
contents (Blard and Farley, 2008) is not feasible for these samples.
The resulting surface exposure ages range between 9.4 ± 2.6 and 41.2 ± 5.6 ka
(see Supplemental Figure S2, Supplemental Table S2 b and c). Unfortunately, the
obtained exposure ages for the Three Brothers Hill moraine system are few and
very scattered, and have external uncertainties up to ~16%, and even 28% for
sample 01-Potter (Supplemental Table S2 b and c). The age scatter and large
error bars may be related to 1) the unfavorable ratio cosmogenic He/radiogenic He,
2) together with the poorly known 3He/4He ratio of the non-cosmogenic component
and 3) the possibility of previous exposure and inherited cosmogenic helium.
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Coordinates UTM -21

0.15 x 0.25 x 0.06
0.90 x 0.50 x 0.30
1.00 x 0.45 x 0.35
0.70 x 0.70 x 0.30

5.6
1.7
2.2
1.3

Topographic
shielding
correction (3)
0.887
0.970
0.970
0.974

Exposure age (ka)
(5)
9.4
41.2
34.1
18.6

Internal
uncertainty (ka)
2.4
3.3
4.3
2.0

External
uncertainty (ka)
2.6
5.6
5.7
2.9

Elevation (m amsl) Dimensions l x w
(1)
x h (m) (2)

Sample ID

Sample type

Latitude (ºS)

Longitude (ºW)

x

y

01-Potter
02-Potter
04-Potter
05-Potter

Cobble
Boulder
Boulder
Boulder

62.2430
62.2435
62.2435
62.2420

58.6715
58.6767
58.6766
58.6758

413154
412887
412887
412927

3097633
3097567
3097567
3097729

96.6
60.8
60.9
35.0

Thickness (cm)

Table SM II A. Information of samples collected around Three Brothers Hill, Potter Peninsula, KGI.
(1) Altitudes were measured with a Differential GPS Trimble Pathfinder ProXH. Accuracy of 10 cm in all axes.
(2) The height (h) of the sample means cm above moraine surface.
(3) Calculated using the online geometric shielding calculator v1.1 (http://hess.ess.washington.edu/math/general/skyline_input.php; Balco et al., 2008)

Sample ID

Weight (g) (1)

Weight (g) (2)

01-Potter
02-Potter
04-Potter
05-Potter

0.827
0.509
0.511
0.985

0.526
0.282
0.426
0.656

4

He heat (10-8) (3)

3

He/4He crush (10-6)

45.8 ± 1.6
76.4 ± 1.8
78.3 ± 2.7
38.6 ±1.3

0.97 ±
0.47 ±
0.44 ±
1.62 ±

3

He/4He heat (10-6) (3)

0.12
0.03
0.06
0.26

0.129 ±
0.318 ±
0.261 ±
0.283 ±

3

0.008
0.015
0.015
0.016

He cosmo (106) (4)
1.25 ±
5.96 ±
4.91 ±
2.64 ±

0.32
0.48
0.62
0.29

4

Table SM II B. Results of He measurements at GFZ Potsdam in pyroxene ± olivines separates from the samples collected around Three Brothers Hill, Potter Peninsula, KGI. He concentrations are in units
of cm 3 STP/g, 3He cocentrations in atoms/g; all error limits are 2σ . Erosion rate of 0 and rock density of 2.7 g/cm 3 was assumed.
(1) 99% of weight of the separates was pyroxenes. The rest is composed of olivine grains.
(2) Weight of the samples used for steapwise heating extraction.
(3) Sum of all heating steps. See C for individual heating step data.
3

4

3

4

3

4

3

4

-6

(4) Calculated from Hecosmo= Heheat x ( He/ Heheat - He/ Herad), assuming He/ Herad = (0.028 ± 0.028) x10 . See text for explanation of calculation method.

(5) Obtained using the online calculator CRONUScalc v2.0 (http://cronus.cosmogenicnuclides.rocks/2.0/; Marrero et al., 2016), using the primary calibration data set for 3He in pyroxene (Borchers et al., 2016)
and the time-dependent Lal (1991)/Stone (2000) scaling model (Lm). Used SLHL scaled production rate of 122 ± 13 at/g/yr (Borchers et al., 2016).

Sample ID
01-Potter
02-Potter

04-Potter
05-Potter

TºC
900
1750
600
900
1750
900
1750
900
1750

4

-8

He heat (10 )
39.9 ± 1.6
5.93 ± 0.24
30.9 ± 1.2
29.9 ± 1.2
15.62 ± 0.63
67.6 ± 2.7
10.71 ± 0.43
29.9 ± 1.2
8.72 ± 0.35

3

He/4He heat (10-6)
0.106 ± 0.008
0.288 ± 0.034
0.195 ± 0.016
0.385 ± 0.028
0.433 ± 0.038
0.244 ± 0.016
0.367 ± 0.036
0.215 ± 0.016
0.515 ± 0.041

3

He cosmo (106)
0.84 ± 0.31
0.41 ± 0.07
1.39 ± 0.27
2.87 ± 0.34
1.70 ± 0.21
3.93 ± 0.60
0.98 ± 0.14
1.50 ± 0.26
1.14 ± 0.12

4

-8
He heat (10 )

3

Total

He/4He heat (10-6)

3

6
He cosmo (10 )

45.8 ± 1.6

0.129 ± 0.008

1.25 ± 0.32

76.4 ± 1.8

0.318 ± 0.015

5.96 ± 0.48

78.3 ± 2.7

0.261 ± 0.015

4.91 ± 0.62

38.6 ±1.3

0.283 ± 0.016

2.64 ± 0.29

Table SM II C. Values of each heating step. The total 3He cosmo concentrations have been calculated by summing the 3He excesses from all heating steps.

Table S2. A) Information of samples collected around Three Brothers Hill, Potter Peninsula, KGI. B) Results of He measurements at GFZ Potsdam
3
-1 3
in pyroxene ± olivine separates from the samples collected around Three Brothers Hill. 4He concentrations are in units of cm STP g , He
-1
-3
concentrations in atoms g ; all error limits are 2σ. Erosion rate of 0 and rock density of 2.7 g cm was assumed. C) Values of each heating step.
3
3
The total Hecosmo concentrations have been calculated by summing the He excesses from all heating steps.
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CHAPTER 4: MID–LATE HOLOCENE DEGLACIATION OF NORTHERN
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ABSTRACT
The extent and timing of mid–late Holocene glacier advances on the northern
Antarctic Peninsula has been long debated, with some studies suggesting rapid
deglaciation and uplift following a significant late Holocene increase in ice
thickness and extent. Here, we use a combined chronological, geomorphological
and palaeolimnological approach to constrain mid–late Holocene glacial
readvance(s) of the Bellingshausen Ice Cap on the ice-free Fildes Peninsula,
South Shetland Islands, NW Antarctic Peninsula. Results show that the northern
Fildes Peninsula was deglaciated close to present-day limits by c. 7,000 years ago,
with the BIC receding landward of its present limit by c. 1,900 years ago. Overall,
we find no evidence of extensive mid Holocene glacier advance on Fildes
Peninsula. Instead, the maximum glacier readvance in the last 7,000 years
occurred after 1,300 years ago, but was highly-restricted, only emplacing marine
sediments and moss fragments into the moraines on its eastern flank. Our findings
show limited additional ice-load changes on Fildes Peninsula during the late
Holocene, with implications for glacio-isostatic adjustment models.
1. INTRODUCTION
Better resolved glacio-isostatic adjustment (GIA) models are needed to examine
the impact of future Antarctic Peninsula ice-melt on rates of regional-global sea78

level change (Lindow et al., 2014). Such models rely on well-dated
geomorphological features and lake records from a limited number of ice-free
areas in Antarctica such as Fildes Peninsula in the south-west of King George
Island (KGI) to test their performance (Fig. 1) (Watcham et al., 2011).

Figure 1. Geographic location of the study area. a. Location of the South Shetland Islands (SSI),
currently south of the core Southern Hemisphere westerly Wind (SWW) belt. MI is Macquarie
Island, located inside the core SWW belt. b. Location of King George Island (KGI), South Shetland
Islands on the northwestern Antarctic Peninsula. c. KGI is framed by the Drake Passage and the
Bransfield Strait. Box marks the position of Fildes Peninsula. d. Map of Fildes Peninsula showing
minimum ages (cal a BP) for the onset of lake and off-shore sedimentation. Dates are numbered as
follows: (1) Tiefersee Lake, (2) Kiteschee Lake, and (3) Jurasee Lake, all Mäusbacher et al. (1989);
(4) Mondsee Lake (Schmidt et al., 1990); (5) Hochlandsee Lake (Mäusbacher, 1991); (6) Hotel
Lake (Tatur et al., 1999); (7) and (12) Long Lake (Yoon et al., 2006; Watcham et al., 2011); (8)
Yanou Lake (Watcham et al., 2011; Roberts et al., 2017); (9) Gaoshan Lake (Watcham et al.,
2011); (10) Ardley Lake (Watcham et al., 2011; Roberts et al., 2017); (11) Marine core JPC-17
(Simms
et
al.,
2011).
Contour
lines
are
from
Antarctic
Digital
Database
(http://www.add.scar.org/home/add7), bathymetry from GEBCO (Weatherall et al. 2015) and
heights from Servicio Geográfico Militar de Uruguay (1997).

The mid–late Holocene ice-unloading history of the northern Antarctic Peninsula
region and South Shetland Islands has long been debated. New field data can help
refine GIA models of post-Last Glacial Maximum (LGM) and Holocene
deglaciation. Some GIA models infer no significant changes in ice thickness and
minimal ice unloading during the late Holocene compared to the early Holocene(
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Watcham et al., 2011), in contrast to others that invoke a thinner lithosphere and
more viscous upper mantle to infer recent ice load change (Simms et al., 2012;
Simms et al., 2018). Meanwhile, field-based relative sea level reconstructions,
determined primarily from radiocarbon dating of remains found in raised beaches,
support rapid deglaciation following a significant increase in ice thickness and/or
extent during the late Holocene (Watcham et al., 2011; Simms et al., 2012).
The onset and progression of deglaciation on the northern part of Fildes Peninsula
has so far been determined from basal ages of lake sediments overlying coarse
grained sediments and diamicton deposits (Fig. 1). Here, we use a combined
geomorphological, chronological, and palaeolimnological approach to improve the
mid–late Holocene deglaciation history of the c. 1250 km2 Bellingshausen Ice Cap
(BIC)(Simões et al., 1999), also known as the Collins Ice Cap. We undertook the
first terrestrial cosmogenic nuclide exposure age dating study of glaciallytransported erratics deposited on the glacier foreland of northern Fildes Peninsula.
We also present new Accelerated Mass Spectrometry (AMS)-radiocarbon dates
from macrofossils and shells embedded in the foreland moraine sequences, and a
multi-proxy investigation of late Holocene palaeoenvironmental change from a new
Kiteschee Lake sediment record (Fig. 1). Finally, we will compare our new data
sets and discuss them in the context of the mid-late Holocene (de)glaciation of the
Fildes Peninsula.
Cosmogenic exposure dating is a powerful chronological tool for reconstructing
glacier and ice sheet extent and thickness. It has not been widely applied on King
George Island, South Shetland Islands, mainly because quartz-rich (mainly
granitic) bedrock and erratics required for Berylium-10 (10Be) isotope analysis are
largely absent from the basaltic-andesitic volcanic-arc environment of the South
Shetland Islands. Elsewhere in the Antarctic Peninsula region, where granitic
erratics are more prevalent, 10Be exposure dating has proved successful in
establishing the timing and rate of deglaciation from Last Glacial Maximum limits
(Johnson et al., 2012; Davies et al., 2017; Johnson et al., 2017). Such dating is
particularly useful in areas with few sedimentary deposits, insufficient organic
material for radiocarbon dating or where large marine reservoir effects prevent
accurate radiocarbon dating (Seong et al., 2008; Balco and Schaefer, 2013;
Glasser et al., 2014; Ó Cofaigh et al., 2014).
Focusing on the northern part of Fildes Peninsula and the eastern flank of the
present-day BIC foreland, our aims were to improve dating constraints on
Holocene changes of the extent of the BIC on Fildes Peninsula and test whether
post-LGM retreat was a continuous process or interrupted by one or more glacial
readvances during the mid–late Holocene.
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For this, we first obtained 10Be exposure ages from the limited number granitic
erratics, remnants of BIC retreat following the LGM. These erratics were most likely
transported from the Peninsula area at the LGM when the South Shetland Islands
and Antarctic Peninsula ice sheets coalesced. Second, we radiocarbon dated
terrestrial and marine macrofossils embedded in moraines of the BIC foreland and
undertook detailed multi-proxy analyses on a new lake sediment record from
Kiteschee Lake (62° 11’36.55’’S, 58° 57’59.93’’W). This lake is located in the
eastern-central region of the Fildes Peninsula c. 550 m from the east coast at 15 m
above present sea level (henceforth, m a.p.s.l.) and approximately 2.6 km from the
margin of the BIC (Fig. 1). It was used to test whether any late Holocene BIC
readvance(s) had a significant impact on the central foreland area of Fildes
Peninsula. In summary, our new combined datasets showed that no significant
mid–late Holocene glacier readvance occurred on Fildes Peninsula after c. 7,000
years ago, despite a sustained late Holocene climate downturn from c. 2,000 years
until c. 1970 CE, allowing further refinement of the post-LGM deglaciation and GIA
models for the South Shetland Islands.
2. REGIONAL SETTING & STUDY AREA
The South Shetland Islands consist of 11 major islands, located c. 160 km north of
the western Antarctic Peninsula and south of the Polar Front and the core
Southern Hemisphere Westerly wind belt (Fig. 1), in one of the fastest warming
locations globally (Vaughan et al., 2003; Meredith and King, 2005) (Fig. 1b).
Forming a c. 230 km long, 35 km wide active volcanic-arc, the islands have milder
and more humid maritime climate than the Antarctic continent. The elevated island
interiors are characterized by numerous ice caps and permanent snowfields
(Monien et al., 2011), whereas the coastal fringes are one of the most extensive
ice-free regions in Antarctica (Fig. 1).
King George Island, the largest of the South Shetland Islands, is approximately 79
km long by up to 27 km wide and has been subdivided into three tectonic regions:
the Fildes Block (Fildes Peninsula), Barton Horst (Barton and Weaver Peninsulas)
and the Warszawa Block (Potter Peninsula) (Watcham et al., 2011; Smellie et al.,
1984). With 38 km2 Fildes Peninsula is the largest ice-free area on the South
Shetland Islands. The Fildes Peninsula is composed of andesitic and basaltic
lavas, with some interbedded terrestrial sediments, including shales and
conglomerates (Smellie et al., 1984). The previously glaciated BIC foreland
consists of raised marine platforms, which are formed by basic volcanic rocks of
Late Cretaceous to Paleogene-age (John and Sugden, 1971; Smellie et al., 1984).
The platforms reach altitudes of up to 180 m a.p.s.l. (John and Sugden, 1971) (Fig.
1). The Fildes Strait separates the Fildes Peninsula from Nelson Island, with
Maxwell Bay to the east, and the open waters of the Drake Passage on its west
coast (Fig. 1c). The eastern coastline is indented with coves, while the western
coasts is characterized by shear sea cliffs and stacks (Hall, 2003).
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The BIC occupies the northern half of Fildes Peninsula and is bounded by
prominent moraines, referred to as Shetland I (Hall, 2007). A prominent marine
platform of pre-Holocene age at c. 40-35 m a.p.s.l. on northwestern Fildes
Peninsula, is over 7 km long and 1 km wide (John and Sugden, 1971). This feature
is flat to gently undulating, seaward sloping with a limited number of granite erratics
on its surface (Hall, 2003; Barsch and Mäusbacher, 1986). We surveyed and
classified all of the limited number of large (>50 cm diameter) boulders on the NW
glacial foreland and sampled granitic erratics most suited for 10Be cosmogenic
surface exposure dating analysis, following standard protocols (Gosse and Philips,
1986).
Basal lacustrine sedimentary sequences in mid-southern part of Fildes Peninsula
have been dated to c. 10,000 cal a BP (e.g., Jurasee Lake; Mäusbacher et al.,
1989) and were formed in over-deepened glacial basins. Several former marine
embayments with basal sediment ages of c. 12,000 cal a BP (Watcham et al.,
2011) were transformed into freshwater (isolation) basins when the rate of isostatic
uplift outpaced the declining rate of sea level rise during the early Holocene
(Watcham et al., 2011)(Fig. 1). Radiocarbon ages obtained from marine-terrestrial
transition sediments and raised beaches have been used to reconstruct past
changes in local RSL at several sites across the South Shetland Islands. These
indicate that the thickest part of the South Shetland Islands ice cap was probably
centred on the now ice-free area of Fildes Peninsula during the LGM. The South
Shetland Islands ice cap could have been independent from the Antarctic
Peninsula Ice Sheet, possibly during the LGM, but more likely at some point during
the Lateglacial–Interglacial transition (c. 15,000–12,000 cal a BP) (John and
Sugden, 1971; Fretwell et al., 2010; Watcham et al., 2011; Ó Cofaigh et al., 2014).
A well-defined Holocene high-stand of 18-15 m a.p.s.l. occurred on Fildes
Peninsula between c. 8,000–7,000 years ago (Watcham et al., 2011). Marine
sediments at the base of a previous record from Kiteschee Lake (Mäusbacher et
al., 1989), show that the central area of Fildes Peninsula was below sea-level until
c. 7,000–6,000 years ago (Mäusbacher et al., 1989). On one hand, to investigate
the impact of late Holocene (de)glaciation in the central Fildes area, we analysed
the post 6,000 year terrestrial sediments preserved in a new short core retrieved
from a shallower part of Kiteschee Lake. On the other hand, the Davies Heights
(>100 m a.s.l.) is a previously glaciated part of the former raised marine platform in
the mid-central area of Fildes Peninsula. The Davies Heights is located close to
Kiteschee Lake, supplying meltwater directly into the eastern end of the lake (Fig.
1).
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3. METHODS
3.1

Mapping

The moraines adjacent to the BIC were mapped from field observations combined
with the interpretation of satellite images (DigitalGlobe, Catalogue ID:
1030010020C0C900; Google Earth, 2006 and 2011). Contour lines are derived
from the Antarctic Digital Database with elevation data obtained from the map of
Servicio Geográfico Militar de Uruguay (1997).
3.2

Cosmogenic exposure dating

We used cosmogenic isotope analysis to produce exposure ages for erratic
boulders remnants of glacial retreat (Balco, 2011; Glasser et al., 2014). The
cosmogenic isotope concentration in a rock is proportional to the length of time that
it has been exposed on, or close to the earth’s surface (Balco, 2011). The
production rate (amount of cosmogenic isotopes produced each year per gram of
the relevant mineral) of cosmogenic isotopes varies both spatially and in time,
typically due principally to atmospheric depth and magnetic field effects (Lifton,
2016). For cosmogenic isotope dating, 10Be is most commonly used as it has the
best determined production rate and can be measured at low concentrations
(Balco, 2011).
We sampled three granitic erratics boulders as remnants of glacial retreat from the
~40–35 m a.p.s.l. high NW marine platform with a hammer and chisel to remove
the upper few centimetres of sub-horizontal exposed surfaces (Fig. 3). We assume
that the rock surface has been completely shielded until its first exposure by glacial
retreat. The shapes, sizes and positions of the sampled boulders suggest recent
overturning is very unlikely and the sampled erratics showed no signs of erosion
(Table 1). We measured the skyline of each sample with a clinometer and
compass for topographic shielding, determined using the online geometric
shielding calculator, v. 1.1 (Balco et al., 2008). We minimized the possibility of
burial by snow by sampling at well-exposed localities with flat and snow-free
ground and collected samples from positions away from slopes or cliffs to minimize
the probability of post-depositional movement. With the support of a GPS Trimble
Pathfinder ProXH we performed differential GPS (dGPS) surveys of the locations
of erratic boulders sampled for exposure dating. As geodetic reference, we used
the landmark DALL 66019M002 (S62°14′16.335″, W58°39′52.364″, ellipsoidal
height 39.376 m) located on the Argentine Carlini base, c. 17 km away from the
sampled erratics. Post-processed uncertainties for the samples were less than 0.1
m in the altitudinal as well as in the horizontal. All coordinates are based on the
WGS84 ellipsoid.
The exposures ages were calculated using CRONUS-Earth online calculator
version 3 (http://hess.ess.washington.edu/math/v3/v3_age_in.html; see Balco et al.
2008). As is normal in the Antarctic Peninsula region, we used the Antarctic (“Ant”)
83

pressure flag and the scaling scheme “LSDn” (Lifton et al., 2014). We employed
the scaling model “LSDn” because it is physically based, scaling neutrons, protons
and muons independently (Johnson et al., 2017). For sites in Antarctica, using the
LSDn scaling yields smaller systematic biases compared with the scaling scheme
“Lm” (Lal, 1991; Stone, 2000; Balco et al., 2008; Johnson et al., 2017). No snow
cover or erosion correction was applied following the assumptions given by in the
region (Johnson et al., 2012; Lindow et al., 2014; Glasser et al., 2014; Ó Cofaigh et
al., 2014; Johnson et al., 2017). We applied a quartz density of 2.7 g cm-3 for the
samples. Since production rates vary globally, Table 1 provides 10Be ages
calculated using the mid-latitude southern hemisphere New Zealand (Putnam et
al., 2010) and Patagonian calibration dataset (Kaplan et al., 2011) for reference
and completeness, since these are relatively proximal sites to Antarctica. There is
a difference of up to c. 3% between the ages when calculated using these different
production rates. We report both internal and external uncertainties, but following
Balco et al. (2008) we use external uncertainties because we compare the
obtained exposure ages with calibrated AMS radiocarbon calibrated ages located
up to several km away. Further details on 10Be preparation and analysis are
provided in Supplementary Note 1.
3.3

Radiocarbon dating

Radiocarbon ages from moraines were obtained by Accelerated Mass
Spectrometry (AMS) dating of marine mollusc shells, terrestrial mosses embedded
in moraine sediments, and aquatic moss and sediments in the Kiteschee Lake
record (Table 2). To reduce the risk of contamination with modern material, all
samples for radiocarbon dating were taken from fresh and previously cleaned
outcrop or sediment cores, packed in zip-lock plastic bags and stored at 4ºC.
Sample preparation for samples was undertaken at the Alfred Wegener Institute
Helmholtz Centre for Polar and Marine Research and the British Antarctic Survey.
Sample measurements and corrections for 13C/12C ratio and calculation of
Conventional Radiocarbon Ages were undertaken by ETH Zürich and Beta
Analytical Inc., USA. Age depth models were constructed following the procedure
in Roberts et al. (2017)(see Supplementary Note 2 for details).
Modern local marine reservoir effect (MRE) correction for radiocarbon dated
samples from the South Shetland Islands cover a broad range of about 700 to
1,300 years (Curl, 1980; Björck et al., 1991c; Gordon and Harkness, 1992;
Berkman and Forman, 1996; Milliken et al., 2009; Hall et al., 2010; Hass et al.,
2010; Watcham et al., 2011). We applied a local MRE correction of ΔR=791±121 yr
proposed by Hall et al. (2010) to marine samples in this study due to the
verification with two independent dating methods (paired radiocarbon and
uranium–thorium dates of Antarctic solitary corals). A similarly ‘small’ local marine
reservoir correction, within error ranges, is supported by other studies (Simms et
al., 2012; e.g., OSL of cobble surfaces on King George Island to investigate the
depositional age of beach ridges), and has been used extensively across the South
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Shetland Islands (Watcham et al., 2011; unpublished radiocarbon ages from
present-day seawater around the South Shetland Islands; Julia Wellner, pers.
comm.). Calibration of conventional radiocarbon ages was done using the software
Calib (v7.0.4, Stuiver and Reimer, 1993) and the calibration curve Marine13
(Reimer et al. 2013) and SHCal13 for Southern Hemisphere (Hogg et al. 2013) for
marine and moss samples respectively.
3.4

Multi-proxy analyses

To reconstruct past environmental change in mid-southern BIC foreland of Fildes
Peninsula, we undertook multi-proxy analyses (diatom, grain size, geochemical
and sedimentological analysis) on two overlapping Russian cores (27.5 cm and 51
cm long) from the shallower part Kiteschee Lake (Supplementary Fig. 1, 2;
Supplementary Note 2). The lithogenic element Titanium (Ti) was used to
normalise micro-XRF scan data (Supplementary Fig. 3b) as it provides an
unambiguous indictor of allochthonous inputs from the catchment. Normalisation
accounts for minor variations in the organic content of the record, which are
generally low (<6% LOI550, approximately <1% Corg)(Roberts et al., 2017).
A chronology for the Kiteschee Lake sediment record was established using six
AMS radiocarbon ages, including fine strands of the aquatic moss Drepanocladus
longifolius (Mitt.) Paris sp. currently living in Kiteschee Lake (and other Fildes
Peninsula lakes) hand-picked from the uppermost 1 cm of the record. Unlike other
lakes on Fildes Peninsula (Watcham et al 2011, Roberts et al., 2017), we did not
find visible moss layers further downcore. Therefore, we sampled the most
organic-rich bulk sediments at regular intervals (determined from ultra-high
resolution incoherent/coherent (inc./coh.) micro-XRF and LOI-550 °C datasets).
Measured radiocarbon ages from samples shown in Supplementary Table 2 were
calibrated using the SH13 calibration curves (Hogg et al., 2013). At 1-2 cm thick,
the airfall tephra components in the new Kiteschee record are approximately the
same thickness as prominent airfall tephra layers in other Fildes lake records
(Watcham et al., 2011; Roberts et al., 2017). The absence of extensive posteruption reworking of ash found in most lake records from King George Island
(Watcham et al., 2011; Roberts et al., 2017) meant the Kiteschee Lake record
provided a clearer and more well-defined sequence of volcanic events than other
records. Following shard counting, shard specific major element geochemistry for
the two most prominent tephra layers at 33 cm and 59 cm depth was undertaken
by electron probe microanalysis (EPMA) following established procedures
(Blockley et al. 2005; Roberts et al., 2017)(see Supplementary Note 2 for details).
Age-depth modelling was undertaken using BACON v.2.2 (Bayesian) age-depth
modelling software by inputting uncalibrated conventional radiocarbon age data in
R following procedures in Roberts et al. (2017)(Supplementary Table 1)(Blaauw et
al., 2010 and 2011). We ran age initial age depth model (KITE-M9, Supplementary
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Fig. 7a) based on six measured radiocarbon ages to obtain age estimates for the
prominent tephra deposits (Supplementary Fig. 4-7). We then constructed a ‘mostlikely’ age-depth model (KITE-M10; Supplementary Fig. 7a), which included three
correlation ages for three of the most prominent tephra layers. These ages were
determined from radiocarbon dating of aquatic mosses above tephra deposits in
Yanou Lake, a well-dated record from Fildes Peninsula (Watcham et al., 2011). We
in tend to explore the implications of the Kiteschee Lake record tephra
geochemistry for a regional tephrochronology of the northern Antarctic Peninsula in
a forthcoming paper.
Diatom smear-slide screening tests revealed that samples between 77-47 cm
depth had very low diatom concentrations. Therefore, we focussed diatom counting
on the uppermost 47 cm of the record, at 1 cm intervals between 1 and 32 cm, at 2
cm intervals for 32-47 cm depth. Sediment samples were treated with H2O2 (30%)
and HCl (50%), heated in a 120ºC water bath for 24 hours to remove organic
material, washed, then mounted on slides in Naphrax (Batterbee et al., 2001),
using a calibrated microsphere solution to determine diatom abundance and
concentrations. At least 300 diatom valves were counted and identified using a
Zeiss Axiostar-plus microscope under oil at 1000x magnification. Species were
identified according to Sterken et al. (2015) and those with >2% abundance were
plotted. Cluster analysis was undertaken using TWINSPAN to classify diatom fossil
assemblages, defining five classes by cut-off levels 0%, 2%, 5%, 10% and 20%.
Downcore diatom zone boundaries were identified using CONISS (Hellingers
distance) with broken stick cluster analysis performed in R using packages Rioja
(Juggins, 2014) and Vegan (Dixon, 2003)(Supplementary Figure 9). Similar cluster
analysis was applied to the micro-XRF 1 mm (5-point moving average) Total
Scatter Normalised (TSN) percentage data to provide an initial estimate of
sedimentary unit boundary locations.
Multivariate analysis was undertaken to explore the trends and assemblage
changes in diatom communities and potential diatom responses to changes in core
geochemistry. A Detrended Correspondence Analysis (DCA) was initially
performed to identify whether unimodal or linear models were suitable for further
analysis (ter Braak, 2002; ter Braak and Prentice, 1998). The DCA showed that the
gradient length is short, i.e., <2 standard deviation units, meaning linear methods
(PCA, RDA) of data analysis were more appropriate (ter Braak, 2002). To reduce
the score and bias of the most abundant species that could mask the effect of less
abundant species, a square root function was used. For multivariate analysis, all
diatom and geochemical variables were log10 transformed. The relationships
between the diatom assemblages and environmental variables were explored
further using RDA (Supplementary Figure 10). The significance (p<0.05) of each
environmental variable was assessed with forward selection using an unrestricted
Monte Carlo Permutation Test. Diatom compositional turnover (β-diversity) was
estimated down-core using Detrended Canonical Correspondence Analysis
(DCCA) for the most abundant diatoms (>2%). Log transformations were applied
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prior to statistical analysis, performed using CANOCO 5.0.for Windows (Jones and
Juggins, 1995). To infer changes in chlorophyll-a, we applied the diatomchlorophyll-a training set developed for the Antarctic Peninsula using data from 61
lakes (Jones and Juggins, 1995). Diatom-based transfer functions were applied in
C2 (Juggins, 2007) using simple weighted averaging (WA) and weighted partial
least squares (WA- PLS) algorithms (Birks, 1998). The WA-Inverse transfer
function was chosen to reconstruct chlorophyll-a as the Root Mean Square Error
(RMSE) and average bias were low and displayed a strong relationship (R2)
between measured and diatom-inferred chlorophyll-a.
4 RESULTS
Our three cosmogenic surface exposure ages from erratic granitic boulders on the
NW marine platform give a mean exposure age and one standard deviation of
6,580 ± 60 years, based on the global production rate calibration dataset (Ww)
(Table 1, Fig. 2, 3a, b). The relatively small standard deviation estimated from the
three ages is a favorable indicator of low analytical uncertainties, but omits any
systematic bias in the age related to, for example, production rate. Instead, we
adopt the more conservative value of 6,580 ± 530 years for the age range, which
uses the same 8% relative uncertainty for our estimate of the mean exposure age
as is derived by the online calculator for the individual external age estimates.
However, the close agreement of the three exposure ages does imply that they
have negligible pre-exposure histories and that they were exposed simultaneously
on the NW foreland during a period of (potentially) rapid mid-Holocene glacier
retreat.
In total, we obtained 26 new radiocarbon ages from 10 samples obtained from the
Shetland I moraines and its associated glaciofluvial and marine sediments and six
new radiocarbon ages from a 77 cm long, c. 7,600 year old sedimentary core
record from Kiteschee Lake (Fig. 1, Table 2, Supplementary Note 2). Shells
embedded in marine sandy to silty sediments reworked into the Shetland I
moraines, returned infinite radiocarbon ages, implying significant reworking of older
glaciomarine deposits by the BIC. Shells reworked into till have median calibrated
ages of between 6,400 and 5,600 cal a BP (Table 2) and were broadly coeval with
cosmogenic exposure ages of the glacial erratics. Moss fragments in glaciofluvial
and glacial sediments were significantly younger, however, with ages between
1,900 and 1,300 cal a BP (Fig. 2, 3c, d; Table 2), suggesting emplacement by a
limited late Holocene glacier readvance.
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Figure 2. Map showing the position of calibrated cosmogenic Be exposure ages of sampled
erratics and calibrated radiocarbon ages of organic remains in the Shetland I moraine. Inset map
shows the area where the study sites are located (red box) and minimum ages of the onset of lake
sedimentation (stars); mcs = marine carbonate shells, m= mosses, ls = lake sediments.

In accordance with other lake records from the mid and southern Fildes Peninsula
foreland, the continuous and finely-laminated nature of the Kiteschee Lake
sediment record shows that the mid-southern BIC foreland has not been
overridden by glaciers in the last c. 7,600 years (weighted mean basal modelled
age (KITE-M10); 7,360–7,900 cal a BP min.–max. 95% confidence age range;
7,580 cal a BP median age; (Supplementary Fig. 7b; Supplementary Note 2)).
Average 95% confidence age-depth model uncertainties are 770 years, with a
minimum of 10 years at 0 cm and maximum of 1,080 years at 21 cm. A single bulk
age obtained from immediately below a fine grey glaciofluvial deposit (20-12.1 cm
depth in Supplementary Fig 2a) at 21 cm has a calibrated age of 10,550±60 cal a
BP and significantly depleted 𝛿𝛿13C value of -32.6 ppm most likely reflect late
Holocene (glacial) reworking of old (marine?) carbon in sediments deposited in or
around the Davis Heights area during the early Holocene (post-LGM) deglaciation
of the BIC foreland. All other calibrated radiocarbon ages were in chronological
order and straightforward to model (Supplementary Fig. 7b)
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High-resolution sedimentological (0.5 cm intervals) and micro-XRF (μ-XRF)
scanning geochemical analysis; 200 µm contiguous) revealed several prominent
visible ash layers, some of which define the boundaries between different
sedimentary units (Supplementary Fig 2a). Downcore changes in (K/Ti) and (Ca/Ti)
(Supplementary Fig. 3a and b) mirror one another and changes in sand content.
Alignment of these parameters along the first Principal Component Analysis (PCA)
axis indicates changes in these ratios are driven by minerogenic catchment inputs
and tephra deposition (Supplementary Fig. 3a and b).
Sediments between 77–60 cm, have a weighted mean modelled age range of
7,600–5,500 cal a BP (rounded to the nearest 50 years to account for calibration
and age-depth modelling errors). They are composed of poorly sorted olive-brown
silt with three prominent fine black ash layers (most likely T7; Roberts et al., 2017,
Supplementary Fig 1; Supplementary Figs. 3–10; Supplementary Note 2).
Following the deposition of the T5 tephra c. 5,500-5,000 cal a BP (Roberts et al.,
2017), there is a distinct change to a light orange-brown silty-clay at 58.3 cm
downcore (Supplementary Figures 2a and 9). Tephra layers aside, the most
prominent lithological change in the record occurred at c. 20 cm depth (c. 1,950 cal
a BP), with the deposition of a light grey clayey-mud sediments containing sandrich layers (20-12 cm depth; 1,950–1,450 cal a BP; Supplementary Figures 2a and
9). These sediments were overlain by a unit of olive-brown silt between 12-5 cm
(1,400 – -20 cal a BP), and capped by living aquatic moss in the uppermost 5 cm,
which returned a post-bomb age (>1950 CE, most likely 2010 CE) at 0–1 cm depth
(Supplementary Figure 2a and b; Supplementary Table 1).
Since the early Holocene isolation history of Kiteschee Lake is well-established
(Mäusbacher et al., 1989), we focused on analysing high-resolution diatom
compositional changes in the mid-late Holocene (uppermost 47 cm) part of our
new record where diatom preservation was sufficient for meaningful environmental
interpretation (Supplementary Figs. 2 and 9). Diatoms were poorly preserved
below c. 47 cm depth and almost completely absent at the base of the record. All
sedimentary units younger than c. 6,000 cal a BP (c. 63 cm) should contain
terrestrial diatoms as Kiteschee Lake is situated at c. 15 m a.s.l. and would have
been higher than reconstructed relative sea level from that time onwards
(Mäusbacher, 1991). Although a clear shift in geochemistry exists at c. 60 cm
depth (Supplementary Fig. 3b), we found no clear biological evidence of
(glacio)marine sedimentation and the 𝛿𝛿13C value from 73.5–74.5 cm depth remains
consistent with freshwater sedimentation.
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Sample AMS ID Longitude
ID

Latitude

Fildes1 s08808

58° 57' 45.97" W

Fildes2 s08809
Fildes3 s08810

10

10

10

10

10

Altitude
(m
a.p.s.l.)

Boulder
dimension
( L x W x H)
(m)

Sample
Be
Be
Be age (yr)
Be age (yr)
Be age (yr)
thickness concentration concentration (Ww) ± 1σ int (Pt) ± 1σ ext. (Kp) ± 1σ ext.
-1
(cm)
(atoms g-1) 1σ (atoms g )
(ext) error
error
error

62° 10' 2.34" S

43

2.65 x 2.10 x
1.98

1.4

37.1 x 10

3

1.9 x 10

3

6630 ± 340
(520)

6640 ± 350

6830 ± 660

58° 55' 35.96" W

62° 08' 43.65" S

40

0.87 x 0.71 x
0.35

1.2

36.4 x 10

3

2.0 x 10

3

6510 ± 350
(520)

6530 ± 370

6710 ± 660

58° 55' 37.18" W

62° 08' 43.97" S

39

0.74 x 0.62 x
0.26

1.2

36.9 x 10

3

2.2 x 10

3

6610 ± 390
(550)

6630 ± 400

6810 ± 680

-1

Table 1. Cosmogenic surface exposure dating results. We used an erosion rate of 0 cm yr , the AMS standard flag 07KNSTD, an "Ant"
-2
elevation pressure flag and a density of 2.7 g cm . A shielding correction of 0.9999 was applied to all samples as the value is the same for all.
10
Calculations of Be exposure ages using the global (Ww) “LSDn” scaling (Lifton et al., 2014), the New Zealand-Macaulay (Pt)(Putnam et al., 2010)
and the Patagonia calibration dataset (KP) (Kaplan et al., 2011). Calculated ages have been rounded to the nearest 10 years; int: Internal error;
ext: External error.
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𝛿𝛿13C Conventional
(‰) 14C age (yr)

Median
Context and facies dated
Calibrated
age ± 95%
conf. range

Comments

-22.6

1980 ± 30

Maximum age of glacial advance

-22.4

1950 ± 30

1890 ± 60 Moss in glaciofluvial
1860 ± 70 sediments

Beta - 441407

-19.6

1920 ± 30

1820 ± 80

Beta - 441408

-16.8

1940 ± 30

1850 ± 70

-22.7

1380 ± 30

-20.5

1380 ± 30

1270 ± 20 Moss in glacifluvial
Maximum age of glacial advance
sediments,
overlying
ART
011270 ± 20
2015

-17.9

2030 ± 30

1950 ± 60 Moss above till

-24.5

2050 ± 30

1960 ± 70

-20.9

1870 ± 30

1770 ± 70 Moss in till

-28.6

1900 ± 30

1790 ± 60

-20.5

2050 ± 30

-21.9

2010 ± 30

1960 ± 70 Moss in till, overlying 6-7 m
1930 ± 70 amsl raised beach level

-23.7

1980 ± 30

1890 ± 60

-0.9

7045 ± 85

6710 ± 360 Shells in fine sediments

4.0

6590 ± 70

6210 ± 300

0.0

6730 ± 75

6360 ± 330

-2.2

6265 ± 75

5850 ± 310 Shells in till

3.4

5895 ± 70

5450 ± 350

0.9

6235 ± 70

5820 ± 310 Shells in till

-1.2

5925 ± 70

5480 ± 340

-2.8

6520 ± 75

6130 ± 310

-1.4

>44,300

2.8

>43,700

2.8

>48,500

Sample ID

Lab ID

Longitude
Latitude

ART-01A-2015

Beta - 441405

ART-01B-2015

Beta - 441406

58° 53' 58.34" W
62° 10' 46.20" S

ART-01A-2015 bis
ART-01B-2015 bis
ART-03A-2015

Beta - 441409

ART-03B-2015

Beta - 441410

ART-08-arriba-A-2015 Beta - 441411
ART-08-arriba-B-2015 Beta - 441412
ART-08-abajo-A-2015 Beta - 441413
ART-08-abajo-B-2015 Beta - 441414
ARTIGAS-1-A

Beta - 441415

ARTIGAS-2-A

Beta - 441417

ARTIGAS-2-B

Beta - 441418

ART-07A-2015

ETH-69688

ART-07B-2015

ETH-69689

ART-07C-2015

ETH-69690

ART-09A-2015

ETH-69691

ART-09B-2015

ETH-69692

ART-10A-2015

ETH-69693

ART-10B-2015

ETH-69694

ART-10C-2015

ETH-69695

ART-04A-2015

ETH-69684

ART-04B-2015

ETH-69685

ART-05A-2015

ETH-69686

ART-05B-2015

ETH-69687

Alt. Material
(m
amsl)
72 Moss

58° 53' 58.34" W
62° 10' 46.20" S

72 Moss

58° 51' 43.94" W
62° 10' 54.52" S

16 Moss

58° 51' 43.94" W
62° 10' 54.52" S

16 Moss

58° 53' 22.15" W
62° 10' 56.07" S

7

58° 51' 39.45" W
62° 10' 51.73" S

Moss

18 Shell

58° 51' 40.66" W
62° 10' 50.59" S

27 Shell

58° 51' 34.88" W
62° 10' 49.04" S

28 Shell

58° 54' 59.09" W
° 10' 23.69" S

42 Shell

58° 54' 59.05" W
62° 10' 24.55" S

42 Shell

>51,700

Maximum age of glacial advance
Maximum age of glacial advance
Maximum age of glacial advance

Maximum age of glacial advance

Maximum age of glacial advance
Maximum age of glacial advance

Shell in fine sandy and silty
sediments.

In thrust-up marine sediments

Shell in fine sandy and silty
sediments.

In thrust-up marine sediments
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KITE(M)_0–0.5 cm

Beta - 501582

62° 11’36.55’’S

15 Aq. Moss -27.4

Post-bomb
pMC=101±0.4

-60±1
or -7±1

KITE_9–10 cm

Beta - 504801

58° 57’59.93’’W

KITE_20–21 cm
KITE_36.5–37 cm

Aquatic moss:
Drepanocladus longifolius

Sample living when core was taken
in 2011 CE

Bulk sed. -23.9

1,600±30

1,450±80

Bulk orange-brown silt

Post-glaciogenic sediment unit
transition age

Beta - 497408

Bulk sed. -32.6

9,380±30

10,550±130 Bulk 'glacial' grey silt-clay

Influenced by old carbon

Beta - 501584

Bulk sed. -18.0

1,860±30

1,760±100 Bulk orange-brown silt

AMS-Micro-sample due to low
carbon content

KITE_45.5–46 cm

Beta - 501585

Bulk sed. -17.7

3,350±30

3,530±90

AMS-Micro-sample due to low
carbon content

KITE_73.5–74.5 cm

Beta - 498331

Bulk sed. -18.0

6,410±30

7,420±120 Bulk orange-brown silt

Bulk orange-brown silt

𝛿𝛿13C values consistent with
terrestrial sediments

Table 2. Radiocarbon ages from the eastern Shetland I Moraine and Kiteschee Lake record. Calibration of radiocarbon ages was undertaken
using Calib 7.0.4 (Stuiver and Reimer, 1993) and OXCAL v. 4.3 (Bronk Ramsey and Lee, 2013)(Kiteschee Lake data) (see Supplementary Table 1
for details). The calibration curve Marine13 (Reimer et al., 2013) was used for marine shells, with a local reservoir effect of ΔR=791±121 years
(Hall et al., 2010). Terrestrial and aquatic moss (Aq. moss) and bulk sediment sample radiocarbon ages were calibrated using SHCal13 (Hogg et
al., 2013). Dating replicates were used to assess dating and interpretation accuracy. Calibrated ages have been rounded to the nearest 10 years.
Elevation data (Alt. m amsl - above mean sea level) were taken with a Garmin handheld GPS map 62stc, with a minimum precision ±2 m, but up to
10 m (latitude, longitude) and a z-axis precision of 10–20 m (altitude). Data were checked against known altitudinal data from Fildes Peninsula and
the KGI-DEM.
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Figure 3. Field photographs showing the erratics sampled on the NW marine platform for terrestrial
cosmogenic nuclide exposure age dating and terrestrial sediments preserved within the Shetland I
moraine. a. Fildes 1 and b. Fildes 2 and 3 boulders sampled for cosmogenic analysis. Boulder
dimensions and locations are in Table 1. c. Radiocarbon dating samples ART-01 and ART-03
embedded in moraine sediments as described in Table 2.

Distinguishing unequivocal climate signals from diatom assemblages in lake
sediments can be complex since diatoms usually respond to changes in water
chemistry rather than temperature. Nevertheless, deglaciation and warming can
have a significant impact on catchment processes affecting nutrient supply to lakes
and diatom compositional turnover (β-diversity). The proximity of the Fildes
Peninsula to the still-active Deception Island volcano (c. 115 km) means it is
vulnerable to the potentially devastating effects of tephra deposition on diatom
communities (Roberts et al., 2017). While large volumes of tephra can lead to
deterioration in light conditions and an increased suspension load, some studies
have found that minor volcanic ash deposition can lead to increased diatom
concentrations as silica becomes more bio-available (Lotter et al., 1995; Telford et
al., 2004).
Redundancy analysis (RDA), using key geochemical variables associated with
tephra, showed that tephra deposition did not have a significant impact on the
diatom community composition in the Kiteschee Lake record (p= 0.596)
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(Supplementary Figs. 9, 10; Supplementary Note 2). While certain species respond
to climate variability (e.g. changing wind speed, temperature and precipitation), the
overall community structure response in Kiteschee Lake was more directly related
to ice expansion, increased (glacial) erosion and associated increases in turbidity.
Hence, changes in the diatom accumulation rate, reconstructed chlorophyll-a,
variations in key indicator species were used to examine the impact of (climatedriven) glacier readvances in the mid-southern BIC foreland.
The uppermost 47 cm of the record was divided into five ecologically-distinct zones
using cluster analysis (see Supplementary Note 2 for details). The most prominent
change in diatom community composition occurred in Diatom Zone 3 (2,700–2,060
cal a BP; 33.5–22 cm) where a distinct peak in aerophilic diatoms species (e.g.,
Diatomella balfouriana, Achnanthes exigua and Gomphonema sp., usually found
on littoral mosses) corresponded with increased diatom β-diversity, and an
increasing Detrended Canonical Correspondence Analysis (DCCA) score (1.6
times greater than the std dev.) (Fig. 4d; Supplementary Note 2; Supplementary
Fig. 9). This is broadly indicative of reduced turbidity and warmer climatic
conditions, possibly with reduced lake-ice seasonality on Fildes Peninsula and the
northern Peninsula at this time (Roberts et al., 2017) (Figure 4).
The subsequent decline in aerophilic and littoral diatom species, coupled with the
concurrent increases in species associated with more turbid conditions (e.g.
Stauriserella pinnata) and lower DCCA scores at the start of Diatom Zone 4
(2,060–1,510 cal a BP; 22-13 cm) corresponded with the transition to a glaciogenic
sedimentary environment in the lake (Fig. 4d; Supplementary Figs. 8 and 9) A
reduction in biomarker reconstructed mean summer air temperatures in nearby
Yanou Lake Fildes Peninsula also occurred at this time (Roberts et al., 2017)
(Figure 4e). These changes coincide with the late Holocene readvance of the BIC,
as indicated by our radiocarbon data from the moraine close to the BIC.
The clear increase in diatom accumulation rate from c. 2,700 cal a BP (compared
to previous record mean) is likely linked to the increased accumulation rate
between c. 2,800 and 1,400 cal a BP (Supplementary Figure 8). Elevated mass
accumulation rates and increased sand deposition within the glacigenic unit
(1,950–1,450 cal a BP) are indicative of increased (glacial) erosion and meltwater
input from a nearby source after c. 2,000 cal a BP (Supplementary Figures 3a, 8;
Supplementary Note 2). As our cosmogenic and radiocarbon data indicate very
limited readvance of the BIC during the late Holocene, we conclude that the most
likely source of glaciogenic sediment into Kiteschee Lake is from increased melt
from a small glacier that had formed on the Davies Heights, located immediately
north of Kiteschee Lake (Fig. 1).

94

5. DISCUSSION
5.1

Mid Holocene deglaciation

Previously published lake sediment records show that the terrestrial deglaciation of
the southern-mid part of Fildes Peninsula extends to c. 12,000–9,000 cal a BP
(Mäusbacher et al., 1989; Watcham et al., 2011) (Fig. 1). After 7,000 cal a BP, the
BIC retreated northwards from central Fildes Peninsula, and the Davies Heights
area (Fig. 1, 5). Combined, our new evidence and existing data suggests that the
process of mid Holocene deglaciation started in the flat platform areas in the northwest BIC foreland region of Fildes Peninsula following a still-stand at c. 7,000 cal a
BP (Watcham et al., 2011). Recession then progressed towards the higher
elevation areas in the eastern sector located above the equilibrium line altitude and
zones located in depressions next to the former ice limit and sea-level (Fig. 5). This
rapid ice retreat and thinning during the mid-Holocene triggered the increased rate
of isostatic uplift and falling RSL (cf. Watcham et al. 2011).
Our new cosmogenic exposure ages show that the NW edge of the marine
platform was ice-free by 6,580 ± 530 years ago (Fig. 4c, Table 1). These ages are
consistent with the onset of deglaciation at 8,000 ± 500 cal a BP in nearby
Mondsee Lake, located at an altitude of 45 m a.p.s.l. on the NW platform and c.
1,500 m away from the present glacier margin (Schmidt et al., 1990). By 6,100 ±
400 cal a BP, Tiefersee Lake and Hochlandsee Lake, at c. 800 and 1500 m from
the present-day ice cap, also became ice free (Mäusbacher et al., 1989;
Mäusbacher, 1991). By 6,000 cal a BP, the glacier front occupied the inner bay of
Collins Harbour in Maxwell Bay (Mäusbacher et al., 1989; Tatur et al., 1999; Yoon
et al., 2006; Milliken et al., 2009; Watcham et al., 2011; Simms et al., 2011; Chu et
al., 2017) (Fig. 1, 5), while the BIC had retreated to within its present-day limits,
driven by persistently warmer mid–Holocene atmospheric temperatures across the
Peninsula region between 8,200 to 5,900 cal a BP (Mulvaney et al., 2012; Roberts
et al., 2017)(Fig. 4i). This warm phase coincided with reduced sea-ice and warmerthan-Holocene-average sea-surface temperatures recorded in marine sediments
records from Maxwell Bay and the Palmer Deep (Milliken et al., 2009; Etourneau et
al., 2013) as well as broadly warmer conditions across the Southern Hemisphere
(Marcott et al., 2013) (Fig. 4j).
A second phase of warmer-than-Holocene average atmospheric temperatures also
existed on the Western Peninsula and the South Shetland Islands between c.
4,500–2,800 cal a BP (Sun et al., 2005; Roberts et al., 2017). At this time, glaciers
across the Antarctic Peninsula retreated landward of their present limits and large
areas of peat banks formed (Björck et al., 1991a and b; Hall, 2007; Bentley et al.,
2009). Although sea surface temperatures decreased and sea-ice cover increased
in Maxwell Bay between c. 5,900 and 2,600 cal a BP (Fig. 4f-i), there is no
evidence of a significant glacier readvance or glaciogenic sediment deposition in
any lakes on Fildes Peninsula at this time (Milliken et al., 2009; Watcham et al.,
2011; Roberts et al., 2017). Indeed, prolonged summer sea-ice still occupied the
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inner Collins Harbour of Maxwell Bay until at least c. 1,700 cal a BP (Simms et al.,
2011), implying that that sea-ice could have been trapped by more intense,
poleward-shifted, Southern Hemisphere westerly winds over the South Shetland
Islands at this time (Watcham et al., 2011; Saunders et al., 2018) (Fig. 4b, f).
5.2

Late Holocene Neoglaciation

Lake, marine and fluvial sediments immediately in front of the present-day BIC
limits were thought to have been bulldozed into their current positions by the BIC
glacier re-advancing after 650 cal a BP, in what was the most extensive phase of
glacier readvance of the last 3,500 years (Hall, 2007). Raised beaches levels (<10
m a.p.s.l.) were previously thought to be contemporaneous with the last glacier
readvance on King George Island, c. 450–250 cal a BP, during a post-Medieval
Climate Anomaly
cold phase (Sugden and John, 1973; Simms et al.,
2012)(broadly equivalent in timing to the Northern Hemisphere Little Ice Age). Our
new radiocarbon ages of c. 1,900 cal a BP from moss fragments incorporated into
a small moraine on top of a raised beach at 7–6 m a.p.s.l. on Artigas Beach
indicate that glacial re-advance could have also taken place earlier, after the
formation of this beach level (Fig. 2; Table 2).
Holocene raised beaches up to c. 16 m a.p.s.l. in the Artigas Beach area, which
possibly extend under the BIC (John and Sugden, 1971; Fretwell et al., 2010), may
have survived relatively unmodified beneath the ice cap or the ice extent was less
advanced at the time of their formation (Hall, 2007; Fretwell et al., 2010). Marine
sediments with bivalve shells reworked into till are located at the extreme east of
the Shetland I moraines (Fig. 2; Table 2). These shells have ages between 6,400
and 5,600 cal a BP and must have been located close to the former sea-level of c.
15 m a.p.s.l. at that time (Watcham et al., 2011). Our new data show that the BIC
also readvanced in this area during the late Holocene, but by only tens of metres
relative to its present position. Hall (2007) came to a similar conclusion for the
Shetland I moraines at Valle Norte and Valle Klotz (Figs. 1,2), with maximum ages
for a glacier readvance at c. 650 and c. 1,000 cal a BP (Fig. 4c). There, the ice
advanced in form of lobes, which spread out into ice-marginal depressions, forming
several small thrust moraines which are located c. 300 m away from the prominent
moraine ridges dated in this study.
Our new chronological data also enable us to more precisely constrain the initial
formation of the Shetland I moraine from Valle Norte towards its eastern extension
(Fig. 2), where moraines are still ice-cored and in contact with the ice. We found
moraine crests several meters above the ice-level in this area similar to those
found in Valle Norte (Hall, 2007) that post-date c. 1,300 cal a BP, the age of our
youngest sample. Combined, our new cosmogenic and radiocarbon data from the
moraines mean the eastern part of the BIC was landward of its present limit, with
mosses colonizing its foreland until at least 1,300 cal a BP. The timing of the
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glacier readvance coincides with a shift to more sustained colder conditions and
the most significant change point in the Yanou Lake palaeotemperature record
(Roberts et al., 2017) (Supplementary Fig. 11, Supplementary Note 3). More
generally, the timing of BIC late Holocene readvance is consistent with the more
general downturn in climatic conditions from c., 2,000 years onwards across the
Antarctic Peninsula (Mulvaney et al., 2012), the Southern Hemisphere (Marcott et
al., 2013) and globally (Mann et al., 2009) (Fig. 4c).
Multi-proxy data from the Kiteschee Lake sediment record revealed a shift to a
more glaciogenic and turbid lake environment between c. 1,950–1,450 cal a BP.
However, the lack of evidence for a more substantial late Holocene BIC readvance
covering Kiteschee Lake, c. 2.6 km from its active ice-front suggests that the post1,300 cal a BP readvance was somewhat restricted in extent. Instead, we link the
deposition of glaciogenic sediments in Kiteschee Lake at this time to meltwater
input from a localized and independent ice cap that formed on the elevated Davies
Heights area (Fig. 5) (Supplementary Note 2). The Davies Heights is currently
unglaciated, but is close to the equilibrium line altitude for the South Shetland
Islands and could have sustained a more permanent ice-cover with a relatively
minor downshift in temperatures (Fig. 4a–e, 5c).
The most extensive readvance of the BIC mid-late Holocene occurred between
1,300-600 cal a BP, broadly synchronous with the Mediaeval Climate Anomaly
(MCA; 1,200-800 cal a BP) as defined in Bentley et al. (2009) as Medieval Warm
Period (MWP); c. 800-1400 CE defined globally in Lamb (1965) and Mann et al.
(2009) (Fig. 4d, e, Supplementary Fig. 12). Most Southern Hemisphere proxy
records from between 30-60 °S (Marcott et al., 2013) (Fig. 4j) compilation exhibit
warming during the MCA, but nearly all are north of 60 °S. Although new change
point analysis of the Yanou Lake palaeotemperature data (Roberts et al., 2017)
shows an upward trend between 1,300-800 cal a BP (Fig. 4e; Supplementary Fig.
11b), more stringent sequential Mann-Kendall trend change analysis, with a
correction for serial autocorrelation included, suggested there is no significant
change in the downward temperature trend since c. 2,900 cal a BP
(Supplementary Fig. 13). While sea surface temperature records from the western
Peninsula indicate MCA-warming (Etourneau et al. 2013), marine sediment records
show no change in sea-ice conditions in Maxwell Bay or Potter Cove at this time
(Hass et al., 2010; Monien et al., 2011). There is also no evidence for significant
upturn in climate during the MCA in the James Ross Island ice core record, the
only other quantitative atmospheric palaeotemperature record from the northern
Peninsula region (Fig 4i; Supplementary Fig. 12).
Ultimately, the climate of the South Shetland Islands seems to be controlled by
changes in Holocene insolation and its position relative to the Polar Front where
the Southern Hemisphere westerly winds and the polar cell converge (Bentley et
al., 2009; Lamy et al., 2010; Varma et al., 2012) (Fig. 4). We link late Holocene
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Figure 4. Summary of cosmogenic and radiocarbon ages from boulders and moraines of the BIC
foreland compared with key results from the Kiteschee Lake record and climate and sea-ice
reconstructions from theSouth Shetland Islands,Antarctic Peninsula and Southern Ocean. Location
map of records: a. Mean summer (red line) and mean annual insolation (black line) received at
62°S (Laskar et al., 2004). Plotted insolation are 500-year annual mean at 62ºS. b. Diatom-inferred
conductivity record from Macquarie Island at 54°S, a proxy for changes in Southern Ocean and
Southern Hemisphere westerly wind (SWW) strength during the mid–late Holocene (Saunders et
al., 2018). c. Summary of exposure ages (green circles) and radiocarbon chronological data (white
squares) from the BIC foreland boulders and moraines (this study). Black squares are from Hall
(2007). BIC re-advance Stages I–III are as shown in Figure 5. d. Key indicator species for more
turbid conditions (Staurosirella pinnata sp. and DCCA Axis 1) and more aerophilic conditions
(possibly warmer, more ice-free) (increased Gomphonema sp.) and). e. Yanou Lake GDGT-MSAT
(mean summer annual temperature) reconstructions showing a summary comparison of three
different calibrations: 1 after Foster et al. (2016), 2 and 3 are new data produced in this study (see
Methods and Supplementary Note 3 for details). f. Maxwell Bay TOC (total organic carbon) derived
sea-ice record (Milliken et al., 2009). g. Anvers Shelf diatom-based sea-ice reconstruction.
Measured data, shown in grey in d. and in e., were smoothed using polynomial negative
exponential regression (thick lines), producing similar results to locally-weighted smoothing (LOESS
first order polynomial) (not shown). h. Palmer Deep 0–200 m SST record (Etourneau et al., 2013). i.
James Ross Island (JRI) Ice core (Mulvaney et al., 2012) and warm phases on the Antarctic
Peninsula(as defined in Bentley et al. 2009; MCA: Medieval Climate Anomaly cold phase; RRR:
Recent Rapid Warming ). j. the Southern Hemisphere 90–30° S temperature data stack (Marcott et
al., 2013).

glacial re-advances and the shift to ‘Neoglacial’ conditions on the South Shetland
Islands after c. 2,000 cal a BP (and across the northern AP) to reductions in
summer/annual insolation coupled with a shift to more intense Southern
Hemisphere westerly winds in the Southern Ocean, as identified in the increased
turbidity in the Kiteschee Lake record (Fig. 4d) and some South America and subAntarctic records (Garreaud, 2007; Moy et al., 2008; Moreno et al., 2014; Charman
et al., 2018; Moreno et al., 2018; Saunders et al., 2018) (Fig. 4a, b). Stronger, and
possibly more poleward-shifted Southern Hemisphere westerly winds most likely
reflect the millennial-scale expression of decadal-centennial changes in the
Southern Annular Mode (Charman et al., 2018) leading to more precipitation-laden
storm fronts passing over the South Shetland Islands and increased ice
accumulation on the BIC. It is possible that atmospheric warming north of 60 °S
could be linked to increased precipitation associated with strengthening (and
possibly poleward shifts) of the core Southern Hemisphere westerly wind belt
during the MCA (Marcott et al., 2013). Combined, these factors help to drive the
late Holocene readvance of the BIC on the Fildes Peninsula between 1,300 and c.
650 cal a BP (Hall, 2007). The BIC was, therefore, highly-sensitive to even the
relatively minor variations in temperature and Southern Hemisphere westerly winds
intensity during the late Holocene.
Notably, we also found no evidence for a significant shift to a ‘warming’ trend at c.
500–600 years ago in the Fildes Peninsula lake records that has been identified in
the James Ross Island ice core and the Beak Island lake records from the eastern
Antarctic Peninsula (Milliken et al., 2009; Hass et al., 2010; Sterken et al.,
2012)(Supplementary Fig. 12) and in compilations of climate records from the
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Southern Hemisphere (e.g., Marcott et al., 2013; Fig. 4j). While this might relate to
the low accumulation rates and temporal resolution of these records, it could also
reflect the spatially heterogenous influence of oceanographic and orographic
controls on climate across the northern and western Antarctic Peninsula (Milliken
et al., 2009; i.e., dipole) (Fig. 4).
The generally colder, ‘Neoglacial’, conditions persisted on Fildes Peninsula through
the Southern Hemisphere ‘Little Ice Age’ 650-80 cal a BP (SH-LIA: c. 1300–1870
CE, defined as the period when a majority of Southern Hemisphere records exhibit
‘extreme cold’ (Neukom et al., 2014); Supplementary Figs. 12 and 13). The
absence of a significant readvance of the BIC during the SH-LIA is probably related
to cooling north of 60 °S and an equatorward shift in the core Southern
Hemisphere westerly wind belt. In mid-late C20th, the mode of sedimentation in the
lake shifted dramatically to one dominated by aquatic moss (Supplementary Fig.
9). We link this final shift to a moss-dominated environment to the Recent Rapid
Warming (RRR) (as defined by Bentley et al. 2009) (Fig. 4i). A thriving aquatic
moss community still exists at the sediment-water interface (Supplementary Fig. 9).
In terms of glacio-isostatic adjustment (GIA), the late Holocene readvance of the
BIC is consistent with the more restricted late Holocene ice-loading scenario of the
Whitehouse-GIA model for the South Shetland Islands (Watcham et al., 2011).
Other GIA models (Simms et al., 2012) require more substantial ‘Neoglacial’ iceloading, but are well-supported by field data (Watcham et al., 2011), and this may
be evidence for late Holocene ice-load change elsewhere on the South Shetland
Islands. GIA model parameters for the South Shetland Islands crustal block (e.g.,
lithospheric thickness, mantle viscosity) might need to be re-evaluated in light of
two recent studies (Roberts et al., 2017; Antoniades et al., 2018) which highlighted
the possibility of at least one highly explosive eruption (Volcanic Explosivity Index,
VEI>6) from the Deception Island volcano between 6,000-3,000 cal a BP. Data
from Fildes Peninsula lacustrine records suggest several eruptions from Deception
Island were significantly larger than those of the last 1,000 years (Roberts et al.,
2017). Deglaciation and glacio-isostatic uplift of South Shetland Island block would
have created significant crustal stress on the underlying magma chamber, causing
localized changes in mantle viscosity, which could have influenced rates of glacioisostatic uplift during the mid-late Holocene. Moreover, the (non-glacial) isostatic
uplift effect of unloading a significant mass of lithosphere in explosive eruption from
the SSI crustal block in mid to late Holocene is unknown.
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Figure 5. Schematic reconstruction of mid–late Holocene glacier extent on Fildes Peninsula and
deglaciation of the study area based on a compilation of new dates in this study and published data.
Panels correspond to the key stages of deglaciation changes in climate/sea-ice at a. Stage I (<7
ka), b. Stage II (6 ka) and c. Stage III (1.3 ka) shown in Figure 4. Arrows in a. and b. indicate glacier
retreat, while the arrows in c. represent glacier readvance. Green circles show the location of the
10
erratics sampled for cosmogenic Be exposure dating. The orange star is the location of the new
Kiteschee Lake record, while red stars represent the location of published lake data and basal
(deglaciation) ages mentioned in the text. The black star is the location of the Maxwell Bay marine
records (Milliken et al., 2009; Simms et al., 2011). Question marks on the maps indicate uncertain
locations of the glacier fronts. Note the relative sea level elevation of the coastlines in each panel.

To summarise, we reconstructed the mid–late Holocene deglaciation history of
northern Fildes Peninsula using a combination of: (i) cosmogenic exposure ages
from glacial erratics on the foreland of the Bellingshausen Ice Cap; (ii) radiocarbon
analysis of (a) macrofossils and marine remains found in moraines formed by the
most significant glacial readvance during the late Holocene and (b) of cored
sediments from the Kiteschee Lake: (iii) multi-proxy analyses (diatoms, grain size,
geochemical and sedimentological analysis) of the lake sediments. We found no
evidence for a mid–Holocene glacier advance in the northern glacier foreland of
Fildes Peninsula area. Our new evidence, combined with previously published data
suggests that late Holocene glacial readvances were restricted and close to
present limits, with localized minor ice build-up on topographic highs on the Fildes
Peninsula. In conclusion, readvances of the Bellingshausen Ice Cap beyond its
present position on the Fildes Peninsula have been minimal during the last 7,000
years.
6. CONCLUSIONS
We propose the following sequence of events for the mid–late Holocene
deglaciation and glacier re-advances on the Fildes Peninsula:
1) As a result of the early Holocene warming, the north-western marine
platform at c. 40–35 m a.p.s.l. became ice-free after 7,000 cal a BP, and ice
cap configuration similar to the present day existed on Fildes Peninsula by
c. 6,000 cal a BP.
2) The presence of mosses embedded in till of the Shetland I moraine suggest
that the BIC extended landward of its present position on its eastern flank
c.1,900–1,300 cal a BP, before the onset of regional ‘Neoglacial’ conditions.
3) Sometime after 1,300 cal a BP, a minor glacier readvance translocated
mosses and mid Holocene marine sediments into the moraines surrounding
the present-day BIC, consistent with ‘Neoglacial’ conditions, which
continued in Kiteschee Lake until the mid C20th.
4) Recovery from the ‘Neoglacial’ cooling is characterised in Kiteschee and
other lakes on Fildes Peninsula by the re-colonisation of thick aquatic moss
at the lake sediment-water interface. This occurred from the mid–late C20th
onwards (modelled age of c. 1970 CE) driven by late C20th warming of the
Antarctic Peninsula.
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5) The restricted late Holocene readvance of the BIC is consistent with a more

restricted late Holocene ice-loading scenario implied by the Whitehouse GIA
model for the South Shetland Islands. Other GIA models require more
substantial ‘Neoglacial’ ice-loading and are well-supported by field data,
suggesting greater ice-loading elsewhere on the South Shetland Islands
crustal block during the late Holocene.
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SUPPLEMENTAL MATERIAL TO CHAPTER 4: MID-LATE HOLOCENE
DEGLACIATION OF NORTHERN FILDES PENINSULA, KING GEORGE
ISLAND, NW ANTARCTIC PENINSULA
Pablo Heredia Barión, Stephen J. Roberts, Cornelia Spiegel, Steven A. Binnie,
Lukas Wacker, Joanna Davis, Imogen Gabriel, Viv Jones, Simon Blockley, Emma
Pearson, Steve Juggins, Louise Foster, Gerhard Kuhn
Supplementary Note 1: Processing for 10Be exposure dating
Purified quartz separates were prepared from the rock samples at Bremen
University cosmogenic nuclide laboratory. We used standard physical rock
preparation, using a jaw crusher, sieves (125 µm–1000 µm) and Frantz magnetic
separation up to 1.5 A. We further cleared the non-magnetic fraction of unwanted
phases such as feldspar and carbonates through chemical purification with a 30%
HCl + 0.03% H2O2 leaching. The resulting, almost pure quartz and feldspar sample
was further cleaned of meteoric beryllium by 3 steps of weak 2% HNO3 + 2% HF
leaching. We weighed the mass before and after, to keep track of how much mass
had been lost.
Separation of beryllium from the quartz separates was carried out at the Institute
for Geology und Mineralogy, University of Cologne, Germany. Quartz purity was
determined prior to dissolution by ICP-OES. The samples were spiked with ~300
micrograms of commercially available Be carrier (Scharlab, 1000 microgram/l
Berylium ICP standard solution, batch number 14569501). After digestion in HF
acid, remaining insoluble fluoride salts were heated several times in the presence
of aqua regia and aliquot of the sample was taken for an ICP-OES measurement
before the sample underwent column separation using the single-step column
procedure (Binnie et al., 2015). The separated Be(OH)2 was co-precipitated
alongside Ag (Stone et al., 2004) with a respective mass ratio of around 1:5, before
being pressed into Cu targets for measurement on Cologne AMS, Institute of
Nuclear Physics, University of Cologne (Dewald et al., 2013). 10Be/9Be AMS
measurements were normalised to the standards of Nishiizumi using the nominal
values reported in Nishiizumi et al. (2007). A blank was prepared in tandem with
the samples and 10Be concentrations are reported following subtraction of the 10Be
atoms measured in the blank. Though sample concentrations are relatively low the
maximum blank subtraction was <6%. Analytical uncertainties for the 10Be
concentrations were derived by summing in quadrature the uncertainty in the mass
of Be added during sample processing (estimated to be 1% at 1 sigma) and the
AMS measurement uncertainties of both the samples and blank.
Supplementary Note 2: Kiteschee Lake sediment core record
Located at c. 15 m above present sea level (henceforth, m a.p.s.l.), Kiteschee Lake
is approximately 430 m x 220 m and has a surface area of 0.09 km2. During the
Austral winter it is covered by 50 cm thick lake-ice, while in late spring and summer
(November-March) it is usually permanently ice free (Martinez-Macchiavello et al.,
1996). Multi-proxy analyses (diatom, grain size, geochemical and sedimentological
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analysis) were used to reconstruct past environmental change in Kiteschee Lake
record. Since the early Holocene isolation history of Kiteschee Lake is wellestablished (Mäusbacher et al., 1989), we undertook high-resolution analysis of
diatoms in the late Holocene part of a new composite (70 cm long) c. 7,000-year
old record where diatoms were best-preserved.
Radiocarbon dating of Antarctic lake sediments from high latitudes is often
problematic due to prolonged ice cover, low terrestrial and aquatic biological
production and slow rates of organic matter (OM) decomposition (Wolfe et al.,
2004). Bulk glaciolacustrine/glaciofluvial sediments have produced ‘reliable’ ages
in some lake records from Fildes Peninsula, often overlapping with paired
macrofossil ages and tephra-based chronologies from well-dated terrestrial and
marine records (Roberts et al., 2017). Dried sediment samples radiocarbon dated
by Beta Analytic, Miami. Following procedures described in detail in Roberts et al.
(2017). We also used the visible tephra deposits and their well-constrained aquatic
moss ages from Ardley and Yanou records (radiocarbon-dated and age-depth
modelled) that have been linked with thicker ash layers in the James Ross ice (JRI)
core record (Mulvaney et al., 2012) (modelled ages) (Supplementary Table 2).
Distinguishing clear climate and deglaciation signals from lake sediments can also
be complicated. The proximity of Fildes Peninsula to Deception Island makes it
vulnerable to tephra input, which can have a significant impact on lake
ecosystems. Volcanic activity can increase lake sedimentation rates, grain size and
influence ecosystem function through deterioration in light conditions and high
suspension load. While these can all have a negative impact on some diatom
species abundance, tephra is rich in silica and some species have been shown to
flourish following deposition of tephra in lakes on the South Shetland Islands (e.g.,
Björck et al., 1993).
Summary Methods: To assess potential key drivers of ecological change to
deglaciation, glacier readvance and climate, and applied a diatom-based transfer
function to reconstruct past chlorophyll-a and derives diatom and XRF trends using
Principal Component Analysis (PCA). Sediment core scanning (GEOTEK and
ITRAX µ-XRF) procedures used are as described in Roberts et al. (2017) and
Davies et al. (2015). In summary, µ-XRF analysis was performed at contiguous
0.02 cm (200 µm) intervals. Whole core gamma (bulk) wet density (5 mm aperture
gamma ray attenuation sensor), magnetic susceptibility (Bartington Instruments
MS2E point sensor, 10 second count time) and P-wave amplitude and velocity
were measured with GEOTEK core logger using standard calibration procedures.
Grain size was measured organic- (LOI550 °C) and carbonate-free (5% HCl)
sediments using a Malvern laser particle counter, which detects particles between
0.01-2000 µm. As diatom abundance was high throughout the core, we examined
the impact of diatoms on grain size distributions using four sediment samples from
6 cm, 13 cm, 20 cm and 33.5 cm, using sodium hydroxide. Results showed
minimal difference in grain size distribution, insufficient to undertake the process
for all samples. Calgon was added to the sample to reduce aggregation before
being diluted. Grain size data was analysed using GRADISTAT (Blott and Pye,
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2011). Stratigraphic diagrams of %LOI (Loss-on-ignition), wet-sediment micro-XRF
(X-ray fluorescence) geochemistry and grain size were created in C2 1.7.7 and
analysed using the R package Rioja (Juggins, 2007; Juggins, 2014). Other data
analysis and plotting was undertaken in Sigmaplot and Analyseries.
A chronology for the Kiteschee Lake sediment record was established using six
AMS radiocarbon (14C) ages from, in order of preference: 1) moss macrofossil
layers (consisting of hand-picked fine strands of the aquatic moss Drepanocladus
longifolius (Mitt.) Paris sp. currently living in Kiteschee Lake (and other Fildes
Peninsula lakes). Unlike some other lakes on Fildes Peninsula (Roberts et al.,
2017), we did not find visible moss layers further downcore. Therefore, we sampled
the most organic-rich bulk sediments (determined from incoherent/coherent
(inc./coh.) micro-XRF and LOI data) at regular intervals. Measured radiocarbon
ages from samples shown in Supplementary Table 2 were calibrated using the
SH13 calibration curves (Hogg et al., 2013). Age-depth models were generated
using BACON v2.2 Bayesian age-depth modelling techniques (Blaauw, 2010;
Blaauw and Christen, 2011) used are as outlined in Roberts et al. (2017). Shard
specific major element geochemistry for the most prominent tephra layers was
undertaken by electron probe microanalysis (EPMA) following procedures in
Roberts et al. (2017) and Blockley et al. (2005).
Diatom Analysis: Samples were taken at 1 cm intervals between 1 and 32 cm, at 2
cm intervals to 47 cm depth. Samples between 47–77 cm depth were screened
from smear slides to determine the presence/absence of marine or brackish diatom
species. Sediment samples were treated with H2O2 (30%) and HCl (50%), heated
in a 120◦C water bath for 24 hours to remove organic material, washed, then
mounted on slides in Naphrax (Battarbee et al., 2001). To determine diatom
concentrations, which are needed to infer primary productivity, 1 ml of 8.20 x 105
spheres per ml DVB microsphere suspension was added per 1 ml of diatom
solution. At least 300 diatom valves were counted and identified using a Zeiss
Aciostar-plus microscope under oil at 1000x magnification. Species were identified
according to Sterken et al. (2015). To avoid double counting specimens, only
valves that were >50% intact were counted and valves that could not be identified
(due to the orientation or obscuration) were noted. Species which had >2%
abundance were plotted and zones identified.
Cluster analysis was undertaken using TWINSPAN to classify diatom fossil
assemblages, defining five classes by cut-off levels 0%, 2%, 5%, 10% and 20%.
Multivariate analysis was undertaken to explore the trends and assemblage
changes in diatom communities and potential diatom responses to changes in core
geochemistry. A Detrended Correspondence Analysis (DCA) was initially
performed to identify whether unimodal or linear models were suitable for further
analysis (Ter Braak and Smilauer, 2002). The DCA showed that the gradient length
is short, i.e., <2 standard deviation units, meaning linear methods (PCA, RDA) of
data analysis were more appropriate (Ter Braak and Prentice, 1998). To reduce
the score and bias of the most abundant species that could mask the effect of less
abundant species, a square root function was used. For multivariate analysis, all
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diatom and geochemical variables were log10 transformed. The relationships
between the diatom assemblages and environmental variables were explored
further using RDA (Supplementary Figure 10). The significance (p<0.05) of each
environmental variable was assessed with forward selection using an unrestricted
Monte Carlo Permutation Test. Diatom compositional turnover (β-diversity) is
estimated down-core using Detrended Canonical Correspondence Analysis
(DCCA) for the most abundant diatoms (>2%). Log transformations were applied
prior to statistical analysis. Ordinations were performed using CANOCO 5.0.for
Windows (Ter Braak and Smilauer, 2002).
To reconstruct changes in chlorophyll-a, we applied the diatom-chlorophyll-a
training set developed for the Antarctic Peninsula using data from 61 lakes (Jones
and Juggins, 1995). Diatom-based transfer functions were applied in C2 (Juggins,
2007) using simple weighted averaging (WA) and weighted partial least squares
(WA- PLS) algorithms (Birks, 1998). The WA-Inverse transfer function was chosen
to reconstruct chlorophyll-a as the RMSE and average bias were low and displayed
a strong relationship (R2) between measured and diatom-inferred chlorophyll-a.
Summary Results and Interpretations: The two overlapping cores were aligned
using magnetic susceptibility data to construct a composite core profile
(Supplementary Figure 1, 2). Several visible tephra layers were readily apparent in
the Kiteschee record (Supplementary Figure 2). Their position was straightforward
to determine using geochemical micro-XRF scanning (Ti, Ca, incoherent/coherent
scattering ratio) and manual-counting (Supplementary Figure 2, 3, 4).
Lithology: The base of the core (77-60cm) is composed of olive-brown silt with
several fine black ash layers (T6 and T7), with elevated MS values (Supplementary
Figure 2). From 57cm upwards, following the deposition of the T5 tephra, there is a
distinct change to lighter orange-brown sediments composed of silt-clay material.
Tephra layers are interspersed between 54 and 18 cm depth, within a brown siltclay matrix (Supplementary Figure 2). The main lithological change in the core
occurred at c. 20-11 cm depth, where an orange-brown silt-dominated lithofacies
unit is overlain by a light grey clayey-mud lithofacies unit containing some sandrich layers. This is overlain by a unit of olive-brown silt between 11 and 5 cm,
capped by living aquatic moss, which present in the uppermost 5 cm and returned
a post-bomb (>1950 CE) age of 2010 CE (Supplementary Figure 2b,
Supplementary Table 1).
Organic matter content is generally very low (<5 % LOI550) and relatively stable
throughout the record (Supplementary Figure 3). Grain size analysis of the core
indicates that its sediment is dominated by counter-opposing silt and sand
components, with consistently low clay content (∼3–10%) (Supplementary Figure
3a). The silt (sand) component gradually increases to 61% (decreases to 20%),
peaking at 35 cm, before declining (increasing) gradually to 23 cm (2,120±500 cal
a BP). Silt (sand) content remains stable from 23 cm upwards, but has four sharp
peaks (troughs), at 20, 16, 15, 13 cm depth (1,950, 1,700, 1,640, 1,510 cal a BP).
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Silt content gradually increases and sand content decreases towards the top of the
core.

Supplementary Figure 1 Magnetic susceptibility data used to align Kiteschee Lake sediment cores
into the composite core shown in Supplementary Figure 2a.

The lithogenic element Titanium (Ti) was used for normalisation of wet sediment
XRF scan data, as it provides an unambiguous indictor of allochthonous inputs
from the catchment and accounts for varying organic content in the sample
(Cohen, 2003; Davies et al., 2015). Changes in log K/Ti and log Ca/Ti mirror one
another, with noticeable decline and sharp troughs between 24 and 19 cm (2,170
and 1,890 cal a BP). The geochemistry appears to reflect changes in particle size,
while PCA axis 1 follows changes in the sand component of the core
(Supplementary Figure 3b). This is likely to be driven by material input from the
catchment as well as tephra layers.
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Supplementary Figure 3 Down-core changes in: a. Water content, LOI 550 C (organic matter),
grain size and b. Geochemical elements and PCA axes values from multivariate analysis. Blue lines
are unmatched tephra deposits of uncertain age. TSN is the Total Scatter (incoherent + coherent
scatter, inc.+coh.) Normalised ratio sum as defined in Roberts et al. (2017). Elemental data were
normalised to TSN to account for changes in water content and organic matter and are expressed
as a percentage to assess closed-sum effects in the XRF dataset.
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Chronology: The radiocarbon age of obtained from the ‘glaciogenic’ lithofacies
unit contained old carbon from reworked from early Holocene deglaciation
deposits. All other bulk sediment ages from organic-richer sediments, which all
have low OM values of <5% carbon, are in chronological order. Tephra deposits
were assigned as shown in Supplementary Figure 4, based on count data shown
KITE-M9 age-depth model and tephra geochemistry as described below
(Supplementary Figure 4, 5, 6, 7). We explore the implications of its tephra
geochemistry for a regional tephrochronology of the northern AP further in a
forthcoming paper.
Age-depth modelling was undertaken using BACON v.2.2 (Bayesian) age-depth
modelling software by inputting uncalibrated conventional radiocarbon age data in
R (Supplementary Table 1) (Blockley et al., 2005; Blaauw, 2010) following
procedures in Roberts et al. (2017). All ‘as measured’ (uncalibrated) conventional
radiocarbon age data were inputted in age-depth model runs Kite-M9 and Kite-M10
(model run number is indicated by the KITE-Mn suffix) (Supplementary Figure 2).
Prior settings for the KITE age-depth models runs were: acc.shape = 1.5,
acc.mean=
100 a cm-1,
mem.strength = 20,
mem.mean = 0.1,
segment
thickness = 5 cm. We also investigated the effect of varying the starting mean
accumulation rate setting using three different acc. mean settings of 10, 20 and
50 a cm-1, but retained 100 a cm-1 as this produced the best fit to measured data
and to minimise the mean core errors.
To obtain initial age estimates for the tephra layers, we ran age depth modelling
process without tephra ages included (KITE-M9 model run shown in Figure 5a). All
ages and years are rounded to the nearest 10 years in data tables and to the
nearest 100 years in the text to account for calibration and modelling errors.
Interpolated modelled ages quoted in the text were derived from the ‘best-fit’ age of
the BACON age depth model. Weighted mean modelled ages were used, with
minimum to maximum 95% confidence age ranges shown in square brackets. It
was necessary to calculate ages for some proxy data at resolution higher than
dating errors allow (e.g., sub-cm resolution scanning data) to enable plot proxy
data against time.
The most prominent ash layer in the Kiteschee Lake record shown by shard count
and incoherent/coherent scatter ratio data is at 62–56 cm depth. This contains an
exclusively rhyolitic (explosive) layer at 58 cm depth whose major element glass
shard-specific geochemistry could not be matched to the shard geochemistry of
Holocene rhyolitic-tephra producing eruptions from South America (Supplementary
Figure 4). Instead, its composition is most similar to the rhyolitic component of the
early–mid Holocene Deception Island eruption T7 (Supplementary Figure 7) or
possibly the early Holocene/pre-Holocene ‘Megascopic’ (caldera-forming?)
eruption (Moreton and Smellie, 1998; Roberts et al., 2017). The overall bi-modal
geochemical composition of the 62-56 cm ash layer suggests it could have evolved
from Deception Island (basalt-andesitic) magma by interaction with seawater,
possibly during a two-stage explosive eruption event (Supplementary Figure 5, 6).
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Based on M9 age model, this ash layer has a 95% confidence age range which
overlaps with the well-defined aquatic moss-based radiocarbon for the T5 eruption
event at c. 5,500-5,000 cal a BP in the Yanou Lake record (Roberts et al., 2017).
Re-running the Kiteschee Lake M10 age-depth model produced a 95% confidence
age of between 5,790 and 4,960 cal a BP for 62–56 cm depth in the Kiteschee
Lake record. Other tephra layers were assigned using the nomenclature used in
Roberts et al. (2017) as shown in Supplementary Figure 4b. Ages used in this
study for these layers are shown in Supplementary Table 2 and are derived from
Supplementary Table 3 of Roberts et al. (2017) and references therein.
Antoniades et al. (2018) suggested that the caldera-forming eruption of the
Deception Island volcano occurred between 4-3.5 ka, equivalent to the T3 or T4
eruption. While evidence of a large eruption (or series of eruptions), exists between
c. 4-3 ka in all Fildes Peninsula lake records, including our new Kiteschee Lake,
tephra deposits for these eruptions are not as prominent as the T5 event. The most
prominent ash caldera-forming eruption tephra deposit in one of the Byers
Peninsula lake records was similarly dated to c. 5.5 ka (Antoniades et al., 2018).
Two radiocarbon ages from above and below the approximately 30 cm of reworked
ash generated by seismic gravity flows are essentially identical. Bulk ages of c. 1011 ka from reworked sediment in the gravity flow deposit are equivalent in
magnitude to the Kiteschee Lake age offset in the glacigenic facies. As a result of
these ages, the whole record was considered unreliable due to the unknown and
variable influence of old carbon. Nevertheless, all other ages are in sequence, with
no apparently large offsets close to the surface. The c. 4-3.5 ka eruption age in
most of the other cores from Byers Peninsula in Antoniades et al. (2018) is based
on radiocarbon dating of moss layers from above the eruption event. This
constrains when the lake ecosystem had recovered sufficiently for moss
recolonization rather than the age of the eruption event. Ages below the
reworked/seismically-influenced ash deposits on Byers Peninsula are somewhat
ambiguous. The pre-eruption sediments are dated to c. 4 ka in at one record but
are potentially as old as 7 ka in others. Similarly, the age of the T4 eruption in
Yanou Lake remains uncertain as there is no organic material to date due to the
continued influence of post 5ka eruption reworking and allochthonous input of
catchment material (Roberts et al., 2017)
Despite a clear shift in geochemistry at c. 60 cm depth (Supplementary Figure 1), a
complicating factor is that the new Kiteschee Lake sediment record does not
contain any clear biological evidence of (glacio)marine sedimentation that should
be present in deposits >6,000 years old. Diatoms were poorly preserved from c. 47
cm depth downwards and almost completely absent from the base the record. The
𝛿𝛿13C value of the near basal age obtained from 73.5–74.5 cm depth is consistent
with sediments that contain only terrestrial diatom species. Nevertheless, all
sedimentary units younger than c. 6,000 cal a BP contain terrestrial diatoms. As
Kiteschee Lake is situated at c. 15 m a.s.l., it would have been higher than
reconstructed relative sea level at from time onwards (Mäusbacher et al., 1989;
Watcham
et
al.,
2011).
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Supplementary Table 1 Radiocarbon age and calibration data for the Kiteschee Lake record. OXCAL v. 3.299 using the SHCal13 Southern
Hemisphere atmosphere dataset (see Table 2 for references). Absolute percentage of modern carbon (pMC) data were corrected according to
13
12
C/ C isotopic ratios from measured pMC, where a “modern” pMC value is defined as 100% (1950 CE). Post-bomb (>1950 CE) samples were
13
12
corrected according to C/ C isotopic ratios from measured pMC, where the ‘present day’ pMC value is defined as 107.5% (2010 CE), and
calibrated using the SHCal13 SH Zone 1-2 Bomb curve using CALIBomb (Reimer and Reimer, 2004; Hua et al., 2013).
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Supplementary Figure 4 a. Summary tephra shard count data undertaken at 0.5 cm intervals for
the 77 cm long Kiteschee Lake composite core compared to b. The incoherent/coherent ratio μXRF data measured contiguously at 200 μm intervals. The inc./coh. ratio is widely used as a proxy
for changes in organic content and airfall tephra should, in theory, have zero organic content.
Hence, inc./coh. minima should provide the most precise position of the tephra deposition in the
Kiteschee Lake record. c. Total shard counts between 0–5,000 shards per gram to demonstrating
the near-continuous nature of background tephra deposition in the Kiteschee Lake core.
Supplementary Figure 5 (overpage) a., b. Summary lithostratigraphic log, total shard count,
magnetic susceptibility, inc./coh., Fe/inc.+coh., Ti/inc.+coh. and Ca/inc.+coh. profiles for the
Kiteschee Lake record. In a., the purple stars indicate peaks in tephra, while glass shards
separated and analysed by electron probe microanalysis (EPMA) for samples marked by red stars.
The black star at 61 cm could be an early-eruption phase also responsible for the 58-59 cm peak
(red star). The most prominent visible tephra layers identified in the field are marked in the
stratigraphic log by black lines. No data is available for the moss layer (0-5 cm).
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Supplementary Figure 7 Age-depth models used to construct a chronology for the Kiteschee Lake
record. a. KITE-M9 run with radiocarbon age data only. b. KITE-M10 run with radiocarbon and M9
ages for key tephra layers T1b, T3, T5 and T7 as defined in Roberts et al. (2017). In b., the light
blue probability ranges represent the most likely published tephra ages.
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Supplementary Table 2 Data input for KITE-M10 age-depth model showing calibrated ages for
tephra layers from Roberts et al. (2017) included.

Supplementary Figure 8 Changes in sediment accumulation rate in the Kiteschee Lake record,
based on age-depth model KITE-M10. The highest sedimentation rates correspond to the locallywarmest part of the late Holocene in the nearby Yanou Lake GDGT temperature record from c.
3,500 cal a BP and the subsequent downturn into the ‘Neoglacial’ at c. 2,000 cal a BP until c. 1,400
cal a BP.
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Diatoms: We examined the diatom composition of the uppermost 47 cm of the
Kiteschee Lake record, focusing in detail on the uppermost 33.5 cm (Diatom Zones
1–3) where diatom preservation was sufficient high enable meaningful
environmental interpretation. We used the high resolution DCCA Axis 1 and
indicator species to investigate diatom response to late Holocene climate, where
higher values in the DCCA Axis 1 represent warmer lake temperatures
(Supplementary Figure 9).
The diatom community from 47 cm upwards (c. 3,300 cal a BP) was initially
characterised by epipelic, aerophilic species associated with mosses (Zones 1–2;
41.5–33.5 cm depth), indicative of generally warmer conditions between c. 3,200
and 2,700 cal a BP and low diatom accumulation rates, and high β-diversity,
suggesting (re)establishment of an increasingly diverse diatom flora following an
environmental disturbance (e.g., climatic downturn or volcanic impact on the lake
ecosystem). Zone 2 and 3 are characterised by a decline and then increase of
epiphytic species, with distinct peaks in aerophilic species. Zone 3 culminates in a
shift to episanmic species, with significant increases in the diatom accumulation
rate and declining β-diversity (Supplementary Figure 9).
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Supplementary Figure 9 Down-core variations in relative abundances (%) of the most abundant diatom species in the Kiteschee Lake record.
The diatom concentration, reconstructed chlorophyll-a (from WA inverse transfer function), PCA axis 1 and 2 and DCCA Axis 1 (higher values are
warmer temperatures) scores are also plotted. Five zones shaded were initially identified visually, and broadly match with CONISS cluster zones
shaded in grey (sum of squares). Zone 1 = 41.5–47 cm, upper boundary weighted mean modelled BACON age (KITE-M10) of 3,230 cal a BP
[min.–max. 95% confidence range: 2,870–3,520 cal a BP]; Zone 2 = 33.5–41.5 cm, 2,700 cal a BP [2,120–3,090 cal a BP]; Zone 3 = 22–33.5 cm
2,060 cal a BP [1,400–2,460 cal a BP]; Zone 4 = 13–22 cm (glaciogenic sediments), 1,510 cal a BP [850–1,850 cal a BP]; Zone 5 = 5–13 cm,
weighted
mean
age
-20
cal
a
BP
[-33–
-3
cal
a
BP].
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RDA axes

1

2

3

4

Eigenvalue

0.2670

0.7088

0.0369

0.0278

26.70

34.58

38.28

41.05

Pseudo-canonical correlation

0.8417

0.7980

0.6929

0.7682

Explained variance of species-env relationship

60.92

78.91

87.34

93.67

Explained variation (cumulative)

Supplementary Table 4 Summary of output table from RDA using environmental variables (depth,
inc./coh., TSC, Fe, Sr, Zn) to determine drivers of variation in diatom assemblages.

Overall, shorter term changes in diatom communities are superimposed upon the
slow and steady evolution of the lake, probably reflecting climate variations (e.g.
changing wind speed, temperature and precipitation) and ice expansion and/or
increased (glacial) erosion. Changes in the diatom accumulation rate,
reconstructed chlorophyll-a, variations in key indicator species and grain size can
therefore be used to examine the impact of (climate-driven) glacier readvances into
or around the mid-southern foreland area. We interpret the climatic conditions in
Diatom Zones 3–5 as follows:
Diatom Zone 3 (33.5–22 cm; weighted mean age range of 2,700–2,060 cal a BP):
Late Holocene warm phase (latter part of Mid Holocene Hypsithermal (MHH) in
Figure 5i as defined in Bentley et al. (2009). Although diatoms usually reflect water
chemistry rather than temperature, deglaciation and warming can have a
significant impact on nutrient supply to lakes and diatom compositional turnover (βdiversity) (Spaulding et al., 2010). In the Arctic, recent warming corresponds
closely to a regional increase in β-diversity (DCCA axis 1) observed in high latitude
lakes over the 20th century (Hobbs et al., 2010). Similarly, recent shifts in primary
productivity and an increase in β-diversity have been linked to recent warming in
the Marguerite Bay region, Antarctica (Hodgson et al., 2013). In Kiteschee Lake, βdiversity is highest in this zone, likely driven by the appearance of new species in
higher abundances (e.g., C. pseudoscutiformis, C. subpampeana and P. divergens
var linearis) after a prolonged warm phase (Figure 5d, Supplementary Figure 9).
Although reconstructed chlorophyll-a values in this zone could reflect cooler
conditions, colonisation from new benthic species suggests the establishment of
productive diatom communities, more often associated with warmer climates
(Björck et al., 1993;,Björck et al., 1996).
Diatom Zone 4 (22–13 cm; 2,060–1,510 cal a BP):’ Neoglacial’ downturn: A
significant decline in β-diversity (DCCA axis 1) in Kiteschee Lake is evident in Zone
4 (Supplementary Figure 9). The distinct decline in D. balfouriana and
Gomphonema sp. occurred in the transitions between Zones 3 and 4, and, by c.
2,000 cal a BP, they were almost completely absent. Colder temperatures have
been shown to reduce species diversity in the McMurdo Dry Valleys and increase
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the abundance of dominant species (Esposito et al., 2008). The coeval decline in
A. exigua, an epiphytic species found on mosses and indicative of humid soil
(Martinez-Macchiavello et al., 1996,; Van de Vijver and Beyens, 1997), possibly
reflects a reduction in suitable littoral habitats in colder conditions (Sterken et al.,
2008). We associate the distinct increase in P. abundans and A. minutissiumum
(up to 20% and 10%) at 20 cm depth (c. 1,950 cal a BP) with low nutrient
concentrations (Sterken et al., 2012). Often, these species are found in association
with benthic mosses, which have an acidifying influence and have been used as
indicators of low productivity and cooler ‘Neoglacial’ conditions in similar
environments along the AP (Björck et al., 1991a; ,Gibson and Zale, 2006).
The notable increase in the episanmic species S. pinnata at 20–21 cm depth, c.
2,000 cal a BP, corresponds with the initiation of glaciogenic sediment input into
the lake. This species thrives in turbid and poor-quality water, absorbing nutrients
better than its competitors due to their higher surface area to volume ratio
(Reynolds, 1984;,Michel et al., 2006). It has also been found in recently deglaciated
areas, suggesting it can colonize harsh environments (Haworth, 1976). In
Kiteschee Lake, its presence is most likely indicative of particularly nutrient-poor,
turbid conditions that occurred during colder ‘Neoglacial’ conditions. This clear
change in sedimentology and species assemblage also coincides with a decline in
epipelic species (H. hungarica, P. divergens var linearis, C. subpampeana), which
favour calmer lake conditions and are typically associated with ‘warmer’ climatic
conditions.
Diatom Zone 5.1 (13–5 cm; 1,150 cal a BP – 1969 CE): Continued Neoglacial cold
phase (including SH-LIA cold phase, c. 1,300–1870 CE, with no significant MCA
warming): S. pinnata dominate the diatom assemblage (>40%) from their peak at
17 cm depth, c. 1,760 cal a BP until the glaciogenic lithofacies unit transitions back
to an orange-brown silt-dominated matrix at c. 11–9 cm depth, 1,480–1,300 cal a
BP (modelled age). Sample Beta-504801 at 9–10 cm has a median calibrated age
of 1,450±80 cal a BP. Overall, the lake conditions favoured ‘colder’ species, likely
reflecting extended periods of snow, ice and lake-ice cover. Under complete ice
cover, wind induced mixing of the water column cannot occur and turbulence is
reduced significantly, leading to perennial in-lake stratification (Spaulding et al.,
2010). The latter is reflected in the renewed appearance of fine-scale laminations
of this zone. A lack of turbulence would have meant that dense-silica walled, motile
diatoms could no longer remain in suspension (Wharton et al., 1993) and led to a
gradual decline of this species in the Kiteschee Lake record.
The diatom-based DCCA Axis 1 profile and the Yanou Lake reconstructed GDGTtemperature (Figure 4d, e) show no significant recovery in climatic conditions until
(c. 5–6 cm depth (mid-C20th), when a significant shift to an aquatic moss
(Drepanocladus longifolius (Mitt. Paris) sp.) dominated environment occurred. A
post-bomb radiocarbon age from the moss means that this transition occurred after
c. 1950 CE (1969–70 CE from age-depth modelling KITE-M10; Supplementary
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Figure 7b). We associate this shift with the Recent Rapid Warming (RRR) on the
AP as defined by Bentley et al. (2009) (Supplementary Figure 2b).
Whilst the most abundant fossilised diatom species in Kiteschee Lake are well
represented in the chlorophyll-a training set (89.4%), some key species (e.g., D.
balfouriana, C. pseudoscutiformis, A. muelleri) are not present. This may result in
an unreliable reconstruction, particularly in the lower zones where D. balfouriana
dominates. Furthermore, the training set has a strong correlation between
chlorophyll-a and species abundance, meaning other factors may determine the
composition of benthic algae. These include light regime, substrate availability,
temperature and competition from other algae (Oppenheim and Ellis-Evans, 1989;
Jones and Juggins, 1995). Hence, we make no inferences about changes in
chlorophyll-a in Kiteschee Lake from our diatom dataset.
Supplementary Note 3: GDGT-Temperature re-evaluation
To provide a local atmospheric climate comparison with new data in this study, we
updated the Yanou Lake reconstructed glycerol dialkyl glycerol tetraethers, GDGT,
biomarker-based palaeotemperature (YAN-GDGT) dataset with two new GDGT
calibration outputs described below. GDGTs were extracted and analysed from
Yanou Lake sediments as described in Foster et al. (2016) and Roberts et al.
(2017). The YAN-GDGT dataset was previously calibrated using the Foster et al.
(2016) Antarctic lake calibration (grey plot, with RMSE errors of 1.45 °C shaded
grey in Figure 4e) Reconstructed GDGT temperatures reflect mean summer
(December, January, February or DJF) air temperatures (MSAT) in the shallow and
well-mixed open lake water environment of Yanou Lake.
Applying the original Foster et al. (2016) calibration resulted in a mean ± 1σ 6–0 ka
reconstructed YAN-GDGT <10 °C dataset weighted mean MSAT value of +2.39 ±
2.67 °C [95% confidence interval: 1.52– 3.25 °C] (Bootstrapping, n=10,000, +2.38
± 2.61 °C [1.52– 3.25 °C]; 5th/95th percentile = -0.51/+7.96 °C; weighted by
Antarctic Foster et al. (2016) GDGT calibration dataset RMSE value of 1.45 °C) is
higher than the modern-day observational mean summer (DJF) temperature from
Bellingshausen Research Station on Fildes Peninsula of +1.09 ± 0.56 °C, but
encompasses its 2σ 95% measured range of -0.03 to 2.21 °C (n=48, 1968–2015
CE)
(Marshall,
pers.
comm.;
SCAR-READER
database:
http://www.antarctica.ac.uk/met/READER/). For the whole YAN-GDGT dataset, two
outliers greater than the whole dataset 95th percentile (<-0.33 °C and >8.61 °C) of
11.34 °C and 13.84 °C at 1,164 and 3,135 cal a BP were identified. All
reconstructed GDGT temperatures were greater than the -2.2 °C minimum limit of
the ANT-GDGT calibration dataset, but these two outliers are also greater than the
10.3 °C maximum limit of the Foster et al. (2016) surface-MSAT calibration dataset
(solid black horizontal line in Figure 4e).
Roberts et al. (2017) provided the following environmental explanation for elevated
mid-late Holocene MSAT in the Yanou Lake record: ‘At the local, small lake scale,
water temperature might decouple from observed mean summer air temperature
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due to factors such as the thickness and length of seasonal lake ice-cover and the
volume of meltwater input, both of which suppress lake water temperatures.
Conversely, since water bodies store excess heat generated during extended icefree seasons, small and/or shallow lakes (<10 m deep) reach temperatures of 6 °C
or more (e.g., Sombre Lake, Signy Island ; Ellis-Evans and Lemon, 1989).
As a follow-up to that study, we examined whether the existing GDGT lake
calibrations themselves could be the cause temperature overestimates. While the
Foster et al. (2016) calibration is particularly good at reproducing observational
summer temperatures on Fildes Peninsula (since c. 1968 CE) and on South
Georgia (since c. 190 CE), it lacks data in the c. 8–15 °C MSAT range (n=2 of 32
samples). In the Yanou Lake record, there is a significant increase the proportion
of the GDGT-IIIb compound prior to c. 1,000 cal a BP (Foster et al., 2016; Roberts
et al., 2017). Since the factor used to amplify this compound is large
(362xGDGTIIIb), we examined whether inclusion of this compound alone could be
leading
to
higher-than-had-been-expected
reconstructed
GDGT-MSAT
temperatures for the mid-late Holocene. In contrast, the Pearson et al. (2011)
global lake calibration, which does not contain the GDGT-IIIb compound in its
calibration equation, does not reproduce observational MSAT on Fildes Peninsula
or South Georgia, and has limited variability throughout the Holocene when applied
to Antarctic lake records. Our initial investigation showed this was most likely due
to the lack of sufficient ‘cold’ (i.e., <4 °C) MSAT datapoints in its calibration dataset
(n=4 of 85) (Foster et al., 2016).
Since publication, we have been continually assessing and improving the ability of
the Foster et al. (2016) Antarctic and the Pearson et al. (2011) Global lake GDGT
calibrations produce reliable palaeotemperature data from Antarctic lake
sediments. Here, we present initial findings from data-based experiments that are
particularly relevant to the aims of this study.
In the first experiment, we tested whether the lack of data at key temperature
points and ranges in both calibrations was leading to significant temperature
overestimates in mid Holocene parts of both test records (Yanou Lake, Fildes
Peninsula and Fan Lake, South Georgia). To improve both calibrations, we
combined the Pearson et al. (2011) and Foster et al. (2016) calibration datasets
(n=85+32) and re-ran the same set of regression analyses described in Foster et
al. (2016) on the combined dataset (n=117). We compared the original regression
outputs for both calibrations with outputs newly derived regression equations
(Figure 11a) and then applied two new calibration regression equations based on
compound used in the original calibrations to reconstruct new palaeotemperature
data the Yanou Lake record.
Results show a general improvement in R2 values. However, the original Foster et
al. (2016) calibration performed poorly (R2= 0.62) compared and especially poorly
at higher temperatures, possibly due to the inclusion of the large GDGTIIIb factor.
After recalibration, both the new Foster et al. (2016) + Pearson et al. (2011)
Antarctic + Global (A+G) regressions both obtained R2 values >0.84, with the new
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Foster et al. (2016) recalibration performing better than all other regressions
(R2= 0.87) (Supplementary Figure 11b). Both new recalibrations reproduced
modern-day measured MSAT at Yanou Lake (and on South Georgia) well and both
produced similar mid-late Holocene reconstructed GDGT-MSAT profiles for the
Yanou Lake 6-0 ka record (Supplementary Figure 11b).
Overall, our initial re-evaluation suggests that the lack of data in key parts of both
the original Foster et al. (2016) and Pearson et al. (2011) calibrations are more
significant issues than the inclusion of the GDGTIIIb in the Foster et al. (2016)
calibration. The generally lower mid–late Holocene temperatures and reduced
variability produced the new combined dataset calibrations are probably more
realistic than reconstructed GDGT-MSAT of the Foster et al. (2016) calibration for
Yanou Lake (Figure 11b) (cf. Roberts et al., 2018).
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Supplementary Figure 11 a. Regression data examining the effect of combining the Foster et al.
(2016) Antarctic GDGT calibration dataset with the Pearson et al. (2011) global calibration GDGT
dataset and re-running the calibration. Errors are not shown for clarity but are between 1–2 °C. b.
Comparison of the Yanou Lake Glycerol Dialkyl Glycerol Tetraether (GDGT) Mean Summer Annual
Temperature (MSAT) reconstruction for the mid–late Holocene based on the Foster et al. (2016)
calibration and originally presented in Hua et al. (2013) and new GDGT-MSAT reconstructions
based
on
the
new
combined
Antarctic
+
Global
calibration
(this
study).
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Supplementary Figure 12 Summary of climate change between 1000 and 2000 CE from selected ice core data, marine, lake and
terrestrial sediments from the South Shetland Islands (SSI), Western Antarctic Peninsula (WAP), South Georgia and ice core
records from Antarctica. MCA is the Medieval Climate Anomaly, LIA is the ‘Little Ice Age’. Reference numbers are shown at the
base. 1: Monien et al. (2011); 2: Hass et al. (2010); 3: Milliken et al. (2009); 4: Liu et al. (2005); 5: Hall (2007); 6: Heroy et al.
(2008); 7: Simms et al. (2012); 8: Domack et al. (1995); 9: Guglielmin et al. (2016); 10: Domack et al. (2001); 11: Leventer et al.
(1996); 12:: Hodgson et al. (2013); 13: Christ et al. (2015); 14: Bertler et a. (2011);15: Clapperton et al. (1988); 16: MosleyThompson et al. (1990); 17: Van der Bilt et al. (2017); 18: Mulvaney et al. (2012).
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Supplementary Figure 13 caption overpage
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Supplementary Figure 13 Summary results Sequential Mann-Kendall (SMKT) change in trend
time series analysis with a correction applied for serial autocorrelation to the following datasets: a.
Kiteschee Lake DCCA Axis 1 score. b. Yanou Lake palaeotemperature anomaly (relative to the preindustrial 1,000-250 cal a BP mean) . c. Southern Hemisphere extreme events (Neukom et al.,
2014) d. the Southern Annular Mode (SAM)-index (Abram et al., 2014 and 2016). e. PAGES 2k
South America temperature anomaly (pre-industrial anomaly, as defined for Yanou Lake)
(PAGES2k Consortium, 2013). f. The global HAD 20-yr temperature reconstruction (Mann et al.,
2009). Only data from 4,000-0 cal a BP were included; data were interpolated into equally-spaced
100-year intervals to allow SMKT analysis to run. SMKT trend change points detected are shown as
dashed grey lines with age (cal a BP). Solid red lines are linear trends that statistically significant at
the p ≤ 0.05 level, with 95% confidence intervals shown as dashed red lines.
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CHAPTER 5: CONCLUSIONS AND OUTLOOK
The aim of this study was to reconstruct the post-LGM deglaciation history of on-shore icefree areas around Maxwell Bay, King George Island, NW Antarctic Peninsula. In order to
fulfill the aim of the thesis, I used an integrated approach combining cosmogenic exposure
and radiocarbon dating, stratigraphy, with geomorphological mapping and GPR
investigations.
I propose a new minimum age of 7.8 ka cal BP for the onset of the deglaciation in Potter
Peninsula, instead of an earlier accepted age of 9.5 ka cal BP, based on a more detailed
chronology and deeper excavation of the new Pingfo II profile. I further propose a glacier
re-advance after 7.5 ka cal BP, likely between 7.2 and 7.0 ka cal BP, reaching the mouth
of Potter Cove. It is likely linked with a glacier re-advance or still-stand documented
elsewhere on South Shetland Islands at about 7 ka cal BP. Nevertheless, climatic drivers
associated with these glacial re-advances remain unclear. Following the re-advance,
during the mid-Holocene, the glacier front retreated to a position similar to the present one.
As result of the glacier re-advance, modern vegetated glacial deposits were formed. On
Fildes Peninsula, its NW ~40-35 m a.m.s.l marine platform was completely ice-free after
7.0 ka cal BP, and an ice cap configuration similar to the present day existed by c. 6.0 ka
cal BP. In contrast to the findings in Potter Peninsula, I found no evidence for a midHolocene glacier advance on Fildes Peninsula.
At 1.8-1.7 ka cal BP in Potter Peninsula, a climatic optimum was reached with similar
glacier limits compared to 6 decades ago or even as today. This warm period ended with
the last glacier re-advance between 0.5 and 0.3 ka cal BP. Integrating, these findings
suggest that the ice repeatedly occupied Potter Cove and also the peninsula throughout
the Holocene. They further indicate that the present state of reduced ice in the study area
is not unprecedented. The presence of mosses within till into the of the Shetland I moraine
on Fildes Peninsula suggest that the Bellingshausen Ice Cap extended landward of its
present position c.1.9-1.3 ka cal BP. Sometime after 1.3 ka cal BP, most likely between
0.5-0.1 ka cal ago, a further minor glacier readvance translocated mosses and midHolocene marine sediments into the moraines surrounding the present day Bellingshausen
Ice Cap, coinciding with the findings in Potter Peninsula. This advance is linked to
reductions in summer/annual insolation coupled with a shift to more intense Southern
Hemisphere westerly winds in the Southern Ocean. Stronger, and possibly more
poleward-shifted southern westerly winds produced more precipitation-laden storm fronts
passing over the South Shetland Islands and thus, increased ice accumulation.
Progradation of Holocene polar gravel spits in the South Shetland Islands as exemplarily
observed in the Potter Cove spit system, is bound to phases of comparable low rates of
glacio isostatic uplift and a resulting stable relative sea level. The morphology of the Potter
Cove spit system, with an active cliff and two terrace levels connected by a steep slope
with superimposed amalgamated beach ridges, is seen to archive an abrupt increase in
the rate of local glacio-isostatic uplift and an associated accelerated fall of relative sea
level in a clear reaction to deglaciation after the last glacial (LIA equivalent) re-advance.
Those findings introduce a concept which shows that genesis and resulting morphology of
polar gravel spits could reflect past short-term changes in the rate of glacio-isostatic
adjustment. Moreover, this concept also bears implications for the expected future
development of similar beach systems in King George Island and elsewhere in
comparable settings.
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Overall, my results suggest that the Holocene glacial history of Potter Peninsula has been
more variable than previously known, having implications for calibrating local and regional
ice sheet models. Furthermore, the maximum mid-late Holocene (last) readvance found in
Potter Peninsula and Fildes Peninsula occurred following well-defined regional ‘Neoglacial’
climatic downturn. In terms of glacio-isostatic adjustment, my data supports both, a more
restricted ice-loading scenario for the late Holocene as suggested by most GIA models,
and also other GIA models suggesting a greater ice-loading elsewhere on the South
Shetland Islands during the Holocene.

Outlook

Although the results presented in this study enabled a more detailed view of the Holocene
history of the northern Antarctic Peninsula, there are still open questions, leaving space for
further investigations:
-The obtained dates of my pilot study with 3He exposure dating on basaltic boulders in the
Three Brothers Hill moraine system ridges show very scattered values, presumably due to
nuclide inheritance. However, a more detailed and comprehensive chronology could
unravel the age of deposition of these moraines, the oldest one preserved in Potter
Peninsula.
-To ensure the age of the last glacier re-advance in the region and further possible
`Neoglacials´, a comprehensive surface exposure dating of polished basaltic blocks
present in moraine ridges surrounding the Warszawa Glacier in Potter Peninsula and the
Bellingshausen Ice Cap in Fildes Peninsula is needed. Surface exposure dating is
particularly useful in Antarctica, where few exposures with organic remains make
radiocarbon dating difficult.
-More GPR studies on spit systems from South Shetland Islands could further validate the
role of a last glacier re-advance in the region and the subsequent deglaciation as the main
drivers of gravel spit genesis and morphology in such settings. Moreover, data about
sediment supply and an analysis in terms of source-transport-sink system could establish
a new sedimentary model on the genesis of polar gravel spits.
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