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Abstract

Abstract

Since the middle of the 20" century the western Antarctic Peninsula (WAP) belongs
to the regions with the most rapid warming on Earth and is therefore considered to
be one of the hotspots of climate change. During the last six decades an increase in
mean annual air temperatures of more than 3°C is observed along the WAP causing
severe changes in local cryospheric and ecosystems. The overarching aim of this
thesis is to assess, whether the documented temperature increase and associated
glacier retreat at WAP is reflected in the geochemistry of sedimentary records and
if such episodes did occur during other periods within the Holocene. Moreover, this
work focusses on biogeochemical processes in maritime Antarctic sediments and

their implications for local benthic and pelagic communities.

The rapid recent warming in the WAP region has already been related to
significant changes in the distribution of one of the regions’ upper-trophic level
predators, such as the Chinstrap (Pygoscelis antarctica) Adélie (P. adéliae) and
Gentoo (P. papua) penguins. In order to investigate the influence of past climate
change on the distribution and occurrence of local penguin colonies lake sediments
from Ardley Island and Fildes Peninsula, King George Island (KGl), were analysed
for geochemical bioelements (As, Ba, Ca, Cd, Cu, Hg, P, TS, Se, Sr, and Zn) that are
known to be characteristic for penguin guano. These element concentrations were
used to reconstruct a high-resolution history of local penguin populations during the
last 9,000 years. The results of this study let assume that Gentoo penguin colonies
generally expanded to occupy more inland areas of Ardley Island during ‘warmer’
periods, particularly during the Mid-Holocene Hypsithermal when relative sea levels
were c. 8-12 m higher. In addition to rapid and catastrophic crashes as a result of

volcanic eruptions, low population episodes appear to have coincided with colder
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phases with the expansion of land and sea-ice creating unfavourable breeding
conditions for this species.

The assumption that this region has experienced short-term alternations in
regional climate was supported by high-resolution investigation of marine sediments
from Maxwell Bay, KGI. Palaeoclimatic interpretation of major and trace element
distribution patterns and granulometric data allowed the identification of two main
climatic events during the Late Holocene, synchronous in timing to the Little Ice Age
(c. 550-50 cal yr BP) and the Medieval Warm Period (c. 1400-550 cal yr BP) of the
Northern Hemisphere. Concurrent with the gradual glacier retreat and an enhanced
input of eroded particulate material into coastal areas ?'°Pb data moreover showed
that sediment mass accumulation rates have almost tripled since the end of the
1930s.

In order to get insights into biogeochemical processes in coastal Antarctic
sediments and to test whether they are influenced by the observed changes of
the sedimentary environment, redox-sensitive trace metals, nutrients and terminal
metabolic products were investigated in pore waters of surface sediments from Potter
Cove, KGI. Their distribution revealed a high spatial variability in redox conditions
at the study site. Particularly in the shallower areas of the bay significant correlation
between sulphate depletion and total alkalinity indicates sulphate reduction to be
the major pathway of organic matter mineralisation. In contrast, dissimilatory metal
oxide reduction seems to be prevailing in the newly ice-free areas and the deeper
troughs. Here dissolved iron concentrations of up to 700 uM were present, which are
presumably responsible for high metal assimilation in benthic deposit feeders, like
Laternula elliptica. It is suggested that the increased accumulation of fine-grained
material with high amounts of reducible metal oxides in combination with a reduced
availability of metabolisable organic matter and enhanced physical and biological
disturbance by bottom water currents, ice scouring and burrowing organisms

favours metal oxide reduction over sulphate reduction in these respective areas.
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Based on modelled iron reduction rates an Antarctic shelf-derived input of potentially
bioavailable iron to the Southern Ocean was calculated, which is in the same order
of magnitude as the flux provided by icebergs and significantly higher than the input
by aeolian dust. This makes suboxic shelf sediments a key source of iron for the

high nutrient-low chlorophyll areas of the Southern Ocean.
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Seit Mitte des 20. Jahrhunderts gehort die Westantarktische Halbinsel (WAH)
zu den sich am starksten erwarmenden Regionen der Erde, womit sie zu einer der
Schlusselregionen des Klimawandels zahlt. In den vergangenen sechzig Jahren
wurde im Bereich der WAH ein Anstieg der mittleren Jahrestemperatur von mehr
als 3°C beobachtet, der zu weitreichenden Veranderungen lokaler Kryo- und
Okosysteme gefiihrt hat. Das Hauptziel dieser Dissertation ist zu ermitteln, ob sich
der dokumentierte Temperaturanstieg und der damit verbundene Gletscherruckzug
in der Geochemie sedimentarer Archive widerspiegelt und ob solche Klimaepisoden
bereits zu anderen Zeiten im Holozan aufgetreten sind. Zudem bildet die
Untersuchung biogeochemischer Prozesse in Sedimenten der maritimen Antarktis
und deren Einflusse auf lokale, benthische und pelagische Lebensgemeinschaften

einen Schwerpunkt dieser Arbeit.

Die schnelle rezente Erwarmung in der Region der WAH wurde bereits mit
signifikanten Veranderungen in der Haufigkeit und Verteilung von Predatoren,
wie Zugel- (Pygoscelis antarctica), Adélie- (P. adéliae) und Eselspinguinen (P.
papua) in Verbindung gebracht. Um den Einfluss vergangener Klimawandel auf die
Verteilung und das Auftreten von lokalen Pinguinkolonien zu untersuchen, wurden
Seesedimente von Ardley Island und der Fildes Halbinsel, King George Island (KGI)
auf geochemische Bioelemente (As, Ba, Ca, Cd, Cu, Hg, P, TS, Se, Sr und Zn)
hin untersucht, die bekanntermal3en charakteristisch fur Pinguinguano sind. Diese
Elementkonzentrationen wurden fur eine hochaufldsende Rekonstruktion der lokalen
Pinguinpopulation in den vergangenen 9000 Jahren verwendet. Die Ergebnisse
dieser Studie lassen vermuten, dass die Eselspinguinkolonien in Warmphasen im

Allgemeinen expandiert sind und Gebiete weiterim Inneren der Insel besiedelt haben.
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Dies gilt insbesondere flr die Mittlere Warmezeit, in der der relative Meeresspiegel
etwa 8-12 m hoher gewesen ist. Neben schnellen und katastrophenartigen
Populationseinbriichen, die auf vulkanische Eruptionen zurtickzufihren sind,
scheinen Zeitabschnitte mit niedrigeren Populationszahlen mit kalteren Phasen,
der Ausweitung von Land- und Meereis und den damit verbundenen ungunstigeren
Brutbedingungen fir diese Spezies verbunden zu sein. Die Vermutung, dass diese
Region kurzfristige Anderungen in Bezug auf das regionale Klima erfahren hat,
wurde durch hochauflésende Untersuchungen an marinen Sedimenten von der
Maxwell Bay (KGI) bestatigt. Die palaoklimatische Interpretation von Haupt- und
Spurenelementverteilungsmustern und granulometrischen Daten ermdglichten
die Identifizierung von zwei Hauptklimaphasen wahrend des spaten Holozans,
die zeitgleich mit der “Kleinen Eiszeit” und der “Mittelalterlichen Warmzeit” der
Nordhemisphare auftraten. Einhergehend mit dem schrittweisen Gletscherrtickzug
und dem vermehrten Eintrag von erodiertem partikularem Material in Klistengebiete
zeigten 2'°Pb Daten zudem, dass sich die Sedimentakkumulationsraten in diesem
Gebiet seit dem Ende der 1930er Jahren fast verdreifacht hat.

Um Einblicke in biogeochemische Prozesse in antarktischen Kustensedimenten
zu erhalten und um herauszufinden, ob diese durch die beobachteten
Veranderungen der sedimentaren Umwelt beeinflusst werden, wurden redox-
sensitive Spurenmetalle, Nahstoffe und metabolische Endprodukte in Porenwassern
von Oberflachensedimenten der Potter Cove (KGI) untersucht. Deren Verteilungen
lassen eine hohe raumliche Variabilitat der vorherrschenden Redoxbedingungen im
Untersuchungsgebiet erkennen. Besonders in den flacheren Gebieten der Bucht
zeigt die signifikante Korrelation zwischen Sulfatabnahme und Alkalinitat, dass
Sulfatreduktion den Hauptprozess der Mineralisierung von organischem Material
darstellt. Demgegenuber scheint die dissimilatorische Reduktion von Metalloxiden
in den neuen eisfreien Gebieten und den tieferen Senken der Bucht zu dominieren.

Hier wurden Konzentrationen von geléstem Fe von bis zu 700 uM gefunden,
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die héchstwahrscheinlich auch fur die erhdhte Metallaufnahme in benthischen
Filtrierern wie Laternula elliptica verantwortlich sind. Es ist anzunehmen, dass
die erhohte Akkumulation von feinkérnigem Material mit hohem Anteil an
reduzierbaren Metalloxiden in Kombination mit der verminderten VerflUgbarkeit
von metabolisierbarem organischem Material und einer erhohten physikalischen
und biologischen Stérung des Sediments durch Bodenwasserstromungen,
Eisberge und bioturbierende Organismen daflr sorgt, dass in diesen Gebieten
Metalloxidreduktion gegenlber Sulfdatreduktion beglnstigt wird. Basierend auf
modellierten Eisenreduktionsraten wurde ein vom antarktischen Schelf verursachter
Eintrag von bioverfligbarem Eisen in den Stidozean berechnet, der in derselben
Grolkenordnung liegt wie die Zufuhr mittels Eisbergen und der signifikant hoher ist
als der Eintrag durch aolischen Staub. Somit stellen suboxische Schelfsedimente

eine wichtige Quelle fur Eisen in den HNLC-Gebieten des Slidozeans dar.

Vi
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1. Introduction

1. Introduction

The western Antarctic Peninsula (WAP) belongs to one of the fastest warming
regions on Earth representing a key area for studying the impact of changing climate
on sea level, glacier dynamics and terrestrial and marine ecosystems (Clarke et
al., 2007). During the last decades severe changes in the distribution of the local
fauna and flora have been observed (e.g., Ducklow et al., 2007; Montes-Hugo et
al., 2009), However, the lack of suitable long-term data series makes it difficult to
put them into the context of climate change and to predict future scenarios. To date
there are only a few geological data series from this highly sensitive area dealing
with palaeoenvironmental conditions in the Holocene. Although most of the records
suggest that the WAP has experienced widespread climate variability since the Last
Glacial Maximum (e.g., Bentley et al., 2009; Michalchuk et al., 2009), the records
available so far are often ambiguous, which complicates the search for respective
driving mechanisms.

This thesis aims to shed more light on Holocene climate variability at the WAP
and its past and recent impact on local cryo- and ecosystems. The eight papers
comprised in this thesis will concentrate on inorganic geochemical proxies analysed
in marine and lake sediment cores around King George Island, WAP. Moreover,
recent biogeochemical processes in the water column and in pore waters of the
Antarctic shelf, which have never been addressed before, and their implications on

benthic and pelagic organisms, will be discussed.

1.1. Regional settings
1.1.1. South Shetland Islands and King George Island
The South Shetland Islands (SSI) represent a mature 550 km long Jurassic-

Quaternary island arc located c. 100 km west of the northern Antarctic Peninsula (AP)
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King George Island
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Maria” Cove
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Collins
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Maxwell Bay Potter
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100 200 300 km 5‘5
Fig. 1.1. a) Map of Antarctica, b) the western Antarctic Peninsula with the South Shetland Islands, c)
King George Island including tectonical block division after Birkenmaijer et al. (2001) and d) Maxwell

Bay with adjacent coves and peninsulas. BH: Barton Horst, FB: Fildes Block, KB: Krakow Block, WB:
Warszawa Block.

and 950 km southeast of the South American continent (Yeo et al., 2004; Machado
et al., 2008). The arc is separated from the AP by the Bransfield Strait, a Cenozoic
marginal basin, and founded on a basement of schists, gneiss and deformed
sedimentary rocks (Birkenmajer, 1992; Lee et al., 2004; Machado et al., 2008).
According to Ashcroft (1972) and Barker and Griffith (1972), there is geophysical
evidence that the SSI are situated on a continental micro-plate, which may be
connected to a back-arc spreading ridge in the Bransfield Basin in the southeast,
and a now inactive oceanic trench in the northwest. King George Island (KGl), the
study area, is the largest of the SSI (Smellie et al., 1984; Yeo et al., 2004). Its interior
is mostly covered by a c. 600 m thick ice-cap and exposed outcrops and ice-free
areas are only present in restricted zones along the shoreline (Yeo et al., 2004;
Lee et al., 2004). In general, KGI can be divided into four main lithostratigraphic

units that are separated by large-scale strike-slip faults: the Barton Horst, the
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Fildes Block (Fildes Peninsula), the Warszawa Block (Potter Peninsula), and the
Krakow Block (Birkenmajer, 1982; Birkenmajer, 2001) (Fig. 1.1). Geological studies
revealed that the Fildes Block is characterised by Mesozoic-Cenozoic magmatic
rocks, i.e., basalts to basaltic andesites, trachybasalts, porphyritic basalts, dacites,
andesites and interbedded volcanic breccias (Machado et al., 2005). In contrast,
Weaver Peninsula is dominated by basalts to basaltic andesites showing a more
mafic composition, whereas the presence of more intermediate basaltic-andesitic
rocks and the volcanoclastic Sejong Formation of Late Palaeocene—Eocene age is
typical for the basement of Barton Peninsula (Chun et al., 1994; Lee et al., 2001;
Yoo et al., 2001; Yeo et al., 2004). Moreover, in the northeast of Barton Peninsula,
quartz-dioritic and granodioritic plutons of KGI apparently intruded into the volcanic
strata (Jwa et al., 1992; Kim et al., 2000; Yeo et al., 2004; Machado et al., 2008).
These intrusions likely caused hydrothermal alterations of the volcanic basement,
leading to the formation of rocks containing quartz, pyrite, and clay minerals like
kaolinite or illite. Finally, on Potter Peninsula, Lower Tertiary stratiform volcanic
successions of basaltic—andesitic lavas and tuffs are present, overlain by Quaternary
deposits including neoglacial moraines and marine sediments (Birkenmajer, 1998a;

Birkenmajer, 1998b).

1.1.2. Maxwell Bay and adjacent coves

Maxwell Bay is a U-shaped, semi-enclosed fjord with a length of about 14 km
and a width of 6-14 km, located at the western tip of KGI bordered by the Fildes
Peninsula and Nelson Island (Yoon et al., 2000). Characterised by a flat bathymetry
in its central part with water depths of 400 to 550 m, and a shallower zone with
greater topographic irregularities in the north, it is separated from the adjacent
Bransfield Strait in the southwest by a steep submarine sill of >430 m (Griffith and
Anderson, 1989; Yoon et al., 2000). A couple of small fjords, namely Potter Cove,

Marian Cove and Collins Harbour that currently receive input from calving tidewater
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glaciers extend further inland from the main Maxwell Bay (Lee et al., 2004). Sea
ice covers Maxwell Bay from July to September and usually starts to break up at
the end of October (Khim et al., 1997; Khim and Yoon, 2003). The rest of the year
the bay and its tributary inlets are free of ice, which allows for the development
of two distinct water masses. Saline and relatively cold subsurface water (<0°C,
34.0-34.5 psu) enters the bay from Bransfield Strait, generally following a wind-
driven cyclonic circulation pattern (Chang et al., 1990; Khim et al., 1997; Roese and
Drabble, 1998). It is covered by a warmer and less saline water mass (0—1.04°C,
33.85-34.0 psu) influenced by glacial melt water and glacio-fluvial river water
(Griffith and Anderson, 1989; Khim et al., 1997; Yoon et al., 1998). This surface layer
is characterised by high loads of glacigenic suspended particulate matter from melt
water plumes and surface runoff that, together with ice-rafted debris from the calving
icebergs, significantly contribute to the sediment supply to these bays (Griffith and
Anderson, 1989; Domack and Ishman, 1993; Yoon et al., 1998). Owing to the fact
that Maxwell Bay has one of the thickest undisturbed marine sediment successions
in this area (Milliken et al., 2009), it is considered to be a prime high-resolution

archive of Pleistocene climate oscillations.

1.2. Recent changes at the WAP and their implications for local cryo- and
ecosystems

Since the 1950s, annual average air temperatures at the Antarctic Peninsula
(AP) have been increasing by 3.7 + 1.6°C (Morris and Vaughan, 2003; Vaughan et
al., 2003; Turner et al., 2005), which is six times the global average of 0.6 + 0.2°C
(Houghton et al., 2001). Highest warming rates were recorded during austral fall
and winter, with a rise in average decadal air temperature of up to 1.09°C (King and
Harangozo, 1998; Turner et al., 2005; Ding and Steig, 2013). This fact makes the
Antarctic Peninsula one of the fastest warming areas worldwide, and therefore a

model area for the investigation of climate-related changes and their implications on
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marine and terrestrial ecosystems. One of the consequences of the local warming
trend is a significant increase in land and sea ice melting. The duration of the annual
sea ice season in the Bellingshausen Sea (AP), for example, is already three months
shorter than in 1979 (Parkinson, 2002; Stammerjohn et al., 2008; Stammerjohn et
al., 2012). Moreover, several authors reported a rapid retreat and break-up of major
ice shelves, like Larsen A and Larsen B in the northwestern Weddell Sea (e.g., Rott
etal., 1996; Rott et al., 2002; Scambos et al., 2003; Rack and Rott, 2004), which has
led to further destabilisation and increased flow rates of outlet and valley glaciers on
land (Rignot et al., 2004; Scambos et al., 2004). Consequently, a negative glacial
mass balance has been observed during this period, even showing an increase in
the last decade (Shepard et al., 2003; Scambos et al., 2004; Rignot et al., 2008). At
present, up to 87% of the local glaciers show an overall retreat (Cook et al., 2005),
and these changes have also affected the nature of the glaciers. Formerly subpolar
glaciers with typical discharge values between 0.2 and 0.4 m® s*' km2 are turning
into temperate ones, characterised by discharge values of up to 1.1 m®*s" m2 during
the summer months (Dominguez et al., 2007). This shift is not only documented
by increases in the subglacier circulation and the glacier slide speed, but also by
the response of glacier ice, and the occurrence of new crevasses and moulins
(Dominguez et al., 2007).

The consequences of these changes are extensive and are affecting both local
terrestrial and marine ecosystems. New ice-free areas are formed on previously
ice-covered bedrock (Braun and Gossmann, 2002; Rickamp et al., 2011) where
pedogenesis and the colonisation of primary plants like moss and lichens are
favoured. The rising significance of soil formation and chemical weathering under
a more humid and warmer climate was already shown in certain areas of maritime
Antarctica (Beyer et al., 2000; Navas et al., 2008). The retreat of local glaciers is
moreover accompanied by an enhanced melt water flux to coastal areas (Dierssen

et al., 2002; Dominguez et al., 2007; Meredith et al., 2008). Particularly at the WAP,
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the resulting lower surface water salinities are typically linked with a transition from a
system dominated by large diatoms to a system characterised by smaller cryptophytes
(Moline et al., 2004). Presumably, this restructuring of the phytoplankton community
observed in recent years will have implications on zooplankton communities and
higher trophic levels as well as on biogeochemical cycles (Montes-Hugo et al.,
2009), considering that large diatoms make up to 80% of the particulate organic
carbon export in the Southern Ocean (Jin et al., 2006).

Along with increased rock erosion, these melt waters transport huge loads of fine
suspended particulate matter into coastal waters, resulting in a rise of the vertical
nearshore sediment flux. In several studies it was shown that increasing sediment
accumulation rates, although not quantified to date, may have a severe impact on
the local benthic community (Ahn et al., 1996; Pakhomov et al., 2003; Ahn et al.,
2004; Tatian et al., 2008; Torre et al., 2012). In addition, a higher turbidity and light
diminution caused by an increased amount of suspended particles in the water
column are assumed to be one of the major reasons for low primary production in
some nearshore regions of the AP (Schloss et al., 1999; Schloss and Ferreyra, 2002;
Dierssen et al., 2002). However, particularly in more hemipelagic zones around the
islands, the input of essential micronutrients by glacier effluents may have a positive

impact on phytoplankton bloom development as well.

1.3. Natural iron fertilisation in the Southern Ocean

Iron is an important micronutrient limiting ocean productivity in high nutrient-low
chlorophyll (HNLC) regions like the Southern Ocean (Martin et al., 1990; Lancelot
et al., 2009). Mesoscale iron fertilisation experiments in this area revealed that the
supply of iron is able to significantly stimulate local phytoplankton growth (Bakker
et al., 2005; Boyd et al., 2007). Controlling the development of algal blooms in this
region, the supply of iron might therefore be a fundamental factor for atmospheric

CO, drawdown, as observed in ice cores during the Last Glacial Maximum (LGM)
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(Martin et al., 1990). In oxic seawater iron is generally present in its stable oxidised
form Fe(lll), which underlies strong hydrolysis and precipitates as Fe (oxyhydr)
oxides (e.g., Millero et al., 1995; Waite, 2001). This particulate iron, though not
directly available to organisms, may be transferred into a bioavailable form by long-
term dissolution processes, which include a coupled organic ligand-photochemical
mechanism (Borer et al., 2005). These organic ligands are either degradation
products released during organic matter mineralisation (Rue and Bruland, 1995) or
siderophores, ligands that are produced by hetero- or autotrophic bacteria to support
iron uptake (Mawiji et al., 2008). After iron has been acquired via siderophores or in
its colloidal or dissolved form, itis rapidly cycled in the water column by heterotrophic
flagellates, ciliates and mesozooplankton (Wilhelm, 1995; Nodwell and Price, 2001;

Shaked et al., 2005).

Glacial Fe r USRS A
k Iceberg Fe <ch%

Ocean mixing

Fig. 1.2. Scheme of sources and cycling of dissolved and particulate iron in the Southern Ocean
modified after Tagliabue et al. (2010).

As shown in figure 1.2 there are several potential sources of iron in the Southern

Ocean. In addition to the aeolian input by dust (e.g., Wagener et al., 2008), the
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supply of iron-bearing glacial sediments is considered to be of high relevance for
ocean productivity around Antarctica. Raiswell et al. (2006) and Death et al. (2013),
for example, could show that (sub-) glacial melt waters, basal ice, and supra-glacial
and pro-glacial sediments deliver large amounts of bioavailable Fe (oxyhydr)oxides
to the open ocean. Shaw et al. (2011) demonstrated that free drifting icebergs
carrying significant amounts of labile and potentially bioavailable ferrihydrite may
represent a major contributor of iron in Antarctic waters. In addition, Dold et al.
(2013) stresses the importance of increased acid rock drainage resulting from the
microbially catalysed oxidation of sulphide minerals as local iron source . Moreover,
suboxic shelf sediments are discussed as potential sources of bioavailable iron to
the ocean (Tagliabue et al., 2010; Shaw et al., 2011; de Jong et al., 2012; Measures
et al., 2012). The background for this is the oxidation of organic material in coastal
shelf sediments, which is coupled to electron acceptors (e.g., Froelich et al., 1979).
According to the energy yield of the respective mineralisation pathway, aerobic
respiration is followed by denitrification, the reduction of Mn(IV) and Fe(lll) oxides,
sulphate reduction and methanogenesis (Table 1.1; Froelich et al., 1979). Generally,

sulphate reduction is considered to be the major pathway of organic matter

Table 1.1. Standard Gibbs free energy (AG) of the principle respiratory pathways of natural organic
matter mineralisation with acetate as an electron donor taken from Canfield and Thamdrup (2009).
Note that AG values are standardised to a 4e- transfer equivalent to the oxidation of one mole of
organic carbon with an oxidation state of 0, as in carbohydrates. Calculation conditions: 25°C, and
unit activity for all reactants and products, with a pH of 7.

kJ per
reaction AG
(acetate)

Oxic respiration O,+1/2C,H,0, ->HCO, + 1/2 H* -402
Denitrification 4/5NO, + 3/5H*+1/2C,H,0, ->2/5 N, + HCO, + 1/5H,0 -359
Mn reduction (pyrolusite) 712H*+2MnO, + 12 C,H,0, -> 2 Mn** + HCO, + 2 H,0 -385
Fe reduction

15/2 H* + 4 FeOOH + 1/2 C,H,0, -> 4 Fe** + HCO, + 6 H,O -241
(freshly precipitated amorphous FeOOH)
Sulphate reduction 1/2H*+1/280,*> + 12 C,H,0, -> 1/2H,S + HCO, -43.8
Methanogenesis 1/2H,0+1/2C,H,0, ->1/2CH, + 1/2 HCO, -19.9
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degradation in coastal sediments (e.g., Jargensen, 1982). However, particularly in
sediments rich in reactive Mn and Fe oxides, dissimilatory metal oxide reduction
may play a dominant role (Canfield et al., 1993; Vandieken et al., 2006; Canfield
and Thamdrup, 2009). In the ferruginous zones of these sediments, the reduction of
Fe(lll) causes an accumulation of dissolved Fe(ll) (dFe) in the pore waters, which
may escape via the sediment-water interface into the water column (Canfield and
Thamdrup, 2009; Raiswell and Canfield, 2012). Whereas only a small amount
of Fe(ll) will be complexed by organic ligands, most of the iron will be rapidly re-
oxidised in oxic waters forming very reactive nanoparticulate ferrihydrite (Raiswell
and Anderson, 2005). By resuspension, lateral transport by currents and upwelling,
these labile Fe phases may be transported into the euphotic zone, where they will
be transferred into bioavailable forms by biological and photochemical processes as
described above (Lam and Bishop, 2008; Boyd and Ellwood, 2010 and references
therein; Lam et al., 2012).

Although considered to be of high relevance, there are only few studies on the
contribution of Antarctic shelf sediments to the iron pool of the Southern Ocean so
far. Most of these investigations and models are based on general fluxes of dFe
obtained from incubation experiments on the California shelf determined by Elrod
et al. (2004), or dFe concentration measurements in the water column (Blain et al.,
2007; Lancelot et al., 2009; Tagliabue et al., 2010; de Jong et al., 2012). However,
Fe reduction rates in sediments of the Antarctic shelf based on pore water data are

not available to date.

1.4. Unlocking the past: Holocene climate variability at the WAP

In view of the dramatic environmental changes at the AP, it is also of utmost
importance to unravel the climate and glacial history of this region to learn how this
system has responded to past climatic events. There are several palaeoenvironmental

records along the Antarctic Peninsula, including ice cores as well as lacustrine and
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marine sedimentary archives. Each of them provides different insights into, e.g.,
past atmospheric temperatures, precipitation and regional sea-ice extent (Aristarain
et al., 1986; Shevenell et al., 1996; Aristarain et al., 2004; Mulvaney et al., 2012;
Abram et al., 2013), onset of deglaciation on land and changes in relative sea-levels
(Hjort et al., 1997; Roberts et al., 2011), and variations in bioproductivity, diatom and
foraminiferal assemblages in lake and marine sediments (Bjorck et al., 1991a; Bjorck
etal., 1991c; Leventer et al., 1996; Bjorck et al., 1996; Jones et al., 2000; Yoon et al.,
2000; Taylor et al., 2001; Leventer et al., 2002; Taylor and Sjunneskog, 2002; Khim
et al., 2002; Heroy et al., 2008; Milliken et al., 2009; Michalchuk et al., 2009; Sterken
et al., 2012). Other studies deal with changes in the quantity and sedimentological
characteristics of suspended particulate matter input into coastal waters induced
by glacial melting (e.g., Domack et al., 1994; Domack et al., 2001), advance and
retreat of local ice shelves (Domack et al., 1995), sea surface temperature variability
(e.g., Shevenell et al., 2011), and modifications of ocean current systems such as
the Antarctic Circumpolar Current (ACC), including changes in frontal positions
and water mass distributions on the AP shelf (Anderson, 1999; Howe and Pudsey,
1999; Shevenell and Kennett, 2002; Hemming et al., 2007). Although most records
demonstrate that the WAP region has undergone significant changes in climate
since the Last Glacial Maximum (LGM), the timing, duration and even occurrence of
different Holocene warm and cold periods differ strongly from each other (Fig. 1.3).
The diachroneity of major climate events across this area, though widely present in
palaeoenviromental WAP archives such as the ‘Early Holocene Climate Optimum’
(11.5-9.5 cal kyr BP) and the ‘Mid-Holocene Hypsithermal’ (4.5-2.8 cal kyr BP),
was also emphasised by Bentley et al. (2009) in a recent review paper. Particularly
the presence of Late Holocene climate fluctuations, like Southern Hemisphere
equivalents of the ‘Little lce Age’ and the ‘Medieval Warm Period’ in these records,
is still controversially discussed (Leventer et al., 1996; Domack et al., 2001; Khim et

al., 2002; Jones and Mann, 2004; Milliken et al., 2009; Bentley et al., 2009).
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Fig. 1.3. Compilation of Antarctic Peninsula climate records and syntheses derived from marine
and lacustrine sedimentary records and ice cores. RRW: ‘Recent Regional Warming’, LIA: ‘Little Ice
Age’, MCA: ‘Medieval Climate Anomaly’, MHH: ‘Mid-Holocene Hypsithermal’, EHO: ‘Early Holocene
Optimum’.

Although inorganic geochemical proxies bear a high potential for reconstructing
palaeoenvironmental conditions and changes in glacier extent, up to the present day
their application in Subantarctic records is rare. Jaccard et al. (2013), for instance,
used Ca/Fe and Ba/Fe ratios in sediments from the Sub-Antarctic Zone (Ocean
Drilling Project sites 1090 and 1094 ) obtained by XRF core scanning to infer changes
in ocean productivity and glacial-interglacial cycles over the past million years. By
performing a geochemical provenance analysis on fine-grained sediments from the
Ross Sea, Monien et al. (2012) were able to reconstruct palaeo-ocean currents
and -ice flows related to local climate variability during the past 14 million years.
Early Miocene palaeoenvironmental changes in the McMurdo Sound region were
investigated by Talarico and Sandroni (2011) using geochemical data of basement
clasts. The authors could show that fluctuation in these proxy records are most

probably related to changes in provenance caused by alternating climate, sea-ice
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extent, and current regimes. No comparable investigations exist for the Antarctic

Peninsula.

1.5. Inferring past climate from historical penguin populations

The rapid recent warming in the WAP region has already been related to significant
changes of the local ecosystem, which includes the distribution of one of the regions’
upper trophic level predators, such as the Chinstrap (Pygoscelis antarctica), Adélie
(P. adéliae), and Gentoo (P. papua) penguins (Smith et al., 1999; Ducklow et al.,
2007; Trivelpiece et al., 2011). Although long-term data series dealing with penguin
populations are only available for a few locations across the AP (Barbosa et al.,
2012), it was shown that breeding populations of Chinstrap and Adélie penguins
are generally in decline, whereas Gentoo penguin populations seem to be stable
or increasing during the last 30 years (Woehler et al., 2001; Ducklow et al., 2007;
Trivelpiece et al., 2011; Barbosa et al., 2012). These observed trends are mainly
attributed to changes in regional sea-ice extent, which are positively correlated to the
availability of prey species, like krill (Euphausia superba) (Fraser et al., 1992; Fraser
and Hofmann, 2003; Weimerskirch et al., 2003; Forcada et al., 2006). Moreover,
variations in snow and ice coverage limiting the availability of suitable breeding sites
(Williams, 1995; Smith et al., 1999; Bricher et al., 2008), the reduction or recovering
of marine mammal stocks competing for krill by fisheries (Trivelpiece et al., 2011),
but also disturbance by research activity and tourism (Micol and Jouventin, 2001;
Bricher et al., 2008) are discussed. Since the variability in the size of penguin
populations is considered to reflect direct or indirect responses to climate change
(Croxall et al., 2002), the knowledge about historical penguin population sizes may
give valuable insights into local palaeoenvironmental conditions. Radiocarbon dated
organic relics found in abandoned Adélie and Gentoo penguin rookeries of the
Antarctic Peninsula and around the Ross Sea have already been used to estimate

historical population dynamics at the Antarctic Peninsula and around the Ross Sea
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(Baroni and Orombelli, 1994; Emslie, 2001; Emslie and Woehler, 2005; Emslie et
al., 2007; Emslie et al., 2011). In another promising approach, geochemical data
were obtained from highly preserved sedimentary archives of lakes influenced by
ornithogenic (bird-formed) soils. It could be shown that these soils found around the
penguin rookeries are characterised by a very specific assemblage of bio-elements,
which are accumulated during the course of the food chain and finally excreted by
top predators, like penguins (Fig. 1.4) (Tatur and Keck, 1990; Ancora et al., 2002;

Sun et al., 2004). Mineralogical investigations of soils deposited around the nesting
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Fig. 1.4. Accumulation pathway of trace elements during the food chain and their deposition as
ornithogenic soils in lake sediments.
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sites showed high abundances of apatite, a calcium phosphate, which is particularly
present as hydroxylapatite (Ca,(PO,),(OH)) (Myrcha et al., 1985; Tatur et al., 1997)
and which is formed during the microbial degradation of penguin guano (Myrcha
et al., 1985; Follmi, 1996). Moreover, other phospates, such as struvite (Mg(NH,)
PO, x 6 H,0) or leukophosphite ((K,NH,)(Fe,,Al),(PO,), x 2 H,0), resulting from
dissolution processes and chemical reactions with surrounding rocks and soils are
present as well (Myrcha et al., 1985). During the precipitation of authigenic apatite in
the upper soil layers, anion exchange between Ca?*, PO,*, F-, and OH" with elements,
like Ag, Ba, Br, Cd, Cu, Cr, I, Na, Mg, Mo, Pb, S, Se, Sr, U, V, Y, and Zn is possible
(Jarvis et al., 1994; Sauer et al., 1997; Abraitis et al., 2004; Tribovillard et al., 2006).
Consequently, elements enriched in penguin guano (e.g., As, Cd, Cu, P, S, Se,
Zn) are incorporated and fixed in these apatite-bearing ornithogenic soils (Fig. 1.4).
When these soils are transported via surface runoff and deposited into nearby
lakes, the presence of guano-related elements in undisturbed lake sediments that
are considered immobile in lacustrine archives (e.g., Sun et al., 2000) may directly
reflect the presence of penguin populations in the lake catchment area (Sun and
Xie, 2001; Liu et al., 2007; Liu et al., 2011b). Moreover, the amount of ornithogenic
soil input into these lakes was shown to be proportional to the penguin population
size present during the time of deposition (e.g., Liu et al., 2011a). Taking advantage
of this fact, Huang et al. (2009; 2011), Liu et al. (2005; 2006; 2011b; 2013), Zhu et al.
(2005), Zale (1994) and Sun et al. (2000; 2004) were able to reconstruct historical
penguin population sizes and corresponding climate events by using bio-element
and rare earth element (REE) patterns in short lacustrine depositional sequences
of the WAP, the Ross Sea region and Vestfold Hills, East Antarctica. However,
particularly at the WAP, these records do only cover the past c. 3,000 years, and no
information could be inferred from these data about the response of local penguin
populations on warm phases in the Early and Mid-Holocene, which are assumed to

represent a widespread phenomenon across the AP.
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1.6. Objectives of this thesis

This thesis forms part of the multi-national project IMCOAST (IMpact of climate
induced glacial melting on marine COASTal systems in the western Antarctic
Peninsularegion), involving working groups of different scientific fields from Germany,
Poland, Spain, United Kingdom, Belgium, The Netherlands, Brazil and Argentina.
The main objective of this interdisciplinary cooperation is to study past, recent, and
future climate-induced changes of land ice masses and sedimentary run-off, and
their effects on coastal benthic and pelagic ecosystems in the King George Island
coastal area by combining different geochemical, sedimentological, biological, and
physico-hydrographical indicators. The aim of this thesis was to assess whether
the rapid recent warming trend at the WAP has already been recorded by the
geochemistry of local sediments and pore waters, and how these changes may
affect benthic and pelagic ecosystems. Moreover, inorganic geochemical proxies
were applied on marine and lacustrine sedimentary records in order to get insights
into palaeoenvironmental changes in this highly climate-sensitive area.

Chapter 3 presents the first comprehensive, high-resolution geochemical study of
sediments from the AP. Major and trace element distribution patterns were obtained
from a c. 9 m long sediment core taken in Maxwell Bay off King George Island,
WAP. By comparing inorganic geochemical data of local bedrock and nearshore
deposits, small-scaled changes in provenance are assessed in order to reveal
climate-induced retreats and re-advances of local glaciers during the last two
millenia. These investigations are linked to granulometric studies conducted on the
same core, which compare the occurrence of simultaneous climate phases in both
hemispheres since c. 2,000 cal years BP (chapter 7). In addition, naturally occurring
lead isotopes (*'°Pb) were measured in surface sediments to evaluate whether the
observed rapid recent glacier retreat is reflected in enhanced accumulation of melt
water or subglacially derived glacigenic material in coastal areas off King George

Island.
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Another subproject (chapter 4) deals with the impact of environmental changes
on local penguin populations. Specific bio-element assemblages in lake sediments,
which are characteristic for ornithogenic (bird-formed) soils, are used to unravel
past variations in penguin occupation on Ardley Island, WAP, since the Last Glacial
Maximum. By determining the key factors responsible for population changes of
upper-trophic level predators like penguins in this region, this study may provide
a basis for predicting future fluctuations and their consequences for the local
ecosystem.

In chapters 5 and 6, this thesis focuses on the recent changes of the sedimentary
environment and benthic communities due to the rapid warming. Pore water data
of coastal surface sediments give first insights into redox conditions of nearshore
deposits of maritime Antarctica and their implications on metal uptake by benthic filter
feeders. Furthermore, in a unique approach combining trace element concentrations
in pore waters from the WAP shelf and modelling of metabolic rates, we intend to
shed light on the relevance of Antarctic shelf sediments as iron fertiliser for the high
nutrient-low chlorophyll (HNLC) Southern Ocean.

To date, the local glacial and climatic history of the Antarctic Peninsula is still not
fully unravelled, making it difficult to identify respective driving mechanism for past,
recent and future changes. Moreover, there is little knowledge about biogeochemical
processes in present Antarctic sedimentary environments and their implications
on benthic and pelagic ecosystems. The overarching questions of this thesis are

therefore:

« Can major and minor element distribution patterns and granulometric data
in sedimentary archives from the western Antarctic Peninsula be used to
reconstruct climate-related retreats and re-advances of local glaciers during

the last c. 2,000 years?
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Is the recent rapid glacier retreat reflected in increasing accumulation of
subglacially or surface run-off derived glacigenic material in coastal areas?
Are changes in local penguin populations driven by alternations in climate,
sea-ice extent, and relative sea level reconstructable from guano-related bio-
element concentrations in Holocene lake sediments?

What are the major biogeochemical processes and pathways of organic matter
degradation in coastal sediments from the maritime Antarctic? How do these
processes possibly affect element assimilation in benthic organisms?

Do Antarctic shelf sediments represent a potential source of micronutrients,

like iron, to the iron-limited HNLC regions of the Southern Ocean?
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2. Outline of the author’s contribution

The thesis is based on eight manuscripts, which deal with different aspects of
past and recent changes in climate at the western Antarctic Peninsula and their
implications for local cryogenic, terrestrial and marine ecosystems. Whereas
four main manuscripts are displayed in more detail (chapters 3 to 6), additional
publications and manuscripts that were developed in the framework of this thesis are
attached as abstracts in chapters 7-10. In the following list the author’s contribution

to each manuscript are given.

Chapter 3
A geochemical record of late Holocene palaeoenvironmental changes at King

George Island (maritime Antarctica)

This manuscript focusses on Late Holocene climate variability in the northern
WAP as revealed by changes in provenance of sedimentary deposits off King
George Island. It is to some extent based on the results of the diploma thesis of
the author (Monien, 2008), which has been significantly revised, re-written, and
complemented by new data and interpretations. The author wrote the manuscript and
conducted all geochemical analyses, except for total organic carbon and biogenic
silica determinations, which were done by Gerhard Kuhn and Rita Frohlking (both
Alfred Wegener Institute for Polar and Marine Research (AWI), Bremerhaven).
Granulometric data and radiocarbon ages of the sediments were delivered by
Christian Hass (Wadden Sea Research Station, AWI, Sylt). Andreas Klugel (Bremen
University) assisted the author with petrological analyses of volcanic glass shards.
Recovering of the sediment core was carried out by Gerhard Kuhn and the Polarstern

crew during cruise ANT-XXIII/4 in 2006. All data were evaluated and interpreted by
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the author himself with support by Bernhard Schnetger, Hans-Jirgen Brumsack and
Christian Hass. In 2011 this manuscript has been published in Antarctic Science,

23(3), 255-267.

Chapter 4
Penguin colony expansion on the western Antarctic Peninsula during Holocene

warm phases curtailed by volcanic activity

This study deals with the reconstruction of historical penguin populations on Ardley
Island, western Antarctic Peninsula using inorganic geochemical biomarkers in lake
sediments. The concept of this study was developed by the author and Stephen
Roberts (British Antarctic Survey (BAS), UK). Both undertook analytical work and data
analysis with assistance from Julia Loftfield, Bernhard Schnetger and Hans-Jurgen
Brumsack. The author wrote and edited the paper together with Stephen Roberts and
Dominic Hodgson (BAS). Anne Hey (Cardiff University, UK) and Claire Allen (BAS)
conducted diatom analyses on marine cores from the Anvers Shelf. Peter Fretwell
(BAS) performed satellite vegetation mapping and DEM analysis. Ryszard Ochyra
(Polish Academy of Science, Poland) identified moss used for radiocarbon dating.
Steve Moreton (NERC Radiocarbon Facility, UK) undertook SUERC radiocarbon
dating analyses. Fieldwork was conducted by Stephen Roberts, Peter Fretwell,
Dominic Hodgson, Emma Hocking and Michael Bentley (both Durham University,
UK). All authors contributed significantly to the interpretations and commented on

the manuscript. The manuscript will be submitted to Nature Geoscience.
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Chapter 5
Redox conditions and trace metal cycling in coastal sediments from the

maritime Antarctic

This study addresses biogeochemical processes in coastal sediments from Potter
Cove, King George Island and their implication on the Southern Ocean iron cycle.
The author is responsible for the concept of this study, the data interpretation and
the writing of the manuscript, supported by comments from Bernhard Schnetger and
Hans-Jurgen Brumsack. All geochemical analyses of sediments and pore waters
were conducted by the author except for nutrient measurements of pore waters,
which were done by Sanja Asendorf and Donata Monien. Sampling of sediment
cores was carried out by the author with support by Sanja Asendorf, Donata Monien,
Oscar Gonzales (Instituto Antartico Argentino (IAA), Argentina) and the Argentine
diving division “Prefectura”. Heng Chai Lim supported the study with a current
model of the sampling location and Karsten Lettmann helped with the modelling of
biogeochemical reduction rates. This manuscript has been submitted to Geochimica

Cosmochimica Acta.

Chapter 6
Influence of the pore water geochemistry on Fe and Mn assimilation in

Laternula elliptica at King George Island (Antarctica)

This manuscript is about assimilation pathways of major and minor elements in
the circum-Antarctic benthic deposit feeder Laternula elliptica. Harald Poigner, Doris
Abele (both AWI, Bremerhaven), Dorothee Wilhelms-Dick (Bremen University) and
Patrick Monien developed the concept of the study, Harald Poigner did the sampling
of the bivalves with support by Oscar Gonzales (IAA) and the Argentine diving division

“Prefectura” as well as the geochemical analyses on the bivalve tissues assisted
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by Michael Kriews (AWI, Bremerhaven). Pore water and sea water samples were
sampled and analysed for major and trace elements by Patrick Monien and Donata
Monien, who also contributed to the interpretation of the data. Harald Poigner wrote
the manuscript supported by comments of all co-authors. In 2013 the manuscript

has been published in Estuarine, Coastal and Shelf Science, 135, 285-295.

Chapter 7
Climate fluctuations during the past two millennia as recorded in sediments

from Maxwell Bay, South Shetland Islands, West Antarctica

In this study Late Holocene climate fluctuations at the WAP are discussed using
granulometric and geochemical data obtained from a sedimentary record from
Maxwell Bay. Christian Hass is responsible for the concept of the study. He conducted
the granulometric analyses and developed the radiocarbon age model. Recovering
of the sediment core was carried out by Gerhard Kuhn during cruise ANT-XXII1/4 in
2006. He moreover delivered total organic carbon and biogenic silica data. Patrick
Monien did all inorganic geochemical analyses of the sediments, conducted the
hierarchical cluster analysis, developed the ?'°Pb age model of surface sediments
and assisted Christian Hass with the interpretation of the whole dataset. In this
context data were also taken from his diploma thesis (Monien, 2008) and newly
interpreted. Supported by all co-authors Christian Hass wrote the manuscript, which
was published in Geological Society, London, Special Publications, 344, 243-260 in
2010.
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Chapter 8
A new Holocene relative sea level curve for the South Shetland Islands,

Antarctica

This paper uses an interdisciplinary approach integrating sedimentary evidence
from isolation basins with geomorphological evidence from raised beaches to
reconstruct a new Holocene relative sea-level curve for the South Shetland Islands.
Robert Larter (BAS), Dominic Hodgson and Michael Bentley developed the concept
for this study, whereas field work was done by Emma Hocking (née Watcham),
Stephen Roberts, Michael Bentley, Peter Fretwell and Dominic Hodgson. Moreover,
Emma Hocking conducted diatom analyses and established the age model together
with Steven Moreton. The mathematical models were provided by Pippa Whitehouse
(Durham University, UK). Whereas Melanie Leng (NERC Isotope Geoscience
Laboratory, UK) and Emma Hocking did the bulk geochemical analyses for all
cores, Patrick Monien conducted the inorganic geochemical analyses of the Yanou
lake core. Data evaluation and interpretation was done by Emma Hocking, Michael
Bentley, Dominic Hodgson, Stephen Roberts, Jerry Lloyd (Durham University, UK),
Robert Larter, Peter Fretwell and Patrick Monien. The manuscript which was written
by Emma P. Hocking supported by comments of all co-authors was published in

Quaternary Science Reviews, 30, 3152-3170 in 2011.

Chapter 9
The influence of sedimentation on metal accumulation and cellular oxidative

stress markers in the Antarctic bivalve Laternula elliptica

This study is about the impact of increasing sediment accumulation in coastal
areas of the WAP on the assimilation of metals in the bivalve Laternula elliptica.

Gunnar Husmann, Eva Philipp (both Kiel University) and Doris Abele developed the
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concept of the study. All analyses with respect to the bivalve tissues were done by
Gunnar Husmann, who was assisted by Eva Philipp and Michael Kriews. Donata
Monien provided geochemical data of local sea water, whereas Patrick Monien is
responsible for sampling, geochemical analyses and data evaluation of Potter Cove
sediments. Furthermore, he assisted the first author with the interpretation of the
data. Gunnar Husmann wrote the paper with the help of all co-authors. This paper

was published in 2012 in Estuarine, Coastal and Shelf Science, 111, 48-59.

Chapter 10
On the phytoplankton bloom in coastal waters of southern King George Island

(Antarctica) in January 2010: An exceptional feature?

This manuscript deals with possible controlling factors of phytoplankton bloom
development in coastal waters around King George Island, WAP. The conceptual
model of this study was established by Irene Schloss, who is also responsible for
all mathematical models in this manuscript, which were done in cooperation with
Dany Dumont and Claudie-Ann Michaud Tremblay (all Quebec University, Canada).
Water sampling was conducted by Oscar Gonzales, Alejandro Ulrich (both IAA),
Donata and Patrick Monien and the Arctowski Station field crew. Gaston Almandoz
(La Plata University, Argentina) and Elsbieta Kopckynska (Polish Academy of
Science, Poland) conducted the diatom analyses and Aga Wasilowska (Warsaw
University, Poland) supplied nutrient data from Admiralty Bay. Nutrient data of Potter
Cove surface waters were provided by Donata and Patrick Monien, who moreover
contributed significantly to the interpretation of the data used in this study. Irene
Schloss wrote the manuscript together with all co-authors. The manuscript has been

published in Limnology & Oceanography, 59(1), 195-210 in 2014.
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3. A geochemical record of late Holocene palaeoenvironmental

changes at King George Island (maritime Antarctica)
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This chapter is published in Antarctic Science, 23(3), 255-267 (2011).

3.1. Abstract

During RV Polarstern cruise ANT-XXIII/4 in 2006, a gravity core (PS 69/335-2)
and a giant box core (PS 69/335-1) were retrieved from Maxwell Bay off King George
Island (KGI). Comprehensive geochemical (bulk parameters, quantitative XRF,
Inductively Coupled Plasma Mass Spectrometry) and radiometric dating analyses
("*C, 2'°Pb) were performed on both cores. A comparison with geochemical data
from local bedrock demonstrates a mostly detrital origin for the sediments, but also
points to an overprint from changing bioproductivity in the overlying water column
in addition to early diagenetic processes. Furthermore, ten tephra layers that were
most probably derived from volcanic activity on Deception Island were identified.
Variations in the vertical distribution of selected elements in Maxwell Bay sediments
further indicate a shift in source rock provenance as a result of changing glacier
extents during the past c. 1,750 years that may be linked to the Little Ice Age and the

Medieval Warm Period. Whereas no evidence for a significant increase in chemical
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weathering rates was found, ?'°Pb data revealed that mass accumulation rates in
Maxwell Bay have almost tripled since the 1940s (0.66 g cm2 yr' in AD 2006), which

is probably linked to rapid glacier retreat in this region due to recent warming.

3.2. Introduction

The western Antarctic Peninsula (WAP) region is one of the most sensitive and
dynamic areas of the Earth’s surface, where ecological and cryospheric systems
respond rapidly to climatic changes (Domack et al., 2001). Since the middle of the
20" century a mean atmospheric warming of nearly 3°C is observed along the WAP
(e.g., Meredith and King, 2005), which is significantly higher than the average global
warming trend of 0.6 £ 0.2°C over the last 100 years (Houghton et al., 2001). The
most recent reconstructions confirm this, showing a warming trend of 0.17°C per
decade for West Antarctica between 1957 and 2006 (Steig et al., 2009). One of the
consequences of the local warming trend is a significant increase in melting of land
and sea ice. Since the late 1960s, a reduction of sea ice as well as a dramatic retreat
of glaciers is reported that has accelerated in the last decade (Rignot et al., 2008).
These changes are regionally accompanied by the creation of new ice-free areas
(Braunand Gossmann, 2002; Cook et al., 2005) favouring soil formation on previously
ice-covered bedrock. Whereas on continental Antarctica chemical weathering is still
negligible (Y. Il Lee et al., 2004), it is suggested that particularly under warmer and
more humid conditions along the WAP, pedogenesis and weathering processes
may have been more significant. Furthermore, along with enhanced melt water
discharge, an increase in rock erosion has been observed. At Potter Cove, King
George Island (KGl), for example, sub-, peri-, and proglacial melt water streams
transport suspended material of c. 0.14 kg m= (0.0042-0.532 kg s') into coastal
waters during the melting period (Schloss et al., 2002), which may have direct effects
on marine ecosystems. In light of the sensitive character of this region, geochemical

studies of sedimentary archives may provide critical information on the response of
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ecological and cryospheric systems to alternating environmental conditions along
the WAP. High-resolution palaeoenvironmental records may be used to indicate
to what extent this rapid regional warming is recorded by coastal sediments and
whether similar events may have occurred in the recent past. Vertical distributions of
major and minor elements in marine sediments serve as palaeoclimatic proxies and
may reveal changes in bioproductivity, the origin and weathering of source rocks,
glacier advance and retreat, sediment transportation processes, redox conditions,
and diagenesis. To date, however, comprehensive geochemical investigations in
this area are nonexistent or restricted to bulk parameters, like total organic carbon
(TOC), nitrogen, carbonate and opal (e.g., Yoon et al., 2010, 2000), granulometric
data (Hass et al., 2010), and rare earth elements (REE) patterns of surface sediments
(Santos et al., 2007).

In this study a first comprehensive geochemical characterisation of Holocene
sediments from Maxwell Bay, KGl is presented. Inorganic geochemical data is used
for provenance analyses to reconstruct possible local glacier extents during the last
two millennia. Furthermore, in the context of the rapid warming trend of the past
50 years, shifts in the quantity and nature of the vertical sediment flux as well as
the degree of chemical weathering in the supply area are examined. The results of
this investigation may allow a better understanding of the impact of global climate
change on regional terrestrial and marine ecosystems along the WAP in the past

and future.

3.3. Regional setting

King George Island (62°23’S, 58°27°'W) is the largest of the South Shetland
Islands (SSI), a Jurassic—Quaternary magmatic island arc forming a 550 km long
archipelago separated from the WAP by the Bransfield Strait. The interior of the
island is mostly occupied by a 600 m thick ice cap covering the basement, which is

mainly composed of igneous rocks of pyroclastic, volcanic or plutonic origin (Yeo et
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al., 2004). According to Fig. 3.1, KGI can be divided into three main tectonic blocks
with different lithostratigraphies: the Barton Horst (Barton and Weaver peninsulas),
the Fildes Block (Fildes Peninsula) at the north-west end, and the Warszawa Block

(Potter Peninsula) in the south-

I I
58°40'W

I
58°50'W

King George Island east (Santos et al., 2007 and

Weaver N references therein). Geological
Peninsula '

Fildes
Peninsula

investigations on Fildes

Peninsula showed that the

~ Fildes Block is dominated by
PS 69/335-1
o PS 6?}335.2

basalts to basaltic andesites,

trachybasalts, porphyritic

basalts, and dacites and

andesites interbedded volcanic

. , breccias (Machado et al., 2005).
Fig. 3.1. Map of the study site. The black dot marks the

sediment core location. Black arrows indicate general \Whereas Weaver Peninsula
ocean currents in Maxwell Bay and adjacent coves
according to Chang et al. (1990) and Roese & Drabble
(1998). Bathymetric data is from Hass et al. (2010). FB =
Fildes Block, BH = Barton Horst, WB = Warszawa Block.

is characterised by basalts to
basaltic andesites showing
a relative mafic composition
(Yeo et al., 2004), the bedrock of Barton Peninsula located close to the study
site consist of more intermediate basaltic-andesitic rocks and the volcanoclastic
Sejong Formation of late Palaeocene—Eocene age. In the central northern parts
plutonic rocks (granodiorites) of Middle Eocene age dominate (Yeo et al., 2004 and
references therein). Maxwell Bay, a U-shaped embayment with a length of 14 km
and a width of 6-14 km, is located at the southwestern end of KGI, enclosed by
Nelson Island and the Fildes Peninsula (Yoon et al., 2000). It is separated from
the Bransfield Strait by a deep submarine sill (>430 m) and characterised by a flat
central part with water depths ranging from 400-550 m and a shallower part at the

northern end displaying greater topographic irregularities (Griffith and Anderson,
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1989; Yoon et al., 2000). More than half of the coastline of the bay is governed by
headlands and rocky beaches. Tidewater glaciers are only found in more protected
tributary inlets, like Potter and Marian coves (Griffith and Anderson, 1989). From
July—September the bay is completely covered by sea ice, which begins to break up
in late October (Griffith and Anderson, 1989; Khim and Yoon, 2003). During summer
(November—February) the bay is ice-free and two different water masses may be
distinguished. Relatively cold and saline open ocean water (subsurface water)
enters the bay from the Bransfield Strait (<0°C, 34.0-34.5 psu) generally showing
wind driven cyclonic circulation patterns (Roese and Drabble, 1998). It is overlain
by a surface layer of warmer and less saline water (0—1.04°C, 33.9-34.0 psu) that is
mixed with freshwater discharging from melting glaciers and surface runoff (Khim and
Yoon, 2003 and references therein). Sediment laden plumes are reported adjacent
to most of the tidewater glaciers in the protected inlets during this period (Griffith
and Anderson, 1989). Today KGl is characterised by a maritime cold climate that is
more humid and warmer than in other Antarctic areas, particularly compared to the
Antarctic continent. It is characterised by a high relative humidity (89%), an annual
precipitation rate of 437.6 mm water equivalent and a mean annual air temperature
of -1.8°C (Lee et al., 2004). With summer temperatures frequently above 0°C it is

one of the very few Antarctic regions with substantial summer melting.

3.4. Material and Methods
3.4.1. Sampling

During RV Polarstern cruise ANT-XXIII/4 in April 2006, a gravity core (SL,
PS 69/335-2) and a giant box core (GKG, PS 69/335-1) were recovered at a water
depth of 450 m in Maxwell Bay off KGI (Gohl, 2007) (Table 3.1, Fig. 3.1). The gravity
core was cut in 1 m sections onboard where wet bulk density was determined with
a multi-sensor core logger (GEOTEK Ltd, UK) via gamma ray attenuation. Stored

at 4°C the cores were transported to Bremerhaven, opened, and split for further
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analyses. Samples for the determination of geochemical and sedimentological
parameters were taken from the working halves of the gravity core sections and
a 60 cm long subcore obtained from the GKG. Sampling was performed at fixed
intervals of 5 cm (SL) and 10 cm (GKG) using 10 cm?® syringes. After being freeze-

dried and weighed, the samples were ground and homogenised in agate ball mills.

Table 3.1. Coring sites on cruise ANT-XXII1/4.

Core Gear Location Longitude and latitude Water depth Core lenght

(deg/min/s) (m) (m)
58°46'23.4"W

PS 69/335-1 GKG Maxwell Bay 62°15'30.6"S 447 0.60
58°46'20.4"W

PS 69/335-2 SL Maxwell Bay 62°15'30.0"S 446 9.43

3.4.2. Depth correction

In order to correct for the loss of surface sediment and compressional effects
during the coring process of gravity core PS 69/335-2, an undisturbed surface
sediment subcore taken from GKG PS 69/335-1 was used for substitution. Based
on high-resolution colour reflectance data (b*) and using the AnalySeries 2.0.4.2
software (Paillard et al., 1996) both cores were combined to one synthetic core
‘PS 69/335'. For further details see Hass et al. (2010). In the following original core
depths of PS 69/335-2 are converted to metres composite depth (mcd) with an
offset of +0.24 m.

3.4.3. Core description

Figure 3.2 shows the lithology and selected radiographs (see http://doi.pangaea.
de/10.1594/PANGAEA.509895) of core PS 69/335 that were taken at the Alfred
Wegener Institute, Bremerhaven using a Faxitron X-ray Inspection System (Hewlett
Packard, USA). The core PS 69/335 has a composite length of 9.51 m and it is

dominated by homogenous browngreen-greyish silty clay with comparably few
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scattered ice rafted debris

clay | silt clay| silt

(average value for the fraction

o

>63 mm is 1.1%, only four S5

samples exceeding 5%) (Hass

—_

et al., 2010). In the upper

6.32 - 6.41 mcd

8 mcd bioturbation is moderate

N

to high, which is supported by

Depth (mcd)

radiographs revealing worm

w

tubes (Fig. 3.2). The lower part

displays weak lamination and

N

Silt and mud
Eor Tuff

evidence for flaser bedding. At

6.36—6.37 mcd a dark brown to

o

black stratum was recognised

which included coarser grained Fig. 3.2. Lithology of core PS 69/335. Radiographs of

sediment with higher amounts selected sections showing a) worm tube evidence for
high bioturbation rates in the upper part of the core, b) the
of silt (67%), fine sand (20%) coarser grained tephra layer at 6.36 mcd, and c. evidence

. for flaser bedding at the bottom.
and volcanic glass shards and 9

represents most probably a

tephra layer.

3.4.4. Laboratory analyses

The content of total sulphur (TS) was determined using a carbon and sulphur
analyser (ELTRA CS 500, Germany) equipped with a solid-state infrared detector.
Total organic carbon was determined with a CS-analyser (LECO, Germany) after
calcareous material had been removed from sample splits by adding concentrated
HCI (=237%). Quantitative X-ray fluorescence (XRF) analysis was carried out with
a conventional wavelength dispersive XRF (WD-XRF) spectrometer (Philips PW

2400). Glass beads were prepared from the samples with di-lithium tetraborate
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according to Schnetger et al. (2000) and measured in random order to avoid
artificial trends. Further element analyses (REE, Cs, Nb, Th, U) of selected samples
were performed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at
5000-fold dilution using an Element 2 mass spectrometer (Thermo Fisher GmbH,
Germany). Sample preparation was conducted following Schnetger (1997) with slight
modifications using 1 ml HCIO, (70%, subboiled) and 3 ml HF (40%, Suprapur®)
for acid digestions. Based on the water content of each sample, element contents
were corrected for seawater salt assuming seawater composition and a salinity of
34%, which is consistent with the subsurface salinity found at Maxwell Bay (Roese
and Drabble, 1998). This method was checked using 13 selected samples, which
were washed with 18.2 MQ water and ultrasonicated three times to dissolve the sea
salts. Chloride and sulphate concentrations of the filtrate were then quantified by ion
chromatography using a DIONEX ion chromatograph. Both methods agreed within
11% based on a linear correlation between water content and measured chloride
concentration with r2 = 0.974. Smear slides of selected sediment layers were
prepared for petrographic investigations. Sediment samples were taken from the
undisturbed archive half. After fixation with Canada balsam at 130°C the samples
were analysed at Bremen University, Germany using a LEICA DMRX polarisation
microscope (Leica Camera AG, Germany). Photomicrographs were taken with a
LEICA DFC 320 digital camera system and processed with IM50 software (Leica
Camera AG, Germany). The Accelerator Mass Spectrometry “C chronology of core
PS 69/335-2 is based on the age model after Hass et al. (2010). For the sediments
from Maxwell Bay a reservoir effect of 1,100 years was assumed (Hass et al.,
2010), which is consistent with literature where reservoir effects between c. 1,000
and 1,400 years (Bjorck et al., 1991b) were found for this area. In addition, ?'°Pb
analyses were carried out for eight samples obtained from both cores. Activities of
radionuclides were measured by gamma spectrometry (Ge-detector, GWC 2522-

7500 SL, Canberra Industries Inc., USA) and processed with GENIE 2000 3.0
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(Canberra Industries Inc., USA). Counting statistics were better than 5% for the
samples except those with very low 2'°Pb activity (<0.08 Bq g'). The accuracy of
this method was tested by using a standard reference material similar in matrix
composition to the WAP samples (UREM-11). It averaged 10% for all radioisotope
concentrations, which were corrected for the samples by factors calculated using
the certified reference values. To take account of changing sedimentation rates with
time, the age of each sediment slice was determined according to the constant rate
of supply model after Appleby & Oldfield (1978). Compaction effects were taken into
account by correcting the 2'°Pb excess activities with the dry bulk density. The total
21%Pb inventory was determined by integration of the corrected 2'°Pb activity data
versus the depth profile, whereas ?'°Pb excess values of lacking sediment samples
were interpolated at 1 cm steps. Mass accumulation rates of the bulk sediment
(MAR;,) were calculated from the product of the linear sedimentation rate and the
dry bulk density. Analytical data are available at http://doi.pangaea.de/10.1594/
PANGAEA.737926, 737995, 733677, 738106, and 738123.

3.4.5. Calculation of SiO, excess

SiO, excess (SiO, ), which represents the biogenic, nonlithogenic fraction of total

)
2xs
SiO, and thus the content of biogenic silica (BSi), was calculated after Boning et al.
(2005):

Si0, _ (%) = Si0 %) — [SiO,/ALO ALO. (%)] (3.1)

2sample ( 3lithogenic 2~ 3sample

In keeping with an average bedrock calculation, a lithogenic SiO,/ALO, ratio of
3.07 was assumed. SiO, was chosen as a proxy for biosiliceous production for
different reasons: particularly for wet alkaline extraction, the precision and accuracy
of the BSi determination vary depending on the extraction time, the solid to solution

ratio, and the pH (Liu et al., 2002 and references therein). In addition, the variable
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amounts of reactive Si-containing components, including quartz, clay minerals,
aluminosilicates and volcanic glasses, leached by this procedure may bias the

results (Koning et al., 2002).

3.4.6. Chemical Index of Alteration

In order to estimate the degree of chemical weathering of the source material
the Chemical Index of Alteration (CIA) after Nesbitt & Young (1982) was calculated.
Usually, the ClAranges between <50 for fresh rocks and 100 for highly residual clays.
An increase in this index therefore reflects a decreasing primary mineral content
and increasing amount of secondary phases. Thus, high values indicate intensive
chemical weathering due to high precipitation and air temperatures, whereas low
values may evidence a colder and/or more arid climate where physical weathering

prevails.

3.4.7. Statistics

In order to guarantee the precision and accuracy of the methods at least eightfold
measurements of several carefully selected in-house (PS-S, UT-S, TW-TUC, Loess,
DR-BS) and international reference standards (BIR-1, JA-2, JB-1, PACS-1, JG-
1a, IAPSO Standard Seawater 35%) were conducted. To determine the degree of
statistical spread and therefore the precision of a method, the relative standard
deviation was used (Skoog and Leary, 1996). In the case of TS and XRF analyses
multiple determinations of reference material were performed to calculate the
pooled estimated relative standard deviation after Skoog & Leary (1996). To get an
idea of the accuracy of a method, the relative systematic error (f) representing the
variation from the certified value was determined (Skoog and Leary, 1996). Statistical
evaluation is summarised in Table S1 (supplementary data will be found on www.
journals.cambridge.org/jid_ANS). Precision was better than 1% for major elements

(Si, Ti, Al, Fe, Mn, Mg, Ca, K, P) and <5% for minor elements (Cs, Rb, Sr, Th, U, Y,
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Zr, REE; Nb and Ba 5-6%) and bulk parameters (TS, TOC). In general, accuracy
ranged from -0.98 to 1.6% (major elements) and -6.5 to 5.8% (minor elements and

bulk parameter), except for U, SO,* and CI- (|f] <10%).

3.5. Results
3.5.1. Chronology

According to the age model described above, the core spans the Late Holocene
period (c. 1,700 calendar (cal) yr BP to present, Fig. 3.3a) (Hass et al., 2010). Linear
sedimentation rates calculated from this model range between 0.34 and 1.67 cm yr™
(average = 0.55 cm yr') and were verified by data obtained by 2'°Pb excess activity
of the surface sediments (0.2-1.0 cm yr’, Fig. 3.3a). These data moreover reveal
that during the last 100 years sediment mass accumulation rates have gradually
increased from 0.2 g cm? yr' at the beginning of the 1910s to 0.66 g cm? yr’
between AD 2005 and AD 2006 (Fig. 3.3b). The highest increases are observed
between c. AD 1940 and AD 1980 (0.0049 g cm? yr?) as well as during the last
decade (0.0151 g cm2 yr?).

a b
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Fig. 3.3. a) Age (grey squares) and linear sedimentation rate (LSR) vs depth of core PS 69/335
according to radiocarbon and 2'°Pb measurements. b) Mass accumulation rates of bulk sediment
(MAR,,) vs year AD in Maxwell Bay calculated using the 2'°Pb dating model and including interpolated
sediment depths.
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3.5.2. Lithogenic background

In Fig. 3.4 the (Na,0 + K,O) vs
SiO, contents of core PS 69/335
samples are shown and compared to
the composition of the local bedrock.
To establish a better comparability of
source and sink material the sediment
composition was corrected for sea
salt and for BSi to avoid artefacts
(e.g., Na,O, K,0) and dilution effects.
Because individual samples from the
source rocks of the island are highly
variable in composition, median
and quartiles (25% and 75%) were
calculated, which are more robust to
outliers. Figure 3.4 shows that the

sediments of core PS 69/335 plot in

the field of tholeiitic basaltic andesites
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Fig. 3.4. (Na,O + K,0) vs SiO, content of the BSi
adjusted sedimentary deposits from Maxwell Bay
(black circles) compared with the composition
of bedrock from the Fildes (FP), Barton (BP) and
Weaver Peninsula (WP). Source rock data were
compiled using the data from Machado et al.
(2005), Yeo et al. (2004), and Lee et al. (2004)
and are given as median, quartiles (box) and 95%
confidence interval (whiskers). Fields for volcanic
rock classification are from Le Bas et al. (1986).

and in the red box representing the variability of Barton Peninsula bedrock. Generally,

the NMORB-normalised distribution patterns of the sediments follow the trends of
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Fig. 3.5. (Trace element abundances of
core PS 69/335 and bedrock from Barton,
Weaver and Fildes Peninsula normalised
to N-MORB (Sun & McDonough, 1989).
Shaded area represents the total
variability of western KGI bedrock types.
Mean source rock data are from Lee et al.
(2004), Yeo et al. (2004), and Machado et
al. (2005).
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the source rocks found in the study area (Fig. 3.5, grey area). However, the highest
correlation is given for an average Barton Peninsula bedrock (Fig. 3.5, red line),
which is calculated based on the geochemical data compiled by Lee et al. (2004).
The calculation was done with respect to the spatial distribution of the different types
of bedrock found on Barton Peninsula (51% basaltic andesite 2 (BA-2), 20% basaltic
andesite 1 (BA-1), 10% granodiorite, 14% Sejong Formation, 5% lapilli tuff) using
the geological map published in Lee et al. (2004). All samples are relatively enriched
in large ion lithophile elements, such as Cs, Rb, Ba, U, K, Pb, Sr, and light rare earth
elements (La, Ce, Pr and Nd) and show a negative Nb trough in the spider diagram.
In addition, it is evident that uranium shows even higher than expected values for

KGI volcanic rocks.

3.5.3. Vertical distributions of elements

In general the geochemistry of Maxwell Bay sediments reveals minor variations
with depth. However, significant deviations with regard to selected element/aluminium
(EI/Al) ratios are evident in discrete sediment layers (Fig. 3.6a). Slightly higher Ti/
Al and Ca/Al, and lower K/Al values are typical for some intervals in the upper part
of the core (226, 231, 246, 276, 281, 286, 378, and 442 calendar yr BP) and at
1,274 cal yr BP, whereas the assumed tephra layer at 6.36 mcd (744 cal yr BP)
is characterised by increased Ca/Al and decreased K/Al and Ti/Al ratios.
Photomicrographs of selected samples moreover indicate that significant amounts
of brownish and pristine volcanic glass shards are present in the pronounced layers
(442 cal yr BP (30-50%) and 744 cal yr BP (c. 50%), Fig. 3.6b & d) but could not be
found in the remaining samples where biological material (diatoms) prevails (e.g.,
448 cal yr BP, Fig. 3.6c). After these layers were removed from the dataset, some
distinct distribution patterns are apparent in several element ratios (Fig. 3.7a). The
Mg/K ratio in the lithogenic background ranges between 1.54 and 1.78. The highest
values are found between c. 550 and 50 cal yr BP and before 1,400 cal yr BP.
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Fig. 3.6. a) Vertical distribution of Ti/Al, K/Al, and Ca/Al of core PS 69/335 vs depth (mcd) and age
(cal yr BP) as determined by quantitative WD-XRF accompanied by photomicrographs of selected
sediments at b) 442, c) 448, and d) 744 cal yr BP. VG = volcanic glass.

It generally follows the distribution of the mean grain size (12-21 um), which is
largestinthe intervals mentioned above (Hass et al., 2010). Similar characteristics are
also observed in the tephra corrected Ti/Al record (0.063-0.068, average = 0.065).
In contrast, rather opposing trends are recognised in the Rb/Al (r = -0.58) and Zr/Al
(r = -0.39) profiles where slightly lower values (13 x 10 (Zr/Al) and 3.5 x 10 (Rb/
Al)) are correlated with a higher mean grain size (16—21 pm). This is also true for K/
Al, which shows a positive correlation to Rb/Al (r = 0.83). In particular for the Mg/K
record, lower ratios between c. 550 and 1,400 cal yr BP and a significant decrease

during the last 50 years are apparent.
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3.5.4. Bioproductivity proxies

A higher downcore variability was observed for bioproductivity proxies, like TOC
and SiO,, _ (Fig. 3.7a). Figure 3.7a reveals that SiO, _ (4.1-9.4%, average = 6.4%)
correlates quite well with BSi (2.6-9.6%, average = 6.2%), which was re-calculated
from opal data taken from Hass et al. (2010). However, compared to SiO,,_ (10 =1.1)
the BSi record (10 = 1.4) shows a greater variability. It cannot be excluded that this
is solely a result of the lower precision of the leaching method. Consequently, in this

study SiO,, has been used as it is probably more reliable than BSi as a proxy for
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Fig. 3.7. a) Comparison between selected bioproductivity proxies (SiO, ., BSi, TOC), Zr/Al, K/Al, Rb/
Al, Ti/Al, and Mg/K ratios vs age (cal yr BP) in Maxwell Bay sediments and recorded climatic events
of several studies along the WAP. BSi values (grey solid line) are calculated from opal data taken
from Hass et al. (2010). The green and red vertical lines represent the average Mg/K ratio of outcrops
on Barton Peninsula, b) during the LIA, and c) at present. BA-1 = basaltic andesite 1, BA-2 = basaltic
andesite 2, SF = Sejong Formation, GR = granodiorite, MO = Modern optimum, LIA = Little Ice Age,
MWP = Medieval Warm Period. Mean grain size data are from Hass et al. (2010). Tephra layers were
excluded from this plot for a better illustration of the trends.
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siliceous bioproduction. For the period from 1,700 cal yr BP to present, continuous

cyclic fluctuations in TOC (0.26-0.58%) and SiO,, were determined. Maxima in

TOC for example at c. 700, c. 825, c. 1,120, and 1,665 cal yr BP are paralleled by

the SiO,  record. Their uniform trends terminate at c. 350 cal yr BP where a gradual

increase in TOC up to 0.58% occurs that is not reflected in SiO,  and BSi.

3.5.5. Geochemistry of sulphur and redox sensitive elements

Figure 3.8 shows the vertical distribution of some redox sensitive parameters (TOC,

TS, U/Al) in core PS 69/335. A significant increase with depth is visible in the vertical

distribution of U/Al. At the top of the core U/Al values are within the range of average

soils represented by the dashed
vertical line (0.12 x 10*, estimated
after Lee et al., 2004), but follow the
TOC profile in deeper sediments.
Highest values are found between
5 and 8 mcd (610-1,110 cal yr BP)
and at 9.46 mcd (1,650 cal yr BP,
0.28 x 10*), making U the element
with the highest enrichment factor
(2.4) compared to local bedrock
and soils. The element showing the
highest downcore variability is sulphur.
Whereas TS is quite low in the upper
c. 3 mcd (present to 384 cal yr BP,
average = 0.19%), sulphur contents
of 0.8% are present between 3 and
8 mcd (375-1,200 cal yr BP) before

varying on midlevel in the lowest
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Fig. 3.8. Vertical distribution of TS, TOC, and U/
Al vs depth (mcd) and age (cal yr BP) of core PS
69/335. Dashed vertical line represents U/Al ratios
of average soils on Barton Peninsula estimated
after Lee et al. (2004).
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‘normal marine sediments’ (c. 2.8) after Berner & be noted that the TS concentrations

Raiswell (1983).

sediment’, but reach lower values

only represent a minimum estimation
since a possible sulphate reduction in deeper parts of the core would result in an
overcorrection of the salt-corrected sedimentary sulphur. Assuming a complete
depletion of sulphate in the pore water, TS contents in the basal part would on average

be 20% higher, which would also lead to even lower TOC/TS ratios (-16%).

3.5.6. Chemical weathering

In Fig. 3.10a the CaO* + Na,0-K,0-Al,O, diagram of the samples from Maxwell
Bay and the average composition of the dominant bedrock types of the Barton
Peninsula after Lee et al. (2004) is shown. The CIA ranges between 53.6 and 59.5
(average = 56.9) and follows the weathering trend of basaltic andesite 2. Within the
vertical distribution no clear trend is visible. Maximum values occur at 499, 589, and
1,259 cal yr BP, while minima are detected during times most probably influenced

by volcanic material (442 and 744 cal yr BP, Fig. 3.10b).
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Fig. 3.10. a) CaO*+Na,0-K,0-ALO, diagram of the samples from Maxwell Bay and the average
composition of the dominant bedrock of the Barton Peninsula. The arrow indicates the weathering
trend of basaltic andesite 2 rocks. b) Vertical distribution of the CIA vs age (cal yr BP) of core PS
69/335.

3.6. Discussion
3.6.1. Lithogenic background and tephrochronology

The results of this study suggest that the geochemical composition of the Maxwell
Bay sediments is mostly determined by the lithogenic background of Barton Peninsula
and adjacent areas. It is characterised by tholeiitic basaltic andesite rocks (Fig. 3.4)
showing a Nb trough in their NMORB normalised element distribution (Fig. 3.5), which
is typical for rocks evolved from subduction zone magmas (Machado et al., 2005). In
addition, several tephra layers were identified by their geochemical characteristics
using quantitative XRF, and were verified by photomicrography. Most of the minerals,
found in at least two ash bearing deposits (442 and 744 cal yr BP), are characterised
by sharp edged contours and inclusions of rapidly quenched volcanic glasses
(Fig. 3.6). Thus, this material has not experienced significant mechanical reworking

during transport. Although a dilution by local bedrock complicates the correlation
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between sink and source of these ashes to a certain extent, an aeolian transport
from Deception Island seems to be the most probable origin for these tephras (Baker
et al., 1975; Matthies et al., 1990). Two of the tephra layers found in core PS 69/335
(3.56 mcd, c. 442 cal yr BP; 6.36 mcd, 744 cal yr BP) may even be related to the
tephra horizons AP2 (c. 450 '“C cal yr BP) and AP3 (c. 750 “C cal yr BP), which
were observed by Bjorck et al. (1991d) in four lakes along the Antarctic Peninsula

region.

3.6.2. Alteration of potential proxies by early diagenesis

Diagenesis is one of the main factors complicating the reconstruction of the
palaeoclimate via bioproductivity proxies like TOC and BSi/opal. Howe et al. (2007)
showed that in surface sediments from the deep Bransfield Strait and Weddell
Sea, organic matter degradation can lead to diagenetic alteration of the primary
climatic signals. Effects of sub- to anoxic diagenesis should therefore be considered
when investigating the sediments closer to the coast, since melt water and nutrient
discharge might induce an even higher primary productivity in these proximal
settings, resulting in higher organic matter export to the sediments and even more
intense early diagenesis.

The downcore profile of a redox sensitive proxy like the U/Al ratio (Fig. 3.8) may
give a first indication of the depositional conditions in this area (Klinkhammer and
Palmer, 1991). Changes in U/Al may be caused by a shift in source rock composition
towards more uranium bearing granodiorites (U/Al = 0.32 x 10* (granodiorites),
0.07-0.13 x 10* (basaltic andesites), after Lee et al., 2004) However, this appears
to be very unlikely considering the fact that these granodiorites are only found at a
small area in the central north of Barton Peninsula. Consequently, the hypothesis
of U enrichment under reducing conditions within the sediment has to be taken into
account. Mobilised as U®* in an oxic environment, uranium may be precipitated and

fixed in sediments as U** under more reducing conditions, as a result of microbially
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induced processes below the sediment-water interface (Klinkhammer and Palmer,
1991). Apart from the upper layers where U/Al is close to lithogenic background, the
ratio follows the distribution of TOC, which is explained by the affinity of reduced U**
towards organic particles under reducing conditions (Anderson et al., 1989). This
supports the assumption that uranium comes from oxic seawater and precipitates
at depth along a redox gradient, which is controlled by the oxygen penetration depth
(Klinkhammer and Palmer, 1991). Similar observations were also made by Santos
et al. (2007) in the nearby Admiralty Bay. In oxygen depleted environments early
diagenetic formation of pyrite must also be considered as this is strongly linked
to microbial sulphate reduction. Whereas sedimentological investigations confirm
the occurrence of sulphidic spots within the sediments of core PS 69/335, the
occurrence of slightly higher amounts of sulphur in deeper layers is an indication of
the formation of iron sulphides.

Further clues to the pathway of early diagenetic oxidation of TOC are given by
the TOC vs TS cross plot shown in Fig. 3.9. The fact that the upper section of
core PS 69/335 is generally characterised by TOC/TS values = c. 2.8 suggests that
oxidants such as oxygen, nitrate, or manganese oxides are primarily responsible
for TOC metabolisation. In contrast, significantly lower TOC/TS values found in the
bottom section of the core PS 69/335 reveal the fingerprint of sulphate reduction,
which is supported by sulphate measurements of the filtered washing solution of
the sediments. We are aware that this method cannot compensate for the lack of
pore water data, because during core storage calcium-sulphate phases may have
precipitated which were not redissolved by our leaching procedure. However,
assuming that precipitation is negligible or comparable in all samples, the results
indicate that SO,*/Clratios in these filtrates gradually decrease downcore from
surface sediments and reach 50% of the seawater value in a depth of c. 3.50-
3.75 mcd (c. 435-467 cal yr BP, data not shown). This certainly is a minimum

estimate, since sulphide (pyrite) oxidation would lead to increases in SO,*/CI ratio
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as well. Whereas Khim & Yoon (2003) assumed that additional sulphur within
Maxwell Bay sediments was probably related to the detrital supply of pyrite from
pyrite bearing rocks of hydrothermal origin, the close relationship between TOC
and TS in this setting as it is shown in Fig. 3.8 rather suggests authigenic pyrite
formation, which is mainly controlled by the quantity of metabolisable organic matter.
During future investigations, pore water analyses may give further useful information
about early diagenetic processes in WAP sediments. In any case, these first results
emphasise that the alteration of potential proxies, such as TOC, may complicate the

palaeoclimate reconstruction in this area.

3.6.3. Controlling factors of bioproductivity in the coastal WAP region: reduced sea
ice coverage and reduced sunlight penetration

In several studies along the WAP, TOC and particularly BSi/opal have successfully
been used as proxies for palaeoproductivity. In this context the sensitive character
of this area, which has experienced alternating periods of more extensive sea ice
coverage and relatively ice-free open water conditions since the LGM, has already
been demonstrated by several sedimentary, geochemical and diatom records (e.g.,
Khim et al., 2002; Yoon et al., 2010). The palaeoproductivity proxy records of core
PS 69/335 (TOC, SiO,,) support the evidence for changing ice conditions through
time by reflecting synchronous fluctuations that may provide the first evidence for
short-term changes in marine primary production and climatic conditions during the
past c. 1,750 yr.

According to Taylor et al. (2001), high TOC and BSi contents in marine sediments
of the WAP region are primarily associated with increased bioproductivity during
warmer periods and minimal sea ice. Several factors influencing primary production
have to be taken into consideration in nearshore areas where melt water streams
from retreating glaciers directly affect the chemistry and physics of the water column.

In addition to water column stabilisation by the drainage of freshwater, an increased
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import of nutrients, iron in particular, is predicted (e.g., Raiswell et al., 2006; Schloss
et al., 2002). Both factors generally support plankton bloom development. However,
particularly in enclosed fjords and coastal areas, a negative effect of increased
melt water discharge on bioproductivity because of higher turbidity and low light
penetration is also possible (Schloss et al., 2002). Hass et al. (2010), for example,
showed that lower TOC values in Maxwell Bay sediments are correlated to some
extent with finer grained deposits, which characterise warmer periods and reflect
reduced bioproductivity due to higher amounts of suspended particulate sediment
material in the water column. However, whereas they could clearly identify the
Medieval Warm Period (MWP, 1,400-550 cal yr BP) and the Little Ice Age (LIA,
550-50 cal yr BP) as a main neoglacial event using granulometric data, these long-
term climatic periods could not acceptably be reconstructed with the bioproductivity
proxy records alone (Fig. 3.7a). Our data imply that the effect of light attenuation on
primary production in Maxwell Bay caused by increased input of particulate matter
during warmer periods and longer sea ice coverage during colder periods may have

a similar influence.

3.6.4. Proxies for changes in provenance and glacier extents on Barton Peninsula

More reliable information about long-term changes in local climate may be
provided by inorganic geochemical data of core PS 69/335 sediments that have
been corrected for sea salt, tephra layers and biogenic material, like biogenic opal
and TOC. Figure 3.7areveals that particularly the downcore profile of Mg/K generally
follows the grain size distribution. After Hass et al. (2010) the granulometric data
evidence colder conditions between 550 and 50 cal yr BP and a warmer phase
between c. 1,400 and 550 cal yr BP. The existence of a colder period within the
Late Holocene, for example, that is equivalent in timing with the LIA of the Northern
Hemisphere has moreover been demonstrated by several studies at different

locations along the WAP, although timing and duration varies regionally (Fig.
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3.7a). Magnetic susceptibility records from Palmer Deep sediments suggest a LIA
equivalent between c. 700 and 100 cal yr BP (Domack et al., 2001), which is widely
consistent with glacial geological results from South Georgia and the sub-Antarctic
islands (Clapperton and Sugden, 1988). Changes in the penguin population on
Ardley Island indicate a cold period from c. 450 to 200 cal yr BP (Liu et al., 2005),
whereas Khim et al. (2002) found evidence for a cooling starting at c. 400 cal yr BP
in a sediment core from the eastern Bransfield Basin, following a warmer phase
between c. 900 and 400 cal yr BP. The fact that Mg/K seems to reflect these climatic
events could have several reasons. This parameter may, for example, be used as a
measure of basaltic melts modified by fractional crystallisation. As it has already been
shown earlier the geochemical signature of core PS 69/335 strongly suggests that
Barton Peninsula is the most probable origin of these sediments (Figs 3.4 and 3.5).
This is additionally evidenced by median Mg/K ratios found in core PS 69/335 (1.7)
and in rock samples from the different peninsulas (Barton Peninsula = 1.5, Weaver
Peninsula = 10.7, Fildes Peninsula = 3.9; see Table S2). However, slight changes
in several element/aluminium ratios between 550 and 50 cal yr BP (e.g., Ti/Al, Zr/
Al, Rb/Al) supports the assumption that small-scale alternations in supply areas
reflecting different stages of glacier extents on Barton Peninsula may be responsible
for this (Fig. 3.7a). Geochemical data of particulate matter discharged from different
melt water streams are not available, which complicates provenance analyses.
However, based on the bedrock data provided by Yeo et al. (2004) retreated glaciers
during warmer periods (e.g., MWP, 1,400-550 cal yr BP) would lead to a higher
influence of Mg-poor and K-rich primary source rocks (BA-2, average Mg/K = 1.8)
and the volcanoclastic Sejong Formation (SF, average Mg/K = 1.1) (Fig. 3.7c).
This in turn would cause a lower average Mg/K ratio of the outcrops of 1.67 (Fig.
3.74a, red line; Table S2). In contrast to that, as is shown in Fig. 3.7b, re-advanced
glaciers between c. 550-50 cal yr BP would have resulted in a shift towards less

fractionated basaltic andesites (BA-1, Mg/K = 6.6) and a higher average Mg/K ratio
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of the uncovered bedrock of 1.79 (Fig. 3.7a, green line; Table S2). This is also in
line with the values found in PS 69/335 (see Fig. 3.7a, MWP average = 1.71, LIA
average = 1.63). Furthermore, we would expect a trend towards lower Rb/Al and
Zr/Al ratios during colder periods when the influence of basaltic andesite 1 rocks
is higher (see Table 3), which is exactly what we see in our sediments (Fig. 3.7a).
Whereas Seong et al. (2009) were not able to reconstruct a glacier advance at Barton
Peninsula in this period, our result is consistent with the study from Hall (2007) who
described a re-advance of the Collins Glacier (Fildes Peninsula) at c. 650 cal yr BP
using radiocarbon dates of incorporated moss.

However, changes in sediment geochemistry can also indicate sorting effects,
particularly in high-energy environments. In this case one would expect winnowing
processes to favour the simultaneous accumulation of coarser grained material
and heavy minerals, such as rutile and zircon (Rittenhouse, 1943). This does not
seem to be true for Maxwell Bay sediments where Zr/Al rather shows an opposing
trend (r = -0.39). Moreover, chemical weathering processes may play an important
role. Thus, Mg/K ratios possibly reflect climatic processes in that Mg is residing in
chemically more unstable minerals such as pyroxenes, and K is present in stable
minerals such as potassium feldspars. During warmer periods increased chemical
weathering would as a result lead to lower Mg/K ratios in coastal sediments.
Considering the fact that K/Al shows a significant decrease during these periods
(Fig. 3.7a) and that this temporal trend is not visible in the CIA record (Fig. 3.10b),
such an explanation appears to be rather unlikely. In general, the geochemical data
does not show any evidence for significant chemical weathering in this area, which
is consistent with results from a couple of other studies along the WAP region (Lee
et al., 2004; Santos et al., 2007) and favours changing provenance and glacier

extents as an explanation for shifts in Mg/K.
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3.6.5. Geochemical proxies for the recent rapid warming along the WAP

Yoo et al. (2009) argued that granulometric and sedimentological data from the
continental shelf of the northern SSI document a return to warmer conditions since
c. 50 cal yr BP. Within the same period decreasing Mg/K ratios in Maxwell Bay
sediments were observed indicating a higher influence of BA-2 source rocks, possibly
triggered by the rapid recent glacier retreat at the Barton Peninsula (Fig. 3.7c). An
additional indicator for rapid recent warming is derived from bulk sediment mass
accumulation rates obtained from 2'°Pb determinations of surface sediments. A
gradual retreat of glaciers north of 64°S has been observed since the 1940s (Cook
et al., 2005), which is reflected by an enhanced input of sediment laden melt water
and a significant increase in MAR ¢ in Maxwell Bay (Fig. 3.3b). Evidence for a faster
retreat of the Fourcade Glacier (KGI) between 1956 and 1988 was found by Braun
and Gossmann (2002). They also stated that in the following decade no significant
glacier retreat and even slight advances were observed for the major glaciers at
nearby Admiralty Bay, which would explain the relative constant MAR ¢ calculated
for the same period. Although no cooling was detected during this time period,
anomalous slowing of glacier retreat was found in several areas along the WAP
(Cook et al., 2005). However, recent studies came to the conclusion that the retreat
of glaciers has accelerated during the last decade (e.g., Cook et al., 2005; Rignot
et al., 2008) leading to higher particle fluxes in the water column and increasing
MAR_.. If air temperatures will continuously rise, as predicted in the latest IPCC
report (Solomon et al., 2007), the input of particulate matter via melt water streams
may increase even further. It is liable that this in turn will also have consequences
for nearshore marine ecosystems. Moline et al. (2004), for example, could show that
these melt water induced changes in light regime, nutrient availability and salinity

have already affected the planktonic community in recent decades.
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3.7. Conclusions

In this study the first comprehensive geochemical characterisation of sediments
from the WAP is presented. Radiocarbon and 2'°Pb data reveal that a composite core
from Maxwell Bay (KGI) comprises a sedimentary record of the last c. 1,750 years
with high sedimentation rates ranging from 0.2-1.7 cm yr'. Ten tephra layers,
most probably derived from Deception Island, were detected by quantitative
XRF measurements and verified by microscopic methods. The layers at 442 and
744 cal yr BP may directly be linked to previous eruptions and/or reported tephra
layers in nearby lacustrine records. The sediment composition is mainly controlled by
the lithogenic background of the study area, consisting of tholeiitic basaltic andesites
most probably derived from the nearby Barton Peninsula. The primary composition
of the sediments is moreover affected by early diagenetic processes (e.g., U and
TS) and by fluctuations in bioproductivity (TOC, BSi/SiO, ) in the overlying water
column. Palaeoclimatic interpretation of the sediment proxies let us infer that the
study site has experienced short-term alternations in regional climate during the last
c. 1,750 years, which may be a result of the climatically sensitive character of this
area. Despite the low downcore variability of most elements, there is evidence that
the supply area has changed during periods of retreat and re-advance of glaciers
on Barton Peninsula. Changes in selected element ratios allow identification of two
main climatic events during the Late Holocene that are equivalent in timing to the
LIA (c. 550-50 cal yr BP) and the MWP (c. 1,400-550 cal yr BP) of the Northern
Hemisphere. Although the study site nowadays is characterised by a warmer
climate, no significant increase in proxies indicating chemical weathering could be
found. Since the end of the 1930s, MAR_ have almost tripled up to the present
(0.66 g cm? yr'), which documents a gradual glacier retreat and input of eroded
particulate material because of the rapid regional warming trend observed in the last
decades. With rising air temperatures predicted for the future the particle flux in the

water column may further increase. However, the resulting severe consequences
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for nearshore marine ecosystems in this sensitive area are hard to predict.
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4.1. Introduction

Since the middle of the last century, mean annual air temperatures on the western

Antarctic Peninsula (WAP) have increased by 3°C (Meredith and King, 2005) making

it one of the most rapidly warming regions on Earth. This warming has already

been linked to marked changes in the distribution of some of the regions’ fauna,

such as the Adélie, Gentoo and Chinstrap penguins, through its impacts on sea-

ice cover, snow accumulation, primary production and the availability of breeding

habitats (Baroni and Orombelli, 1994; Wilson et al., 2001; Fraser and Hofmann,
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2003; Ducklow et al., 2007; Bricher et al., 2008). Previous studies from abandoned
penguin rookeries (Baroni and Orombelli, 1994; Emslie et al., 2007) and changes
in lake sediment geochemistry (Sun et al., 2000; Sun et al., 2004; Huang et al.,
2011) have suggested longer term relationships between late Holocene climate and
penguin population change. However, the spatial distribution and temporal coverage
of these records (Emslie, 2001) limits our ability to use them as a basis for predicting
future changes. Here we present the earliest evidence of penguin occupation on the
Antarctic Peninsula from a high-resolution and well-dated Holocene lake sediment
record from Ardley Island, WAP. Using bio-geochemical markers uniquely associated
with penguin guano, we show that penguins were present from 7.4 cal kyr BP, with
population maxima at 6.1-5.2, 4.3—-3.4 and 2.0-1.4 cal kyr BP, during the warmest
parts of the Holocene. Population change was driven by multiple factors, principally
deglaciation and relative sea level change, which determine nesting site availability,
and changes in sea-ice distribution, which determine access to prey species.
Eruptions from the nearby Deception Island volcano caused near total extinctions of
the local penguin population on several occasions in the last 8,000 years. Penguin
populations are currently below Holocene maximum levels, but our results imply

that they could rise if the Antarctic Peninsula continues to warm.

4.2. Results and Discussion

Penguin populations change in complex ways, responding rapidly to changes in
theirlocal-regional environment, which, in Antarctica, are closely coupled to variations
in global climate and oceanographic conditions. For example, the observed decline in
Adélie penguin (Pygoscelis adéliae) populations on the northern Antarctic Peninsula
in recent decades has been linked to reduced period of sea-ice and proximity to prey
species (Smith et al., 1999). In contrast, populations of Gentoo penguins (P. papua)
are stable or increasing across the Antarctic Peninsula (Woehler et al., 2001). As an

‘ice-avoiding’ species favouring generally ‘warmer’ conditions than Adélie penguins,
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their ‘expansion’ has been associated with the well-documented recent warming of
the Antarctic Peninsula, where reduced sea-ice, ice shelves, and terrestrial glacier
mass, have increased the availability of food closer to terrestrial habitats suitable for
nesting (Ducklow et al., 2007).

All observational records of penguin population change in Antarctica are very
short-term. Therefore, to reconstruct a longer and high-resolution history of penguin
population change during the Holocene, we analysed major and trace elements in
a 9,000 year radiocarbon dated lake sediment record from Ardley Island, WAP (62°
12.774, 58° 56.398; Fig. 4.1, Supplementary Fig. 4.51) and compared it with other

regional records of past penguin occupation and palaeoclimate along the WAP.
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Fig. 4.1. Study Site. Overview maps showing a) Antarctica with b) the location of the western Antarctic
Peninsula with the sampling site of core GC047/TC046 and the South Shetland Islands, c) King
George Island (KGI) with d) the Fildes Peninsula and e) the sampling sites at Yanou Lake (KGI) and
Ardley Lake, Ardley Island. Vegetated areas of increasing intensity shown in yellow-orange were
determined from analysis of satellite data (see supplementary information).
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Previous studies around Antarctica have shown that areas occupied by penguins
have significantly higher concentrations of certain elements found in, or associated
with, penguin guano (namely, As, Ba, Ca, Cd, Cu, P, S, Se, Sr, and Zn) (Liu et al.,
2013; Supplementary Table 4.S1). Since these elements are considered immobile in
soils and lake sediments (Sun et al., 2000; Huang et al., 2011) they are good proxies
for historical changes in penguin presence (Sun et al., 2000). To further control for
biochemical inputs associated with the underlying geology, soils and natural lake
development, we undertook the same analyses on a sediment record from nearby
Yanou Lake (62° 13.243, 58° 57.591, Fig. 4.1, Supplementary Fig. 4.S2), which has
not been occupied by penguins. We also compared terrestrial data with constrained
changes in regional sea-ice during the Holocene using a new diatom proxy ratio
record from the nearest available marine sediment core taken from the Anvers Shelf
(Fig. 4.1b).

The penguin colony in Ardley Island in the South Shetland Islands is dominated
by Gentoo penguins. With c. 5,000 breeding pairs (Fig. 4.1e), it is one of the largest
breeding Gentoo penguin colonies in the Antarctic (ATCM, 2009). Inter-mingled,
there are also c. 300 breeding pairs of Adélie penguins and <50 breeding pairs of
Chinstrap penguins (P. antarctica), but these two latter species account for <10% of
total population (ATCM, 2009). Every breeding season, approximately 139 tonnes
(dry mass) of penguin guano is discharged onto Ardley Island (Sun et al., 2004),
some of which accumulates in the island’s lakes and melt water ponds.

Sediment cores extracted from Ardley Lake (ARD), the only permanent water body
on Ardley Island, record changes in the concentration of the unique assemblage of
biochemical elements associated with changing inputs of penguin guano (Fig. 4.2).
An R-mode cluster analysis performed on the inter-correlation coefficients of major
and trace element concentrations in core ARD clearly separated guano-elements
(Sr, Cu, Zn, Se, Ca, Se, P, C, N, S) and guano-associated elements (Cd, As, Hg)
from lithogenic elements (e.g., Al, Mg, Si, Sc, Ti, Zr, Y, and REE) derived from
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weathering of volcanic bedrock in the Ardley Lake record (Supplementary Fig. 4.54,
Supplementary Table 4.S3). No such clear distinction existed inthe Yanou Lake record
(Supplementary Fig. 4.54, Supplementary Table 4.S4). The presence of penguin
guano in sediment samples from Ardley Lake is further supported by their C/N and
C/P ratios, which are close to the ratios known for guano and humus in ornithogenic
(bird formed) soils, but differ significantly from ratios found in phytoplankton and local
plants (Supplementary Fig. 4.S5). Bi-plots of selected El/Al ratios show that Ardley
Lake sediments are generally located on a mixing line between ornithogenic soils
and eroded local bedrock end members (Supplementary Fig. 4.S6). Therefore, the
mean fraction of ornithogenic soils in Ardley Lake sediments (F__) can be estimated
by using a simple mixing equation (see supplementary information) and used as a
proxy of past penguin population change (Fig. 4.3e).

Our data show that Ardley Lake sediments began accumulating c. 8.8 cal kyr BP
(Supplementary Fig. 4.S1; Supplementary Table 4.S2) when the previously more
extensive South Shetland Islands ice cap had separated into individual ice caps on
each of the islands (Mausbacher et al., 1989; Watcham et al., 2011) and retreated
from this part of the Fildes Peninsula between 10.1 to 8.2 cal kyr BP (Milliken et al.,
2009).

High concentrations of guano-elements show the first occupation of the catchment
by penguins occurred c. 7.4—7.2 cal kyr BP (Fig. 4.3e), suggesting good availability
of relatively flat, ice-free nesting sites around Ardley Lake, with good, sea-ice free
access for short foraging trips. This is the oldest evidence of penguin occupation
on the WAP, preceding occupation of nesting sites along mid-southern WAP from
c. 6 kyr BP, and the northern WAP sector from 5.5 to 0.6 kyr BP (Fig. 4.3g, h; Zale,
1994; Emslie, 2001).

Following this initial occupation of Ardley Island, penguin populations have
fluctuated in response to a range of environmental changes including climate, sea-

ice extent, as well as glaciation, relative sea level and volcanic activity (Fig. 4.3).
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2012); d) Temperature anomaly based on the Epica Dome C ice core record (Stenni et al., 2010); e)
Calculated fractions of ornithogenic soils in core ARD (F_ _); shaded zones represent key visible ash
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Peninsula (Zale, 1994); i). Climate synthesis for the Antarctic Peninsula (Bentley et al., 2009).
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Throughout the Ardley Lake record a long-term relationship between penguin
populations and regional sea-ice persists, suggested by a broadly inverse relationship
between guano-element concentrations (and therefore F__) and the nearest
available diatom-based record of regional sea-ice changes during the Holocene
from the Anvers Shelf (Fig. 4.3f).

The first peak in penguin populations is associated with a reduction in regional
WAP sea-ice during a period of early Holocene warming 8—7 cal kyr BP following
deglaciation. This coincides with lower F. Curta | F. Kerguelensis ratios found in the
Anvers Shelf record between 8.3-6.6 cal kyr BP (Fig. 4.3f), which is interpreted as
a period of warm water conditions and reduced regional sea-ice cover. Increased
sea-ice is associated with increased food availability for most species of penguins
(Croxall et al., 2002; Forcada et al., 2006). However, for Gentoo penguins, warmer
conditions and reductions in sea-ice cover are particularly beneficial as they need
to feed closer to their colony compared to other species (e.g., Adelie penguins) to
support their relatively long breeding-nurturing cycle (Forcada et al., 2006). Gentoo
penguins are known to favour coastal ice-free nesting sites, but can suddenly
abandon existing nests due to the accumulation of too much guano. On Ardley
Island, this and the increasing availability of coastal land as relative sea level fell
during the Holocene (Fig. 4.3a) probably explains some sudden reductions of guano
concentrations in Ardley Lake sediments.

Sporadically, volcanic activity appears to have had a devastating impact on the
size of the penguin colony on Ardley Island. Low guano-element concentrations
followed volcanic eruptions at c. 8-7.5 and 7 cal kyr BP from Deception Island (Fig.
4.3e). Ashort-lived recovery occurred in between these eruptions, but guano-element
concentrations remained low after the c. 7 cal kyr BP eruption until c. 6.5 cal kyr BP,
even though regional sea-ice was relatively reduced, and relative sea level remained
constant at c. 15-16 m above present sea level (Fig. 4.3a, e, f). The general absence

of reworked tephra in the ARD core during this period suggests population change
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and not geochemical dilution was the controlling factor. A two-phase recovery of
the penguin population occurred from 6.5 cal kyr BP, likely associated with regional
sea-ice minima and continued warm climate, which allowed populations to reach
their first major peak (with F__ values >50%) at around 5.5 cal kyr BP. This peak
population was brought to a rapid and catastrophic collapse by another volcanic
eruption (or series of eruptions) from Deception Island between 5.5—4.8 cal kyr BP,
which either deposited a significant amount of tephra directly onto Ardley Island and
across King George Island, creating unsuitable nesting habitats across a wide area,
or possibly caused disruption to local-regional climate and/or marine and terrestrial
ecosystems in the build up to the Mid Holocene Hypsithermal. A minor dilution factor
could be present in the sediments after this eruption, but the prolonged absence of
guano-elements suggests the effect of these eruptions combined with extremely
reduced sea-ice conditions could have reduced available food sources for Gentoo
penguins in this part of the WAP for up to c. 900 years.

Following the 5.5—4.8 cal kyr BP eruption(s), populations remained low between
5.2 and 4.3 cal kyr BP, likely due to a phase of colder regional climate marked by
glacier re-advances on King George Island 6.0—-4.0 kyr ago (Mausbacher et al.,
1989; Watcham et al., 2011) and James Ross Island 6.4—-3.2 kyr ago (Sterken et al.,
2012). After, a substantial increase in the population occurred from 4.3—-3.4 cal kyr BP
(Fig. 4.3e), reaching the highest levels in the Mid-Holocene at c. 4.15 cal kyr BP. This
coincides with relatively low regional sea-ice levels, coupled with a phase of peak-
warmth during the Mid-Holocene Hypsithermal (MHH) detected in adjacent Yanou
Lake through increased biological production (Supplementary Fig. 4.S3), in lake
sediments records from Livingston Island, Elephant Island, Beak Island and James
Ross Island (Bentley et al., 2009; Sterken et al., 2012), marine records from the
Antarctic Peninsula (Bentley et al., 2009; Pike et al., 2013) and ice cores (Masson-
Delmotte et al., 2011) (Fig. 4.3). Relative sea levels at this time were 8—12 m higher

than present, which would likely have forced the expanding colony into the catchment
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of Ardley Lake (Fig. 4.3a, b). The end of the Mid-Holocene penguin optimum was
abrupt and broadly coincided with a renewed phase of volcanic activity between
c. 3.0-3.5 cal kyr BP. Populations then remained low with the onset of a colder
phase (the so-called ‘Neoglacial’) across the Antarctic Peninsula (Domack et al.,
2001; Milliken et al., 2009) after c. 2.5 kyr BP (Fig. 4.3). The initiation of this cooling
phase is seen in the James Ross Island ice core record (Mulvaney et al., 2012; Fig.
4.3c), the most prominent peak in the regional WAP sea-ice proxy record (Fig. 4.3f),
periods of more intense (seasonally persistent) sea-ice in the Palmer Deep marine
diatom record (Taylor and Sjunneskog, 2002) and episodic re-advances of local
glaciers (Domack et al., 2001; Milliken et al., 2009).

The last sustained Holocene increase in penguin population on Ardley Island
occurred c. 2.0-1.4 cal kyr BP, in line with a previous study from a nearby, but
shallower water body on Ardley Island (Sun et al., 2000). At this time, bioproductivity
proxies in Yanou Lake show generally higher concentrations (Supplementary Fig.
4.S3), but the control remains unclear. A locally warmer climate has been suggested
from some regional marine records (Majewski et al., 2012), but is absent from the
James Ross Island ice core record (Fig. 4.3c). The number of breeding penguins
influencing the catchment of Ardley Lake at this time was likely driven upwards,
initially at least, by a decline in regional sea-ice following the 2.5 kyr maximum
(Fig. 4.3e, f). However, lower concentrations of penguin guano in the Ardley Lake
sediments suggests either a relatively smaller population compared to the MHH
optimum or reflects the increased availability of breeding space outside the Ardley
Lake catchment due to the continued rapid fall in relative sea level (Watcham et al.,
2011). After 1.2 cal kyr BP colder conditions and increased sea-ice (Fig. 4.3c, d, f,
i) appear to lead to a reduction in the number of breeding penguins influencing the
catchment of Ardley Lake. Only a relatively minor increase in the penguin population
occurred duringthe lastcentury onArdley Island. This increase appears comparatively

smaller than other Northern Peninsula breeding colonies in, for example, Hope Bay,
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but these are dominated by Adelie penguins, which favour what were ’better-than-

average’ Holocene sea ice conditions up until very recently.

In summary, whilst we cannot assess some factors that determine breeding
success such as pressure from predators (Emslie et al., 1995), the ability to change
diet (Emslie and Patterson, 2007), or recent anthropogenic impacts (Bricher et al.,
2008), this study has revealed the key factors influencing penguin populations on
Ardley Island through the Holocene. Populations appear to be generally linked to
changes in regional climate and sea-ice extent but have experienced several rapid
and catastrophic crashes as a result of volcanic eruptions. The highest populations
were detected at 6.1-5.2 cal kyr BP, 4.3-3.4 cal kyr BP during the Mid-Holocene
Hypsithermal, and at 2.0—1.4 cal kyr BP. This suggests that Gentoo penguin colonies
expanded to occupy more inland areas of Ardley Island during ‘warmer’ periods,
particularly during the Mid-Holocene Hypsithermal. In addition to volcanic activity,
low population episodes appear to have coincided with colder phases with the
expansion of land and sea-ice creating unfavourable breeding conditions for Gentoo
penguins. Despite recent links between increased Gentoo penguin populations and
the warming climate (Ducklow et al., 2007), penguin populations on Ardley Island

appear to be still well below their Holocene optima.
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4.3. Supplementary Information
4.3.1. Supplementary Material and Methods
4.3.1.1. Site description and sampling

Ardley and Yanou Lake are two freshwater lakes situated on Ardley Island and the
nearby Fildes Peninsula at the southern coast of King George Island, South Shetland
Islands, western Antarctic Peninsula (WAP) (Fig. 4.1). The geology of both islands
is dominated by Meso-Cenozoic volcanic rocks of basaltic and basaltic andesite
composition (Machado et al., 2008). Both lakes are surrounded by yellow-green
carpet moss (Sanonia uncinata), lichens (Usnea antarctica) and vascular plants
(e.g., Deschampsia antarctica) covering most of the catchment areas. At present,
the study area has a maritime cold climate which is more humid, warmer, and more
seasonally variable than most other regions of continental Antarctica. Regionally,
the WAP is characterised by a high relative humidity (90%), an annual precipitation
rate of 630 mm water equivalent and a mean annual air temperature of -2.6°C (Liu
et al., 2011a). With summer temperatures frequently above 0°C it is one of only a
few Antarctic regions with considerable summer melting (Pritchard and Vaughan,
2007).

Ardley Lake is the only permanent lake on Ardley Island, which is connected to
King George Island by a narrow isthmus at low tide (Fig. 4.1). It is bounded by a
high steep ridge to the north and a more subdued ridge to the east whereas a scree-
covered steep mound confines the lake to the south. During periods of high water
level, outflow over the sill (17.82 m above mean sea level), from the west, is possible.
At present there is no inflow, but a dry 'channelled depression’ running to the east
could indicate the presence of a former underground or surface inflow. A square-rod
Livingston piston corer (Wright, 1967) was used to extract five overlapping main
cores (ARD 1A-1E) from a core site at the deepest flat area at a water depth of

4.85-5.19 m near the centre of the ice-covered Ardley Lake (Fig. 4.1e).
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In addition, a surface sediment core (ARD-SUR) with a length of 10 cm was taken
at the same location by means of a 50 cm long Russian corer. The five overlapping
main cores were combined into one master core (ARD) with a total sediment depth
of 359 cm composite depth (Supplementary Fig. 4.51).

Yanou is a freshwater lake on the southeast of Fildes Peninsula, King George
Island, situated around 500 m from the sea to the east, directly opposite Ardley Lake
(Fig. 4.1). It is bounded to the south and southwest by a steep scree-covered flat-
topped ridge. To the north are a series of raised beaches, the highest of which forms
the sill (16.56 m above mean sea level). A small desiccation pond is located around
40 m to the east. The lake receives a small inflow from an adjacent lake (Gaoshan
Lake), at higher altitude to the west, and has no surface outflows. However, two
dry ‘channelled depressions’ run out to the north, either side of the sill, which could
mark the position of underground drainages. A UWITEC piston corer was used to
extract three c. 1.9 m long overlapping cores (8A, 8B, 9B) from the deepest part
of a dual basin, with a water depth of 4.9 m. Cores were cut at 1 m for transport
into two sections per core. Consolidated surface sediments were recovered using
a 50 cm long Russian corer which was able to penetrate a c. 3—-5 cm thick living
moss layer carpeting the surface. Four overlapping cores (YAN 8A-1 and YAN 8A-2,
9B-1, 8B-2) were combined into a master core (YAN) with a total sediment depth of
355 cm composite depth (Supplementary Fig. 4.S2). No evidence of slumping was

found in the ARD and YAN sedimentary records.

4.3.1.2. Laboratory methods
4.3.1.2.1. Geochemistry

Cores were transported and stored at -20°C; samples were taken at 1 cm interval,
lyophilised and ground with an agate ball mill and manually with an agate pestle and
mortar. ARD samples were analysed for total carbon (TC), total sulphur (TS) and

total nitrogen (TN) using a CNS analyser (vario EL Cube, Elementar, Germany)
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equipped with a solid-state infrared and a heat conductivity detector. TC and TS
measurements were conducted on YAN sediments by means of an ELTRA CS
analyser. For 69 selected samples the content of total inorganic carbon (TIC) was
determined coulometrically by a CM 5012 CO, coulometer coupled to a CM 5130
acidification module (UIC, USA) while total organic carbon was then calculated as
the difference between TC and TIC (TOC% = TC% - TIC%) according to Babu et al.
(1999).

In core ARD, and in the terrestrial section of core YAN adjusted for the volcanic
ash layer (0-31 and 190-208 cm), TC and TOC are highly correlated (r> = 0.9998
and r?2 = 0.9997). TIC concentrations (av. 0.10 and <0.01 mass%) are further
negligible compared to TC values in both cores (av. 6.2 and 2.5 mass%). Henceforth,
therefore, TC is considered to reflect the amount of organic carbon in Ardley Lake
sediments and the terrestrial section of core YAN. In addition, Loss-on-ignition (LOI)
data was collected for YAN samples using standard/well-established procedures
(Dean, 1974). For this sediment samples were given in preweighed crucibles, dried
for 24 hours at 105°C followed by LOI analysis at 550°C for 2 hours, and 950°C for
4 hours (LOI,, is used to estimate changes in organic carbon).

Quantitative XRF analysis for major and trace elements (SiO,, Al,O,, CaO, K,O,

N
Na,O, P,O,, As, Ba, Cu, Co, Ni, Sr, Y, Zn, Zr) was carried out with a conventional
wavelength dispersive X-ray fluorescence (WD-XRF) spectrometer (Philips PW
2400). Glass beads were prepared following standard procedures (Eckert et al.,
2013). Measurements were undertaken in random order to avoid artificial trends.
Trace element analysis (Cd, REE) of selected samples was performed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS, Element 2 mass spectrometer,
Thermo Fisher GmbH, Germany) at 2500-fold dilution. For acid digestions 100 mg
of each sample was given in a closed polytetrafluoroethylene (PTFE) vessel system

(Heinrichs et al., 1986) and preoxidised with 0.5 mL HCIO, (70%, suprapur®, Merck,
4

Germany) at 180°C for two hours. After 3 mL HF (40%, suprapur®, Merck, Germany)
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have been added samples were heated at 180°C for six hours. In the following the
acids were evaporated at 180°C on heating blocks while the residuals (200 pL)
were re-dissolved with 3 mL 6-N HCI (subboiled) for three times. Subsequently
1 mL HNO, (65%, subboiled) and 10 mL ultra-pure (18.2 MQ) water were added
to the residuals and samples were simmered at 60°C for one hour. Concluding the
solutions were again heated at 180°C in closed vessels for another eight hours to
achieve a total digestion and diluted to 25 mL afterwards. For additional details
concerning XRF and ICP-MS measuring conditions see Schnetger et al. (2000) and
Schnetger (1997). Selenium was determined on acid digestions by graphite atomic
absorption spectrometry using a Unicam 939 QZ AA spectrometer and a Zeeman-
effect background correction. A Milestone DMA-80 Direct Mercury Analyser was
used for the measurement of mercury via cold vapor atomic absorption spectroscopy

(CV-AAS).

4.3.1.2.2. Diatom analysis

Quantitative slides for diatom assemblage analyses were prepared following the
method of Scherer (1994). Samples taken at 8 cm intervals throughout core TC36/
GC47 were dried thoroughly in a warm oven at ~30°C; 5-20 mg of bulk sediment
were sub-sampled into 30 mL vials; samples were cleaned and disaggregated using
3 mL of hydrogen peroxide (30%), 1 mL dilute hydrochloric acid (5%) and Calgon
solution for a minimum of 12 hours in a water bath at ~50°C; settled through a
>10 cm water column onto cover slips for at least 4 hours; cover slips were allowed
to dry before being mounted onto microscope slides using Norland Optical Adhesive
(refractive index = 1.56).

At least 300 diatom specimens were counted at x1000 magnification, using an
Olympus BH2 Light Microscope with x10 magnification eye pieces and an Olympus S
Plan x100 oil immersion lens. Species identifications were based on descriptions by

Tomas (1997) and Scott and Marchant (2005). Relative abundances of the Antarctic
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sea-ice diatom Fragilariopsis curta and the open ocean diatom Fragilariopsis
kerguelensis were calculated and used in a ratio to represent a gradient from sea-
ice to open ocean environments to infer changes in the dominant oceanic conditions

over time.

4.3.1.2.3. Chronology

Chronologies for lake sediment cores were established by AMS radiocarbon ('“C)
dating of macrofossils, in preferential order: 1) moss layers (consisting primarily of
hand-picked fine strands aquatic moss Drepanocladus longifolius (Mitt.) Paris, but
also occasional layers of Campylium polygamum (Schimp.) Lange & C.E.O. Jensen,
and some unidentifiable/mixed species moss fragments — considered more likely to
have been reworked); 2) terrestrial algae; 3) organic-rich bulk sediments and, near
the base of each core: 4) bulk glaciolacustrine or glaciomarine sediments. Bulk
glaciolacustrine and marine sediments were only dated when macrofossils were
completely absent from a key section of core. Paired macrofossil and bulk samples
were measured in the surface sediment of the cores to check for any systematic
offsets between the age of the carbon incorporated in different macrofossil and bulk
sediment fractions.

Macrofossils were hand-picked from frozen bulk material after overnight
defrosting at 5°C; then immersed in ultra-pure (18.2 MQ) water, sealed and placed
in an ultrasonic bath for an hour, sieved to remove fine particles, and picked under a
binocular microscope and dried/refrozen. Samples were sent frozen or dried to the
Scottish Universities Environmental Research Centre (SUERC) and Beta Analytic
(Miami, Florida, USA) for accelerator mass spectrometry (AMS) radiocarbon dating.
Moss samples analysed by SUERC were soaked overnight in cold 0.5 M HCI, filtered
and rinsed free of mineral acid with deionised water. As samples were small, they
were placed directly into quartz tubes inserts containing quartz wool and dried by

freeze drying. Microbial mat samples were digested in 2 M HCI (80°C for 8 hours),
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washed free from mineral acid with distilled water then dried and homogenised. All
other SUERC-samples were heated in 2 M HCI (80°C for 8 hours), rinsed in deionised
water, until all traces of acid had been removed, and dried in a vacuum oven. The
total carbon in a known weight of all pre-treated samples was recovered as CO, by
heating with CuO in a sealed quartz tube. The CO, was converted to graphite by Fe/
Zn reduction. Samples dated by Beta Analytic were leached with a 0.5 M to 1.0 M
HCI bath to remove carbonates, heated to 70°C for 4 hours. Leaching was repeated
until no carbonate remained, followed by rinsing to neutral 20 times with deionised
water, then placed in 0.5% to 2% solution of NaOH for 4 hours at 70°C and rinsed to
neutral 20 times with deionised water. The process was repeated until no additional
reaction (typically indicated by a colour change in the NaOH liquid) was observed.
Samples were then leached again in a 0.5 M to 1.0 M HCI bath to remove any
CO, absorbed from the atmosphere by the NaOH soakings and to ensure initial
carbonate removal was complete, and then dried at 70°C in a gravity oven for 8—12
hours.

Marine cores TC046 and GCO047 were spliced together using the magnetic
susceptibility record. The spliced record comprises the top 0.4 m of TC046 together
with the whole of GC047. All depths in the text are provided as composite depths, i.e.
for GC047, depths provided are the original core depth plus 0.4 m. The chronology
for TC046/GC047 is based on four AMS radiocarbon dates. A minor age reversal
occurred between 4.0 and 4.19 m (composite depth; minimum reversal 262 years,
maximum 714 years).

For freshwater samples, calibration of terrestrial “C ages was carried out in
OXCAL v. 4.2 (Bronk Ramsey, 2009) using the SHCal04.14C Southern Hemisphere
atmosphere dataset (McCormac et al., 2004; Reimer et al., 2004). Absolute
percentage of modern carbon (pMC) data were corrected according to '*C/'2C
isotopic ratios from measured pMC, where a “modern” pMC value is defined as

100% (AD 1950), and the ‘present day’ pMC value is defined as 107.5% (AD 2010).
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In the marine-influenced sections of the Yanou Lake sediment core, MARINEO9
(100%) marine and a mixed MARINEO9/SHCal04.14C (50% marine) (Reimer et al.,
2009) calibration curves were compared, with an Antarctic marine reservoir effect
for this locality of AR value of 664 + 10 years (1,064 + 10 years minus the global
marine reservoir of 400 years) based on the ages of contemporary water samples
reported from Maxwell Bay (Watcham et al., 2011), which has a similar coastal
setting in the west Antarctic Peninsula region and is also subject to seasonal melt
water from tidewater glaciers. Only MARINEQ9 (100%) results are shown for clarity.
Radiocarbon data from the Anvers Shelf record were calibrated using MARINEO9
(100%) calibration curve, with a AR value of 1,470 + 70 years, which represents the
1,870 £ 70 surface age obtained for this core minus the global marine reservoir of
400 years. The core top age of 1,870 “C years was subtracted from the remainder
of the dates before calibration to account for the total reservoir effect. The resulting
age model shows the composite core spans 12,250 to 84 cal yr BP. We consider
the use of a larger reservoir effect at this location to be appropriate because it is a
deeper and more open water locality than Maxwell Bay.

Radiocarbon age data are reported as conventional radiocarbon years BP
(™C yr BP) = 10, and as two-sigma (95.4%) calibrated age ranges, mean + 10, and
median calibrated ages (cal yr BP relative to AD 1950) (Supplementary Table 4.S2).
Calibrated ages are rounded to the nearest 5 years where measured radiocarbon
age errors were less than *+ 50 radiocarbon years and to the nearest 10 years where
measured radiocarbon age errors were greater than £ 50 radiocarbon years.

Classical age-depth modelling was undertaken using CLAM v2.1 software
(Blaauw, 2010). Interpolated ages in the text were rounded to the nearest 10 years
and derived from the ‘best-fit’ age of the CLAM age-depth model, with interpolated
2-0 (95%) calibrated age ranges shown in brackets, also rounded to the nearest 10
years. Calibrated "“C ages are in, or are very close to, chronological order with respect

to sediment depth in both cores, except for the age reversal at 22 cm in the ARD
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core which has an anomalous high age of 3,480 cal yr BP, caused by re-working of
older organic material from the catchment (Supplementary Fig. 4.S1). This sample
was not included in the CLAM age-depth modelling exercise. In the ARD core, linear
sedimentation rates (LSR) range between 7 and 86 cm kyr. Significantly higher
values with up to 260 cm kyr' present between 4,070-5,125 cal yr BP (74-281 cm)
in laminated sediments (with no evidence for slumping) were either due to higher
sediment input into the lake following a volcanic eruption from nearby Deception
Island at c. 4.8-5 kyr (Willmott et al., 2006), or ‘flat’ regions of radiocarbon calibration
during this time period (Blaauw and Christen, 2011). Away from marine or marine
influenced sediments, a large reworked tephra deposit creates a similar same age-
depth profile in the YAN core (Supplementary Fig. 4.52). We did not date samples
within the c. 5,000-year tephra deposit in the YAN record. There were no terrestrial
macrofossils present because Yanou Lake was at or below sea level at the time of
this eruption and these sediments were overwhelmingly composed of volcanic ash

and therefore contained insufficient carbon for dating.

4.3.1.3. Statistical analysis

At least 7-fold measurements of several carefully selected in-house (PS-S,
UT-S, TW-TUC, Loess, BB-TUC, ICBM-B) and international reference standards
(AGV-1, GSS-6, GSD-2, BE-N, NIST-1515 Apple Leaves) were conducted in order
to warrant the precision and accuracy of the methods. To determine the degree
of statistical spread and therefore the precision of a method the relative standard
deviation (RSD) was used (Skoog and Leary, 1996). In case of TC, TS, TN, and XRF
analyses multiple determinations of reference material were performed to calculate

the pooled relative standard deviation (RSD (Skoog and Leary, 1996). To get

pooled)
an idea of the accuracy of a method the relative error f representing the variation
from the certified value is determined (Skoog and Leary, 1996). Precision was better

than 1.5% for major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, K, P) and <5% for bulk
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parameters (TS, TN, TC, TIC) and minor elements (Ba, Co, Hg, Sr, V, Y, Zr, Zn,

REE). Exceptions are given by As, Cu and Ni (RSDpoo 4 <8%) In general, accuracy

e
is ranging from -3.1 to 4.5% (major elements and bulk parameter) and -8.2 to 5.1%
(minor elements), except for Na,O (9.2%), MgO (7.7%), Cu (7.8%), and Gd (-10.8%).
Where f>5% (major elements) and f>10% (trace elements) correction factors were
calculated based on the reference samples in order to minimise systematic errors.
Correlation analysis was undertaken using R 2.15.2 (R Foundation of Statistical
Computing). Hierarchical R-mode cluster analyses were conducted with the R
package ‘Pvclust’ version 1.2-2 (Suzuki and Shimodaira, 2006) using average
method and a correlation-based dissimilarity matrix. Based on multiscale bootstrap

resampling (number of bootstrap: 10,000) approximately unbiased p-values were

further calculated to assess the uncertainties in cluster analysis.

4.3.1.4. Calculation of the average fraction of ornithogenic soils in lake sediments
As evidenced by selected element-aluminium crossplots (Supplementary Fig. 4.
S6) Ardley Lake sediments clearly represent a mixture between two end members,
eroded Ardley Island bedrock on the one hand and ornithogenic soils from the
lake’s catchment on the other hand, Therefore, the average relative proportion of
ornithogenic soils in Ardley Lake sediments (F__) can be estimated by using a mixing

equation modified after Shultz and Calder (1976):

{ 5 El/Alsmp—El/Albng

El=Cu,Sr,Zn,P El/Alnv - El/Albgd
4

F, (rel%)= -100 (4.51)

EI/AIsmp is the element/aluminium ratio of selected bio-elements (Cu, P, Sr, Zn) in
Ardley Lake sediments and EI/AIbgd (mean Ardley Island bedrock; Machado et al.,
2005) and EI/Al . (guano-bearing ornithogenic soils; Tatur et al., 1997) represent

the respective ratios in both end members. Aluminium was used for standardisation
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because of its low solubility in common soil solutions with normal pH values, thus
representing an ideal immobile element for the lithogenic background, which is not
affected by biogenic or diagenetic processes (Brumsack, 1989; Calvertand Pedersen,
1993; Young and Nesbitt, 1998). In order to minimise misinterpretation of this proxy,
the average fraction of ornithogenic soils in the lake sediments was calculated using
a combination of four chemically unrelated EI/Al ratios which provides a buffering
effect on possible variations in ornithogenic soil and bedrock composition over time.
The resultant F__ value, for example 20%, means that 20% of the sediment sample
is ornithogenic soil and 80% eroded bedrock. However, it should be noted that a
fraction of ornithogenic soil in the lake sediments of 20% does not necessarily mean
that there were twice as many penguins in the catchment compared to a value of
10%, only that the input of guano-influenced soils during this respective period was
doubled.

Theoretically, every F__ value >0% is evidence for guano/ornithogenic soil input
above the terrigenous background level. Therefore, the F__ value of 10% or more
was used to indicate presence of penguins around Ardley Lake. (dotted line in
Fig. 4.3d). Given that measurement errors are <1%, this is considered to be a very
conservative estimate of penguin guano input and ‘penguin occupation’ in the lake’s

catchment area.

4.3.1.5. Satellite analysis of present day vegetation

The distribution of present day vegetation shown in Fig. 4.1 is calculated from
Very High Resolution Quickbird2 satellite (image number 1010010004D26100)
taken on the 215t of February 2006 with an on-the-ground resolution of 2.4 m per
pixel. The results show NDVI (Normalised Difference Vegetation Index) values
from the uncorrected imagery where values are above a 0.06 NDVI, a ratio found
to be representative of the cut-off between poorly vegetated and bare ground in

Antarctic vegetation assemblages (Fretwell et al., 2011). NDVI analysis returns a
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ratio indicating the amount of live green vegetation in each pixel of the satellite
image based upon the relative amounts of red and infra-red light. The cell structure
of chlorophyll containing cells absorbs red light whilst reflecting light in the infra-red
part of the spectrum, a number of commonly used remote sensing indices are based
upon this relationship; NDVI being the most common of these (Gates, 1980). The
ratio gives an indication of verdancy of vegetation in an area, however not all lichens
can be identified using this index as some species shield the chlorophyll contained
in their algal cells. The results shown here show a number of areas of vegetation
on Ardley Island with NDVI values over 0.30 (displayed in red on the map), these
are likely to be verdant moss banks or stands of Deschampsia. The analysis shown
here is part of a larger on-going effort to use remote sensing methods to identify and

map vegetation on the Antarctic Peninsula using satellite data.

4.3.2. Supplementary Results and Discussion
4.3.2.1. Summary core descriptions

In the Ardley Lake sediment record, seven major lithological units, consisting
mainly of alternating olive-grey to black organic mud layers and fine laminated grey
to black organic silt, were identified (Supplementary Fig. 4.S1). The base of the
core (333-359 cm) is characterised by black coarse sands and light grey clay with
medium-coarse sand and gravel clasts. Five main lithological units were identified
in the Yanou Lake record. Units 1-2 are glaciomarine and lagoonal sediments, with
the gravel-rich diamicton, overlain by fine sediments with shallow marine diatoms,
deposited when Yanou Lake was below sea level. The short-lived phase of terrestrial
lagoonal sedimentation at the base of Unit 2 and the airfall tephra deposit has been
linked to a stalled phase of deglaciation at this location during the Early Holocene.
Unit 3 is composed of fine terrestrial sediments and moss layers, with fresh-brackish
diatoms. Unit 4 is a ¢. 130 cm thick deposit composed of airfall and reworked

volcanic ash and silty-clay sediment with the occasional sand grain size layer. Unit 5
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is composed fine terrestrial sediments, tephra and moss layers, with fresh-brackish

diatoms associated with Yanou Lake’s proximity to the coast.

4.3.2.2. C/N and C/P ratios

Results of bio-element assemblages indicating the presence of guano in Lake
Ardley sediments are supported by their C/N and C/P ratios we compared with arange
of ornithogenic (bird formed) soils, phytoplankton and local plants (Supplementary
Fig. 4.S4). The C/N ratios of catchment mosses, lichens, liverworts and vascular
plants, such as Deschampsia antarctica (Fig. 4.1) are significantly higher (C/N
ratios = 21-114; Lee et al., 2009) than Ardley Lake sediments (C/N = av. 6.6;
Supplementary Fig. 4.54), and nearby ornithogenic soils (av. 6.3; Tatur et al., 1997).
Mean Ardley Lake sediment C/P ratios of 3.3 suggest that the biogenic fraction is
derived from a mixture of guano (av. = 1.2; Tatur et al., 1997) and ornithogenic soils

(av. = 3.7; Tatur et al., 1997).

4.3.2.3. Bio-element assemblages and their usability as proxy for ornithogenic soil
input

Our penguin proxy is based on previous studies around Antarctica which have
shown that ornithogenic (bird formed) soils and lake sediments in areas occupied
by penguins have significantly higher concentrations of guano-related elements
compared with control sites (Supplementary Table 4.S1). Lake sediments from
Hope Bay, Antarctic Peninsula, for instance, were found to be highly enriched in
Ca, Cd, Cu, P, Sr, and Zn, which was linked to a fluctuating input of guano into
the lake (Zale, 1994). Geochemical studies on soils of active penguin rookeries in
the Seabee Hook area of Cape Hallett in northern Victoria Land, East Antarctica
revealed a significant enrichment in elements, like As, Ca, Cu, P, S, and Zn (Hofstee
et al., 2006). Similarly, in the Vestfold Hills higher concentrations of As, Cd, Cu,
F, Mg, Ni, P, Se, Sr, TC TN, TS, Zn are found in ornithogenic soils (Huang et al.,
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2009; Huang et al., 2011). At Cape Bird and on Beaufort Island (Ross Sea region)
ornithogenic sediments are typically enriched in As, Cu, Cd, Cu, P, TS, and Zn (Liu
et al., 2013). Margin sediments from ponds located on Ardley Island influenced by
penguin droppings are shown to be characterised by enhanced concentrations of
Ba, Ca, Cu, F, P, Se, Sr, TC, S, Zn (Sun et al., 2000; Liu et al., 2005). In another study
the flux ratio vs depth profiles of P, Zn, Cu, Se, F, As, Cd, and Ni over Al was used to
reconstruct the historical seabird population in the catchment area of Mochou Lake,
Larsemann Hills (Liu et al., 2007). There are several reasons why these bio-element
assemblages represent ideal proxies for changes in ornithogenic soil input. First,
since the relative proportion of penguin influenced soils and lithogenic material in
the overland runoff is expected to be stable, changes in bio-element concentrations
in the lake sediments are rather an indicator for variations in ornithogenic soil
input than to changing erosive rates (Liu et al., 2011b). In addition, the high inter-
correlation of chemically different bio-elements ensures that simultaneous changes
in their concentrations are directly related to fluctuations in guano input and do
not just reflect post-depositional processes or changes in provenance (Zale, 1994).
Related to that many of the bio-element assemblages found in this and previous
studies are considered to be immobile in (Antarctic) lake sediments (Dearing, 1986;
Sun et al., 2000; Huang et al., 2011), which is due to several factors. Phosphates,
like struvite (Mg(NH,)PO, x 6 H,O), leukoposphite and in particular hydroxylapatite
(Ca,(PO,),(OH)) are one of the dominant compounds found in ornithogenic soils at
King George Island (Tatur and Barczuk, 1985). The high correlation between Mg and
P in ornithogenic soils from Vestfold Hills may indicate the present of struvite (Huang
et al., 2011), but in the Ardley Lake sediments Mg is likely derived from the bedrock
lithology (Supplementary Fig. 4.S4). The more positive correlation between Ca and
P (r=0.63, p<0.001; Supplementary Table 4.S3) suggests that hydroxylapatite is the
main phosphate phase in core ARD. During the precipitation of apatites an exchange

between Ca*, PO,*, F- and OH- on the one side and elements, like Ag, Br, Ba, Cd,
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Cu, Cr, I, Na, Mg, Mo, Pb, S, Se, Sr, U, V, Y and Zn on the other side is possible
(Jarvis et al., 1994; Sauer et al., 1997; Abraitis et al., 2004; Tribovillard et al., 2006),
and this is coupled to microbial mediated degradation of solid phases (Jarvis et al.,
1994). Consequently, trace elements, which have naturally higher concentrations in
penguin guano are enriched in these phosphate phases and immobilised during this
substitution process. Heavy metals, like Cu, Hg and Cd are often bio-accumulated
in top predators, such as mammals and sea birds due to their high Cu, Cd and Hg
dietary intake (Rainbow, 1989; Ancora et al., 2002). Thus, penguin or sea mammal
droppings can be a source for these elements. In contrast, the behaviour of Hg in
sediments is more complex. In its methylated form, mercury is highly mobile and
gradually released from the sediments after deposition (Mercone et al., 1999).
However, since Se and Hg showing similar trends in ARD sediments (see Fig. 4.2)
the formation of more stable HgSe (tiemannite) and CdSe, which is an end product
of biochemical detoxification, is possible (Magos and Webb, 1980).

Geochemical shifts found in the Ardley Lake record are not related to marine
or brackish to freshwater transitions since the assemblage of elements found has
only previously been found in guano-influenced deposits. Furthermore, no such
assemblage exists in the Yanou Lake record, which has a well-defined marine-
brackish-freshwater transition (Watcham et al., 2011).

In summary, we concluded that simultaneous changes in bio-element
concentrations in our lake sediments directly reflect the amount of ornithogenic soils
present in the catchment area and are, therefore, indirectly linked to the number of

penguins present in the catchment.
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4. Penguin colony expension on the WAP
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4. Penguin colony expension on the WAP
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Fig. 4.S3. Whole core geochemistry of core YAN from Yanou Lake. Developing regional
tephrochronology for the Antarctic Peninsula region, ARD core F__ profile from Ardley Lake (Fig. 4.3)
compared to TOC, LOI,, and guano-associated bioelement/aluminium ratios vs age (cal yr BP)
in core YAN. Volcanic ash data is from Roberts et al. (2011), Bjorck et al. (1991d), and Toro et al.
(2013).
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4. Penguin colony expension on the WAP

a. Ardley Lake (ARD) b. Yanou Lake (YAN)
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Fig. 4.S4. R-mode cluster analysis of cores ARD and YAN. Results of R-mode cluster analysis for
measured major and trace elements of a) core ARD and b) core YAN. Red values at the edge of each
cluster represent AU (approximately unbiased) p-values (%) for the null hypothesis HO ‘the cluster
does not exist’. Clusters with AU p-values larger than 99% are highlighted by red rectangles. Major
and trace elements known to be enriched in guano and ornithogenic soils are marked in green.
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Fig. 4.85. Comparison of C/N and C/P ratios. a) C/N and b) C/P ratios b) of Ardley Lake sediments
(open circles), local lichens (e.g. usnea antarctica), liverworts (cephalozia varians), mosses, vascular
plants (Deschampsia antarctica) (Lee et al., 2009) and different types of ornithogenic soils (Tatur
et al., 1997). The solid and the dashed line represent the linear correlation curve of the samples
from core ARD and the general C/N and C/P ratios of phytoplankton according to the Redfield ratio,
respectively.
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Fig. 4.S6. Element crossplots. Biplots of selected element/aluminium ratios of Ardley Lake sediments
(this study), ornithogenic soils (Tatur et al., 1997) and local bedrock (Machado et al., 2005).
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4. Penguin colony expension on the WAP

4.3.4. Supplementary Tables

Table. 4.S1. Bioelements present in guano around Antarctica. Comparison of bio-elements found
in ornithogenic sediments and penguin guano around Antarctica. n.d.: not determined. Data is from
Zale (1994)2, Hofstee et al. (2006)°, Huang et al. (2011)°, Huang et al. (2009)¢, Liu et al. (2013)¢, Sun
et al. (2000)', Liu et al. (2005)? and Liu et al. (2007)".

Location Sample type CuPS As Se Zn Cd F Sr Ca Mg Ni Ba
Lake Boeckella, ornithogenic

. X X nd x x nd x Xx
Hope Bay? sediments

Seabee Hook,
Cape Hallett, penguin guano X X X X X X X X n.d.
northern Victoria Land®

Zolotov Island, ornithogenic

Vestiold Hillse sediments X X X nd nd. X n.d. X n.d.
Gardner Island, ornithogenic d

Vestfold Hills® sediments XXX XX n X X

Beaufort Island &
Cape Bird,
Ross Sea region®

ornithogenic
sediments

Lake Y2,
Ardley Island,
South Shetland Islandsf

ornithogenic
sediments

Lake Y4, ornithogenic
Ardley Island, 9 X X X X X nd x X X

sediments
South Shetland Islands?

Mochou Lake, . .
ornithogenic

Larsemann Hills, . X X X X X X X X
. sediments

East Antarctica”

Lake Ardley,

Ardley Island, ornithogenic

South Shetland Islands sediments
(this study)
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5.1. Abstract

Redox-sensitive trace metals (Mn, Fe, U, Mo, Re), nutrients and terminal metabolic
products (NO,, NH,*, PO, %, total alkalinity) were for the first time investigated in
pore waters of Antarctic coastal sediments. The results of this study reveal a high
spatial variability in redox conditions in surface sediments from Potter Cove, King
George Island, western Antarctic Peninsula. Particularly in the shallower areas of
the bay the significant correlation between sulphate depletion and total alkalinity,
the inorganic product of terminal metabolism, indicates sulphate reduction to be the
major pathway of organic matter mineralisation. In contrast, dissimilatory metal oxide
reduction seems to be prevailing in the newly ice-free areas and the deeper troughs,
where concentrations of dissolved iron of up to 700 uM were found. We suggest that
the increased accumulation of fine-grained material with high amounts of reducible
metal oxides in combination with the reduced availability of metabolisable organic
matter and enhanced physical and biological disturbance by bottom water currents,
ice scouring and burrowing organisms favours metal oxide reduction over sulphate
reduction in these areas. Based on modelled iron reduction rates we calculate an

Antarctic shelf derived input of potentially bioavailable iron to the Southern Ocean
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of 1.2-18 mg m? yr'. This contribution is in the same order of magnitude as the flux
provided by icebergs and significantly higher than the input by aeolian dust. For this
reason suboxic shelf sediments form a key source of iron for the high nutrient-low
chlorophyll (HNLC) areas of the Southern Ocean. In view of rising temperatures at
the WAP accompanied by enhanced glacier retreat and the accumulation of melt
water derived iron-rich material on the shelf this source may become even more

important in the future.

5.2. Introduction

The microbially mediated mineralisation of organic material forms a major
process controlling the redox conditions and therefore the cycling of trace metals
and nutrients in marine sediments (e.g., Elderfield et al., 1985; Shaw et al., 1990).
Since the oxidation of carbon is coupled to the reactivity and availability of electron
acceptors, like O,, nitrate, Mn(1V), Fe(lll) or sulphate, their occurrence or absence in
pore waters provides valuable information on redox conditions in the sediment (e.g.,
Beck et al., 2008b; Canfield and Thamdrup, 2009). Redox-sensitive trace metals
(Fe, Mn, V, Mo, U, Re) and nutrients (NO,,, NO,, NH,*, PO,*) have therefore been
successfully used to decipher the redox state and biogeochemical processes in a
wide range of coastal marine and deep-sea sediments of the North Atlantic, the
North Pacific, the North Sea and off Peru (Froelich et al., 1979; Shaw et al., 1990;
Canfield et al., 1993; Morford et al., 2005; Beck et al., 2008a; Beck et al., 2008b;
Scholz et al., 2011; Morford et al., 2012). Several studies have shown that in the
neritic zone, where the aerobic layer is often only a few millimetres thick, sulphate
reduction is considered to be the dominant pathway of anaerobic organic matter
degradation, which accounts for up to 92% of carbon oxidation (Jgrgensen, 1982;
Thamdrup and Canfield, 1996; Kostka et al., 1999). In contrast, the importance of
other electron acceptors, like nitrate, manganese or iron is often neglected although

in areas with Mn and Fe-rich surface sediments metal oxide reduction may play a
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major role as well (Canfield et al., 1993; Thamdrup and Canfield, 1996; Rysgaard et
al., 1998; Vandieken et al., 2006).

To date there are only a few studies dealing with geochemical processes and
organic matter degradation in coastal marine sediments in the sub-Antarctic or
Antarctic. Hartnett et al. (2008), for example, calculated benthic oxygen fluxes
and denitrification rates from pore water profiles collected close to Anvers Island
at the western Antarctic Peninsula. They could show that O, consumption rates
on the Antarctic continental margin are comparable to rates found in other typical
continental margin sediments. The influence of bioturbation on nutrient (NH,*, NO,")
exchange rates between the sediment-water interface were analysed in sediments
from Factory Cove, Signey Island, South Orkney Islands by Nedwell and Walker
(1995). Further studies dealt with sulphate reduction rates in Subantarctic sediments
off Signey Island (Nedwell, 1989) and in Ellis Fjord, Vestfold Hills, East Antarctica
(Franzmann et al., 1988). However, investigations about early diagenetic processes
and the behaviour of redox-sensitive trace elements in Antarctic pore waters are rare
and restricted to deep sea regions of the Southern Ocean (e.g., King et al., 2000).
This gap is astonishing as the Southern Ocean is known to be a high nutrient-low
chlorophyll (HNLC) region where primary production is limited by the availability
of bioavailable iron (e.g., Martin et al., 1990; Boyd et al., 2007). Consequently, the
recycling of trace metals in Antarctic shelf sediments and their subsequent release
into the water column could possibly represent an important source of bioavailable
iron to the Southern Ocean, as it has been proposed by several authors (Lancelot et
al., 2009; Tagliabue et al., 2010; Shaw et al., 2011; de Jong et al., 2012).

In this study we for the first time report data on redox-sensitive trace metals (Mn,
Fe, Mo, U, Re), nutrients (NO,_, PO,*), sulphate and terminal metabolic products
(NH,*, H,S, total alkalinity) determined in pore waters from Potter Cove, King George
Island, maritime Antarctica. In combination with solid-phase data (bulk parameters,

like TOC and TS) we intend to shed light on controlling factors of early diagenetic
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processes and redox conditions at different locations in this model area. Moreover,
using a modelling approach the potential of Antarctic shelf sediments as a significant

source of bioavailable iron for the Southern Ocean will be discussed.

5.3. Trace element geochemistry
5.3.1. Iron

In oxic environments iron is naturally occuring as solid Fe(ll) and Fe(lll) bearing
silicates and (hydr)oxides (Poulton and Raiswell, 2005; Schroth et al., 2009). During
early diagenetic processes in the sediment microbially mediated reduction and
dissolution of reactive Fe (oxyhydr)oxides can occur leading to an enrichment of
dissolved Fe(ll)inthe pore water (e.g., Canfield etal., 1993). Whereas in the presence
of H,S Fe (hydr)oxides (e.g., ferrihydrite or lepidocrocite) rapidly react to insoluble
Fe(ll) phases, like FeS and finally pyrite (FeS,), residual Fe silicates require more
than 10° years for a significant sulphidisation due to their slower reaction kinetics

(Canfield, 1989; Canfield et al., 1992; Raiswell and Canfield, 1996).

5.3.2. Manganese

While stable in its oxidised and solid form in oxic seawater, Mn(IV) oxides are
reduced to dissolved Mn(ll) (and Mn(lIl)) in suboxic sediments (Stumm and Morgan,
1981; Trouwborst et al., 2006; Madison et al., 2013). With increasing alkalinity
production in deeper, anoxic sediment layers Mn(ll) is fixed again to the sediments
by precipitation of mixed Ca—Mn carbonates (Middleburg et al., 1987; Jakobsen
and Postma, 1989; Mucci, 2004). Mn (hydr)oxides are associated with Fe and some
trace elements (e.g., As, Co, Mo, Ni, V) which are either incorporated or adsorbed
on their surface and whose cycling is directly linked to dissolution and precipitation

processes of the respective (hydr)oxide (e.g., Shaw et al., 1990; Burdige, 1993).
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5.3.3. Rhenium

Rhenium is characterised by its conservative behaviour in marine waters,
presumably present as an oxyanion (Re(VII)O,”) at 39.8 + 0.2 pM (corrected to
35%o salinity, Anbar et al., 1992; Colodner et al., 1995). In suboxic pore water ReO,
is probably reduced to Re(lV) and adsorbed or precipitated into sediments where
conducive conditions for organic matter oxidation by Fe(lll) and sulphate reduction

are persisting (Colodner et al., 1993; Morford et al., 2012).

5.3.4. Molybdenum

Being conservative in oxic marine environments, molybdenum is present as
dissolved molybdate (Mo(IV)O,*) showing concentrations of around 110 nM at a
salinity of 35%o (Morris, 1975; Algeo and Tribovillard, 2009). In reducing sediments
when hydrogen sulphide concentrations in the pore water exceed 50-250 yM (Helz
et al., 1996; Zheng et al., 2000) MoO,* is subsequently transformed into dissolved
thiomolybdates (MoO S, *, x = 0 to 3) and finally scavenged as particle-reactive
tetrathiomolybdate (MoS,*) by iron sulphides and/or humic materials (Bertine and
Turekian, 1973; Erickson and Helz, 2000; Tribovillard et al., 2004; Vorlicek et al.,
2004). Furthermore, an association between pore water Mo and the formation or

reductive dissolution of iron and manganese oxihydoxides was found (Crusius et

al., 1996; Helz et al., 1996).

5.3.5. Uranium

Uranium shows a conservative behaviour in oxygenated seawater where it is
present as soluble U(VI) carbonate complex (UO,(CO,),*) at approximately 13 nM
(Ku et al., 1977; Langmuir, 1978). According to Klinkhammer & Palmer (1991) 75%
of the removal of dissolved U from the ocean is related to the diffusion of U into
suboxic sediments. Below the iron reduction zone and mediated by bacterial Fe

and sulphate reduction it is reduced to U(IV) or U(lll) and finally deposited as stable
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UQ, (Lovley et al., 1991; Sani et al., 2004). Several studies moreover underline the
evident association between U and Fe oxides, which seem to co-cycle in suboxic
sediments (Barnes and Cochran, 1990; Church et al., 1996; Duff et al., 2002; Morford
et al., 2007).

5.4. Regional Setting

Potter Cove is a4 km long and 2.5 km wide tributary inlet at the southwestern end
of King George Island (KGI, 62°23’S, 58°27'W), the largest of the South Shetland
Islands. A shallow (<30 m) transversal sill separates the inner (~3.0 km?) from
the outer cove (~3.5 km?), which is characterised by a broad intertidal area with
water depths between 100 and 200 m in the southeast and extensive underwater
macroalgal forests on hard bottom at its coasts (Kloser et al.,, 1994; Iken et al.,
1998). In the inner cove, in contrast, where water depths do not exceed 50 m, soft
substrate is dominant. While Fourcade Glacier has covered half of the inner cove
in the 1950s, its tidewater front has been retreating more than 1 km to the east and
is grounding on the shore since c. 2008 (Ruckamp et al., 2011). Nowadays, high
glacial cliffs grounded on bedrock surround the cove in the northern and eastern
sector, whereas a broad sandy beach delimits the bay in the south. Between July/
August and October Potter Cove is completely covered by ice, which starts to break
up end of October/early November (Yoon et al., 2004). During the rest of the year
the cove is ice-free and the hydrology of Potter Cove is dominated by saline and
cold subsurface waters (34.0-34.5 psu, <0°C) from the adjacent Maxwell Bay, which
enters the cove in the northwestern part in a generally wind-driven cyclonic circulation
pattern (Roese and Drabble, 1998). Itis overlain by a surface layer of less saline and
warmer water (<34 psu, 0-1°C) influenced by seasonally and interannually varying
freshwater discharge from the melting Fourcade glacier and surface runoff (Khim
and Yoon, 2003). Three main streams with different regimes (snowy-lacustrine in

the southwest and snowy-glacial in the south-east) carrying sediment-laden melt
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water meander through the southern shore. By these streams about 0.14 kg m of
fine-grained suspended particulate material (0.0042-0.532 kg s) is transported into

coastal waters during the melting period (Schloss et al., 2002).

5.5. Material and Methods
5.5.1. Sampling

During austral summers 2009/2010 and 2010/2011 103 surface sediment samples
were taken in Potter Cove, King George Island on a regular grid at c. 200 m distance
intervals using a Van Veen grabber (Fig. 5.1, Table 5.1). Moreover, 46 sediment cores,
characterised by an overlying water column showing no evidence for resuspended
sediment and a clearly defined sediment-water interface were retrieved at different

locations. Sampling was done using a modified sediment corer (UWITEC, Austria)

3100000

3099000

3098000

3097000

I
UTM Zone 2218
WGS 84 411000 412000 413000 414000 415000

Fig. 5.1. Map of the study site with sampling locations. Sediment cores (squares) and surface
samples (grey dots) were taken during austral summers 2009/2010 and 2010/2011. Black squares
mark sediment cores where pore water data are available.
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Table. 5.1. Overview of pore water core locations, including sampling date, UTM coordinates (Zone
Z21E; WGS84), water depth, coring gear and core length (recovery in brackets). GC: gravity corer,
PC: push corer.

Water Depth Core length
Core name Sampling Date  Grid Easting Northing Gear
(m) (cm)
PC/PO1 28.12.2011 21E 414712 3099674 ~30 GC 29.0
PC/P02 17.01.2011 21E 414796 3099363 9.7 GC 45.0 (44.0)
PC/P03 04.02.2011 21E 414146 3099280 32 GC 45.0 (44.0)
PC/P04 04.02.2011 21E 414593 3099976 43 GC 43.0
PC/P05 08.01.2011 21E 413518 3099007 36 GC 30.0 (28.0)
PC/P06 20.01.2011 21E 413473 3099270 37 GC 27.0
PC/P07 20.01.2011 21E 413256 3098391 4.7 GC 26.0
PC/P08 01.02.2011 21E 413100 3099000 42 GC 37.0
PC/K17 11.02.2010 21E 413075 3098606 23 GC 27.0 (25.0)
PC/K23 28.01.2010 21E 412888 3098794 29 GC 29.0
PC/K48 01.03.2010 21E 413906 3098827 12 PC 17.5 (16.0)
PC/KX1 03.02.2010 21E 413304 3098560 21 PC 18.5 (18.0)
PC/KX4 18.02.2010 21E 414493 3099121 10 PC 27.0 (24.0)

with an additional weight of 12 kg (GC) and push corers (PC) operated by the
Argentine Diving Division, with a diameter of 5.7 and 5.4 cm, respectively (Fig. 5.1,
Table 5.1). Directly after core recovery sediment cores were transported to the field
lab avoiding any kind of vibration. 13 of these cores were immediately sampled for
pore waters in 1- (0-5 cm), 2- (7—27 cm) and 5-cm resolution (=30 cm). Therefore
ultrapure water-washed rhizons (0.15 ym mean pore size, Rhizosphere Research
Products, The Netherlands) were inserted simultaneously into the core liner through
pre-drilled holes that were covered by transparent adhesive tape and pore waters
were collected in 12 mL syringes. One aliquot of each pore water sample was filled
in 5 mL polypropylene (PP) tubes (conditioned with 2% HNO, conc. (subboiled)),
acidified with nitric acid (=69%, TraceSelect®, Sigma Aldrich, Germany) to pH <2,
stored at 4°C and transported to the home lab for further analyses. A second aliquot
was directly measured for nutrients and total alkalinity (TA) at Carlini station within
one hour after core sampling. For selected cores (P02—P08) a third aliquot of 1.5 mL

was directly given in a 2 mL PP tube (Eppendorf, Germany) already filled with 0.6 mL
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of a 50 mM Zn acetate solution for H,S analysis. Sediments of parallel cores were
sampled at 1-cm resolution, filled in pre-weighed polyethylene (PE) bags, weighed,
lyophilised and weighed again to calculate the water content of each sample. Where
no parallel cores could be recovered (K17, K23, K48, KX1, KX4, P03) sediment
samples were taken directly after the cores have been sampled for pore water
following the procedures described above. Original depths of sediment samples
were then estimated by using a correction factor (core length before pore water
sampling divided by the core length after pore water sampling) to account for the

loss in core length during pore water sampling.

5.5.2. Pore water analyses

Nutrients (NO,, NO -, NH,*) and TA were measured on pore water samples
directly on-site with a Multiscan GO microplate spectrophotometer (Thermo Fisher
Scientific, Finland) following the procedures after Miranda et al. (2001), Benesch
and Mangelsdorf (1972) and Sarazin et al. (1999) with slight modifications. Whereas
ammonia analyses were done on HgCI, poisoned samples (Kattner, 1999) two
weeks after pore water sampling, all other parameters where determined within
1 h of sampling on non-poisoned sample aliquots. Nitrate (NO,) was calculated
from the difference between NO -and NO,. H,S was analysed following the method
described by Cline (1969), which was adapted to microtiter plate wells. Major and
trace elements (Na, Fe, Mn, SO,* (as total sulphur), PO,* (as total phosphorus))
were determined after a 2-fold dilution by inductively coupled plasma optical emission
spectroscopy (iICAP 6000, Thermo Scientific, Germany) using a spiked seawater
standard for calibration and several internal standards for matrix correction (see
Beck et al., 2008b for further information). Further, trace element analyses (Fe, Mn,
Mo, Re, U) of 20-fold diluted sample aliquots were performed using an Element 2
inductively coupled plasma mass spectrometer (Thermo Scientific, Germany)

following the procedure of Rodushkin (1998).
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5.5.3. Sediment analyses

Total sulphur (TS) and total carbon (TC) on sediment core samples were analysed
on fine-ground samples (<0.125 mm in agate ball mills) by means of a CS analyser
(ELTRACS 500, Germany) equipped with a solid-state infrared detector. The content
of total inorganic carbon (TIC) was determined coulometrically usinga CM 5012 CO,
coulometer coupled to a CM 5130 acidification module (UIC, Joliet, USA) whereas
total organic carbon (TOC) was then calculated as the difference between TC and
TIC (Babu et al., 1999). Based on the pore water salinity a correction for sea salt was
carried out for all element concentrations. Where no pore water data were available
sulphate concentrations were estimated using conventional seawater composition

and a salinity of 34 psu.

5.5.4. Calculation of sulphate depletion
The depletion in sulphate (8042'dep) representing the net amount of sulphate
consumption via microbial SO,* reduction was determined for each sediment depth

using the following formula modified after (Weston et al., 2006):

N +
SO42_dep = [%] - S042_PW (5.1)
sw

where Na*,, and SO,*,, are the measured molar concentration of sodium and
sulphate in the pore water and MR, is the molar ratio of Na* and SO,* which is
assumed to be constant in oxic surface seawater (MR = 16.6). Since the ratio of
Na‘,, to MRy, represents the "expected” SO,* concentration in the pore water with a
given salinity, the difference between this concentration and SO >, is consequently
an estimate for the metabolic amount of sulphate reduction which is concomitantly
corrected for slight changes in salinity due to fresh water input (e.g., atmospheric-,

melt-, and ground water).

96



5. Pore water geochemistry of coastal Antarctic sediments

5.5.5. Estimation of sulphate and iron reduction rates

Sulphate (SRR) and iron reduction rates (FeRR) of selected cores were estimated
using the REC (Rate Estimation from Concentrations) model after Lettmann et
al. (2012). This numerical procedure is based on the 1-D steady state diagenetic
transport reaction equation for dissolved compounds, which is inverted by Tikhonov
regularisation, a common and robust technique for solving ill-conditioned inverse
problems (Lettmann et al., 2012). In addition to the determined sulphate and iron
concentrations in the pore water, a few other parameters were needed for reduction
rate calculation. The effective diffusion coefficients in the pore water volume of the
sediment (D, ) were calculated after Boudreau (1997) following equation 5.2:

where D represents the respective molecular diffusion coefficient of sulphate

D
Dsea = 55 (5.2)

(0.04662 m? s'; Boudreau, 1997) and iron (0.03162 m? s'; Boudreau, 1997)
in the seawater at 0°C, 34 psu and 3 atm and 0 is the tortuosity. According to
Boudreau (1997) the tortuosity can be estimated from the porosity @ by:

where @ of each sediment layer was calculated using the following equation:

0 = 1 n(¢?) (5.3)

where Vs the volume (in cm?®), m_is the wet weight (in g) and m  is the dry weight

(in g) of each sample and p_, is the density of seawater (in g cm?).

(mw - md) (54)

0= v 'psw)
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Moreover, bioturbation was considered in this model by using the bioturbation

coefficient D,, which was calculated after Tromp et al. (1995):

log10(Dp) = 1.63 + 0.85 - log;qw

(5.5)

assuming an average regional sedimentation rate of w = 0.3 cm yr' (Monien et

al., 2011; Majewski et al., 2012).

5.5.6. Statistics

For validation of the methods carefully selected international and in-house (in

italic) reference materials were measured for sediment (Loess, Peru-1, UT-S)

and pore water analyses (NASS-5, CASS-5 (both NRC, Canada), spiked Atlantic

Seawater (Osil, UK), single-element
standard solutions (Alfa Aesar, U.S.)).
The pooled relative standard deviation

(RSD after Skoog and Leary (1996)

pooled)
was used to determine the degree of
statistical spread and therefore the
precision of a method. To get an idea
of the accuracy of a method the relative
error f representing the variation from the
certified value is determined (Skoog and
Leary, 1996). The results of the statistical
evaluation are given in Table 5.2. The
precision of sediment analyses (TS, TC,
TIC) was <5% and accuracy ranged from
-0.6 to 2.5% (TOC: -1.2%). In case of

pore water analyses precision was better

than 5% except for Re (7.5%) and very
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Table. 5.2. Precision and accuracy of pore water
(Fe, Mn, Mo, Na, Re, U, PO,*, NO_;, NO,-, NH,*,
S0,?) and solid phase (TS, TC, TIC) analyses
of Potter Cove sediments. Precision is given as
relative standard deviation (RSD%). In case of
TOC and NO, accuracy and precision represent

the relative maximum errors.

Precision (%)

Accuracy (%)

TS
TC
TIC
TOC

5.0
4.2
6.0
2.9
2.8
1.4
1.0
1.4
4.1
3.0
1.7
7.5
2.1

5.0
1.2
1.0
24

2.0
-2.6
2.5
1.3
0.03
5.7
0.2
-5.3
-2.0
-2.0
0.1

-11.2

-1.7

25
-0.6
0.5
-0.8
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low (<0.03 uM) Mn (17%) and Fe (36%) concentrations. Generally accuracy ranged
between -5.3% and 5.7% with only Re showing a higher relative error (11%). Where
|l >5% (major elements) and |f] >10% (trace elements) correction factors were
calculated based on one of the reference samples using other reference samples

for validation in order to minimise systematic errors.

5.6. Results and Discussion
5.6.1. Pore water profiles and redox zonation of Potter Cove surface sediments
Nutrients (NO,_, NH,*, PO,*), sulphate, total alkalinity and redox-sensitive trace
elements (Mn, Fe, U, Mo, Re) were studied in pore waters to evaluate the redox
conditions and the major pathways of organic matter degradation in superficial coastal
sediments from Potter Cove, maritime Antarctica. The pore water geochemistry of
selected cores will be discussed on a site-to-site basis in order to get a general
picture of redox conditions in three different zones in the studied bay. Locations
include: a) the newly ice-free area close to the tidewater front at the northeast of
Potter Cove (P04), b) the deeper (>40 m water depth) troughs in the central part of
the bay (P05, P08) and c) a shallower zone influenced by melt water discharge at
the southern coast (K48, P07). We explicitly abstain from the use of major and trace
element data of the solid phase to get information about early diagenetic processes
as resulting enrichments or depletions in the sediments would be completely masked
due to the high sedimentation rate in this region (>1 cm yr'; Milliken et al., 2009;

Monien et al., 2011).

5.6.1.1. Inner cove close to the tidewater glacier front

At site P04, which is located close to the glacier front in the northeastern section of
Potter Cove pore water profiles of redox-sensitive nutrients and trace metals indicate
the typical sequence of redox reactions in hemipelagic sediments as proposed by

Froelich et al. (1979) and Canfield & Thamdrup (2009).
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As shown in figure 5.2 nitrate concentrations moderately decrease from bottom
water concentrations (c. 25 uM) to near zero within the first 10 centimetres
indicating subsequent denitrification under reducing conditions. Concurrently, Mn
concentrations are steadily increasing in this core to 177 uM at 30 cmbsf and slightly
decrease to 136 pM at the core bottom (Fig. 5.2). A similar trend is shown by Fe,
where pore water concentrations start to rise at 2 cmbsf slightly below the onset
of manganese reduction. Fe concentrations reach their maximum of 361 uyM at

21 cmbsf before they show a gradual decrease to <10 uyM at 35 cmbsf.
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Fig. 5.2. Pore water profiles of nutrients (NO,, NH,*, PO,*), redox-sensitive trace metals (Fe, Mn,
Mo, U, Re), sulphate depletion (SO42'dep), H,S, and total alkalinity (TA) from core P04 close to the
tidewater glacier front.

Generally, the broad ferruginous and manganous zones present in core P04 with
high concentrations of dissolved Fe (>300 uM until 25 cmbsf) and Mn point to a rather
‘suboxic’ character of these sediments. This is in line with measured concentrations
of terminal metabolic products of organic matter degradation, such as total alkalinity

(TA), ammonia and phosphate. A steady but rather slow increase in alkalinity with
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depth (8.9 mM at 30 cmbsf) and relatively low phosphate (<60 uM) and ammonia
concentrations (<370 uM) in P04 pore waters only suggest a moderate microbial
activity and recycling of nutrients in these sediments under suboxic conditions
(Fig. 5.2). Although no evidence for a significant depletion in sulphate was found
(Fig. 5.2), itis likely that the removal of dissolved Fe from the pore water at the base
of core P04 gives first evidence for the abiotic reduction of iron oxides by sulphide
(Canfield and Thamdrup, 2009), although no smell of H,S could be detected.

The behaviour of other redox-sensitive transition metals even suggests an
earlier onset of sulphate reduction in core P04. Uranium, for instance, shows an
exponential decrease from bottom water concentration (c. 12 nM) at the core top
to near zero values at 15 cmbsf. The slight increases in U visible at 17 cmbsf and
at the core bottom are possibly attributed to advection of small amounts of bottom
water by bioirrigation or physical reworking by iceberg scouring. This would also
explain enhanced concentration of other redox-sensitive elements and nutrients
(Mo, Re, NO;’) in the same depth intervals (Fig. 5.2). Lovley et al. (1991) reported
that microbial reduction of U(IV) is associated with Fe(lll)-reducing microorganisms,
which would support our finding that subsequent removal of U from pore water and
Fe reduction would occur at similar depths in core P0O4. However, this is not true for
Mo, which widely follows the profile of dissolved U in this core showing minimum
pore water concentrations (<4 nM) at 30 cm depth (Fig. 5.2). It is generally accepted
that Mo removal from pore water and authigenic Mo enrichment in sediments can
only be explained by the presence of free H,S (Helz et al., 1996; Zheng et al., 2000;
Morford et al., 2005; Morford et al., 2007). This, in turn, would suggest an onset of
sulphate reduction already in the upper 10 cm of the core, which is not supported by
the 8042'dep profile (Fig. 5.2). A similar finding was made by King et al. (2000) who
observed a significant depletion in pore water Mo in sediments of the Atlantic sector
of the Southern Ocean without any evidence of sulphidic conditions. Since we can

exclude both, a sampling artifact and an intrusion of oxygen-rich bottom water that
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would have led to higher Mo concentrations in the pore water in both cases, there
are only two possibilities. On the one hand, nanomolar levels of sulphide produced in
locally defined zones of sulphate reduction are possibly responsible for quantitative
removal of Mo from the pore water. Considering that less than 450 nM of sulphide
would be sufficient to transform 110 nM of Mo to particle reactive tetrathiomolybdate
(MoS,*) we would not necessarily see a significant decline in sulphate due to its
high abundance in seawater (c. 27-28 x 10° nM). However, this assumption would
neglect co-reactions of sulphides with, forinstance, Fe, which may occur more rapidly.
Furthermore, Helz et al. (1996) proposed a sulphide-controlled geochemical ‘switch
point’ of 10 uM H,S at which dissolved molybdate (MoO,*) is abruptly transferred to
MoS,?. In contrast, according to Zheng et al. (2000) already at a threshold of 10 nM
H,S the removal of Mo via coprecipitation of Fe-Mo-S phases is possible. On the
other hand, another non-sulphidic removal process for Mo in the pore water has to
be taken into account as well. Whereas high concentrations in dissolved Mn would
contradict a scavenging of Mo by Mn oxides as described by Shaw et al. (1990) a
removal by residual organic particles may also be possible. Dellwig et al. (2007),
for example, could show that a decline of Mo in coastal waters of the Wadden Sea
(NW Germany) may be explained by the fixation of Mo in oxygen-depleted zones of
organic aggregates formed by bacterially derived transparent exopolymer particles
(TEP). However, in the context of this study a final explanation for the unusual

behaviour of Mo in core P04 could not be found.

5.6.1.2. The central inner cove

Pore waters of sediments taken in the deeper (36—42 m water depth) central
part of the inner cove (cores P05, P08) are characterised by a more condensed
redox zonation compared to the stations close to the glacier front (Fig. 5.3). At both
locations, nitrate is consumed within the first two cmbsf, even though slightly elevated

concentrations are seen in core P05 between 9 and 17 cmbsf (<8 pM). Similar to
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Fig. 5.3. Pore water profiles of nutrients (NO,, NH,*, PO,*), redox-sensitive trace metals (Fe, Mn,
Mo, U, Re), sulphate depletion (SO,* . ), H,S, and total alkalinity (TA) from cores P05 (black dot) and

4 dep
P08 (white triangle) obtained from the central Potter Cove.

core P04 advection of bottom water seems to be the most probable explanation for
this considering the concurrent rise in concentrations of elements, like Mo, Re, and
U in the same depth interval of this core. Particularly dissolved Fe reveals a relatively
sharply bounded zone of enrichment in these pore waters peaking at c. 2-5 cmbsf
before concentrations rapidly decrease to non-zero values towards the base of the
core. This trend is to some extent parallelled by Mn, which shows a slower decline
with increasing sediment depth. With 514 uM (P08) and 685 uM (P05), respectively,
the central stations exhibit the highest concentrations of dissolved Fe found in Potter
Cove sediments. The parallel decreases in Re, U, and Mo in core P08, which is
accompanied by a gradual and moderate increase in terminal metabolism products,
such as TA (6.5 mM), phosphate (116 uM) and NH,* (349 puM) indicates organic
matter degradation and nutrient recycling under progressively reducing conditions
(Fig. 5.3). At station P05 a significant decline in Mo and Re is recognisable not until

c. 15—-19 cmbsf, which widely coincides with the lower boundary of the iron reduction

103



5. Pore water geochemistry of coastal Antarctic sediments

zone (Fig. 5.3). Like at station P08, TA, ammonia, and phosphate concentrations
are moderately elevated in P05 pore waters with a phosphate maximum of 180 uM
directly within the iron reduction zone. This peak value is probably associated with
the dissolution of iron phosphate phases (Tribovillard et al., 2006). Although the
removal of Fe and Mo from the fluid phase in deeper sediment layers at both locations
strongly suggests the presence of sulphidic conditions, neither an H,S odor nor a

significant depletion in sulphate (c. 1-2 mM) could be detected (Fig. 5.3).

5.6.1.3. Inner cove close to the melt water stream outlets and Carlini Station

At the shallower southern coast of the cove pore water profiles show characteristic
sequences of “compressed” redox zonation as expected for nearshore sediments.
At station K48 located close to the Potter Creek melt water stream outlet the nitrate
reduction zone is relatively narrow and is followed by enhanced concentrations of
dissolved Mn and Fe reaching maxima of 33 and 189 pM in the first 10 cmbsf,
respectively (Fig. 5.4). The concurrent decreases in Re, Mo, and U accompanied by
a steady increase in 8042'dep (5 mM) and TA (11 mM) towards the base of the core
let suggest more severe reducing conditions in these sediments compared to the
other sites. Particularly the removal of iron from the pore water in deeper sediments
(>11 cmbsf) seems to mark the beginning of the sulphidic zone, where dissolved
iron is probably fixed as iron sulphide in the soild phase again. Even stronger anoxic
conditions were found at station P07, which is situated in c. 5 m water depth in front
of Carlini Station. Whereas nitrate is completely reduced and removed from the
pore water system in the first centimetre, only marginal concentrations of dissolved
iron (max. 21 uM) and manganese (max. 6.4 uM) were found (Fig. 5.4). Particularly,
Fe in the reduction zone seems to be restricted to the first three cmbsf before Fe
concentrations decline to near zero further down. Anoxic conditions present below
5 cmbsf are moreover supported by the rapid and simultaneous removal of U, Re,

and Mo from the pore water, with Mo reaching a near-zero value around 6 nM at
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Fig. 5.4. Pore water profiles of nutrients (NO,, NH,*, PO,*), redox-sensitive trace metals (Fe, Mn,
Mo, U, Re), sulphate depletion (SO,*_ ), H,S, and total alkalinity (TA) from cores P07 (black dot) and

4 dep
K48 (white triangle) obtained close to the southern coast of Potter Peninsula. Note that no NH,* and

H,S data is available for core K48.

13 cmbsf (Fig. 5.4). Sulphidic conditions are on the one hand reflected by the gradual
increase in 8042'dep (7.4 mM in 20 cmbsf), and on the other hand by the presence of
free H,S in sediment depths below 5 cm (Fig. 5.4). It should be noted that free H,S
could not be detected in any other core analysed in this study. Accompanied by the
removal of sulphate synchronous increases in total alkalinity (13.5 mM), ammonia
(1,342 uM) and phosphate (450 uM) were observed indicating rapid mineralisation

of organic matter in P07 surface sediments (Fig. 5.4).

5.6.2. Pore water stoichiometry and sulphate reduction rates

In order to identify the predominant organic matter mineralisation process in Potter
Cove surface sediments at the different sampling locations regression analyses
between 8042'dep as an estimate for the metabolic amount of sulphate reduction and

total alkalinity (TA) as a terminal metabolic products were conducted. Following the
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GEOSECS Choice of Takahashi et al. (1982) in a marine environment the definition

of TA can be simplified to:
TA = [HCO3] + 2[CO5”] + [H,BOs] (5.6)

which would make TA a suitable substitute for dissolved inorganic carbon (DIC).
Thisisin line with Beck et al. (2008a) who could show that TA equals DIC in deep pore
waters obtained from intertidal flat sediments at the NW German coast. According to
equation 5.6, although particularly valid for living marine phytoplankton (Redfield et
al., 1963; Sholkovitz, 1973), we would expect a DIC:SO42'dep (TA: 8042'dep) ratio of 2

if the degradation of organic material is mainly linked to sulphate reduction.

(CH,0),,(NH,),.;H,PO, + 53 SO,% + 14 H* — 53 H,S + 16 NH,* + H,PO," + 106 HCO, (5.7)

3)16

Figure 5.5 reveals that sulphate depletion in Potter Cove pore waters is indeed
positively correlated to total alkalinity in most of the cores located at the southeastern
coast (KX4, K48, P03) and in the vicinity of the research station (P07, KX, K23).
At these sites the TA: 8042'dep ratio, which is given by the slope of the respective
regression analysis ranges between 1.6 and 2.3 and is quite close to the expected
value of 2 according to the Redfield ratio (Fig. 5.5). The presence of sulphate
reducing conditions in Potter Cove sediments is not surprising. Several studies
could already show that sulphate reduction is one of the main processes of organic
matter degradation in coastal sediments, where the oxygen surface layer is often
only a few millimetres thick and where it accounts for 10-92% of TOC oxidation
(Jargensen, 1982; Thamdrup and Canfield, 1996; Kostka et al., 1999; Gribsholt and
Kristensen, 2003). Interestingly, this is not only true for temperate regions, but was
also found in permanently cold coastal sediments from Svalbard, Arctic (Kostka et
al., 1999) or from Signey Island, Subantarctic (Nedwell, 1989). Although we could
show that sulphate reduction may represent the major pathway of organic matter

mineralisation in this part of the bay, estimated sulphate reduction rates (SRR) are
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Fig. 5.5. Ratios of total alkalinity (TA) to sulphate depletion (SOf‘dep) in pore waters from Potter Cove
sediments with best-fit linear regressions.

generally low. Using the numerical REC (Rate Estimation from Concentrations)
model after Lettmann et al. (2012) integrated SRR of 0.23-0.56 mol m?2 yr' were
calculated for the upper 20 cm of cores KX4, K23, K48 and P07, which show the
highest depletion in sulphate (Fig. 5.6). These rates are significantly lower than
SRR estimated for other subpolar or temperate regions, like Factory Cove, Signey
Island (2.5 mol m? yr'; Nedwell, 1989), or the Danish coast (0.95-5.5 mol m2 yr’;
Saerensen et al., 1979), but comparable to SRR found in sediments off Greenland
(0.39 mol m? yr'; Rysgaard et al.,, 1996). Probably this is due to the fact that
particularly in the shallower areas close to the coast sediments are affected by

enhanced physical disturbance, for example, by iceberg scouring. The resulting
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intrusion of oxygenated seawater into deeper layers would inhibit sulphate reduction
and lead to lower sulphate reduction rates at the surface.

In contrast, an entirely different picture is given for the cores that were taken in
newly ice-free areas directly at the glacier front (P02, P01, P04) and in the deeper
troughs (P05, P08) in the centre of the cove (>40 m) (Fig. 5.5). Here, correlations
between sulphate depletion and TA are rather poor or even negative. Though redox-

sensitive trace elements, like Mo
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Fig. 5.6. a) Pore water profiles of sulfate (SO,*) and b)

modeled sulphate reduction rates (SRR) for the upper 20
cm of cores P07, KX4, K23, and K48 using the REC model
after Lettmann et al. (2012) and a smoothing parameter
sediments northeastof Svalbard A of 10. For more information about A see Lettmann et al.

(Vandieken et al., 2006). (2012).

may be more important as it

could also be shown for Arctic

5.6.3. Spatial distribution of redox conditions in Potter Cove surface sediments
The spatial distribution of selected pore water and solid phase parameters
shows a picture of diverse redox conditions at different locations at the study
site (Fig. 5.7). There is evidence for a significant reduction of sulphate in Potter
Cove surface sediments (0-20 cmbsf) as high sulphate depletion is found along

the southern coast of Potter Peninsula and in the northwestern area of the inner
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cove. It is accompanied by enhanced microbial activity, which is reflected by an
increased total alkalinity in the pore water. The presence of sulphidic conditions is
moreover supported by higher maximum concentrations in total sulphur in the solid
phase of these sediments indicating the formation of iron sulphides, like FeS and
pyrite (Howarth and Jgrgensen, 1984). Maxima of up to 0.4% TS were present in
the shallower (<30 m) southeastern area of the bay where no pore water data are
available. Considering that sea salt correction of solid phase sulphur may even be
overestimated by assuming seawater composition of the pore water the solid phase
data strongly suggest even more intense sulphidic conditions in surface sediments
in this area.

In contrary, close to the glacier front and in the deeper troughs (>40 m) of the central
cove concentrations of terminal products of metabolism, like TA and phosphate are
generally lower and sulphate depletion does not exceed 4 mM (Fig. 5.7). On the
other hand, these sediments are characterised by high amounts of dissolved iron
in the upper 19 cmbsf. With average iron concentrations of >300 uM in the centre
and at least >250 uM in the northeast of the cove metal oxide reduction seems to
be prevailing in these areas as it has also been shown in section 5.6.2. Maximum
values of dissolved iron found in Potter Cove surface sediments (c. 700 uM) are
even significantly higher than in any other study conducted so far.

Morford etal. (2009), forexample, reported Fe concentrations in coastal pore waters
from Buzzard Bay, Massachusetts (USA) of up to 500 uM. Lower Fe concentrations
were found in surface sediments in the California Borderland (<200 yM, Shaw et
al., 1990) and from the Skagerak, Denmark (c. 180 uM, Canfield et al., 1993). Even
in high-Arctic coastal marine sediments from Young Sound, Northeast Greenland,
for instance, where iron reduction is considered to be a major pathway of organic
matter degradation, concentrations of dissolved Fe in the pore water do not exceed

300 uM (Rysgaard et al., 1998).
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5.6.4. Factors controlling redox conditions in Potter Cove sediments

There are several factors affecting redox conditions in (coastal) sediments, such
as the oxygen concentrations in the overlying water column or the quantity and
quality of organic matter supplied to the sediment (Beck et al., 2008b). But also
the rate of sediment accumulation, the occurrence of sediment disturbance, either
by burrowing organisms or physical re-working and the availability of respective
electron acceptors may influence the biogeochemical processes in the sediment as
well (e.g., Sholkovitz, 1973; Aller et al., 1986). In the following possible controlling
factors for spatial differences in predominant organic matter mineralisation pathways

and redox conditions in Potter Cove sediments are discussed.

5.6.4.1. Availability of substrate

The quantity of organic carbon, which is buried in the sediment, forms certainly
one of the major controls on sedimentary redox processes. Jorgensen et al. (1982)
could already show that metabolic rates, which are triggered by the amount of
suitable substrate, are positively correlated to the level of reducing conditions.
TOC concentrations in Potter Cove surface sediments (av. 0.53 £ 0.30%) are
relatively low even for siliceous muds and oozes from the Antarctic continental
shelf and the Bransfield Basin (av. 1.2-1.5%; Dunbar et al., 1989; Barcena et al.,
1998) but comparable to values found by Milliken et al. (2009) and Monien et al.
(2011) in sediments from the nearby Maxwell Bay (av. 0.3—-0.4%). Higher values
are particularly present in the (north)western part of the cove (0.5-1.3%), whereas
TOC concentrations are lower (<0.4%) or even near zero in the newly ice-free areas
in the east close to the glacier front (Fig. 5.7). With average molar TOC/TN ratios
close to the ratio expected for phytoplankton (c. 6.6; Redfield et al., 1963) and
local macroalgae (5.8—-11.7; Weykam et al., 1996), a predominantly marine source
for the organic material in Potter Cove sediments (6.1 £ 1.5) is indicated. As this

average ratio is significantly lower than TOC/TN values of local mosses (40 + 19),
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lichens (114 £ 46), liverworts (55 + 3), grasses (21 = 4) or freshwater algae from
the adjacent lakes (8.3 + 1.4) (Lee et al., 2009), an appreciable input of terrestrial
and therefore less digestible organic matter from the enclosing peninsulas can be
excluded. However, although primary production is generally high in the neritic
zones around Antarctica (Martin et al., 1990), this is not the case for Potter Cove
and adjacent areas where summer chlorophyll a (chl a) concentrations are generally
below 1 mg m (Schloss et al., 2012). Schloss et al. (2002) argue that a combination
of several physical conditions, including an unfavourable depth of turbulent vertical
mixing and the shading of surface waters by melt water derived suspended particulate
matter may be a possible reason for relatively low phytoplankton growth in Potter
Cove during austral summer. Therefore, it is more probable that macroalgae may
represent a relevant contributor to the sedimentary TOC pool as it has already been
proposed by Quartino et al. (2008). This may be supported by the fact that higher
TOC concentrations are particularly found in surface sediments that are located
adjacent to the hard bottom dominated areas in the outer and the western part of
the inner cove (Fig. 5.7). In these zones, which are already ice-free since at least c.
60 years (Ruckamp et al., 2011), high abundances of macroalgae are found whereas
the newly ice free areas close to the glacier front are still only sparsely settled
(Quartino et al., 2013). However, a higher accumulation of glacigenous material
close to the glacier front, which would dilute the TOC content in the sediment has
to be considered as well. In any case, the lack of metabolisable organic material in
the surface sediments in the eastern coast close to the glacier may to some extent
serve as an explanation for less reducing conditions present in the sediments in this
area. However, it fails to clarify the dominance of metal oxide reduction processes in
the deposits of the deeper troughs of the central cove (P05, P08). Interestingly, their
TOC concentrations are comparable or even higher than to those present in surface

sediments along the southern coast (0.2-0.5% vs 0-0.3%; Fig. 5.7).

112



5. Pore water geochemistry of coastal Antarctic sediments

5.6.4.2. Availability and reactivity of electron acceptors

Another controlling factor may be the availability and reactivity of respective
electron acceptors, which are closely linked to organic matter mineralisation.
According to Froelich et al. (1979) and Canfield and Thamdrup (2009) aerobic
respiration is followed by the reduction of nitrate, Mn(1V), Fe(lll), sulphate and finally
methanogenesis. Their order of utilisation is based on the thermodynamics of the
processes and the energy available to the organisms; an overlap between some of
these processes is also possible (Canfield and Thamdrup, 2009). Whereas sulphate
is practically non-limiting in marine subsurface sediments due to its high concentration
in seawater (Jargensen, 1982), this is not necessarily true for reducible Fe phases.

It is commonly accepted that only a fraction of the sedimentary iron is on the
short-term available for microbially mediated iron reduction. Iron reactivity depends
on factors, like mineralogy, crystallinity, and grain size (Postma, 1993 and references
therein). Consequently, iron reduction will only dominate over sulphate reduction
as long as the sediments still contain reactive iron (oxyhydr)oxide minerals, such
as ferrihydrite, lepidocrocite, goethite and haematite, whose half-lives with respect
to reductive dissolution and sulphidation range between some minutes and a
couple of days (Canfield et al., 1992; Raiswell and Canfield, 1996; Poulton et al.,
2004). However, when this pool of reactive metal oxides and iron (oxyhydr)oxides
in particular is exhausted, as it is the case at some locations along the southern
coast of the bay (P07), sulphate reduction is the predominant pathway of organic
matter degradation. This is not only indicated by the lack of significant enrichments
in dissolved Mn and Fe, but also by the occurrence of free H,S in the pore water,
which is no longer required for precipitating FeS, or its precursor FeS.

The situation is different in the central cove and close to the glacier front, where
sulphate depletion seems to be negligible and where moderate increases in terminal
products of metabolism (TA, PO,*) are linked to high Mn and Fe concentrations. A

similar phenomenon was observed by Aller et al. (1986) who investigated muds from
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the inner Amazon shelf. They related the presence of extensive iron reduction zones
(>1 m), which showed no evidence of significant sulphate depletion, to the periodical
regeneration of the reactive Fe pool by physical re-working. Particularly for shallower
coastal Antarctic regions it is known that anchor ice, iceberg scouring and water
turbulence produced by tides and waves are disturbance mechanisms affecting the
surface sediments and the coastal biota (Arntz et al., 1994). It is probable that these
mechanisms are also responsible for physical re-working of Potter Cove sediments
although we would rather expect this for the shallower areas at the southern coast.
Moreover, an enhanced activity of burrowing organisms in well-bioturbated surface
sediments has to be considered as well.

A further and more likely possibility could be an enhanced deposition of reactive
iron-rich material at these locations. Every year during the summer months
c. 3,000 tonnes of fine-grained suspended particulate matter are transported into
the cove by sediment laden melt water streams on Potter Peninsula (D. Monien,
unpublished data). These calculations do not include the subglacial input of SPM
from underneath the Fourcade Glacier front, which was estimated to be even higher
(c. 24,000 tonnes yr'; D. Monien, unpublished data). Granulometric analyses
let assume that most of this fine-grained material is deposited in the newly ice-
free areas close to the glacier and in the deeper central cove (A. WOlfl, personal
communication). This is in line with recent current models, which show that these
deeper troughs possibly act as a kind of depocentre for this fine-grained material
(Lim, 2013). In addition, leaching experiments have shown that this SPM contains
appreciable amounts (2.1-2.9%) of dithionite and ascorbic acid leachable iron (D.

Monien, unpublished data), which can potentially be reduced by microorganisms.
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5.6.5. Coastal pore waters as a significant source of trace metals and micronutrients
in the Antarctic region

Iron is considered to be an important micronutrient for marine primary producers
(e.g., Martin et al., 1990; Coale et al., 2004). Particularly in regard to iron limitation
in vast regions of the Southern Ocean controlling algae bloom development in
this HNLC (high nutrient-low chlorophyll) area (Martin et al., 1990; Lancelot et al.,
2009), the knowledge about contributors to the iron pool of this system is of utmost
importance. In addition to aeolian input, upwelling of replete deeper water masses,
release of terrigineous material from icebergs and iron-bearing subglacial streams,
suboxic shelf sediments are discussed to be a potential source of bioavailable iron
(Fe,) to the ocean (Tagliabue et al., 2010; Shaw et al., 2011; de Jong et al., 2012).
Only a small amount of microbially reduced and remobilised Fe(ll), which diffuses
from the sediment into the oxic water column will be stabilised by natural organic
ligands as aqueous Fe(lll) (Rue and Bruland, 1995), a form that is principally
bioavailable (Chen and Wang, 2001). Most of the iron will be rapidiy re-oxidised to
Fe(lll) and due to its low solubility in oxic seawater precipitated as extremely reactive
nanoparticulate ferrihydrite (Raiswell and Anderson, 2005). These ferrihydrites are
to some extent scavenged by suspended material and re-deposited in the sediment,
where they can easily be reduced again. A certain amount may be kept in suspension
and transported for longer distances across the shelf (Lam et al., 2012). By vertical
diffusion or during upwelling events these reactive and labile iron phases may be
delivered to the mixed surface layer and represent a key source of bioavailable iron
as it could be shown by Lam and Bishop (2008) for the HNLC western Subarctic
Pacific.

However, the relevance of this mechanism in terms of iron fluxes to the Southern
Ocean is still unclear. Most of the calculations available for this area so far are not
based on real pore water data but on fluxes measured by Elrod et al. (2004) on

the California shelf. Using the REC model after Lettmann et al. (2012) we were
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able to estimate Fe reduction rates in Potter Cove sediments ranging between
c. 5 and 146 ymol m?2 yr' (Table 5.3). It should be mentioned that this is still a
conservative estimate since iron reduction may play a greater role in the deeper
(c. 500 m) hemipelagic areas of the shelf. Furthermore, true Fe reduction rates may

_ _ be significantly underestimated considering
Table 5.3. Iron reduction rates in the upper

20 cm of selected Potter Cove sediments that calculations are based on the Fe pore
estimated by using the REC model after
Lettmann et al. (2012) and a smoothing

parameter A of 10. For more information iron by adsorption or precipitation of Fe-
about A see Lettmann et al. (2012).

water profile neglecting the loss of dissolved

bearing minerals (Canfield et al., 1993).

Iron reduction rate
Core

(mmol m2yr) Even if we assume that only 1% of the
EZ; 250 Fe reduced in the sediments will reach
P04 16 the water column through the sediment-
zg: T:: water interface, the Antarctic shelf areas
KX4 17

(Timmermann et al., 2010) would contribute

1.2 x 10* to 3.6 x 10° tonnes per year to
the pool of bioavailable iron. Consequently, these shelf sediments would provide
a Fe, flux of 1.2-18 mg m? yr' to the Southern Ocean (based on a total area of
c. 20 x 108 km?; Shaw et al., 2011). This flux is significantly higher than the input
by aeolian dust (0.05-0.25 mg m? yr' Fe,) and previous estimates of shelf-derived
input of bioavailable iron, which range between 0.1 (Lancelot et al., 2009) and 1.2—
3.2 mg m? yr' (Tagliabue et al., 2010) Fe, considering the same conservative export
efficiency of 1%. In contrast, it is comparable to the contribution of iceberg—hosted
material (2-20 mg m? yr' Fe,) as estimated by Shaw et al. (2011), which makes it a

major source of bioavailable iron for the HNLC regions of the Souther Ocean.
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5.7. Conclusions

For the first time, redox-sensitive trace elements and nutrients are used to
describe redox conditions and biogeochemical processes in pore waters from
coastal sediments at King George Island, western Antarctic Peninsula. We could
show that sulphate reduction is the major pathway of organic matter mineralisation
in the shallower areas at the southern coast of Potter Peninsula and on a transect
towards the northwestern area of the inner Potter Cove. Sulphate reduction rates in
the upper 20 cm of these sediments (0.23—0.56 mol m2yr') are comparable to rates
found in coastal sediments off Greenland but an order of magnitude lower than known
from nearshore deposits in other subantarctic or temperate regions. In contrast,
microbial manganese and dissimilatory iron reduction processes are dominant in the
deeper troughs of the central cove and in the newly ice-free area in glacial proximity.
We suggest that a combination of enhanced physical and biological disturbance
by bottom water currents, ice scouring and burrowing organisms, the increased
accumulation of melt water derived, fine-grained material with high amounts of
reducible metal oxides and the reduced availability of metabolisable organic matter
favours metal oxide reduction over sulphate reduction in these respective regions.
Based on modelled iron reduction rates we calculated an Antarctic shelf derived
input of potentially bioavailable iron to the Southern Ocean of 1.2—18 mg m? yr'. The
contribution is estimated to be in the same range than the flux provided by icebergs
and significantly higher than the input by aeolian dust or previous estimates for the
continental shelf. This makes the suboxic shelf sediments a key source of iron for the
HNLC areas of the Southern Ocean. As a consequence of enhanced glacier retreat
and melt water fluxes and the resulting rise of accumulation of iron-rich sediment on
the shelf (Monien et al., 2011; Majewski et al., 2012), it can be assumed that the role
of Antarctic shelf sediments for the natural iron fertilisation of the Southern Ocean

may even gain more importance in the future.
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6.1. Abstract

A high input of lithogenic sediment from glaciers was assumed to be responsible
for high Fe and Mn contents in the Antarctic soft shell clam Laternula elliptica at
King George Island. Indeed, withdrawal experiments indicated a strong influence
of environmental Fe concentrations on Fe contents in bivalve hemolymph, but
no significant differences in hemolymph and tissue concentrations were found
among two sites of high and lower input of lithogenic debris. Comparing Fe and Mn
concentrations of pore water, bottom water, and hemolymph from sampling sites, Mn
appears to be assimilated as dissolved species, whereas Fe apparently precipitates
as ferrihydrite within the oxic sediment or bottom water layer prior to assimilation by
the bivalve. Hence, we attribute the high variability of Fe and Mn accumulation in
tissues of L. elliptica around Antarctica to differences in the geochemical environment

of the sediment and the resulting Fe and Mn flux across the benthic boundary.
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6.2. Introduction

Iron and manganese contents in the tissues of the circum-Antarctic clam Laternula
elliptica (King and Broderip, 1832) differ considerably among sites around Antarctica.
This led scientists to search for the environmental sources of both metals to explain
local differences. At King George Island (KGI; South Shetland archipelago, western
Antarctic Peninsula (WAP)) several authors related relatively high contents of both
metals in bivalve tissues to a high input of eroded bedrock material transported
by melt water streams into the coastal areas (Abele et al., 2008; Curtosi et al.,
2010; Husmann et al., 2012). Recently, Monien et al. (2011) reported a tripling of
sediment accumulation rates in Maxwell Bay (KGI) during the last century, with the
highest increase during the decade 1990-2000. The increased input of lithogenic
debris coincides with intensified melt water discharge from retreating land glaciers
on the Antarctic Peninsula as a consequence of the strong rise in air temperature
in the WAP region during the last decades (Rignot and Thomas, 2002; Vaughan et
al., 2003; Braun and Hock, 2004; Turner et al., 2005; Cook et al., 2005; Vaughan,
2006; Dominguez et al., 2007; Steig et al., 2009; Rickamp et al., 2011). Husmann
et al. (2012) proposed the intensified sediment and melt water input at KGI to be
responsible for the higher Fe accumulations in L. elliptica from KGI compared to
individuals collected at Rothera Point (Adelaide Island). However, eroded bedrock
material remains to be verified as source of high tissue Fe levels in L. elliptica.

Like other benthic deposit feeders, L. elliptica ingests particles and water from the
benthic boundary layer. Trace metals are assimilated from both sources (Rainbow,
2002; Griscom and Fisher, 2004). The proportion of metal assimilation from the
particulate and dissolved phase depends on the bioavailability of the metal in each
fraction and on the physiological characteristics of the species (e.g., pH-conditions
in the gut; Wang and Fisher, 1999; Rainbow and Wang, 2001; Griscom and Fisher,
2004). Large amounts of lithogenic sediment particles are ingested together with

the nutrition. However, the assimilation efficiencies (AE) of metals are generally
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higher for organic matter compared to inorganic matter, because organic particles
are processed more intensely in the gut, due to their nutritional value (Willows,
1992; Decho and Luoma, 1996; Gagnon and Fisher, 1997; Lee and Luoma, 1998;
Griscom and Fisher, 2004). Free metal ions are most easily absorbed and readily
bioavailable to marine organisms (e.g., Bjerregaard and Depledge, 1994; Fisher et
al., 1996).

Concentrations of Fe and Mn usually do not exceed low nanomolar levels in
oxic ocean waters (Landing and Bruland, 1987; Bruland and Lohan, 2004; Middag
et al.,, 2012), but bivalves accumulate trace metals even when exposed to low
concentrations (Rainbow, 1990). In this work, Rainbow suggested sediment pore
water as an alternative source of bioavailable metals for burrowing bivalves.
Pore waters in the suboxic sediment zone (preferentially termed as manganous
and ferruginous zones; Canfield and Thamdrup, 2009) generally show high
concentrations of dissolved Mn(ll) and Fe(ll) due to the dissimilatory reduction of
manganese oxides and iron (hydr)oxides during early diagenesis (e.g., Froelich et
al., 1979; Berner, 1981; Lovley and Phillips, 1988; Rutgers van der Loeff et al.,
1990; Canfield et al., 1993). Dissolved Fe(ll) and Mn(ll) diffuse into the benthic
boundary layer or into the overlying water layers due to concentration gradients
between pore water and seawater and depending on the content of organic matter
in the sediment, remineralisation rate, oxygen penetration depth, and biological or
physical reworking of the sediment (Lynn and Bonatti, 1965; Yeats et al., 1979;
Sundby and Silverberg, 1985; Elrod et al., 2004; Laés et al., 2007; Pakhornova et
al., 2007; Sachs et al., 2009; Severmann et al., 2010; Kowalski et al., 2012).

However, the assimilation of pore water derived Fe and Mn by L. elliptica
contradicts earlier studies, which assumed a predominating assimilation of both
elements from lithogenic particles, in particular eroded bedrock material transported
by melt water streams from the glaciers to the cove (Abele et al., 2008; Curtosi et al.,

2010; Husmann et al., 2012). We questioned this concept, since the highest metal
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tissue contents of Laternula elliptica were found in animals from Deception Island
(Deheyn et al., 2005). This island is only marginally covered with glaciers, but highly
affected by geothermal influence (e.g., import of dissolved metals; Elderfield, 1972;
Rey et al., 1995).

Hence, we wanted to clarify i) if the Fe and Mn accumulation by L. elliptica differs
significantly among animals at sites of high sediment input (located in front of the
melt water inlets) and lower sediment impact (outside of the cove) in Potter Cove
(PC) and i) if high concentrations of dissolved Fe and Mn in sediment pore water are
an important source for the assimilation by L. elliptica, similar to the hydrothermal

influence at Deception Island.

6.3. Material and Methods
6.3.1. Sample collection and experimental treatment

Individuals of the Antarctic clam Laternula elliptica were collected by scuba divers
at seven stations in PC (Fig. 6.1) between January and March 2010. Five stations
(B; Fig. 6.1c) located next to the discharge area of melt water streams were chosen
pseudo randomly on a Universal Transverse Mercator (UTM)-grid (100 m grid point
distance). One station was positioned in a newly ice free area (ID) and one in the
outlet of PC to Maxwell Bay (C). Schloss and Ferreyra (2002) reported a decreasing
concentration of terrigenous material in the water column with increasing distance
to the discharge area. Consequently, station B is defined as highly impacted by
sediment input compared to both other stations (C, ID).

At all stations only bivalves with a shell length >7.0 cm were collected, except
for station ID, where only smaller individuals <6.4 cm were found. The age of 37
individual shells was determined by counting annual growth rings according to Brey
et al. (2011). Modifications include the use of epoxy-metal (liquid metal, Toolcraft,
Conrad Electronic SE, Germany) as embedment and carbon carbide grinding paper

(Buehler-Met®ll, Buehler, USA) in steps of P1000, P2500 and P4000 grades.
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- Sea, River, Lake
Glacier

Ice free area

Fig. 6.1. a) Map of the Antarctic Peninsula with b) King George Island, and c) Potter Cove including
the sampling stations (B, C, ID: stations for bivalve sampling; PC-K48, PC-KX4, PC-P01, PC-P09:
sediment cores; WC: seawater samples; UTM grid: zone Z21E; WGS84).

Hemolymph and tissues (digestive gland (DG), gill, and mantle) were sampled
from all animals within 12 hours after collection. Individuals used in starving
experiments were acclimatised in natural seawater at 1°C at least for one week.
50% of the water was renewed every two days. Three replicates (EH1-EH3; one
animal per aquarium) of L. elliptica were keptin 0.5 ym-filtered seawater (WFMBO.5-
93/4 cartridge filter, Wolftechnik Filtersysteme GmbH, Germany) over a period of
14 days. A second treatment group of three individuals (EH4—-EHG6) was exposed
to 0.5 um-filtered seawater spiked with 10 ymol L Fe; dissolved as a Fe:EDTA
complex. The Fe-EDTA solution was prepared by dissolving 100 umol EDTA (299%,
Sigma-Aldrich, Germany) in 100 mL of 18.2 MQ water. After cooling, 100 umol Fe
(Ammonium iron(ll) sulfate hexahydrate, 298%, Sigma-Aldrich, Germany) were
added and diluted with 0.5 pm-filtered seawater to the final volume (10 L). Water of
each aquarium and hemolymph of each bivalve were sampled at day 0, 5, 10, and
14. The water temperatures ranged between -0.5°C and 2°C.

Hemolymph (fluid and hemocyte cells) was taken from the posterior adductor
muscle by using a G26x1 needle (Sterican®, B. Braun Melsungen AG, Germany)

and a 1 mL or 10 mL syringe (Omnifix®, B. Braun Melsungen AG, Germany). This
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stainless Cr-Ni-steel needle is coated by a thin silicone film, to avoid Fe contaminations
due to the contact of blood and steel surface. Subsamples were centrifuged with
400 g (a force that did not lyse cellular material) for 15 min at 2°C (Centrifuge 5403,
Eppendorf AG, German) to remove hemocytes from suspension to determine the Fe
content of the hemolymph fluid. Afterwards original samples and centrifuged sub-
samples were acidified with 20 uL nitric acid (269%, TraceSelect®, Sigma Aldrich,
Germany) per 1 mL sample and stored and transported at 4°C in 2 mL safe-lock-
tubes (Eppendorf AG, Germany). Tissues were sampled using ceramic scissors and
rinsed carefully with 18.2 MQ water in order to remove seawater and sediment. This
ensures that the body tissue metal concentrations represented only assimilated

metals. Cleaned tissues were stored at -80°C and lyophilised.

6.3.2. Element analysis

All lab ware exposed to samples and standards was cleaned by soaking in >10%
(v/v) HNO, (subboiled, 65%, Merck, Germany) for a minimum of 24 h, and rinsed
subsequently with 18.2 MQ water. PTFE (polytetrafluoroethylene) vessels were
cleaned with 10 mL >30% HNO, and heated at 160°C for 2 h under recirculation
and were also rinsed with 18.2 MQ water prior to use. Before hydrolysis lyophilised
tissues were powdered using an agate mortar and pestle and weighed into PTFE
vessels (mainly 50-100 mg). Hemolymph (1-2 mL) was transferred to PTFE pots
and sample vials were rinsed with 1 M bidistilled HNO, to ensure that the whole
sample was transferred into the PTFE vessels.

First, 5 mL of HNO, (65%, subboiled) and 1 mL of H,O, (30%, Suprapur®, Merck,
Germany) were added. Due to strong outgassing, samples were kept at room
temperature until out gassing ceased. Finally, 1 mL of HF (40%, Suprapur®, Merck,
Germany) was added and vessels were heated under recirculation for 1 h at 60°C,
1 h at 100°C, and 8 h at 160°C. After cooling, 5 mL of 18.2 MQ water were added

and evaporated at 160°C to a residual volume of approx. 1 mL. Samples were filled
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up with 1 M nitric acid (65%, bidistilled) to a final volume of 10 mL (hemolymph) or
50 mL (tissues) and transferred to polypropylene tubes.

Element concentrations of Ca, Fe, K, Mg, Mn, Na, and Sr were analysed by
means of inductively coupled plasma - optical emission spectroscopy (ICP-OES; Iris
Intrepid, Thermo Fisher Scientific Inc., USA). Additionally, Mn concentrations below
the lowest calibration standard of the ICP-OES measurements (0.01 mg L' Mn)
were analysed by ICP —mass spectrometry (ICP-MS; Perkin Elmer/Sciex, Elan6000,
USA). Iron background concentrations of the aquarium waters during the experiment
were determined after tenfold-dilution with 1 M bidistilled nitric acid by ICP-MS. The
ICP-multi-element calibration standard 1V (CertiPURE®, Merck, Germany; used for
ICP-OES), multi-element calibration standard 2 and 3 (Perkin Elmer, USA; used for
ICP-MS), and rhodium(lll) chloride solution (Merck, Germany) as internal standard
were used for standardisation of the ICP-OES and ICP-MS system. All element
concentrations analysed in this study are available at Pangaea (doi:10.1594/

PANGAEA.776600).

6.3.3. Standard reference material

The standard reference materials IAEA-A13 (freese dried animal blood) and
IAEA407 (fish homogenate; International Atomic Energy Agency, Vienna, Austria)
were hydrolysed during each digestion procedure to assure constant digestion
quality (Table 6.1). Lyophilised animal blood (IAEA-A13) was chosen due to the
lack of matrix matched reference material, although matrix discrepancies between
samples (liquid, no hemoglobin) and reference material (lyophilised, hemoglobin)
exist. Additional hydrolysis and analyses were done at the Institute of Soil Science
of Temperate Ecosystems (University of Goéttingen) for both reference materials and
at the Institute for Chemistry and Biology of the Marine Environment (University of
Oldenburg) for IAEA407 to prove the accuracy of our digestion procedure.

Concentrations were similar between institutes and ranged within the 95%
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confidence interval (95%Cl; Table 6.1) for most elements. For all elements precision
ranged between 3.5% and 5.9% except for K (12.9%) in IAEA-A13 and between
5.2% and 8.9% in IAEA407.

Table 6.1. Results of the reference materials IAEA-A13 and IAEA407 analysed at two/three different
laboratories (SD = standard deviation, 95% CI| = 95% confidence interval, b.d.l. = values below
detection limit, n.d. = not determined). All reference values are recommended values.

Alfred Wegener University of University of
Institute Gottingen Oldenburg
Bremerhavern (N=8) (N=1)
Recommended Found Found Found
SD SD
Element value 95% CI N concentration concentration concentration
[mg kg™ [mg kg™
[mg kg'] [mg kg'] [mg kg'] [mg kg]
Ca 286 226 - 332 32 265 16 275 15 n.d.
gl Fe 2400 2200-2500 34 2230 110 2110 73 n.d.
é K 2500 2100-2700 33 2040 260 2100 30 n.d.
Na 12600 11600 - 13500 28 11070 390 10760 90 n.d.
Ca 27000 25700 - 28300 13 26200 1700 26100 2160 25650
S Fe 146 143 - 149 12 132 12 129 10 b.d.l
<
E K 13100 12200 - 14000 14 11000 710 11700 290 11500
< Mn 3.52 3.44 - 3.60 3 3.76 0.28 3.88 1.44 b.d.l.
Sr 130 125-135 14 136 7 n.d. n.d. 122

6.3.4. Pore water and seawater analysis

During austral summers 2009/2010 and 2010/2011 four sediment cores were
retrieved close to the bivalve sampling stations (Fig. 6.1c) by using push corers
(cores PC-K48 and PC-KX4) and a modified UWITEC gravity corer system (cores
PC-P01 and PC-P09). Immediately after coring, sediments were directly sampled
for pore water in 1 cm to 2 cm resolution (1 cm between 0-5 cm and 2 cm between
7-15 cm core depth) using 18.2 MQ water-washed rhizons (0.15 ym mean pore
size, Rhizosphere Research Products, The Netherlands) that were inserted
simultaneously into the core liner through pre-drilled holes. Pore waters were then

collected for up to 60 min under vacuum in 12 mL syringes. An aliquot of each
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pore water sample was transferred to 5 mL polypropylene tubes (conditioned with
2% (v/v) subboiled HNO, conc.) and acidified with nitric acid (269%, TraceSelect®,
Sigma Aldrich, Germany) to pH <2.

Seawater samples were taken from 5 m and 30 m depth (Fig. 6.1c) during the
austral summer 2010-2011. All samples were acidified with subboiled nitric acid
(65 %, Merck, Germany) to a final concentration of 2% after filtration (0.45 pm pore
diameter; Sartorius AG, Goéttingen, Germany). All water samples were stored and
transported at 4°C to the home laboratory at the ICBM (Oldenburg, Germany) for
element analyses.

Pore water Fe and Mn concentrations were determined at two-fold dilution by
ICP-OES (iCAP 6000, Thermo Scientific, Germany). In case of low Fe and Mn
concentrations (<0.9 ymol L' (Fe) and <0.5 ymol L' (Mn)) further analyses on ten-
fold diluted sample aliquots were performed with an Element 2 ICP-MS (Thermo
Scientific, Germany)to validate the results obtained by ICP-OES. In orderto guarantee
precision and accuracy of the methods international reference materials were
measured, namely Atlantic Seawater (ASW, Osil, UK; N=17) and CASS-5 (NRCC,
Canada; N=7), which were both spiked with single-element standard solutions (Alfa
Aesar, U.S.). Solution containing 71.6 ymol L' Fe and 72.8 ymol L' Mn was added
to ASW and solution containing 0.895 pymol L' Fe and 0.910 pmol L' Mn was added
to CASS-5. Accuracy and precision were better than 4% for both elements. Seawater
element concentrations were analysed in diluted (1:1) seawater samples by ICP-
OES (Ca, K, Mg, Na, Sr) and on ten-fold diluted sample aliquots by ICP-MS (Fe,
Mn). In order to verify the correctness of the measuring process the international
seawater reference materials CASS-5 (Fe, Mn; N=31) and NASS-5 (Fe, Mn, via
salinity: K, Mg, Ca, Na, Sr, N=11; NRCC, Canada) were analysed. Accuracy and
precision were better than 4% for Ca, K, Mg, Na, and Sr. Accuracy and precision
were 3.5% and 10% for Mn, respectively. Due to the very low Fe concentrations

in seawater in some cases a standard correction was carried out and validated by
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spiked standard reference material. Precision was better than 10% and accuracy

better than 3.6%.

6.3.5. Statistical analysis

Since stations B10-B36 are representing the discharge area of melt water
streams all five substations were pooled to one station B, now represented by N=25
bivalves. Element tissue contents [mg kg dry weight] were normalised to bivalve
shell volume to enable the comparison of sampling sites with non-overlapping
animal size ranges. Since the shell does not grow exclusively along the anterior-
posterior axis, the volume of an ellipsoid calculated from shell length, height, and

width (Equation 6.1) was chosen as a more conservative approximation.

Vs = % X leng ZthShell % height,,

x widthy,,, (6.1)

The ellipsoid proxy was also favoured over shell weight, because sediment
particles were frequently enclosed between the shell layers in the siphon area of
the shell (compare Harper et al., 2012), which would have biased shell weight as a
normalisation proxy.

Descriptive statistics were computed by Origin 8.5.1 (OriginLab Corporation,
USA). In order to identify and diminish outliers the Q-test after Dean and Dixon (1951)
for N<10 was applied. Differences in means were tested on significance between
stations by the nonparametric Kruskal-Wallis-test (using R 2.12.1; R Development
Core Team, 2011) and Nemenyi-test (computed manually). Equality of variances
was tested by the Levene’s test implemented in the lawstat package (Noguchi et al.,

2009). An alpha level of 5% was chosen as statistically significant.
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6.4. Results

Animals from stations B and C (N=28) were older than 13 years, whereas animals
collected at ID (N=9) reached a maximum age of only five years. The lack of older
individuals at station ID indicates a colonisation of the southern side of the island
(close to station ID; Fig. 6.1) during the austral summer 2004/05. The island was
covered by the Fourcade Glacier until 2002/03, and the results from station ID
provide first evidence that benthic colonisation around the rocky island commenced
only after the glacial retreat. As maturation in L. elliptica sets in at around 8 years
(Dick et al., 2007), animals collected at station ID with a maximum age of 5 years

are referred to as juveniles.

6.4.1. Iron withdrawal experiments

During the experiment Fe water concentrations ranged constantly between
2.1 ymol L' and 2.8 ymol L' (except EH2 day 5 (1.7 uymol L") and EH3 day 14
(3.7 ymol L) in the aquaria EH1-EH3 (filtered seawater) and between 8.1 ymol L
and 11.6 ymol L' in EH4-EH6 (Fe spiked filtered seawater). Figure 6.2a shows
hemolymph Fe concentrations over time with regression lines for the Fe-withdrawal
experiment, in which the bivalves were kept in Fe-depleted filtered seawater. Only two
replicates are shown since a third replicate was excluded due to the inconsistency
of the measured hemolymph Fe concentrations over time.

In the experiment where bivalves were kept in Fe-spiked filtered seawater
(10 ymol L' Fe; Fig. 6.2b), replicate EH4 showed increasing blood Fe concentration
between day 0 (58.7 umol L") and day 5 (64.4 umol L), with concentrations
declining consistently after day 5. In all other replicates of both treatments the Fe
concentration decreased continuously and rapidly over time. We therefore assume
the initial Fe concentration of EH4 to be higher than the Fe concentrations of the
following samples (day 5, 10, and 14) and interpret the value of day 0 as non-

credible result.
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Fig. 6.2. Iron concentrations in bivalve hemolymph during a
14 day withdrawal experiment in a) filtered seawater and b)
filtered seawater spiked with 10 ymol L-1 Fe. Equations and
adjusted R? are given for the linear regression lines. Day 0 of
EH4 was not considered for linear regression.

The slopes oftheregression
lines of the experimental
setup (a) (replicates kept in
filtered seawater; Fig. 6.2a)
decline more steeply (slopes:
-6.9 (EH2) and -2.8 (EH3))
than for the regression lines
of the experimental setup (b)
(replicates kept in Fe-spiked
seawater, Fig. 6.2b, EH4-
EH6: slopes: -0.9 to -1.8).
Steeper slopes are also found
in bivalves with higherinitial Fe
hemolymph concentrations.
The half-lives of Fe in EH2
and EH3 (8 days, 13 days)
were lower than for replicates
EH4 to EH6, which ranged
from 19 to 31.5 days (half-life

in EH4 was calculated without day 0). The adjusted determination coefficient (R?)

exceeds 0.91 for all replicates (EH4 was calculated without day 0). Iron contamination

during sampling can be excluded due to this highly linear regression. Thus in both

treatments the Fe concentration declined strongly over time.

6.4.2. Element concentrations of hemolymph, pore water, and seawater samples

The mean concentrations of Ca, Na, and Sr in hemolymph were similar to

mean concentrations in pore water and seawater (Table 6.2; means over all

stations). The mean K concentration in hemolymph samples (11.2 mmol L") was
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Table 6.2. Mean and range of Ca, Fe, K, Mn, Na, and Sr concentrations in
bivalve hemolymph (stations B, C, and ID), pore water (cmbsf = cm below
seafloor), and seawater.

Pore water Sea water
Hemolymph
Element (0 - 5 cmbsf) (5 & 30 m water depth)

Mean Range Mean Range Mean Range
Ca [mmol L] 10.6 89-11.7 106 101-114 10.4 9.0-10.8
K [mmol L] 11.2 89-126 103 9.7-107 10.3 8.8-10.7
Na [mmol L] 429 347 -465 460 444 - 476 452 413 - 470
Sr [umol L] 93 79.5-104 90 88.7-92.5 91 79-94
Fe [umol L] 134 5.6 - 458 84 1.4-192 0.11 0.01-0.76
Mn [umol L] <04 0.1-4.0 18.8 0.8-60 0.02 0.01-0.09

marginally higher than the maximum pore water and seawater concentrations
(10.7 mmol L"). Hemolymph Fe concentrations of bivalves from different sampling
locations (B, C, ID) are shownin figure 6.3. Significant differences in mean hemolymph
Fe concentrations were only found between Station B (169 + 51 uymol L") and station
ID (36 = 13 pymol L*). Fe concentrations at station C (141 £ 108 umol L") were

similar to both other stations. Centrifuged

hemolymph samples contained 71% + 10%

1= :

] (N=29, across stations) of the total Fe
h§— i 2 - concentration in hemolymph (data are
ég_ T not shown in the tables), which means
E ° that approximately 30% of total Fe in

§ 1 hemolymph is bound in cells.

. * ’ Q In contrast to Fe, Mn concentrations

B c D Wwere below the ICP-MS detection limit
Station

(<0.1 pmol L") in most hemolymph
Fig. 6.3. Iron concentrations in bivalve
hemolymph (N= 22(B)/ 5(C)/ 8(ID)). Boxplot
whiskers represent the range. Different letters  concentration was 3.9 pumol L', and thus

denote significant differences at an alpha level
of 5%. identical to station ID (4.0 pmol L"), but

samples. At station B the maximum Mn

higher than at station C (2.4 ymol L).
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PC-K48 PC-KX4 PC-PO1 PC-P09
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Fig. 6.4. Pore water profiles of Fe and Mn down to 11 cm below seafloor (cmbsf) of four stations
related to the sampling sites of L. elliptica (PC-K48, PC-KX4 correspond to animals collected at
stations B, PC-P01 to station ID, and PC-P09 to animals collected at station C).

Iron concentrations in hemolymph were considerably higher than in seawater and
bottom water, whereas Mn hemolymph concentrations were similar to concentrations
in bottom water (0.1-1.3 pmol L") and pore water within the first centimetre below
seafloor (cmbsf; 1.5-5.0 ymol L"). Pore water profiles down to 11 cmbsf are shown
in figure 6.4. At station B (PC-K48, PC-KX4) Fe and Mn concentrations changed
similarly with depth and peaked in 5 cmbsf (PC-K48; 167 umol L' Fe, 32 ymol L' Mn)
and 7 cmbsf (PC-KX4; 176 umol L' Fe, 40 umol L™* Mn). Only within the first 3 cmbsf
Fe and Mn concentrations increased faster at site PC-K48 compared to PC-KX4.
At Station ID (PC-P01), close to the glacier, the highest maximum concentrations
(202 pmol L' Fe in 9 cmbsf, 82 ymol L' Mn in 11 cmbsf) were found for both
elements, with the strongest increase between 1 cm and 3 cm depth. Compared to
the other cores, core PC-P09 from the outer cove (station C) had the lowest peak Fe

and Mn concentrations (99 ymol L' Fe in 2 cmbsf, 4.8 yumol L' Mn in 11 cmbsf).
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6.4.3. Tissue element analysis (Fe, Mn)

Manganese contents in DG and mantle ranged mostly between the detection
limit (defined as three times the single standard deviation, SD) and the lowest
calibration standard and are therefore not shown in figure 6.5. Differences in Fe and
Mn contents between station B and the two reference stations (C, ID) were tested

after normalisation to shell volume according to equation (6.1) to account for size
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Fig. 6.5. Shell volume normalised Fe and Mn tissue contents: a) Fe contents in gills, b) Mn
contents in gills, c) Fe contents in DG, d) Fe contents in mantle tissues. Mn contents in DG and
mantle tissue are between the detection limit and lowest calibration standard and are therefore
not shown. Tissue sample sizes (N) were 25 (B), 5 (C) and 4 (ID) for all elements, except for Fe
contents in mantle tissues at station B (N=19). Boxplot whiskers represent the range. Different
letters denote significant differences at an alpha level of 5%.
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and age effects (e.g., individual life times, metabolic rates). Fe and Mn contents in
gills did not differ significantly between stations B and C and B and ID (Fig. 6.5a, b).
Mn contents differed significantly between stations C and ID. Particularly at station B
tissue contents of both elements varied strongly. Fe contents in the DG were highest
at station ID and the mean Fe content differed significantly between station ID and B
(Fig. 6.5c). Mantle Fe contents did not differ significantly between all three stations

(Fig. 6.5d).

6.5. Discussion
6.5.1. What controls Fe accumulation in L. elliptica?

Bivalves are basically iso-osmotic to the surrounding water, resulting in
hemolymph concentrations of major seawater ions (e.g., Na*, Cl, SO,*) similar
to the environmental concentrations, as long as the clams’ siphons (or shells of
a mussel) remain open (Robertson, 1949; Robertson, 1953; Shumway, 1977;
Willmer et al., 2000). In line with this, the major ion concentrations (Ca, K, Na, Sr;
Table 6.2) in the hemolymph of L. elliptica did not differ from either seawater or
pore water concentrations, and can, therefore, not be used to determine the source
of hemolymph ions (pore water vs seawater). In contrast, in situ Fe hemolymph
concentrations in L. elliptica from Potter Cove were several orders of magnitude
above seawater concentrations and in the same order of magnitude as sediment
pore water.

However, trace metal concentrations (e.g., Fe and Mn) in bivalve hemolymph are
difficult to interpret with respect to their environmental sources, since they represent
the product of cutaneous (gills) and intestinal (digestive tract) assimilation and
the compartmentalisation into several tissues with varying turnover rates (George
et al., 1976; Simkiss and Taylor, 1981; Simkiss and Mason, 1983). Once having
entered the blood, Fe and Mn ions are bound to ligands (e.g., proteins, enzymes)

to avoid cytotoxic effects (reviewed in Simkiss and Mason, 1983; Viarengo, 1985;
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Gonzales et al., 2010; Gonzales and Puntarulo, 2011) and to initiate further storage,
distribution or excretion (reviewed in Simkiss and Mason, 1983; Rainbow, 1990;
Kadar et al., 2010). Laternula elliptica expresses the Fe storage protein ferritin in
large quantities in DG, gills, and hemocyte cells (Husmann, 2013), which binds and
thereby detoxifies cutaneously and intestinally assimilated Fe. Our results show that
~30% of the total Fe content in hemolymph of L. elliptica are bound in hemocytes,
whereas ~70% are present in the plasma. The extracellular Fe fraction is likely
more responsive to changing Fe concentrations in the immediate environment of the
bivalves and explains the fast, linear decline in hemolymph Fe concentrations during
the experimental exposure of L. elliptica to low concentrations of dissolved Fe. The
faster decline of hemolymph Fe concentrations in filtered seawater compared to
Fe spiked seawater reflects a strong dependence of hemolymph Fe concentrations
on the levels of dissolved Fe in the incubation water. This linearity in declining Fe
concentrations and the short half-lives of around ten days found in the hemolymph
of L. elliptica are remarkably consistent to the results, which have been reported for
the mussel Mytilus edulis.

George and Coombs (1977) investigated the Fe excretion during starvation in
filtered seawater after the assimilation of particulate Fe(OH), and dissolved Fe-EDTA.
The authors found a linear decline in Fe content of the whole soft tissue of M. edulis
after exposure to both Fe species, showing half-lives of ten days. Only animals
treated with Fe(OH), showed a fast Fe release during the first 24 h, due to the loss
of non-absorbed Fe by feces, followed by the linear decline. Prolonged starvation
did not reduce the mean Fe content below 20-25 mg kg, which represented the
permanent store (Hobden, 1967). Pentreath (1973) investigated the half-lives for Fe
in several tissues in M. edulis, which ranged between 10 and 14 days, except for
gills (21 days). The Fe residence times further remained constant with increasing
Fe accumulation, due to an increasing excretion and a changing Fe distribution

among tissues (George et al., 1976; George and Coombs, 1977). Beyond that Fe
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accumulation in the whole tissue of M. edulis was linear to seawater concentrations
of both Fe(OH), and Fe-EDTA during 25 days of exposure.

Hence, we interpret the Fe hemolymph concentrations and tissue contents as a
function of the environmental bioavailable Fe, mediated by the Fe binding capacities
of the different tissues. However, increasing metal concentrations are able to induce
the synthesis of detoxifying ligands (metallothioneines; Viarengo, 1985). Rainbow
(2002) further stated that there is no shortage of potential binding sites, due to the
high affinity of trace metals to S and N, which are important components of amino
acids and thus of proteins. Moreover, the toxicity of a metal is related to a species
specific threshold concentration of metabolically available rather than the total metal
concentration, because the binding of metals prevents proteins or other molecules
from functioning in their metabolic role (Rainbow, 2002). Simplified, the detoxified
Fe store includes physiologically essential Fe and non-labile Fe deposits (e.g., metal
rich granules with high residence times), to which is added a variable amount of Fe
in excess (temporary, metabolically available store), which is potentially toxic and
needs to be excreted (see Rainbow, 2002). However, the accumulation and excretion
of this temporarily and rapidly mobilised Fe store can be, but is not necessarily,

linear for different tissues, as demonstrated for M. edulis and L. elliptica.

6.5.2. Combined geochemical and physiological interpretation of Fe accumulation
pattern in L. elliptica

Based on the references above and our experimental results for L. elliptica, we
expected a strong impact of bioavailable Fe sources in the immediate environment
of the bivalve on its hemolymph concentrations. However, the hemolymph
concentrations were considerably lower at station ID (juveniles), despite highest Fe
pore water concentrations at this station (PC-P01). This discrepancy is attributed to
a higher Fe incorporation into the shell related to lifetime mass specific respiration

during the first years of lifetime (Dick et al., 2007) and, in particular, to a lower Fe
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binding capacity, due to a smaller Fe-ligand pool in juveniles. Hemocyte cells of L.
elliptica express the Fe storage protein ferritin in large quantities (Husmann, 2013),
but hemolymph of younger individuals (<5.5 cm) contains only half the hemocytes
(cells mL") compared to adults (Husmann et al., 2011). Since our results showed
that only ~30% of the total Fe in the hemolymph of L. elliptica is bound in hemocyte
cells, age dependent differences are likely also applying to the binding of Fe in the
extracellular ligand pool (e.g., extracellular ferritin, enzymes, proteins). In the DG
ferritin is stronger expressed in juveniles than in adults (Husmann, 2013), which
explains the significantly higher normalised Fe contents in DG at station ID.

In contrast, neither hemolymph Fe concentrations nor normalised Fe tissue
contents differed significantly among adult animals from station B (melt water inlets)
and C (outer cove). This agrees with the pore and bottom water profiles of dissolved
Fe, which has been proposed as important sources of dissolved metals for the
deposit feeding clam Macoma balthica (Griscom and Fisher, 2004 and references
therein). Iron concentrations were similar among stations in bottom water (0.1—
0.3 ymol L' Fe) and roughly in pore water down to 5 cmbsf (100—170 umol L' Fe).

Numerous geochemical studies have demonstrated the release of dissolved
Fe (and Mn) from pore water into the benthic boundary layer and overlying water
by diffusion or advection (Elderfield, 1976; Sundby and Silverberg, 1981; Sundby
and Silverberg, 1985; Slomp et al., 1997; Dellwig et al., 2007; Beck et al., 2008b;
Severmann et al., 2010; Kowalski et al., 2012), even though bioturbative/irrigative
fluxes are more important than diffusive fluxes (Raiswell and Canfield, 2012).
However, as soon as dissolved, inorganic Fe(ll) enters oxic sediment layers
or seawater, it immediately oxidises to the more stable oxidation state Fe(lll),
which is affected by strong hydrolysis and precipitates as nanoparticulate iron
(oxyhydr) oxides (Ahrland, 1975; Millero et al., 1995; Waite, 2001), particularly as
metastable ferrihydrite (Fe,HO, x 4 H,O, earlier specified as Fe(OH), ;reviewed

in Raiswell and Canfield, 2012). This mineral forms poorly ordered nanoparticles
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(1-5 nm), which are characterised by a high solubility and reactivity and are, thus,
highly bioavailable (Raiswell and Canfield, 2012). Since bivalves assimilate Fe
nanoparticles via endocytosis by specific epithelial cells in gills and viscera (George
et al., 1976; Kadar et al., 2010), an assimilation of precipitated pore water Fe as
ferrinydrite explains the coexistence of high Fe contents in the bivalve and low Fe
concentrations in the bottom water. However, the assimilation of particulate Fe
is likely restricted to easily dissolvable ferrihydrite, since ferrihydrites aggregate
or alter to several other iron (oxyhydr)oxides (e.g., goethite, haematite) of lower
solubility and poor bioavailability (Raiswell and Canfield, 2012) and the pH in the
DG of L. elliptica (5.8—6.5; Poigner, unpublished) appears to be too high, to degrade
crystalline Fe oxides or silicates (compare Thomas and Bendell-Young, 1998 for the
clam M. balthica; Turner and Olsen, 2000 for the plaice Pleuronectes platessa).

Aqueous Fe(ll) is further discharged by anoxic subglacial waters into oxic
seawater or surface freshwaters, where it rapidly oxidises to ferrihydrite nanoparticles
(Raiswell et al., 2006; Raiswell et al., 2008). In PC high particle loads are restricted
to the upper seven metres in the water column and associated to low salinities,
due to the import by melt water streams (Monien et al., 2013). Even though these
suspended particles are rich in easily dissolvable iron (oxyhydr)oxides, most of it is
transported to the Southern Ocean rather than being deposited in PC (Monien et al.,
2013). Hence, we interpret differences in sedimentation of terrigenous, lithogenic
material (represented by station B, C) as insignificant for the overall explanation of
Fe accumulation pattern in PC, contrary to other authors before (Abele et al., 2008;
Curtosi et al., 2010; Husmann et al., 2012). A potential influence is locally restricted
to substation B21, since it is located in only five metres depth in front of melt water
inlets and accounts for the higher variation in Fe tissue contents and hemolymph
concentrations of station B.

Absolute tissue Fe and Mn contents (gills, DG, mantle) in adults (station B, C) are

in the same order of magnitude as reported earlier for adults from KGI (Table 6.3)
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and variations in mean contents among different KGI studies are likely a result of
lacking normalisation, although adult shell lengths were similar. Philipp et al. (2008)
showed a high inter-individual variability in the shell length-age relationship. An age

range between 10 and 36 years was, for instance, observed for individuals with

Table 6.3. Mean contents + 95% confidence intervals [mg kg™ dry weight] of Fe and Mn in tissues
(DG = digestive gland, MAN = mantle tissue) of L. elliptica for all three stations. Sample sizes were
25 for station B and 5 for each of station C and ID, except mantle tissue samples of station B (N=19).
Results of this study are compared with tissue concentrations of previous studies (mean + SD).

Fe Mn
Gill MAN DG Gill MAN
DG Shell length
Location [mg kg [mg kg [mg kg [mg kg™ [mg kg™ Source
[mg kg dw] [mm]
dw] dw] dw] dw] dw]
B 1444 + 154 2060 £ 305 764 + 315 29+8.3 73.2-90.7 this study
1864 + 668 2006 £ 678 549 + 385 15+2.6 85.0-101.8 this study
ID 981+404 639+233 119+58 11+34 56.9 - 63.8 this study
Deception
9200 + 2200 700 £ 400 - Deheyn, 2005
Island
Maxwell Bay Ahn et al.,
2000 £ 720 2000 + 650 18.6+7.5 44.7+16.3 72-95
(KGI) 1996
Potter Cove Husmann et al.,
1660 £ 653 1360+360 572+484 92+66 114+32 74138 76 +8
(KGI) 2012
Potter Cove Husmann et al.,
1150+ 310 35064 377+102 11938 7108 59+14 43+6
(KGI) 2012
Potter Cove Curtosi et al.,
1070 £ 50 41+04 >70
(KGI) 2010
Lohan et al.,
Rothera Point 422 £+ 19 371+25 985+7.7 33+007 42+0.15 142+0.04 59.2-83.5
2001
Nigro et al.,
Terra Nova Bay 145+ 58 178 + 56 45+04 51+07 -
1997

a shell length of 76 mm (hence we normalised on shell volume). Therefore, we
conclude that lifetime integrated accumulation can vary greatly across homogenous
shell length classes at one and the same site and also between different sampling

sites.
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However, adults from KGI (Marian Cove, PC) have tissue contents (Fe, Mn) up
to ten times higher than animals from Adelaide Island and Terra Nova Bay (Ahn et
al., 1996; Nigro et al., 1997; Lohan et al., 2001; Curtosi et al., 2010; Husmann et
al., 2012; this study), which had even distinctly lower Fe contents than juveniles
from PC (Table 6.3). Highest Fe and Mn accumulations have been reported in the
mantle of L. elliptica found at Deception Island (9,200 mg kg dry weight), even
though the mantle is the tissue of lowest Fe accumulation (Husmann et al., 2012;
this study) and ferritin expression (Husmann, 2013). These high metal loads arise
from volcanic geothermal activity (Deheyn et al., 2005), which releases dissolved
metals via diffuse sources (‘non-point source’) into the benthic environment and
elevates seawater concentrations (3.2 yumol L' Fe, 0.5-2.3 ymol L' Mn; Elderfield,
1972; Rey et al., 1995). Geothermal waters appear analog to pore waters according
to the diffusion of bioavailable, dissolved metals towards the benthic boundary.
Hence, the ingestion of freshly precipitated ferrihydrites from leaking geothermal or
pore waters at the sediment surface could explain the high Fe contents in L. elliptica

at Deception Island and PC.

6.5.3. Manganese assimilation by L. elliptica

Although Mn is also essential for enzyme activation and cellular processes in
bivalves (Carmichael etal., 1980; Simkiss and Mason, 1983; Park et al., 2009), tissue
and hemolymph concentrations of L. elliptica are remarkably low compared to
Fe, which can be explained by a smaller Mn reservoir for the assimilation by L.
elliptica.

The kinetic oxidation of dissolved Mn** to solid MnO, is slow compared to Fe
(Knox and Turner, 1980; Roits et al., 2002) and its complexation to organic ligands
(e.g., Knox and Turner, 1980; Roitz and Bruland, 1997; L’'Her Roux et al., 1998)
and adsorption onto hydrous Fe oxides (Sholkovitz, 1978) is considered as

inconsequential. Consequently, Mn remains primarily as free Mn?* and MnClI* in the

140



6. Fe and Mn assimilation in Laternula elliptica at KGI

water column (Roitz et al., 2002) and behaves independently from Fe (Knox and
Turner, 1980). Since silicate bound Mn is not bioavailable to the bivalve (compare
chapter 6.4.2), dissolved Mn around the benthic boundary constitutes the major
Mn source for L. elliptica. This also explains the conformity of hemolymph (0.1-
4.0 ymol L' Mn; Tab. 6.2), bottom water (0.2—1.2 ymol L' Mn; Fig. 6.5) and pore
water Mn concentrations down to 0.5 cmbsf (1.5-5 ymol L' Mn; Fig. 6.5). Further,
normalised Mn gill contents were significantly higher at station ID than at station
C, which correspond to the higher Mn pore water concentrations and the steeper
gradient of dissolved Mn at station ID (PC-P01; Fig. 6.4). This likely reflects a higher
assimilation at this site, since dissolved ions are primarily assimilated via the gills
(reviewed in Simkiss and Mason, 1983; Rainbow, 1990; Kadar et al., 2010) and
accumulation effects due to different lifetimes were eliminated by normalisation.
This observed proportionality between Mn concentrations in hemolymph and pore/
bottom water is difficult to explain physiologically, although linearity between tissue
metal accumulation and environmental concentrations was observed for Mn and
other elements and different species (reviewed in Simkiss and Mason, 1983; Metian
et al., 2009).

In case of L. elliptica one possible explanation may be a limited pool of Mn-ligands,
to complex free Mn-ions as soon as they enter the hemolymph after cutaneous or
intestinal assimilation. Although Mn-containing enzymes existin L. elliptica (e.g., Mn-
SOD; Park et al., 2009), no analogue to the high-capacity Fe storage protein ferritin
(Husmann, 2013) is known for Mn. Thus, other tissues may be of minor importance
for Mn-storage and Mn is predominately transferred to excretion sites (kidney). In
this case, an increased Mn turnover could keep Mn hemolymph concentrations low
(e.g., at or lower environmental levels) and avoid toxic effects due to unbound Mn
or Mn excess. Dissolved Mn concentrations lethal to 50% of the test individuals
(LC-50) were ~0.55 mmol L' (48 h) for larvae of Mytilus edulis (Morgan et al., 1986)

and ~5.5 mmol L' (168 h) for Mya arenaria (Eisler, 1977). Hence, Mn pore water
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concentrations in Potter Cove are far below the reported LC-50 concentrations.

Nevertheless, the assumptions above are supported by remarkable small half-
lives (7—26 days) of Mn in Mytilus edulis reflecting a very dynamic state (Pentreath,
1973). Further, Mn tissue contents (gills, mantle, foot, muscle) were mostly unaffected
during starvation (Pentreath, 1973) indicating a low exchange among hemolymph
and tissues. In the kidney, Mn is accumulated and primarily excreted as inorganic,
metal-rich granules (reviewed in Simkiss and Mason, 1983).

Although the presented concept explains the observations for L. elliptica in PC, it
remains speculative, since detailed studies concerning Mn distribution and residence

times in tissues are lacking for L. elliptica.

6.6. Conclusions and Outlook

In figure 6.6 we summarise the Fe and Mn uptake pathways for L. elliptica in
PC. For both elements we assume the flux of Fe- and Mn-rich pore water into the
oxic sediment layer or across the benthic boundary as important source for the
bivalve, even though the assimilation may differ. Since Mn oxidation is relatively slow
compared to the oxidation of Fe and Mn concentrations in hemolymph were as low
as in bottom water or in the pore water of the first cmbsf, we expect a predominant
assimilation of dissolved Mn(ll). In contrast, Fe hemolymph concentrations were
considerable higher than bottom water concentrations, indicating an additional
assimilation route, due to the strong impact of environmental Fe concentrations on
hemolymph concentrations shown in our experiments. This bioavailable Fe is likely
provided by bioavailable iron (oxyhydr)oxides, in particular ferrihydrite nanoparticles,
precipitated from dissolved Fe after diffusion into the oxic sediment or bottom water
layer. A minor fraction of bioavailable iron (oxyhydr)oxides is potentially provided by
scavenging after precipitation in the water column or by the import via melt water
at very shallow locations close to the inlets of melt water streams (e.g., substation

B21).
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Fig. 6.6. .Possible Fe and Mn uptake pathways for L. elliptca were found in PC. This
in Potter Cove related to diagenetic processes in the upper

sediment layers. Dashed lines represent the fluxes of aqueous contrasts  earlier ~ studies,
Fe(ll) (red) and Mn(ll) (green). Solid, red lines represent the
assimilation of precipitated Fe (oxyhydr)oxides, in particular
ferrihydrite. Chemical zonation of the diagenetic series after input of lithogenic sediment
Froelich et al. (1979) and Canfield and Thamdrup (2009).

which assumed the high

from glaciers into the cove to
be causal of high Fe contents
in L. elliptica. Hence, our results challenge the proposed potential of Fe (and Mn) as
proxy for the melt water import of eroded bedrock material into the cove. Although
pore water data are lacking for other sites (Adelaide Island, Terra Nova Bay), we
assume that differences in the geochemical environment cause the variations in
Fe and Mn accumulation in L. elliptica around Antarctica, as it was discussed for

Deception Island (geothermal influence) and PC (non-active volcanic site).
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Abstract

The climate evolution of the South Shetland Islands during the last c. 2,000 years
is inferred from the multiproxy analyses of a long (928 cm) sediment core retrieved
from Maxwell Bay off King George Island. The vertical sediment flux at the core
location is controlled by summer melting processes that cause sediment-laden
melt water plumes to form. These leave a characteristic signature in the sediments
of NE Maxwell Bay. We use this signature to distinguish summer and winter-
dominated periods. During the Medieval Warm Period, sediments are generally
finer which indicates summer-type conditions. In contrast, during the Little Ice
Age (LIA) sediments are generally coarser and are indicative of winter-dominated

conditions. Comparison with Northern and Southern Hemisphere, Antarctic, and
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global temperature reconstructions reveals that the mean grain-size curve from
Maxwell Bay closely resembles the curve of the global temperature reconstruction.
We show that the medieval warming occurred earlier in the Southern than in
the Northern Hemisphere, which might indicate that the warming was driven by
processes occurring in the south. The beginning of the LIA appears to be almost
synchronous in both hemispheres. The warming after the LIA closely resembles the
Northern Hemisphere record which might indicate this phase of cooling was driven
by processes occurring in the north. Although the recent rapid regional warming is
clearly visible, the Maxwell Bay record does not show the dominance of summer-
type sediments until the 1970s. Continued warming in this area will likely affect the
marine ecosystem through melt water induced turbidity of the surface waters as well
as an extension of the vegetation period due to the predicted decrease of sea ice in

this area.
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Abstract

Precise relative sea level (RSL) data are important for inferring regional ice sheet
histories, as well as helping to validate numerical models of ice sheet evolution and
glacial isostatic adjustment. Here we develop a new RSL curve for Fildes Peninsula,
South Shetland Islands (SSls), a sub-Antarctic archipelago peripheral to the northern
Antarctic Peninsula ice sheet, by integrating sedimentary evidence from isolation
basins with geomorphological evidence from raised beaches. This combined
approach yields not only a Holocene RSL curve, but also the spatial pattern of how
RSL change varied across the archipelago. The curve shows a mid-Holocene RSL
highstand on Fildes Peninsula at 15.5 m above mean sea level between 8,000 and

7,000 cal yr BP. Subsequently RSL gradually fell as a consequence of isostatic uplift
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in response to regional deglaciation. We propose that isostatic uplift occurred at a
non-steady rate, with a temporary pause in ice retreat ca. 7,200 cal yr BP, leading
to a short-lived RSL rise of ~1 m and forming a second peak to the mid-Holocene
highstand. Two independent approaches were taken to constrain the long-term
tectonic uplift rate of the SSls at 0.22—0.48 m kyr, placing the tectonic contribution
to the reconstructed RSL highstand between 1.4 and 2.9 m. Finally, we make

comparisons to predictions from three global sea level models.
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Abstract

Recent rapid climate warming at the western Antarctic Peninsula (WAP) results
in elevated glacial melting, enhanced sedimentary run-off, increased turbidity and
impact of ice-scouring in shallow coastal areas. Discharge of mineral suspension
from volcanic bedrock ablation and chronic physical disturbance is expected
to influence sessile filter feeders such as the Antarctic soft shell clam Laternula
elliptica (King and Broderip, 1832). We investigated effects of sedimentary run-off
on the accumulation of trace metals, and together with physical disturbance, the
cumulative effect on oxidative stress parameters in younger and older L. elliptica

from two stations in Potter Cove (King George Island, Antarctica) which are distinctly
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impacted by turbidity and ice-scouring. Fe, Mn, Sr, V and Zn concentrations were
slightly higher in sediments of the station receiving more sediment run-off, but not
enriched in bivalves of this station. The only element that increased in bivalves
experimentally exposed to sediment suspension for 28 days was Mn. Concentration
of the waste accumulation biomarker lipofuscin in nervous tissue was higher in L.
elliptica from the “exposed” compared to the “less exposed” site, whereas protein
carbonyl levels in bivalve mantle tissue were higher at the less sediment impacted
site. Tissue metal content and lipofuscin in nervous tissue were generally higher in
older compared to younger individuals from both field stations. We conclude that
elevated sediment ablation does not per se result in higher metal accumulation in L.
elliptica. Instead of direct absorbance from sediment particles, metal accumulation
in gills seems to indicate uptake of compounds dissolved in the water column,
whereas metals in digestive gland appear to originate from enriched planktonic or
detritic food. Accumulation of cellular waste products and potentially reactive metals
over lifetime presumably alters L. elliptica physiological performance with age and

may contribute to higher stress susceptibility in older animals.
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Abstract
Since the early 1990s, phytoplankton has been studied and monitored in Potter
Cove (PC) and Admiralty Bay (AB), King George/25 de Mayo Island (KGl), South

Shetlands. Phytoplankton biomass is typically low compared to other Antarctic shelf
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environments, with average spring - summer values below 1 mg chlorophyll a (Chl
a) m3. The physical conditions in the area (reduced irradiance induced by particles
originated from the land, intense winds) limit the coastal productivity at KGI, as a
result of shallow Sverdrup’s critical depths (Z ) and large turbulent mixing depths
(Z)). In January 2010 a large phytoplankton bloom with a maximum of around 20 mg
Chl a m3, and monthly averages of 4 (PC) and 6 (AB) mg Chl a m=, was observed
in the area, making it by far the largest recorded bloom over the last 20 yr. Dominant
phytoplankton species were the typical bloom-forming diatoms that are usually
found in the western Antarctic Peninsula area. Anomalously cold air temperature
and dominant winds from the eastern sector seem to explain adequate light:mixing
environment. Local physical conditions were analysed by means of the relationship
between Z_and Z, and conditions were found adequate for allowing phytoplankton
development. However, a multi-year analysis indicates that these conditions may be
necessary but not sufficient to guarantee phytoplankton accumulation. The relation
between maximum Chl a values and air temperature suggests that bottom-up control
would render such large blooms even less frequent in KGI under the warmer climate

expected in the area during the second half of the present century.
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11. Summary & Outlook

The western Antarctic Peninsula (WAP) is one of the most sensitive and dynamic
areas on Earth, where ecological and cryospheric systems respond rapidly to climate
changes. During the last six decades this region has experienced a unique rapid
recent warming trend, which is related to dramatic changes in the extent of sea and
land ice, sea level, community structures and food chains. This, in turn, has put an
increased scientific focus on this specific region. In order to understand long-term
trends in climate variability and to test climate models used to predict future climate
changes, reconstructions of the past climate are fundamental.

This thesis focuses on the reconstruction of the palaeoenvironmental conditions
at the northern WAP during the Holocene using inorganic geochemical proxies in
marine and lacustrine sedimentary archives. In addition, another emphasis was put
on biogeochemical processes in WAP sediments and their recent impact on local

benthic and pelagic communities.

The chemical composition of seabird influenced lacustrine archives was used
to reconstruct a high-resolution history of penguin populations on Ardley Island,
which was compared with other regional records of past penguin occupation and
palaeoclimate along the WAP during the last 9,000 years. Sediments from two
neighbouring lakes on Ardley Island and Fildes Peninsula, King George Island,
WAP, were therefore analysed for biogeochemical markers (As, Ba, Ca, Cd, Cu,
Hg, P, TS, Se, Sr, and Zn) uniquely associated with penguin guano (chapter 4). The
results indicate that penguins occupied Ardley Island since 7.4 cal kyr BP and that
their colonies have undergone several fluctuations in the following millenia. While
some factors that determine breeding success such as pressure from predators,

the ability to change diet, or recent anthropogenic impacts could not be assessed,
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this study has revealed the key factors influencing penguin populations on Ardley
Island through the Holocene. It is strongly suggested that local penguin colonies
appear to be generally associated with variations in regional climate and sea-ice
extent. Furthermore, they have experienced several rapid and catastrophic crashes
as a result of volcanic eruptions. The highest populations were detected at 6.1—
5.2 cal kyr BP, 4.3-3.4 cal kyr BP during the Mid-Holocene Hypsithermal, and at 2.0—
1.4 cal kyr BP. There is evidence that Gentoo penguin colonies expanded to occupy
more inland areas of Ardley Island during ‘warmer’ phases. In addition to volcanic
activity, low population episodes seem to have coincided with colder periods with the
expansion of land and sea-ice creating unfavourable breeding conditions for Gentoo
penguins. Despite recent links between increased Gentoo penguin populations and
the warming climate, penguin populations on Ardley Island nowadays appear to be
still well below their Holocene optima.

The variability in regional Holocene climate was moreover documented by a
comprehensive geochemical dataset of marine sediments from the WAP region
(chapter 3). Radiocarbon and ?'°Pb data revealed that the composite core taken from
Maxwell Bay, King George Island, WAP comprises a palaeoclimatic record of the past
two millenia with high sedimentation rates ranging from 0.2 to 1.7 cm yr'. The age
model was validated by ten tephra layers, which were detected by quantitative XRF
measurements and microscopic methods and could directly be linked to previous
eruptions from nearby Deception Island. Major and trace element distribution patterns
of the sediments suggest that their composition is mainly controlled by the lithogenic
background of the study area, consisting of tholeiitic basaltic andesites most probably
derived from the nearby Barton Peninsula. However, some geochemical indicators
give also evidence that the primary composition is influenced by early diagenetic
processes (U, TS) and by a changing primary production (TOC, biogenicsilica/ SiO, )
at the study site. Palaeoclimatic interpretation of the sediment proxies indicates that

the study site has experienced short-term alternations in regional climate during the
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last c. 2,000 yr, which underlines the climatically sensitive character of this area.
Periods of retreating and re-advancing of glaciers on the nearby Barton Peninsula
probably led to changes in the supply area. Variations in selected element ratios as
well as in the mean grain size allowed to identify two main climatic events during the
Late Holocene that are equivalent in timing to the Little Ice Age (~550-50 cal yr BP)
and the Medieval Warm Period (~1,400-550 cal yr BP) of the Northern Hemisphere.
Moreover, the recent rapid regional warming trend is reflected in this sedimentary
sequence. Using ?'°Pb data from Maxwell Bay surface sediments, it could be shown
that since the end of the 1930s mass accumulation rates have almost tripled up to the
present day (0.66 g cm? yr'). This clearly documents the enhanced input of eroded
particulate material into coastal areas and could directly be linked to the concurrent
glacier retreat at the WAP as described by Cook et al. (2005). If air temperatures
will continuously rise, as predicted in the latest IPCC report (Solomon et al., 2007),
the input of particulate matter via melt water streams may further increase. This in
turn may have severe consequences for local marine ecosystems in this sensitive
region.

The possible influence of enhanced sediment accumulation on benthic
communities and trace metal cycling in coastal sediments was discussed in some
interdisciplinary studies (chapters 6 and 9) and in biogeochemical investigations of
recent sedimentary deposits in Potter Cove, King George Island (chapter 5). In this
context redox-sensitive trace elements, nutrients and terminal metabolic products
were used to describe redox conditions and biogeochemical processes in pore
waters from maritime Antarctica. Geochemical data obtained from 13 sediment cores,
which were taken at different locations in the cove, revealed that sulphate reduction
is the dominant pathway of organic matter oxidation. This is particularly true for
the shallower zones at the southern coast of Potter Peninsula and on a transect
towards the northwestern area of the inner cove. Modelled sulphate reduction rates

(0.23—-0.56 mol m2 yr') were found to be an order of magnitude lower than known
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from coastal sediments in other sub-Antarctic or temperate regions (Nedwell, 1989;
Sarensen et al., 1979) but comparable to those determined in coastal sediments
off Greenland (Rysgaard et al.,, 1996). In contrast, microbial manganese and
dissimilatory iron reduction processes seem to be prevailing in the deeper troughs
(<40 m water depth) of the central cove and in the newly ice-free area near the
glacier front. It is assumed that at these locations metal oxide reduction is favoured
over sulphate reduction due to a combination of i) enhanced physical and biological
disturbance by bottom water currents, ice scouring and burrowing organisms, ii)
the increased accumulation of melt water derived, fine-grained material with high
amounts of reactive metal oxides and iii) the reduced availability of metabolisable
organic matter. Using a novel inverse method for the estimation of biogeochemical
rates from measured pore water concentrations (Lettmann et al., 2012) iron reduction
rates were calculated for the study area. These rates provided the basis for a first
estimation of an Antarctic shelf-derived input of potentially bioavailable iron to the
Southern Ocean. The contribution (1.2-18 mg m2 yr') is in the same range than
the flux from melting icebergs and significantly higher than the input by aeolian dust
or previous estimates for the continental shelf. This supports the assumption that
the ferruginous shelf sediments are probably a key source for this micronutrient
in vast regions of the Southern Ocean, where iron still limits bioproductivity. In
consequence of enhanced glacier retreat and melt water fluxes and the related
increase in the accumulation of iron-rich sediments on the shelf, it can be assumed
that the relevance of Antarctic shelf sediments for the natural iron fertilisation of the
Southern Ocean may even increase.

Despite of the broad focus of this thesis on several geochemical topics, some
open questions remain, which require further investigation. The knowledge about
biogeochemical processes and trace metal cycling in nearshore surface sediments
of the Antarctic may be important to shed more light on the relevance of local shelf

sediments as a source for essential elements, like iron. Particularly considering that
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estimates showed that the increase in Fe-induced productivity could have contributed
about 30% to the 80-ppm drawdown in atmospheric CO, observed during glacial
maxima by enhancing the ocean’s biological pump (Sigman and Boyle, 2000).
However, more studies including Fe isotope analyses are necessary to establish
robust mathematical models to better estimate the Fe input to the Southern Ocean
in a warming world.

Whereas the anthropogenic emission of greenhouse gases seems to be a major
driver for the observed warming during the last decades (Oreskes, 2004; Solomon et
al., 2007), the primary forcing mechanisms underlying the regional Holocene climate
variability at the WAP are still not fully understood. Among changes in solar insolation
and in the Southern Westerlies (Bentley et al., 2009; Khim et al., 2002; Leventer
et al.,, 1996; Marshall et al., 2006), variations in the El Nifio Southern Oscillation
(ENSO) are discussed (e.g., Simmonds, 2003). Other authors relate changes in the
North Atlantic thermohaline conditions and warm surface anomalies in the North
Atlantic to AP climate variability (Broecker, 2001; Goosse et al., 2004; Nielsen et al.,
2004). The influence of the Antarctic Circumpolar Current (ACC) and the associated
upwelling of Circumpolar Deep Water (CDW) on the WAP continental shelf as an
oceanographic mechanism possibly driving past and present changes in climate at
the WAP (Bentley et al., 2009; Domack et al., 2003; Shevenell and Kennett, 2002)
may further be ofimportance. To date the palaeoflow history of the CDW and its impact
on variations in atmospheric circulations is not resolved. Geochemical provenance
analyses complemented by investigations of stable metal isotopes (REE, Sr, Pb) in
detrital and authigenic phases of glacio-marine sediments deposited along the WAP
may therefore provide more insights into the changing influence of the CDW during

the Holocene as an important factor for regional climate variability.
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