
From Lake to Ocean:

Disentangling past and present depositional

processes and environmental conditions

of sub-Antarctic South Georgia

using molecular and isotopic tools

Sandra Jivcov





From Lake to Ocean:

Disentangling past and present depositional

processes and environmental conditions

of sub-Antarctic South Georgia

using molecular and isotopic tools

Inaugural-Dissertation

zur

Erlangung des Doktorgrades

der Mathematisch-Naturwissenschaftlichen Fakultät

der Universität zu Köln

vorgelegt von

Sandra Jivcov

aus Temeschburg, Rumänien

Köln, 2019





Berichterstatter: Prof. Dr. Martin Melles
(Gutachter) Prof. Dr. Janet Rethemeyer

Tag der mündlichen Prüfung: 13. Juni 2018





Abstract

The sub-Antarctic is a key region for the understanding of the coupling of Northern and
Southern Hemispheres’ reactions to climate change. Until now, only few marine sedimentary
records from this region were investigated because they are often lacking in eligible mate-
rial for radiocarbon dating. Here, this topical problem is addressed by compound-specific
radiocarbon analysis (CSRA) of biomarkers, derived from sedimentary records of South
Georgia. Intrinsic characteristics of different biomarkers as well as depositional processes
were investigated, in order to identify suitable compounds for the development of confident
sediment chronologies. Environmental changes in the study area were traced on the basis
of comprehensive multi-proxy analyses of marine and lacustrine sedimentary records.

Radiocarbon ages of n-fatty acids, n-alkanes, n-alcohols, total organic carbon (TOC) and
macrofossils of a coastal marine sediment core (Co1305) of Little Jason Lagoon and a lacus-
trine sediment core (Co1308) of Allen Lake A were measured, in order to identify sources of
the organic matter and to asses timescales of sediment transport. Similar temporal offsets of
c. 1,900 to 2,600 years between production and deposition of co-occurring plant macrofos-
sils and high molecular weight (HMW) n-fatty acids and n-alkanes point to common origins
and transport pathways of these different sample types. Preservation and retention of the
organic matter on land seems to be favored by climatic conditions.
Sedimentary bedrock is another source of land-derived organic carbon (OC) in the study
area. Petrogenic OC is commonly free of 14C and therefore influences radiocarbon ages
of bulk sediments considerably. In order to quantify the contributions of OC from petro-
genic, terrigenous (plants and soils) and marine sources to the surface sediments of different
aquatic environments (a lake, a marine inlet, two fjords and an off-shore site), three end-
member mass balance calculations were successfully applied. A clear spatial trend in the
proportions of ancient OC in the sediments indicates that export of petrogenic carbon is
mainly controlled by the activity of glaciers in the supply area. Correlation of ice-rafted
debris (IRD) with high TOC ages of the coastal marine downcore record Co1305 supports
that mechanical erosion of the bedrock by glaciers most efficiently mobilizes ancient OC.
Because of the influence of differently "aged" material from various sources on land, ra-
diocarbon ages of terrigenous components or of TOC cannot be used for a chronological
purpose in the coastal marine setting of Little Jason Lagoon. CSRA revealed that 14C ages
of mainly marine biomarkers (n-C16 fatty acids and n-C22 alcohols) likely yield more conf-



ident approximations of the time of sediment formation at this site. Proportions of terrige-
nous homologues, contributing to sedimentary pools of n-C16 fatty acids and n-C22 alcohols,
seem to be related to the individual diagenetical behaviors of the respective biomarkers. 14C
ages of co-occurring n-C16 fatty acids and n-C22 alcohols indicate that post-depositional pro-
cesses change proportions of marine and terrigenous homologues of n-C16 fatty acids to a
higher extend than of n-C22 alcohols. It seems therefore advantageous to combine n-C16

fatty acid ages along with n-C22 alcohol ages to improve the accuracy of the marine sedi-
ment chronology, particularly for the lower part of the sedimentary record Co1305.
Sedimentation is assumed to have started c. 10,000 cal BP in the setting of Little Jason
Lagoon. The record Co1308 of Allen Lake A is going back to c. 7,500 cal BP. A marked
environmental change was encountered in both records to have happened around 4,000 cal
BP, when climatic conditions ameliorated after a cold phase. A marked vegetational change
at this time in the setting of Allen Lake A seems to have caused several sedimentological and
geochemical changes in the lacustrine record. Where sedimentary proxies of the lacustrine
record Co1308 reveal a long term trend of successively ameliorating climatic conditions since
c. 7,500 cal BP, various environmental changes, including glacier fluctuations and variations
in marine and terrigenous productivity, are indicated in the record of Little Jason Lagoon.
Combination of comprehensive information of both sedimentary records enabled the iden-
tification of system dependent variability of the different aquatic environments as well as
environmental transitions of a likely regional extend.



Kurzfassung

Für das Verständnis des Zusammenhangs von nord- und südhemispherischen Reaktionen
auf Klimaänderungen ist die sub-Antarktis eine Schlüsselregion. Bisher wurden nur wenige
marine Sedimentarchive aus dieser Region untersucht, weil es meist an geeignetem Ma-
terial, das zur Radiokarbondatierung verwendet werden kann, mangelt. In dieser Arbeit
wurde die Methode der komponentenspezifischen Radiokarbondatierung von Biomarkern
genutzt, um Altersdatenpunkte für aquatische Ablagerungsräume Südgeorgiens zu gene-
rieren. Durch die Untersuchung von Ablagerungsprozessen und intrinsischen Eigenschaften
spezifischer Komponenten, konnten geeignete Biomarker für die Erstellung verlässlicher Sedi-
mentchronologien identifiziert werden. Mithilfe einer umfassenden, auf einem marinen und
einem lacustrinen Sedimentkern basierenden, Multi-Proxy-Analyse konnten Umweltverän-
derungen im Untersuchungsgebiet rekonstruiert werden.

Radiokarbonalter von n-Fettsäuren, n-Alkanen, n-Alkoholen, des Gesamtkohlenstoff und
von Makrofossilien aus einem küstennahen marinen Sedimentkern (Co1305) und aus einem
Seekern (Co1308) wurden gemessen, um die Quellen des organischen Material aufzuschlüs-
seln, sowie die Dauer des Sedimenttransports zu bestimmen. Ein ähnlicher zeitlicher Versatz
von etwa 1.900 bis 2.600 Jahren zwischen Produktion und Ablagerung, gleichzeitig einge-
tragener Landpflanzenbiomarker und makroskopischer Pflanzenteile deutet auf gemeinsame
Quellen des Materials hin. Die Erhaltung und Zwischenspeicherung der Organik an Land
scheint durch klimatische Bedingungen gesteuert zu sein. Sedimentgestein bildet eine weitere
Quelle, aus der organischer Kohlenstoff in die aquatischen Ablagerungsräume eingetragen
werden kann. Dieses Material ist üblicherweise frei von 14C, und wirkt sich somit stark auf
die Radiokarbonalter der Gesamtorganik des Sediments aus. Um die Anteile organischen
Kohlenstoffs aus unterschiedlichen Quellen in Oberflächensedimenten verschiedener aquati-
scher Ablagerungsräume, darunter ein See, eine Lagune, zwei Fjorde und eine off-shore Site,
zu quantifizieren, wurden Massenbilanzen mit drei Endmembern (fossil, marin, terrestrisch
(Pflanzen und Böden)) verwendet. Der räumliche Verteilung fossilen Kohlenstoffs deutet
darauf hin, dass der Eintrag 14C-freier Organik maßgeblich von der mechanischen Erosion
des Gesteins durch Gletscher bestimmt wird. Durch den Einfluss von vorgealterter Organik
aus verschiedenen Quellen an Land, können weder die Alter von Landpflanzenbiomarkern
noch die der Gesamtorganik für die Erstellung eines Altersmodell für den Kern Co1305 ge-



nutzt werden. Die Ergebnisse der komponentenspezifischen Radiokarbondatierung weisen
darauf hin, dass Biomarker die aus hauptsächlich marinen Quellen stammen (n-C16 Fettsäu-
ren und n-C22 Alkohole) verlässliche Sedimentalter liefern können. Die von Land eingetra-
genen Anteile an n-C16 Fettsäuren und n-C22 Alkoholen im Sediment, scheinen von dem
jeweiligen diagenetischen Verhalten der Biomarker abhängig zu sein. Mit zunehmender Tiefe
im Kern verändert sich die anfängliche Zusammensetzung von n-C16 Fettsäuren stärker, als
die der n-C22 Alkohole. Daher ist es von großem Vorteil die Altersinformationen beider
Biomarker zu kombinieren um ein präzises Altersmodell für den marinen Ablagerungsraum
zu entwickeln. Der marine Sedimentkern Co1305 hat ein Gesamtalter von ca. 10.000 Jahren
und der Sediment-kern Co1308 aus dem See reicht ungefähr 7.500 Jahre zurück. Eine deut-
liche Veränderung der Umwelt scheint sich vor etwa 4.000 Jahren zugetragen zu haben,
als sich die klimatischen Bedingungen nach einer Phase niedriger Temperaturen verbessert
haben. In dem Einzugsgebiet der Sees scheint sich die Vegetation zu dieser Zeit stark
verändert zu haben, womit viele sedimentologische und geochemische Veränderungen im
Sedimentkern begründet werden können. Generell scheint es, dass in den Sedimenten des
Sees ein Langzeittrend aufgezeichnet ist, der von sich kontinuierlich verbessernden klima-
tischen Bedingungen während des Holozäns zeugt, wobei die Sedimente des Lagunenkerns
Hinweise auf eine größere Variabilität unterschiedlicher Umweltbedingungen liefert (z.B.
Veränderung der Gletscheraktivität sowie der marinen und terrestrischen Produktivität).
Durch die Kombination der umfassenden sedimentologischen und geochemischen Daten aus
beiden Kernen ist es schließlich möglich sowohl Klimaänderung von regionalem Ausmaß zu
identifizieren als auch spezifische lokale Prozesse, die den unterschiedlichen Charakteristika
der jeweiligen Ablagerungsräume zuzuschreiben sind.
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Chapter 1

Introduction

Past climatic and environmental changes are recorded in archives like aquatic sediments,
tree rings, speleothems and ice cores. Physical and chemical properties of these archives
provide evidences of the paleoenvironmental evolution in different resolutions and on dif-
ferent time scales. Marine and lacustrine sedimentary archives are particularly important
for the reconstruction of paleoenvironmental conditions, since they can provide long and
continuous records which often contain a multitude of high resolution information and since
they are accessible in most parts of the world (Mollenhauer and Eglinton, 2007). However,
sites of paleoenvironmental investigations are globally not evenly distributed. Whereas most
evidences of climatic and environmental conditions of the Last Glacial Maximum (LGM)
and of the Holocene were derived from marine and terrestrial archives from the Northern
Hemisphere and from low latitude regions of the Southern Hemisphere, reconstructions from
the high latitudes of the Southern Hemisphere are scarce (Xiao et al., 2016). Latter largely
rely on Antarctic ice core records (Landais et al., 2015).
A substantial lack in high-resolution records is given for the the sub-Antarctic and partic-
ularly the Atlantic sector of the Southern Ocean. The scarcity of terrestrial records can
be simply attributed to the very small land masses that exist in form of six island groups
in the Southern Ocean. However, the marine sector of the sub-Antarctic is as well a ma-
jor blank area of paleoenvironmental records. Missing chronological markers, few or badly
preserved macroscopic remains that can be used for radiocarbon analysis, the insufficiently
constrained marine reservoir age variability and the mixture of organic carbon from different
sources complicates the development of accurate marine sediment chronologies in this region
(Licht et al., 1998; Andrews et al., 1999; Domack et al., 2001; Ohkouchi, 2003; Rosenheim
et al., 2008, 2013; Subt et al., 2016).
The need for more high-resolution records from the sub-Antarctic is, however, not only re-
lated to the aim of simply extending the global net of paleoenvironmental study sites. It
seems that characteristic oceanic and atmospheric circulation patterns of this region play a
particularly important role for the global climate dynamics. The Southern Ocean, as major
component in the carbon cycle, is an important driving force of the global climatic evolution
(Xiao et al., 2016). The Polar Frontal Zone (PFZ) surrounding the Antarctic landmass in

1
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the Southern Ocean, currently at 48� - 61� S, divides the convergence region to the north
from the divergence region to the south (Taylor et al., 1978). The PFZ seems to be a major
climatic boundary between Antarctica and the temperate regions of the Southern Hemi-
sphere and it possibly divides the response patterns to climatic forcings between Antarctica
and the rest of the world (Bard et al., 1997; Broecker, 1998). Paleoenvironmental records
from the sub-Antarctic are therefore of great interest to investigate climatic connections and
to provide information on the role of the PFZ in the Earth’s climate system.
South Georgia, one of the islands of the Atlantic sector of sub-Antarctic, is located south
of the recent position of the PFZ (54�17’S, 36�30’W). Depositional sites on land and at the
coast of the island can provide high-resolution records of paleoenvironmental changes of this
area. Compound-specific radiocarbon analysis (CSRA) of biomarkers has great potential
to overcome the regionally common difficulties of radiocarbon dating (Ohkouchi, 2003). In
order to determine eligible compounds that yield good estimates of the time of sediment for-
mation, biomarker sources, redistribution processes and timescales of these processes need
to be investigated. On the basis of accurate marine and lacustrine sediment chronologies,
paleoenvironmental reconstructions can contribute to a refined understanding of regional
environmental processes and the role of the sub-Antarctic for the global climatic evolution.

1.1 Paleoclimatic Evolution of the Sub-Antarctic

1.1.1 Last Glacial Termination

The Last Glacial Termination started around 20,000 years BP with the collapse of the
very large Northern Hemisphere (NH) ice sheets that were build up during the Pleistocene.
Fresh-water inflow into the Atlantic Ocean is assumed to have played a significant role for
the following climatic changes (Marson et al., 2014).
In Antarctica, full glacial conditions persisted until c. 18,000 years BP. A first warming
pulse is attributed to a weakened Atlantic Meridional Overturning Circulation (AMOC),
which reduced the heat transfer from the south to the north. Increasing sea-surface temper-
atures (SST) in the Southern Ocean resulted and the latitudinal SST gradients facilitated
the southward shift of the Southern Westerlies. Strengthening of these winds produced
ocean upwelling and further warming in the Southern Ocean and Antarctica (Denton et al.,
2010).
The propagation of oceanic and atmospheric changes (bipolar seesaw) led to alternating
stadial and interstadial conditions, that were anti-phased between the NH and Antarctica.
Melt water contributions from Antarctica and feedback effects due to an increasing atmo-
spheric CO2 level are assumed to have led to further decoupling of the hemispheres with
the beginning of the initial warming (Bianchi and Gersonde, 2004). The asynchronous re-
sponse to climatic forcings for the NH and Antarctica after the LGM is evidenced by ice
core records (Blunier et al., 1998). For the tropical to temperate regions of the Southern
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Hemisphere, paleoenvironmental records point to a climatic evolution in concert with the
Northern Hemisphere (Bard et al., 1997).
The location of the sub-Antarctic island of South Georgia, south of the recent position of
the PFZ, led to several studies that attempted to identify the timing and the coupling of
climatic transitions in this area. The maximum extend of the ice cover during the LGM
and the timing of subsequent deglaciation in phase or out of phase with Antarctic and NH
glaciations are major concerns in these studies (Clapperton et al., 1989; Bentley et al., 2007;
Rosqvist and Schuber, 2003; Hodgson et al., 2014).

For the reconstruction of the glaciation history of South Georgia, terrestrial (Sugden and
Clapperton, 1977; Clapperton et al., 1989; Bentley et al., 2007) as well as submarine ge-
omorphological evidences (Graham et al., 2008; Hodgson et al., 2014) have been studied.
Radiocarbon and cosmogenic isotope dating of moraines was performed (Bentley et al., 2007)
and basal ages of peat accumulation (Smith, 1981; Barrow, 1983; Gordon, 1987; Clapperton
et al., 1989; Van der Putten et al., 2004; Van Der Putten and Verbruggen, 2005) and of la-
custrine sedimentation (Rosqvist et al., 1999; Rosqvist and Schuber, 2003; Van Der Putten
and Verbruggen, 2005) were determined.

Two conflicting LGM models have been inferred based on these studies: 1. a glaciation
restricted to the inner fjords of the island or 2. an extensive shelf-wide glaciation.
Rosqvist et al. (1999) suggested that deglaciation started before 18.6 ka BP, based on the
onset of lacustrine sedimentation in Block lake on Tønsberg Peninsula. Ice-free conditions
at that time support the hypothesis of a restricted glaciation during the LGM, also favored
by Bentley et al. (2007), based on geomorphological evidences. These studies suggest that
South Georgia was responding similar to Antarctica and that the boundary between Antarc-
tic and Northern Hemisphere ‘signals’ was located at or north of the Antarctic PFZ.
Thirty years before, the investigation of the submarine morphology led Sugden and Clap-
perton (1977) to the assessment that South Georgia was coved by ice up to the continental
shelf break. Increasing evidence for the extensive glaciation is provided by recent studies,
which are based on bathymetric investigations (Graham et al., 2008; Hodgson et al., 2014)
in combination with marine sedimentary records (Graham et al., 2017) and modeling of
relative sea levels (Barlow et al., 2016).
In contrast to the radiocarbon age evidence of the Block Lake record (18.6 ka BP), peat
and lake sediment accumulation prior to 11.6 ka BP is absent in most records from South
Georgia (Smith, 1981; Barrow, 1983; Gordon, 1987; Clapperton et al., 1989; Van der Putten
et al., 2004; Van Der Putten and Verbruggen, 2005). The prominent gap between 18.6 ka
BP and the start of the Holocene can possibly be attributed to glacier re-advances during
the Antarctic cold reversal (ACR), which interrupted the warming trend after the LGM.
Glacier re-advances are documented in fjords of the north-eastern shore of the island be-
tween c. 15,170 and 13,340 cal years BP (Graham et al., 2017). The authors of this study
concluded that the LGM glaciation was extensive up to 19 ka BP but the sensitivity of the
glaciers to climate variability during the last termination was more significant than previ-
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ously implied. To explain the ice-free conditions prior to 18.6 ka BP on Tønsberg Peninsula,
they proposed initial glacier retreat from an extensive extension during the LGM by 18 ka
BP, at least to the fjord mouths. Rapid shelf deglaciation is supposed to be characterized
by thinning of the ice-surface profile, in order to maintain fjord glaciers while leaving the
present-day peninsulas deglaciated. In a regional context, they conclude that initial glacier
retreat around South Georgia was slightly earlier than at more northern latitudes and was
not forced atmospherically but by warming of the ocean or rising sea-levels. Meltwater
pulses sourced from Antarctica are one plausible trigger for initiating landward ice-cap re-
treat. In contrast to the initial warming, the subsequent ACR appears to be remarkably
in phase with evidences from Patagonian mountain glaciers, supporting the notion that the
cooling was broadly synchronous across the southern mid-latitudes and the Southern Hemi-
sphere glacial systems (Graham et al., 2017).

1.1.2 Holocene Climatic Variability

The Holocene, which started c. 11,000 yrs BP in the Southern Hemisphere with the es-
tablishment of the interglacial climate, is generally assumed to represent a relatively stable
interglacial period (Nielsen et al., 2004). However, distinct periods of significant rapid cli-
mate change during the Holocene were identified (Mayewski et al., 2004).
At the beginning of the Holocene (11,000 - 9,500 yrs BP), the Southern Hemisphere high
latitudes were characterized by warm conditions (Bentley et al., 2009). Most of the peat
and lacustrine records from South Georgia start their formation at that time (Smith, 1981;
Barrow, 1983; Gordon, 1987; Clapperton et al., 1989; Van der Putten et al., 2004; Van Der
Putten and Verbruggen, 2005), documenting an important environmental transition at the
beginning of the Holocene. Deglaciation of the coastal zones (< 50 m) of the island of
South Georgia was mostly accomplished between c. 9,600 and 8,660 yrs BP (Smith, 1981;
Clapperton et al., 1989; Van Der Putten and Verbruggen, 2005). Vegetation seems to have
rapidly colonized these ice-free zones and peat growth, that started at the same time, con-
tained nearly all plant species already soon after the deglaciation (Barrow, 1978; Smith,
1981; Björck et al., 1991; Rosqvist et al., 1999; Van Der Putten and Verbruggen, 2005).
A cooling trend, accompanied by the re-advance of sea-ice between 9,000 and 7,000 yrs
BP, is documented in several records from the Atlantic sector of the Southern Ocean. The
regional extend of this climatic event is assumed to be related to the reinforcement and
northward expansion of the Weddell Gyre circulation (Bianchi and Gersonde, 2004). It
seems that after this climate deterioration generally cool climatic conditions persisted in
the sub-Antarctic until 4500 cal BP, including a warm phase between c. 7,000 to 6,000
yrs BP (Mayewski et al., 2004; Bentley et al., 2009; Strother et al., 2015). The transition
from the mid to the late Holocene in the sub-Antarctic region is characterized by a warming
trend that started around 4500 yrs cal BP (Bentley et al., 2009). After a period of probably
alternating climatic conditions between 3,500 and 2,500 yrs BP (Mayewski et al., 2004), a
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generally cooler phase started around 2,500 yrs BP and persisted until the present rapid,
regionally variable, warming of the last decades (Bentley et al., 2009; Strother et al., 2015).
Some major climatic transitions during the Holocene are apparently of a regional extend
and can be traced in several paleoclimatic records from sub-Antarctic (and Antarctic) re-
gion. However, the supposed timings of these climatic transitions as well as the duration
of distinct climatic phases differs between the investigated settings. The differences in the
paleoclimatic records may be explained by locally variable environmental conditions. How-
ever, they can also reflect the limitation of a low resolution age control in many high-latitude
paleoclimate records (Strother et al., 2015).

The quality of the radiocarbon chronology of each individual sedimentary record depends on
the resolution of the data and the knowledge of the 14C ages of carbon sources, incorporated
in the dated material. Samples of a known origin, like planktic foraminifera, are generally
assumed to give best approximations of the sediment formation ages (Pearson and Eglin-
ton, 2000; Mollenhauer and Eglinton, 2007). However, for sedimentary records from the
Southern Atlantic Ocean good chronological control is often complicated, since sediments
are frequently lacking in macroscopic remains that can be attributed to a definite source
(Andrews et al., 1999). Moreover chronological markers like ash layers from well-dated erup-
tions are mostly absent (Hall et al., 2010). When bulk sediments are analyzed, the samples
can contain organic carbon (OC) with highly variable 14C inventories. Surface sediments in
the sub-Antarctic often exhibit old 14C ages because of the admixture of ancient OC (Licht
et al., 1996; Andrews et al., 1999; Ohkouchi, 2003).

Knowledge about carbon sources and processes associated to the carbon cycle is therefore
very important for the interpretation of radiocarbon data and for the establishment of con-
fident chronologies for sub-Antarctic marine sedimentary records.

1.2 Global Carbon Cycle

Carbon is a major component of living organisms as well as of their habitats. It is present in
a multitude of carbon reservoirs on earth, like in the earths’ crust, in oceans, in terrestrial
and aquatic biospheres as well as in the atmosphere. Carbon can be present in form of
inorganic compounds like CO2 or CH4 as well as in form of organic compounds like sug-
ars and lipids (Bolin, 1970). Transformation of inorganic carbon into organic carbon (and
vice versa) is often associated with exchange processes between different carbon reservoirs.
Transformation and exchange processes together constitute the carbon cycle (fig. 1.1).
Timescales of carbon transition between distinct reservoirs can be highly variable, ranging
from instantaneous reactions to millions of years. To understand the factors that affect 14C
concentrations in specific environments, the relative sizes of and interactions between the
reservoirs need to be considered (Bowman, 1990).
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Carbon occurs in three isotopes: two stable isotopes (12C and 13C) and one radioactive
isotope (14C). The natural abundance of these isotopes in the atmosphere has a proportion
of 98.9 to 1.1 to 1x10�10 (e.g. Wood, 2015). The cosmogenic nuclide 14C is formed in the
lower stratosphere by collision between a neutron deriving from cosmic radiation and 14N,
under the emission of a proton. The mean residence time for a molecule of CO2 in the
atmosphere before it is removed to another reservoir is about 3 years (Schlesinger et al.,
1995).
Photosynthetic fixation of inorganic CO2 and its subsequent reduction to organic compounds
(autotrophic production of biomass) is a short-time process. Conversion of organic carbon
into inorganic carbon and its release from the biosphere to the atmosphere by respiration
of living organisms and the remineralization of dead organic material happens as well over
short timescales.
The flux of carbon into the ocean is driven by sinking of dead phytoplankton, exporting
carbon in its biomass to the deep ocean. Additionally, CO2 enters the ocean because of the
increasing concentration in the atmosphere (Schlesinger et al., 1995). The marine carbon
reservoir is much larger than the atmospheric one. High residence times of 14C in the ocean
are a consequence of the limited exchange between these different sized reservoirs. The
ocean surface water is therefore depleted in 14C with respect to the atmosphere, since the
decay of 14C occurring in this marine reservoir can be quite severe. Concentrations of 14C
generally decrease with water depth but they also vary geographically. Dispersion depends
on circulation patterns of the water masses e.g. upwelling and downwelling, vertical mixing
of water masses or stratification and on exposure times of a water masses to the atmosphere.
Exchange of CO2 between ocean and atmosphere can be inhibited by ice-cover or can vary
because of climatic changes or variable wind conditions (Gordon and Harkness, 1992; Smit-
tenberg et al., 2004; Uchikawa et al., 2008).
The terrestrial carbon reservoir (organic carbon of the recent terrestrial biomass and soils)
is 3–5 times greater than the carbon reservoir of the atmosphere (Tao et al., 2015). Over
long timescales the terrestrial biosphere and the atmosphere exhibit equilibrium conditions
because most carbon that is fixed in terrestrial biomass returns quickly to the atmosphere
by respiration. Over shorter timescales the atmosphere is sensitive to imbalances with the
other larger carbon reservoirs (Galy et al., 2015).
A long-term control of the global carbon cycle is the weathering of kerogen in shales (Hedges,
1992). Oxidation of petrogenic carbon during erosion, transport and postdepositional pro-
cesses releases CO2 to the atmosphere, a process that would not have happened directly
because rock reservoirs and atmosphere are disconnected (Cui et al., 2017).
All reservoirs can be seen as sources or sinks for carbon. Exchange fluxes, synthesis of new
substrates, diagenesis and decomposition are influencing carbon in its source region, on its
pathway and in its sink regions (Blair and Aller, 2012). The export of carbon from terres-
trial reservoirs to the ocean can involve several cycles of mobilization and retention, so that
timescales between production of the organic matter and the final burial in the sediments
can be very variable. Environmental factors as well as intrinsic reactivities of carbon com-
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pounds control these carbon cycles and therefore the composition, concentration and 14C
activity of sedimentary organic matter. Climatic factors can influence the turnover time,
with faster turnover of organic matter in tropical climates than in high latitude regions
(Douglas et al., 2014). Properties of the watershed, topography and drainage systems (e.g.
the efficiency of riverine export or the ice flux of glaciers) are as well important factors for
the export of carbon from terrestrial reservoirs to the ocean.

Figure 1.1: Schematic illustration of the carbon cycle. Solid arrows mark the exchange pathways of carbon
between different reservoirs. Dashed arrows mark the transport pathways of carbon from land to the ocean.
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1.3 Objectives

Sediments are mostly characterized by a heterogenous composition of organic matter from
autochthonous and allochtonous sources. Sedimentological and diagenetic processes control
the composition and the 14C inventories of the sedimentary organic matter. Understand-
ing these processes is of crucial importance for the interpretation of past environmental
changes that are recorded in sedimentary archives. The establishment of reliable sediment
chronologies is the most important prerequisite for paleoenvironmental investigations, but
in sub-Antarctic environment often difficult to accomplish.

This thesis aims to improve the knowledge of depositional processes in lacustrine and coastal
marine environments of South Georgia and to derive confident sediment chronologies for
these archives.

Main objectives of this thesis are:

1. to disentangle sources of organic carbon in different aquatic environments of South
Georgia,

2. to quantify contributions from these sources to surface sediments,
3. to investigate the effects of source composition and biogeochemical as well as depo-

sitional processes on radiocarbon inventories of individual biomarkers,
4. to develop confident sediment chronologies based on compound-specific radiocarbon

data of biomarkers,
5. to obtain information about paleoenvironmental and -climatological changes in the

study area during the Holocene.



Chapter 2

Methodological Approaches

2.1 Radiocarbon Analysis

14C is a radioactive isotope and therefore characterized by its decay. Exchange of carbon
between living organisms and the atmosphere ends when at the time when the organism
dies. From this time on, 14C which is contained in the biomass of the respective organism,
starts to decay with a half life time of 5,730 years. Radiocarbon (14C) can be used for the
determination of the age of carbon-containing materials. The remaining 14C concentration
of a sample can be measured and compared to the 14C concentration at the time when decay
started. Radiocarbon dating is an important method for the investigation of sedimentary
records that formed in the last 50,000 years (Ingalls and Pearson, 2005).

Walter Libby established a method for the detection of radioactive decay of 14C (Libby
et al., 1949). The decay was directly measured by counting of emitted �-particles. In 1977,
this highly time intensive procedure was replaced by the direct measurement of 14C con-
tents of a sample using accelerator mass spectrometry (AMS) (Muller, 1977). The AMS
technology not only allowed to reduce the measuring time significantly but also the sample
size by three orders of magnitude to < 1mg (Ingalls and Pearson, 2005).

Radioactive decay is not predictable for single 14C atoms. It happens randomly regardless
of the time an atom has existed. Considering a quantity of 14C atoms the decay follows an
exponential decay rate.

dN/dt = ��N, (2.1)

where N is the number of atoms and � is the decay constant.

The average time that an atom remains stable is called mean life time, ⌧ and is 8033 years
(Stuiver and Polach, 1977).

9
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The exponential decay can also be characterized by the half-life t1/2, the time when half of
the initial atoms are decayed that is 5730 years:

t1/2 = ln(2)/� = ⌧ ln(2). (2.2)

Reporting Radiocarbon Data Radiocarbon data are reported as fraction modern car-
bon (fMC), representing the 14C/12C ratio of the sample relative to the 14C/12C ratio of a
reference standard:

fMC =
14C/12Csample

14C/12Cstandard
. (2.3)

The 14C/12C ratios of both sample and the "modern” international standard need to be
corrected for carbon isotopic fractionation.

The 14C/12C ratio of the modern standard is defined as 95% of the radiocarbon concentration
of NBS Oxalic Acid I in AD 1950 normalized to �13C VPDB of -19 h (with respect to Pee
Dee Belemnite). 1950 is the year to which all radiocarbon ages are referred, termed present
(Stuiver and Polach, 1977).

14C/12Cstandard,�13C = 0.95 ⇤14 C/12Cstandard ⇤
(1� 19/1000)

(�13C/1000)

2

. (2.4)

The 14C/12C ratio of a sample is affected by isotopic fractionation in nature, which happens
at different rates for different organisms or in different regions. In order to ensure that
samples from different environments can be compared, the reported 14C/12C ratio of a
sample is normalized to a �13C value of -25h VPDB (Stuiver and Polach, 1977).

14C/12Csample,�13C = 0.95 ⇤14 C/12Csample ⇤
(1� 25/1000)

(�13C/1000)

2

. (2.5)

The reported fMC is further corrected for processing blanks as well as for statistical uncer-
tainty of the AMS measurement.

Radiocarbon data can also be reported in �14C notation. The �14C value corrects the fMC
value for the decay that happened between collection and measurement of a sample so that
repeated measurements of the same sample performed in different years obtain the same
results.
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�14C = (fMC/e�(y�1950) � 1) ⇤ 1000h, (2.6)

where y is the year of collection and and � is 1/8267 yr�1 (8267 yrs being the mean life
time of 14C according to its half life time of 5,730 years).
fMC values can be converted to conventional radiocarbon ages, when assuming that atmo-
spheric 14C concentration is constant over time:

14CAge = �8033 ⇤ ln(fMC). (2.7)

Conventional radiocarbon ages can be reported in years BP, referred to 1950, which equals
0 years BP. Conventional radiocarbon ages cannot be determined for younger samples.
Samples originating after 1950 are termed > modern (Stuiver and Polach, 1977).

Calibration of Radiocarbon Data Direct conversion of conventional radiocarbon ages
into calendar years is not possible, because atmospheric 14C concentrations are not constant
over time. Reasons for the atmospheric 14C variability are changes in the cosmic radiation,
which influences the production of 14C in the atmosphere, as well as variable exchange rates
between the atmosphere and other carbon reservoirs (Suess, 1986; Bard et al., 1998). In ad-
dition to the natural variability, human activities like burning of fossil fuel or nuclear weapon
testing led to significant changes in the atmospheric 14C concentrations. Since industrializa-
tion, burning of fossil carbon sources (which are free of 14C) caused a high release of 12CO2

to the atmosphere, diluting the atmospheric 14C concentration (suess-effect) (Suess, 1955).
In contrast, nuclear weapon testing caused atmospheric 14C concentrations to almost dou-
ble in the 1960s. Uptake of atmospheric CO2 by biospheres and hydrospheres reduced the
concentration of atmospheric 14C to almost pre-bomb values in recent times (Turnbull et al.,
2017). Due to these natural and anthropogenic impacts on the variability of the atmospheric
14C concentration, conventional radiocarbon ages have to be compared with independently
derived ages to yield calendar ages (Bard et al., 1990; Reimer et al., 2004; Hogg et al., 2016).
Age information derived from e.g. dendrochronologically dated tree rings, uranium-thorium
dated corals or varve-counted lake sediments is included in international calibration data
sets such as IntCal13, Marine13 or SHcal13 (Reimer et al., 2013). This data can be accessed
using calibration programs, to determine the probability distribution of the samples true
age, in confidence intervals of 68% (1sigma) or 95% (2sigma), reported as calibrated ages.

For the calibration of conventional radiocarbon ages of marine samples, marine reservoir
effects have to be considered. Other than terrigenous primary production, using CO2 from
the atmosphere, marine organisms consume dissolved inorganic carbon (DIC) from ambient
water of the ocean and therefore incorporate the 14C signature of the oceans’ DIC in their
tissue (Stuiver and Polach, 1977). The difference between 14C concentrations of the atmo-
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sphere and the DIC of the surface ocean waters, translates into a globally averaged marine
reservoir age of c. 400 years (Hughen et al., 2004). This global marine reservoir effect (R) is
included in the Marine13 calibration curve (Reimer et al., 2013), which is based on a model
of Stuiver and Pearson (1993). The local deviation from R is defined as the regional marine
reservoir effect, �R (Stuiver et al., 1986).
In sub-Antarctic marine environments up-welling of 14C-depleted deep and intermediate
water masses, old 14C from melting glacier ice and seasonally persisting sea ice cover that is
preventing exchange with the atmosphere result in marine reservoir ages of 700 to 1300 yrs.
This difference has to be accounted when conventional radiocarbon ages of marine samples
are converted to calibrated calendar ages (Bard, 1988; Southon et al., 1990; Gordon and
Harkness, 1992; Stuiver and Pearson, 1993; Eglinton et al., 1997; Berkman and Forman,
1996; Hall et al., 2010; Ohkouchi and Eglinton, 2008).

Dating of known-age marine samples like shells or marine mammal bones (e.g Gordon and
Harkness, 1992) from the same locality is one possibility to derive information on the local
deviation from R. However, to establish chronologies for marine records, it is important to
consider that temporal variability of �R can have an impact on the accuracy of age determi-
nations (e.g. Sarnthein et al., 2015; Wündsch et al., 2016). Past surface water reservoir ages
can be derived from 14C records of planktic foraminifera by comparison with past atmo-
spheric 14C values. But without knowing the explicit time of deposition, absolute changes
in reservoir ages cannot be determined. Another rare but valuable opportunity to study
marine reservoir ages is the application of reservoir age independent dating techniques like
uranium-thorium dating of deep water corals e.g. in the Drake Passage (Burke and Robin-
son, 2012) or the Ross sea (Hall et al., 2010) or 226Ra dating of barite in the deep open
Southern Atlantic Ocean (53�S, 4�W) (Van Beek et al., 2002). However, despite all the
elaborated methods it remains very hard to determine absolute reservoir age variability of
the Southern Ocean. Therefore, in many studies constant �R value are applied for the
reservoir correction of the whole records (Wündsch et al., 2016).

2.2 Compound-Specific Radiocarbon Analysis

Most samples used for radiocarbon dating are total organic carbon (TOC) samples, which
contain a mixture of organic materials from unknown sources and with unknown relative
contributions. Radiocarbon ages of such TOC samples are complicated to interpret, so that
their application for chronological purposes is often precluded. The problems associated
to the mixing of carbon sources can be circumvented by compound-specific radiocarbon
analysis (CSRA) of biomarkers of known origin (Eglinton et al., 1997; Pearson et al., 2001;
Smittenberg et al., 2004; Mollenhauer and Rethemeyer, 2009).
In settings where sediment chronologies are hard to establish, like Antarctic and sub-
Antarctic marine environments, CSRA is a particularly valuable tool (Ohkouchi, 2003; Ohk-
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ouchi and Eglinton, 2008; Yamane et al., 2014).
Additional to chronological applications, CSRA can also be used to yield information on the
origin and refractivity of organic matter in sediments. It can provide an enhanced under-
standing of biogeochemical and sedimentological processes that are affecting sedimentary
biomarker records. The fate of organic carbon, in terms of transport pathways, residence
times in intermediate reservoirs and burial in aquatic sediments can be traced (Eglinton
et al., 1996, 1997; Pearson and Eglinton, 2000; Pearson et al., 2001; Uchida et al., 2001;
Rethemeyer et al., 2004; Mollenhauer et al., 2005; Ziolkowski and Druffel, 2009).
Radiocarbon dating on a molecular level is enabled by high-precision AMS systems com-
bined with preparative capillary gas chromatography (PCGC). PCGC allows the isolation
of target compounds from complex heterogenous samples in sufficient quantities and high
purity (Eglinton et al., 1996, 1997).
The small sample size requirement for CSRA is the greatest advantage of this method
(Uchikawa et al., 2008). However, the potential of CSRA is constrained by the purity to
which target material can be isolated by PCGC and by the capability of AMS systems to
measure very small samples (Ingalls and Pearson, 2005). CSRA is theoretically possible for
samples as small as 10 µg. CSRA involves a multiple step purification procedure for the
collection of a single compound of high purity (Ziolkowski and Druffel, 2009). Each step of
the sample treatment procedure can add small amounts of carbon from unknown sources
and with unknown isotopic composition to the sample. With decreasing sample size, the
uncertainty due to blank contamination increases (Rethemeyer et al., 2004). Correction
for contamination with modern and fossil carbon can be assessed by isotopic mass balance
corrections, using fossil and modern standards, respectively, that were processed with the
same techniques as the samples. The procedural blank of ultra-small samples can place a
practical limit to the accuracy of CSRA (Mollenhauer and Rethemeyer, 2009).

2.3 Biomarker Analysis

Biomarkers are molecular (chemical) fossils that can be found in recent environmental sam-
ples and in geological archives (Eglinton and Calvin, 1967). They have chemical structures
which can be assigned to certain precursor organisms (Simoneit, 2004). Biomarkers devel-
oped into an important tool for paleoenvironmental studies. Particularly in sedimentary
archives in which macro remains or pollen have a low resolution or are badly preserved,
biomarkers can provide information on the origin of the organic matter, the depositional
setting and the carbon cycle (Diefendorf and Freimuth, 2016). To derive information of
present to past time changes, these compounds need to be sufficiently refractory so that
they are preserved in the investigated sedimentary archives (Eglinton et al., 1997).

Biomarkers investigated in this study comprise n-alkanes, n-alcohols and n-fatty acids as
well as glycerol dialkyl glycerol tetraethers (GDGTs).
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n-Alkyl Compounds: Long-chain odd-numbered n-alkanes (>C27) and long-chain even-
numbered n-fatty acids (>C26) and n-alcohols (>C26) are major components of epicuticu-
lar waxes from vascular plant leaves (Eglinton and Hamilton, 1967). n-Alkanes are highly
resistent to diagenetic alteration (Cranwell, 1981) and can therefore be used to trace the
pathway of terrigenous organic matter and to reconstruct paleoenvironmental changes (Ishi-
watari et al., 1994; Pearson and Eglinton, 2000; Uchikawa et al., 2008). n-Fatty acids are
more sensitive to degradation, so that they can be influenced by early diagenetic processes
(Bol et al., 1996). In marine environments, n-fatty acids with chain-lengths of C14 to C18

are primarily produced by phytoplankton in the surface water but they are ubiquitous in
all organisms (Volkman et al., 1980).

Glycerol Dialkyl Glycerol Tetraether (GDGT): Glycerol dialkyl glycerol tetraethers
(GDGTs) are membrane lipids that are synthesized by archaea and bacteria which occur
ubiquitously in environments like oceans, lakes, soils and peats worldwide. Despite the
great variety of sources, the origin of several GDGTs has been identified unambiguously, so
that these GDGTs can be used as lipid biomarkers in paleoenvironmental studies (Schouten
et al., 2013). Basically, they can be subdivided into two distinct classes: isoprenoid GDGTs
(isoGDGT) and branched GDGTs (brGDGTs) (Naeher et al., 2014).

Isoprenoid GDGTs are membrane lipids that are produced by archaea (Schouten et al.,
2000). In marine environments isoGDGTs always contain crenarchaeol, a specific isoprenoid
membrane lipid that is derived from archaea of the phyllum Thaumarchaeota, formerly
known as Crenarchaeota (Schouten et al., 2013). A unique characteristic of crenarchaeol is
a cyclohexane moiety that could not be encountered in any other isoGDGT (Damsté et al.,
2002). Despite of low abundances in peat and soils (Weijers et al., 2006), crenarchaeol has
been found to occur predominantly in marine environments (Hopmans et al., 2004) and can
therefore be used to characterize marine paleo-productivity.

Branched GDGTs were first discovered in peat bogs (Schouten et al., 2000). The origin
of these membrane lipids is yet not completely understood, but to the current knowledge
a group of anaerobic soil bacteria (Acidobacteria) produce this kind of membrane lipids
(Weijers et al., 2007). In contrast to archaeal GDGTs, bacterial GDGTs are characterized
by carbon skeletons that are not isoprenoid but comprise branched carbon chains (Peterse
et al., 2009). These branched GDGTs have 4 to 6 methyl groups and 0 to 2 cyclopentyl
moieties that are attached to their n-alkyl chains (Weijers et al., 2007).

Fig. 2.1 gives an overview of the molecular structures of the GDGTs that are investigated
in this study.
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Figure 2.1: Molecular Structures of GDGTs investigated in this study
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Chapter 3

Study Area

3.1 South Georgia

South Georgia (54�S, 36�W) is located on the North Scotia Ridge, which forms the eastward
extending tectonic arc between Antarctica and America. The island probably maintained
its position on the Scotia plate relative to the South American plate since the late Miocene
and is probably still uplifting, because of the convergence of the South American and Scotia
plates (Graham et al., 2008). The island has a narrow and long extension (35 km wide and
190 km long) and a high altitudinal gradient. The steep mountainous terrain rises up to
2934 m. A 30 -100 km wide continental shelf extends offshore from the coast (Fretwell et al.,
2009). Glacial advances during the Pleistocene have carved deep fjords, particularly into
the northern coast of the island. Today, glaciers are covering about 58 % of South Geor-
gia (Clapperton et al., 1989), commencing at the high, axial, NNW-SSE crossing mountain
ridge of Allardyce Range and mostly terminating as tidewater glaciers at the sea (Gordon
et al., 2008). Suites of moraines document former glaciations, particularly along the north-
east coast (Bentley et al., 2007). Radial, deep cross-shelf troughs are a prominent feature
on the seafloor around South Georgia. They have a strong sense of drainage to the north
of the island. Glacier mass balance exhibits a strong north-south gradient over the island
(Graham et al., 2008). The highly sensitive maritime glaciological regime of South Georgia
experiences strong glacier fluctuation, with significant retreat recorded in 90% of its glaciers
over the past v 60 years (Graham et al., 2017).
The island of South Georgia is located close to the global climate boundaries in the Southern
Ocean, south of the PFZ and north of the average Antarctic sea-ice limit (Gordon et al.,
2008). Climatic conditions are determined by the influence of the PFZ and the Westerlies,
which lead to a cold and wet regime (Van der Putten et al., 2009). The mean annual air
temperature is 2.5�C and the ocean is mostly ice-free. Mean precipitation amounts of about
1600 mm per year are recorded at King Edward Point (Clapperton et al., 1989). However,
orographic controls lead to a local temperature variability. The Allardyce Ranges are shel-
tering the north-east coast from prevailing south-westerly winds, leading to Föhn conditions
with temperatures rising up to 20�C on the leeward north-east coast (Gordon et al., 2008).
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Figure 3.1: Maps of the study area. a: Location of the island of South Georgia in the Southern Ocean,
b: Map of South Georgia with Cumberland West and East Bays, c: Lewin Peninsula to the north of
Cumberland West Bay with study sites Little Jason Lagoon and Allen Lake A.

In the coastal lowlands, Tussock grass is the climax vegetation and the most widespread
and productive community (Leader-Williams et al., 1987). In the north-eastern part of the
island it extends from sea-level to about 110 m on north-facing slopes, and to about 70 m
on south-facing slopes. Towards higher altitudes, this community is replaced by bryophyte
assemblages and lichen. Extensive peat formation is favored by high annual precipitation
and cold temperatures (Van der Putten et al., 2009).

The complex water-mass circulation pattern around South Georgia is influenced by the lati-
tudinal variation of the PFZ and the intensity of the Southern Westerly Wind belt (Graham
et al., 2017). Sea-surface temperatures exhibit strong north-south gradients on either side of
the island and Antarctic sea-ice limits fluctuate between the southern and northern extents
of the island (Bentley et al., 2007). Oceanographic conditions around South Georgia lead to
large phytoplankton blooms, which are particularly intense on the northern shelf area with
peak concentrations in austral summer (Borrione and Schlitzer, 2013).

3.2 Cumberland Bay Area

The investigated sites of this study are located at the north-eastern shore of South Georgia
on the Lewin peninsula, to the north of Cumberland Bay (fig: 3.1). The geological setting
of this area is characterized by shales and greywackes of the Cumberland series that crop
out in the western part of South Georgia (Gregory, 1915) and absence of calcite (Skidmore,
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1972). The Cumberland Bay is the largest of the bays on the island and is divided into the
Cumberland West Bay and the Cumberland East Bay (Geprägs et al., 2016), both approxi-
mately 18 km long. The bays are U-shaped fjord basins which are encompassed by sparsely
vegetated, steep slopes. At the heads of the fjords, tidewater glaciers are calving into the
sea (Gordon et al., 2008).
Cumberland East Bay has a shallow inner basin (up to 190 m deep) that is divided from the
deep outer basin (up to 270 m deep) by a moraine. The outer basin in turn is bounded by an
outer moraine (Hodgson et al., 2014). The Nordenskjöld Glacier, one of the largest glaciers
of South Georgia, is calving into the main fjord of Cumberland East Bay (Gordon et al.,
2008). Two tributary fjords, the Moraine Fjord and King Edward Cove, enter the main
fjord. The Hamberg Glacier and Harker Glacier terminate in the Moraine Fjord, whereas
King Edward Cove is not glacierized (Hodgson et al., 2014). The Nordenskjöld glaciers show
signs of retreat but the fluctuation is small, the Harker Glacier is the only advancing glacier
of the north-east coast and the Hamberg Glacier shows fast retreat in recent times (Gordon
et al., 2008). Both basins are sediment-filled, as being typical for high-latitude fjords, in
which sediment accumulation rates are exceptionally high (Graham et al., 2017).
Cumberland West Bay is up to 265 m deep. Several submerged promontories are indicating
truncated moraines but no inner basin is present like in Cumberland East Bay (Hodgson
et al., 2014). The Neumayer Glacier is discharging into Cumberland West Bay. The glacier
has retreated significantly in recent times (Gordon et al., 2008). The main fjord of Cum-
berland West Bay has also two tributary fjords, Harpon Bay and Mercer Bay, which are
both partially enclosed by moraines (Gordon et al., 2008). The Lyell Glacier discharging
in Harpon Bay has changed little in recent times, whereas the Geikie Glacier discharging

Figure 3.2: a: View over Little Jason Lagoon, b: view over Allen Lake A.
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in Mercer Bay as well as the the Neumayer Glacier retreated significantly (Gordon et al.,
2008).
On the south-eastern shore of Lewin Peninsula, the western boundary of Cumberland West
Bay, a marine inlet, named Little Jason Lagoon, is shaping the coastline (fig: 3.2a). The
inlet is connected with the ocean by a shallow sill (v 1 m). Maximum depth of Little
Jason Lagoon is 24 m. The shore of the inlet is vegetated and steep, rocky mountain slopes
encounter the inlet on the backside.

Allen Lake A (fig: 3.2b) is a small and shallow (1.1 m deep) lake on Lewin Peninsula. It is
located 24 m a.s.l. and has a richly vegetated catchment (Melles et al., 2013).



Chapter 4

Sources and Fates of Lipid
Biomarkers

4.1 Introduction

Lipid biomarkers are derived from a multitude of aquatic and terrigenous source organisms
and are supplied via different pathways to sedimentary sites. Several factors, including in-
trinsic reactivities of individual compounds as well as environmental conditions, determine
the composition of biomarkers in the sediments. However, initial concentrations, propor-
tions and radiocarbon inventories of sedimentary biomarkers can change over time, due to
post-depositional processes (Mollenhauer and Eglinton, 2007).
In order to facilitate conclusive interpretations of biomarker records, it is therefore neces-
sary to identify biomarker sources as well as biogeochemical and sedimentological processes.
Compound-specific radiocarbon analysis (CSRA) is a powerful tool to this end, since effects
of selective preservation, variable transport mechanisms, intermediate storage and mixing of
biomarkers are expressed in the radiocarbon signatures of the respective compounds (Mol-
lenhauer and Rethemeyer, 2009).
Distributions and radiocarbon inventories of high molecular weight (HMW) n-alkanes, of n-
C22 and n-C26 alcohols and of n-C16 and n-C26 fatty acids of the sedimentary record Co1305
of Little Jason Lagoon are investigated in this chapter, in order to derive information on
biomarker origins as well as on pre- and post-depositional processes in the setting of Little
Jason Lagoon. Since CSRA can also be used as alternative dating option, the evaluation
of specific characteristics of co-occurring biomarkers additionally holds the opportunity to
identify compounds that have great potential to yield reliable age estimates of sediment
formation in the investigated coastal marine setting.
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4.2 Material and Methods

4.2.1 Sediment and Plant Samples

During the cruise ANT-XXIX/4 of RV Polarstern in March-April 2013, sediment cores were
recovered within the marine inlet of Little Jason Lagoon (LJL). Drilling was performed from
a floating platform, using gravity corer (GC) for the uppermost sediments and percussion
piston corer (PC) for the sediments down to the base of the embayment (Bohrmann, 2013).
At site Co1305, 18 coresections with maximum length of 3 m per section, were recovered.
Coring was performed with minimum 1 m overlap, to facilitate correlation of the sediment
sections. To prevent fast decomposition of the organic material in the sediments, the cores
were stored at 4�C prior to processing. Correlation of sediment sections was performed
by Sonja Berg, University of Cologne, based on core descriptions, water content and XRF
data and resulted in a composite record of 11.04 m length. Subsampling was performed on
half cores of the sedimentary sequences, comprised in the composite record. For biomarker
analyses, subsamples of 5 cm were taken in a resolution of approximately 50 cm down to a
composite depth of 9.7 m. Between 9.7 m and the base of the composite core, subsamples
of 3 cm were taken, approximately every 25 cm. The subsamples for biomarker analyses
were recovered just from the inner part of the cores to avoid contamination resulting from
the interaction of the sediments with the liner and to exclude vertical relocation of the ma-
terial due to the coring process. After subsampling for biomarker analysis, the remaining
sediments were continuously subsampled into 2 cm slices.
Plant samples, including tussock grass, unspecified mosses and kelp, were collected in the
catchment of LJL during the expedition. Like the sediment cores, plant samples were stored
at 4�C, prior to processing. In the lab, they were cut into pieces with solvent-cleaned scissors
and soil adhered to the plant samples was mechanically removed.
All samples (sediments and plants) were freeze-dried and sediment samples were subse-
quently homogenized using a mortar and pestle.

4.2.2 Grain Size Analysis

Grain sizes analysis was conducted by Sonja Berg, University of Cologne. Sediment samples
(6-25 g) were wet sieved on a 1mm steel mesh sieve. Grains > 1 mm were counted and
normalized to the dry weight (DW) of the sediment (Berg et al., 2019)

4.2.3 Elemental Analysis

Total carbon (TC) and total inorganic carbon (TIC) contents were measured on ground
aliquots of 80 sediment subsamples, using a DIMATOC 2000 carbon analyzer (Dimatec
Corp., Germany). Total organic carbon (TOC) was calculated from the difference of the
measured TC and TIC contents.
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4.2.4 Radiocarbon Analysis of Bulk Sediments and Macrofossils

For radiocarbon analysis, aliquots of sediment samples were checked under a microscope and
potential contaminants were removed. Subsequently, inorganic carbon was removed from the
samples by extraction with 1% HCl. Reaction time with HCl lasted for 1 hour at 60�C and
then over night at room temperature. Afterwards, samples were washed with demineralized
water to pH > 5. Samples were dried at 60�C and were then converted to graphite with
H2 over iron as catalyst (Rethemeyer et al., 2013). Combustion and graphitization was
carried out with an Automated Graphitisation Equipment (AGE), interfaced to an elementar
analyzer (VarioMicroCube, Elementar, Germany) (Wacker et al., 2010). AMS measurements
were carried out at the CologneAMS facility (Dewald et al., 2013). 14C concentrations were
reported as fraction modern carbon (fMC), �14C (h) and conventional 14C ages according
to (Stuiver and Polach, 1977).

4.2.5 Lipid Analysis

The extraction procedure is illustrated schematically in fig. 4.1.

Figure 4.1: Scheme of the extraction and separation steps for lipid biomarkers analysis, in direction of the
arrows: Extraction of total lipids (TLE) with ASE extraction, desulfurization and saponification of the
samples, separation of neutral and acidic lipids, methylation of acidic lipids, separation of neutral lipid
fraction and fatty acid fraction into polarity fractions by silica gel column chomatography, acetylation of
alcohol fraction, GC-FID measurements of FAME, aliphatic and alcohol fractions, separation of alcohol
fraction into saturated and unsaturated alcohols by silica gel and silver nitrate column chomatography.

Extraction of Total Lipids: Solvent extractable lipids were released from freeze-dried
and homogenized sediment samples (10.7-27.3 g) and plant samples (1-5.4 g) by accelerated
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solvent extraction (Dionex ASE 300, Thermo) with dichloromethane:methanol (9:1,v:v) at
120 �C and 75 bar for one cycle and with a heating time of 6 min and a static time of 20
min.
The total lipid extract (TLE) of sediment samples can contain elemental sulfur, which
is a product of diagenesis. When measuring a sample, the sulfur peak can mask other
compounds and can also damage the measuring device. To remove the obstructive sulfur
from the sample, the TLE of each sediment sample was desulfurized using activated copper.
The TLE solution was then concentrated by rotary evaporation under near vaccum and was
subsequently transferred into 8 ml vials. The remaining solvent was removed under N2, so
that only the dry TLE remained in the vial.

Separation of Neutral and Acid Fractions: Fatty acids in the TLE are often bound
in complex molecules, which cannot be measured easily. To break the ester bonds of these
molecules and therefore to enhance the recovery of fatty acids, the TLE of sediment and
plant samples was saponified with 0.5 M KOH in methanol:water (9:1,v:v) at 80�C for 2 h.
The air in the vial was replaced by N2 before the vial was closed. After reaction, the saponi-
fied TLE was dried under N2. The soponification additionally facilitates the separation of
fatty acids from neutral lipids, since fatty acids are then present as soaps and as such they
are more soluble in water than in organic solvents.
For the separation of neutral lipids and fatty acids, demineralized H2O and dichloromethane
(c. 1:1, v:v) was added to the dry, saponified TLE. To completely dissolve the dry TLE in
the added solvents and to yield a uniform suspension, samples were mixed with a Vortex
mixer for approximately 30 sec. The suspension was then separated into a dichloromethane
phase (containing the neutral lipids) and a H2O phase (containing the fatty acids) by cen-
trifugation of the samples for c. 5 min with 1200 runs/min. The dichloromethane phase of
each sample was subsequently transferred into a new vial, respectively. After transfer, new
dichloromethane was added to the sample and the separating procedure was repeated (5-25
times) until the dichlormethane phase of each sample remained clear after centrifugation.
After the last transfer of the dichloromethane phase, hydrochloric acid (37%) was added
to the residual saponified extracts to reduce the pH of the solution to <1. In the acidic
solution, fatty acids become soluble in organic solvents again. The acid fraction was then
isolated with dichloromethane by the same procedure as the neutral lipids, with turns of
mixing, centrifugation and transfer of the dichloromethane phase into new vials. These
steps were repeated 6-30 times for each of the respective samples, until the dichlormethane
phase remained clear. The extracted acid fractions were then dried under N2.
The fatty acids in the acid fraction cannot directly be analyzed by gaschromatographic
(GC) procedures, since they are quite polar and therefore interact strongly with the sta-
tionary phase (the silica column in the GC device). Derivatization (methylation) of the fatty
acids to fatty acid methyl ester (FAMEs) reduce their polarity, and by that they become
GC-amenable. For this purpose, MeOH(14C dated):HCl (95:5, v:v) was added to the dry
acid fractions and air was replaced by N2 in the vial. Reaction took place over night at
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80�C. In order to quantify the introduced radiocarbon of the added methyl group, 14C dated
methanol was used for derivatization of the fatty acids. After reaction, the methylated acid
fractions were dried under N2. To extract the FAMEs, hexane and demineralized H2O (c.
1:1; v:v) were added to the methylated acid fractions and turns of mixing, centrifugation
and transfer of the hexane phase into new vials were performed, as previously described.
6-20 repetitions of these steps for each respective sample yielded a clear hexane phase at
the end of the procedure.

Separation of Polarity Fractions: Neutral lipids contain a mixture of various lipids.
Therefore, the extracted neutral lipid fractions were divided into four polarity fractions by
silica gel column chromatography (4 cm x 0,5 cm, deactivated, 60 Å) and by elution with
organic solvents of successively increasing polarity. Column chromatography relies on the
effect that polar compounds interact more strongly with the silica gel than non-polar com-
pounds, so that they move more slowly through the column than the non-polar compounds.
Elution of the neutral fraction, successively with hexane, dichlormethane:hexane (1:1; v:v),
chloroform and then with methanol, yielded an aliphatic fraction, a ketone fraction, an
alcohol fraction and a polar fraction. Elution was performed with 8 ml of the respective
solvents and eluted fractions were recovered in fresh 8 ml vials. For the recovery of the
alcohol fraction only, 2 x 8 ml of chloroform were used, since mobilization of alcohols in
chloroform is relatively slow. After recovery, the 2 x 8 ml were concentrated by evaporation
under N2 and combined in one vial. Alcohols are not directly GC-amenable, so that they
were derivatized with acetic anhydride (14C dated):pyridine (1:1; v:v) for 2 hours at 80�C.
Just like the added methyl group in the FAMEs, adding an acetyl group to the alcohols,
alters the carbon composition and therefore the radiocarbon concentration of the respective
compounds. In order to correct for this effect, acetic anhydride was 14C dated, prior to
utilization. The acetylation of the alcohol fraction leads to alcohol derivates of low polarity
and high stability.
The fatty acid fractions contain, besides the desired FAMEs, some residuals and potentially
some water that was not completely evaporated after methylation. Separation of the FAME
fraction from the residuals was achieved by silica gel column chromatography (4 cm x 0,5
cm, deactivated, 60 Å) and with Na2SO4 on top of the silica gel, to remove the water from
the sample. Elution of the fatty acid fraction was performed with hexane to recover the
FAMEs and then with methanol to recover the polar residuals.

4.2.6 Gas Chromatography

From aliphatic, alcohol and the FAME fractions of all sediment and plant samples, aliquots
of 1%-10% (depending on the TOC content of the respective sample) were analyzed by gas
chromatography. The utilized measuring device comprises a gas-chromatograph (GC-HP
7890B, Agilent Technologies, Palo Alto, CA) with flame ionization detection (FID) and is
equipped with a silica column (50 m x 0,2 mm i.d. and 0,33 µm film thickness, Agilent
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J&W). Compounds in the respective aliquots of the analyzed aliphatic, alcohol and FAME
fractions were identified and quantified relative to authentic external standards.

4.2.7 Preparative Capillary Gas Chromatography

Separation of Saturated and Unsaturated Compounds: Beside the desired satu-
rated alcohols, the alcohol fraction also contains high amounts of unsaturated compounds.
For preparative capillary gas chromatography (PCGC), co-elution of different compounds
hamper the confident identification and isolation of individual alcohols. Therefore, prior to
PCGC, the alcohol fractions were separated into saturated and unsaturated sub-fractions,
so that isolation of the desired compounds can be achieved without contamination of co-
elutants. Silica gel impregnated with silver nitrate was used for column chromatography (4
cm x 0,5 cm, deactivated, 60 Å), in order to separate the saturated from the unsaturated
alcohols. Silver nitrate prolongs the time that unsaturated compounds need to pass the
silica gel column, since they bind to the compounds that contain double bonds (unsatu-
rated compounds). The saturated alcohol fraction was eluted with 8 ml of ethyl acetate and
successively, the unsaturated fraction was eluted with 8 ml of methanol. Performance of the
separation procedure was checked by GC measurements and compounds of the saturated
alcohol fraction were quantified in reference to external standards.

Selection of Biomarkers: Based on the quantified concentrations of the compounds
and on their potential to derive from either marine or terrestrial sources, the following
compounds have been selected for PCGC: n-C25, n-C27, n-C29, n-C31, n-C33 and n-C35

alkanes from the aliphatic fraction, n-C14, n-C16, n-C22, n-C26, n-C28 alcohols and phytol
from the saturated alcohol fraction and n-C14, n-C16, n-C18, n-C26, n-C28 and n-C30 fatty
acids from the FAME fraction. Six evenly distributed depths of the composite were chosen
that exhibited concentrations of the selected compounds of high enough concentrations to
potentially yield sufficient carbon for AMS measurements. Two additional depths were
chosen for the generally higher concentrated n-fatty acids, complementing the resolution to
a set of 8 depths for this lipid class.

Isolation of Lipid Biomarkers and Quantification of C Yields: Great care during
sample procedure is a prerequisite to achieve samples of high purity (Eglinton et al., 1997).
In order to avoid contaminations, all equipment like vials, glass pipettes and traps as well as
aluminum foil have been combusted at 450�C for 4 hours, prior to utilization. Solvents that
were added to the samples or that were used for rinsing, were first checked for contamination
by GC-FID measurements.
For isolation of the selected biomarker compounds, a PCGC system, composed of a GG-FID
7890A GC (Agilent Technologies, Palo Alto, CA), with a cold injection system (CIS, Gerstel
GmbH, Germany) and interfaced to a preparative collection device (PFC, Gerstel GmbH,
Germany), was used. The PFC device is equipped with six glass traps, in which the single
compounds were collected, and one waste trap, in which the rest of the respective sample
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was collected.
Injection volume per run was 5 µl. The CIS temperature program was set from 40 �C, at a
rate of 12 �C/min, to 350 �C and isothermal for 5 min and then to 340�C at a rate of 12
�C/min and isothermal for 4 min. Individual compounds were separated on a 50 m fused-
silica capillary column with 0.53 mm inner diameter and film thickness 0.5 µm (RTX-1,
RESTEK; film thickness 0.5 µm) and with helium as carrier gas with a constant flow rate
of 50 ml/min. For processing of n-alkane and n-alcohol samples, the GC oven temperature
was programmed from 40 �C isothermal for 1 min to 200�C, at a rate of 15 �C/min, and
then to 320 �C at a rate of 6 �C/min and isothermal for 20 min. For the processing of
n-fatty acid samples, the GC oven temperature was programmed from 40 �C isothermal for
1 min to 150�C, at a rate of 20 �C/min, and then to 320 �C at a rate of 10 �C/min and
isothermal for 12.5 min.
1% of the sample, eluting from the column, was diverted to the FID and 99% was transferred
to the PFC. The temperature of the FID was constant at 300�C and air and hydrogen flows
were constant at 300 and 35 ml/min, respectively, with helium as makeup gas at 25 ml/min.
The PFC switch temperature and the transfer line were heated to 320�C, like the oven, so
that the compounds do not precipitate before they reach the traps.
Before isolation of the compounds, reasonable sample concentrations as well as the time
windows of their elution were determined by test runs. To avoid isotopic fractionations, the
time windows were chosen as large as possible to isolate the entire peak, but as narrow as
possible to obtain high purity. Carbon isotopes show an inverse isotope effect during gas
chromatographic separation, so that heavy carbon isotopes elute slightly earlier than the
lighter isotopes (Zencak et al., 2007). Therefore, the time window was determined with
great care to ensure the start of the peak was covered. For each processed sample, a new
CIS inlet liner was used to avoid carry over from the previous sample.
For processing, the samples were divided and transferred with dichloromethane into 5 vials.
The concentration levels were chosen so as to achieve good separation of the eluants (not
too high concentrations), and to isolate most of the sample with the least possible number
of runs (not too low concentrations). Each sample was repeatedly injected 5-10 times per
vial. The number of injections was decided based on the solvent volume, with a view to
preventing variations in peak widths and in retention times caused by increasing sample
concentration due to evaporation. When the respective number of injections from each
of the 5 vials was performed, the remaining sample volumes were combined and divided
into 3 vial, and again a respective number of injections was performed. The number of
vials was further reduced to two and then to one. The idea behind this procedure was to
maximize the yield of compounds which is particularly relevant when sample size is low.
The retention time was frequently checked, and the trapping windows were adjusted if nec-
essary. Each of the selected compounds was isolated individually in the traps of PFC device.
After isolating the single compounds, the glass traps were rinsed with 1 ml of dichloromethane
into 2 ml glass vials. To determine purity and yields, an aliquot of 1 µl was taken from
the dissolved sample with a cleaned syringe and injected manually on-column to a GC-
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FID 7890B (Agilent Technologies, Palo Alto, CA). C yields of all isolated compounds as
well as of contaminations in the respective samples were quantified in reference to external
standards. Samples with high contaminations or low C yields were rejected from further
analysis. Compounds from potentially marine as well as from terrigenous sources with suffi-
cient yields of C (>10 µg), with contaminations < 3.5% and in the best case available in all
of the selected depths, were further prepared for AMS measurement. However, one should
bear in mind that purity determination just covers contaminations that are amenable to gas
chromatography, so that other contamination, e.g. particulate organic carbon, cannot be
detected (Zencak et al., 2007).
Isolated n-C16 and n-C26 fatty acids as well as n-C22 and n-C26 alcohols had high enough
C yields and were further processed individually. Concentrations of individual n-alkanes
were generally too low for CSRA in all depths, so that two HMW n-alkanes from each
sample depth were combined for radiocarbon measurement. Before combining them, the
samples had to be cleaned, since the proportions of the contaminations were quite high in
every sample due to the low concentration of the respective compounds. Contaminations
were successfully eliminated from most n-alkane compounds by elution of the samples with
hexane over a column of silica gel (2 cm x 0,5 cm, deactivated, 60 Å). The purest two,
successive n-alkanes were pooled, resulting in combinations of n-C27+n-C29, n-C29+n-C31

or n-C31+n-C33 alkanes. In the following all these combinations of two respective n-alkanes
are referred as n-C27�33 alkanes.
The described isolation procedure as well as the following transfer, evacuation, combustion
and purification procedures are illustrated schematically in fig. 4.2.

Transfer, Evacuation, Combustion, Purification and Measurement: All equip-
ment used for sample preparation was previously combusted for 4 hours. Glass pipettes,
long glass flasks and pincettes were combusted at 450�C. Quartz tubes, CuO and silver (Ag)
wire were combusted twice at 900�C.
Sample vials were covered with combusted aluminum foil to avoid contamination and solvent
was removed from the samples by evaporation over night. Dry samples were then dissolved
again in small volumes of dichloromethane and transferred with glass pipettes into quartz
tubes of 6 mm diameter. The quartz tubes were placed into long glass flasks and attached
to a rotary evaporator. Dichloromethane was evaporated under near vacuum until it was
completely removed from the samples. C. 150 mg of CuO was added as oxidant to the dry
samples in the 6 mm quartz tubes, and c. 60 mg of Ag wire was added to trap sulfur and
halogens and to reduce the development of NOx during combustion (Wild et al., 1998).
The 6 mm quartz tubes were placed into larger quartz tubes, which were then attached to
a vacuum line. The tubes were evacuated to a pressure of 10�5 mbar while immersed in
dry ice/EtOH (-78 �C) to prevent the loss of highly volatile compounds. When pressure
was reached, the dry ice/EtOH trap was replaced by a liquid N2 trap and the quartz tubes
were sealed using a propane burner. The samples were combusted in the sealed quartz glass
tubes over night at 900�C. Combustion converts carbon into CO2 but also yields water and
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Figure 4.2: Scheme of the laboratory procedure for CSRA in direction of the arrows: Isolation of single
compounds in traps of the PFC device, rinsing of traps, determination of purity and yield and transfer of
the samples to quartz tubes together with CuO and Ag wire, evacuation of and sealing of the samples,
combustion of the samples, removal of water and combustion by-products, quantification of the CO2 and
sealing of the samples, submission to ETH Zürich for AMS measurement.

other combustion by-products.
Water and condensable by-products were removed from the gas samples in a second vacuum
line through a series of cold traps. The purified CO2 was quantified by manometry, which
refers to the measurement of the gas pressure in a defined space of the vacuum line. Samples
that yielded more than 60 µg C were split in the vacuum line into two sub-samples by freez-
ing a part of the gas in a cold trap, sealing the other part of the gas into small borosilicate
tubes of 4 mm diameter, and then releasing the remaining gas and sealing it into a second
tube. The purified CO2 samples were sent to the AMS facility in Zürich, where they were
measured with a MICADAS AMS with gas ion source.

Corrections for Blank and Derivatization: It is possible that during PCGC isolation
procedure and subsequent handling, extraneous carbon contaminates the samples (Eglinton
et al., 1997). Therefore, results of the CSRA have to be corrected for this extraneous carbon:
modern contamination in the fossil standard (octadecan) and fossil contamination in the
modern standard (squalane) were determined using 14C concentrations of the treated and
the untreated standard materials for isotopic mass balance calculations:

fMCOctaPrep = x ⇤ fMCOctaUn + (1� x) ⇤ fMCContMod (4.1)
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fMCSquaPrep = x ⇤ fMCSquaUn + (1� x) ⇤ fMCContFoss , (4.2)

where fMCOctaPrep and fMCSquaPrep are the measured fMC values of the processed stan-
dards, fMCOctaUn and fMCSquaUn are the fMC values of the unprocessed standards and
fMCContMod and fMCContFoss are the fMC values of the modern and the fossil contami-
nation, respectively. For fMCContMod the recent value of the atmosphere (1.02) and for
fMCContFoss the value 0 (no 14C activity) was applied in the calculations.

In order to derive fMC values, corrected for contaminations (fMCCorr), modern and fossil
contaminations were combined to fMCContMod+Foss. The respective contaminations were
normalized to sample size, since depending on the amount of analyzed carbon, the magnitude
of the carbon background correction varies between samples (Douglas et al., 2014):

fMCCorr = x ⇤ fMCFree + (1� x) ⇤ fMCContMod+Foss . (4.3)

Results have to be further corrected for the carbon that was added due to derivatization,
since this additional carbon alters the 14C content of the sample.

Correction for derivatization can be achieved as follows:

fMCMeasured = Cn ⇤ fMCFree + C(n+1)/Cn ⇤ fMCMethanol , (4.4)

or

fMCMeasured = Cn ⇤ fMCFree + C(n+1)/Cn ⇤ fMCEthylAcetat , (4.5)

with Cn delimiting the carbon number of the respective compound.

The propagated uncertainties were calculated as follows:

q
(ESample)2 + (EMethanol)2 + (ESquaUn)2 + (ESquaPrep)2 + (EOctaUn)2 + (EOctaPrep)2 ,

(4.6)

with E = error in fMC. Equation 4.6 is an example for n-fatty acids. EMethanol was replaced
with EEthylAcetat for n-alcohols and was excluded for n-alkanes.

Conversion of fMC to �14C values and 14C ages follow equations 2.6 and 2.7 respectively,
according to the established conventions (Stuiver and Polach, 1977).
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4.3 Results

4.3.1 Lithology

The 11.04 m long sediment core Co1305 comprises the complete postglacial sedimentation
record of the marine inlet, indicated by radiocarbon data of plant remains from the lower
part of the core that exhibit a 14C age of c. 15,200 years (details in chapter 6). The base
of the record is formed by diamictic sediments that are pointing to a former glaciation of
the site. The diamicton is overlain by well stratified sediments that are then passing over
into massive muds of silt and clay (Berg et al., 2019). Four Units can be subdivided in the
record based on �13C analyses of bulk TOC and on diatom assemblages (Berg et al., 2019):
Unit I (11.04�10.42 m) comprises the diamictic base of the record. Unit II (10.42�9.96
m) is composed of stratified lake sediments. The lacustrine stage of the record ends with
a transition from lacustrine to marine between 9.96�9.78 m, which is termed Unit III. A
fully marine sequence follows in Unit IV, from 9.78 m to the surface of the core (fig. 4.3).

Figure 4.3: Lithological profile of sediment core Co1305 with subdivisions of Units I-IV. Diamictic sediments
of Unit I (11.04�10.42 m) are marked with circles, lacustrine sediments of Unit II (10.42�9.96 m) are marked
by horizontal lines, transition from lacustrine to marine sediments of Unit III (9.96 �9.78 m) is marked by
horizontal lines with dark background, marine sediments of Unit IV (9.78 m�surface) are marked with small
dots. Scans of exemplary core sections are displayed on the right-hand side of the figure.
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4.3.2 Radiocarbon Inventories of Biomarkers and of TOC

In tab. 4.1, the analyzed compounds, their respective sample depths, the number of runs
that were performed to isolate the compounds, their contaminations and their C yields are
listed. No correlation is given between the number of prep-runs and the contaminations
(r2=0.01) or between C yields and contaminations (r2=0.03). Samples with C yields too
high for AMS gas measurement (> 60 µg) were split during the gas cleaning procedure in
the vacuum line.

Table 4.1: Biomarkers chosen for CSRA of the core Co1305: "Sample" is referring to the biomarker class
and "compound" to the chain-length of the analyzed biomarkers. "Prep-runs" are showing the number
of injections that were performed for each compound during preparative capillary gas chromatography
(PCGC). "Contaminations (%)" were quantified on an on-column GC-FID together with C concentration
(C [µg] GC-FID). Concentration "C [µg] vacuum line" are referring to the C amounts that were calculated
based on manometry measurements during purification of the combusted sample. Underlined values indicate
C yields that are too high for AMS (MICADAS) measurement (>60 µg). For the samples with too high
amounts of C, just the submitted split of the samples is listed under "C [µg] Vacuum Line".

Depth Sample Compound Prep-Runs Contamination C [µg] C [µg]
[cm] Type [%] GC-FID Vacuum Line

4�9 fatty acids n-C26 47 0 15.1 21
4�9 alkanes n-C29+31 43 0.5 11.2 22
4�9 alcohols n-C22 73 1.6 22.1 28
4�9 alcohols n-C26 73 2.2 63.5 57

103�108 fatty acids n-C16 82 0.7 92.1 36
103�108 fatty acids n-C26 82 0 11.3 23

308�313 fatty acids n-C16 51 0.5 96 39
308�313 fatty acids n-C26 51 3.2 40 42
308�313 alkanes n-C29+31 40 0.6 11.4 16
308�313 alcohols n-C22 105 1.7 49.4 31

468�473 fatty acids n-C16 53 0.6 74.5 57
468�473 fatty acids n-C26 53 0.2 35.2 39
468�473 alkanes n-C27+29 68 1.8 11.3 15
468�473 alcohols n-C26 63 0.9 155.3 36

612�617 fatty acids n-C16 57 0.6 138.9 48
612�617 fatty acids n-C26 57 0.3 85.1 60
612�617 alkanes n-C27+29 52 0 10.8 14
612�617 alcohols n-C22 76 1.2 68.8 55
612�617 alcohols n-C26 76 1.4 91.5 55

720�725 fatty acids n-C16 55 0.5 121.5 48
720�725 fatty acids n-C26 55 0.5 89.4 44
720�725 alkanes n-C31+33 40 5 8.5 12
720�725 alcohols n-C22 25 3.4 20.1 33

820�823 fatty acids n-C16 63 1.8 44.1 40
820�823 fatty acids n-C26 63 0.6 34.9 34

988�991 fatty acids n-C16 46 1.9 231.8 50
988�991 fatty acids n-C26 46 0.7 164.2 54
988�991 alkanes n-C29+31 46 2.6 7.1 17
988�991 alcohols n-C22 86 0.8 34.9 39
988�991 alcohols n-C26 86 1.0 36.9 43
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The C yield of these samples is underlined in row 6. C amounts of the respective analyzed
subsamples are listed rightmost of tab. 4.1.

�14C Values of Bulk TOC and Biomarker Compounds: Results of radiocarbon
measurements (fMC) of bulk TOC samples and of isolated lipid biomarkers were converted
to �14C (h) and to 14C ages. In tab. 4.2, fMC results of the AMS measurements are listed
in row 4. The fMC values that were corrected for exogenous carbon and for derivatization (if
required) are displayed in row 5. The corrected fMC values, converted into �14C (h) and
14C ages, are listed in rows 6 and 7, respectively. For comparison of radiocarbon inventories,
the �-notation is used.

The n-C26 alcohol sample at 612�617 cm core depth is excluded from further analysis,
because it exhibits an unrealistically high �14C value (underlined in row 6). Since no
particularly severe contamination could be detected in this sample before evacuation, a
contamination with modern 14C during subsequent sample procedure is likely. It is possible
that atmospheric CO2 diffused into the sample tube trough a micro crack in the glass.
�14C values of all remaining samples range between -81.7 ± 12.9 h for the n-C26 alcohols
at 4�9 cm core depth to -702.8 ± 2.4 h for TOC in 988�991 cm. �14C values inside each
sample class are decreasing with core depth, with an exception between 720 and 825 cm,
where a reversal is occurring for n-C16 fatty acids (fig. 4.4 A). Overall, TOC is the sample
class with the lowest �14C values or exhibits, in an error of 2 �, the same value as the
most depleted biomarker compound at the respective depth. Just at 103�108 cm depth,
n-C26 fatty acids are more depleted than TOC. The most enriched compounds in all sample
depths, except in the uppermost, are n-C16 fatty acids and/or n-C22 alcohols. In the upper
part of the core (308�313 cm), n-C16 fatty acids are more enriched than n-C22 alcohols. At
612�617 cm core depth, n-C16 fatty acids and n-C22 alcohols exhibit the same �14C values
in an error of 2 �, whereas in the lower part of the sediment core (720�725 and 988�993
cm), n-C16 fatty acids are more depleted than n-C22 alcohols (fig.4.4 A). n-C27�33 alkanes
and n-C26 fatty acids exhibit the same �14C values, in an error of 2 �, at all but one sample
depths. At 720�725 cm, the �14C value of n-C27�33 alkanes is lower than that of n-C26

fatty acids. �14C values of n-C26 alcohols were determined for three depths only. At the
uppermost depth (4�9 cm), n-C26 alcohols are most enriched in 14C, compared to all other
samples. At 468�473 cm, the �14C value of n-C26 alcohols lies between the more enriched
n-C16 fatty acids and n-C22 alcohols and the more depleted n-C26 fatty acids, n-C27�33

alkanes and TOC. At the lowermost depth (988�993 cm), n-C26 alcohols exhibit, in an
error of 2 �, the same �14C value as n-C16, n-C26 fatty acids and n-C27�33 alkanes.

Offsets of �14C (h) between Biomarker Compounds and TOC: Fig. 4.4 B is
showing the offsets between �14C values of biomarker compounds and �14C values of TOC
at the respective depths. Offsets between n-C16 fatty acids and TOC, or between n-C22

alcohols and TOC, are largest at all depths, except of the uppermost (4�9 cm). The highest
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offset is displayed at 720�725 cm between n-C16 fatty acids and TOC, with -256±10 h.
For all other depths, offsets between n-C16 fatty acids or n-C22 alcohols and TOC range
between -35±15 and -142±13 h. n-C26 fatty acids, n-C26 alcohols and n-C27�33 alkanes

Table 4.2: Radiocarbon data of TOC and of biomarker compounds of the core Co1305: fMC values are
results of AMS measurements (TOC was measured at the AMS facility in Cologne, biomarker compounds
were measured at the AMS facility in Zurich). The corrected fMC values include corrections for preparation
blank and for derivatization (just for n-fatty acids and n-alcohols). The underlined value was rejected from
further analysis. The error is reported as propagated uncertainty. Conversions of fMC to �14C values and
14C ages are following equations 2.6 and 2.7.

depth sample type compound measured corrected corrected corrected
[cm] fMC fMC �14C [h] 14C age

0�2 TOC 0.862 ± 0.004 -144.5 ± 4.0x 1192 ± 35x
4�9 fatty acids n-C26 0.847 ± 0.008 0.881 ± 0.012 -126.1 ± 11.6 1022 ± 106
4�9 alkanes n-C29+31 0.879 ± 0.008 0.882 ± 0.012 -124.6 ± 11.6 1008 ± 106
4�9 alcohols n-C22 0.838 ± 0.010 0.897 ± 0.014 -109.7 ± 14.3 x872 ± 129
4�9 alcohols n-C26 0.869 ± 0.008 0.925 ± 0.013 x-81.7 ± 12.9 x624 ± 113

103�108 fatty acids n-C16 0.823 ± 0.007 0.876 ± 0.011 -130.3 ± 10.9 1060 ± 100
103�108 fatty acids n-C26 0.723 ± 0.006 0.752 ± 0.010 -254.2 ± 10.4 2295 ± 112
105�107 TOC 0.779 ± 0.004 -226.9 ± 4.0x 2003 ± 43x

308�313 fatty acids n-C16 0.730 ± 0.006 0.778 ± 0.010 -228.4 ± 10.3 2022 ± 107
308�313 fatty acids n-C26 0.664 ± 0.006 0.692 ± 0.010 -313.7 ± 10.9 2963 ± 118
308�313 alkanes n-C29+31 0.699 ± 0.009 0.700 ± 0.012 -305.7 ± 11.9 2870 ± 138
308�313 alcohols n-C22 0.693 ± 0.009 0.747 ± 0.014 -258.2 ± 10.3 2338 ± 146
310�312 TOC 0.660 ± 0.004 .-345 ± 3.6 3337 ± 44x

468�473 fatty acids n-C16 0.709 ± 0.006 0.756 ± 0.010 -250.1 ± 13.5 2251 ± 110
468�473 fatty acids n-C26 0.606 ± 0.006 0.630 ± 0.011 -374.6 ± 10.4 3709 ± 134
468�473 alkanes n-C27+29 0.647 ± 0.009 0.646 ± 0.012 -358.5 ± 12.x 3505 ± 150
468�473 alcohols n-C26 0.652 ± 0.008 0.690 ± 0.013 -315.1 ± 12.6 2979 ± 147
472�474 TOC 0.633 ± 0.003 .x-372 ± 2.9x 3678 ± 37x

612�617 fatty acids n-C16 0.555 ± 0.005 0.590 ± 0.010 -414.2 ± 9.7x 4235 ±133
612�617 fatty acids n-C26 0.518 ± 0.005 0.539 ± 0.010 -465.5 ± 9.6x 4970 ±145
612�617 alkanes n-C27+29 0.561 ± 0.009 0.559 ± 0.012 -444.8 ± 12.1 4666 ± 175
612�617 alcohols n-C22 0.572 ± 0.008 0.608 ± 0.013 -396.2 ± 12.7 3992 ± 170
612�617 alcohols n-C26 0.797 ± 0.009 0.855 ± 0.013 -151.2 ± 13.2 1255 ± 125
614�616 TOC 0.466 ± 0.003 -537.8 ± 3.0x 6138 ± 52x

720�725 fatty acids n-C16 0.551 ± 0.005 0.544 ± 0.010 -460.5 ± 9.5x 4896 ± 145
720�725 fatty acids n-C26 0.467 ± 0.005 0.485 ± 0.010 -518.7 ± 9.6x 5814 ± 160
720�725 alkanes n-C31+33 0.452 ± 0.009 0.449 ± 0.012 -554.2 ± 12.1 6429 ± 219
720�725 alcohols n-C22 0.553 ± 0.008 0.583 ± 0.013 -421.6 ± 12.8 4337 ± 178
722�724 TOC 0.457 ± 0.004 -546.4 ± 3.7x 6289 ± 65x

820�823 fatty acids n-C16 0.538 ± 0.005 0.572 ± 0.010 .x-432 ± 9.9x 4483 ± 139
820�823 fatty acids n-C26 0.427 ± 0.005 0.443 ± 0.010 -560.2 ± 9.6x 6537 ± 174
848�850 TOC 0.314 ± 0.002 -688.4 ± 1.5x 9305 ± 51x

988�993 fatty acids n-C16 0.357 ± 0.004 0.378 ± 0.009 -625.2 ± 9.3x 7822 ± 199
988�991 fatty acids n-C26 0.333 ± 0.004 0.344 ± 0.009 -658.7 ± 9.3x 8573 ± 219
988�991 alkanes n-C29+31 0.371 ± 0.006 0.366 ± 0.010 .x-637 ± 10.3 8078 ± 227
988�991 alcohols n-C22 0.395 ± 0.006 0.414 ± 0.012 -588.9 ± 11.8 7079 ± 230
988�991 alcohols n-C26 0.362 ± 0.006 0.376 ± 0.012 -627.2 ± 11.6 7864 ± 250
990�992 TOC 0.299 ± 0.002 -702.8 ± 2.4x 9686 ± 63x
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mostly exhibit lower offsets of +27±11 to -93±10 h from TOC. Again, 720�725 cm is an
exception, showing an offset of -128±10 h between n-C26 fatty acids and TOC.

Figure 4.4: A: �14C (h) of TOC (red diamonds), n-C27�33 alkanes (orange stars), n-C22 alcohols (rose
triangles), n-C26 alcohols (purple triangles), n-C16 fatty acids (blue circles) and n-C26 fatty acids (yellow
circles) against core depth. �14C values are corrected for blank and for derivatization. Error bars display
the propagated uncertainty resulting from AMS measurement and corrections. B: �14C (h) offsets of
n-C27�33 alkanes, n-C22 alcohols, n-C26 alcohols, n-C16 fatty acids, n-C26 fatty acids in reference to TOC
(red line). Error bars display the sum of the propagated uncertainties of the respective compound and TOC.
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4.3.3 TOC, IRD and Biomarker Records of Co1305

The investigated downcore records of the sediment core Co1305 comprise total organic
carbon (TOC), ice-rafted debris (IRD) and the biomarkers that were chosen for CSRA
(n-C27�33 alkanes, n-C22 and n-C26 alcohols, n-C16 and n-C26 fatty acids).

Total Organic Carbon (TOC): TOC includes all kinds of organic matter that are
preserved in the sediments. TOC concentrations vary between 0.4 and 3 % throughout
the entire sedimentary record (fig. 4.5). The diamictic unit I exhibits the lowest TOC
concentration of only 0.4 %. In units II and III concentrations are highly variable with
values between 1 and 2.5 %. In the lower part of unit IV (up to c. 8 m core depth), TOC
concentrations are generally low with values of around 1%. Concentrations then increase
rapidly between 8 and 7.5 m core depth from c. 1 to c. 2.2 % and remain relatively stable
up to the near surface of the sedimentary record. In the upper 30 cm of the record, TOC
concentration increases to a maximum of 3% at the surface of the sediment core.

Ice Rafted Debris (IRD): The sediment fraction > 1 mm is interpreted as IRD that is
not transported by run-off or by wind but as frozen particles at the bottom of floating ice
blocks and that are subsequently released by the melting ice over the coring site (Grobe,
1987).
The IRD record shows a distinct variability over the four units. In units I - III, varying
concentrations of 0.2�0.75 grains/g DW are recorded. In the lower part of Unit IV, IRD
counts increase to particularly high, but also variable values between c. 9.2�7.8 m core
depth, with maximum concentrations of 1.7 grains/g DW. Counts are low up to c. 6.5 m
core depth and then again display high concentrations of a maximum of 1.2 grains/g DW,
between c. 6.5 and 6 m. Up to c. 1.5 m, low values of 0�0.5 grains/g DW prevail. Between
1.5 m and the surface, IRD counts are mostly higher than in the phase before but also quite
variable with values of 0�0.7 grains/g DW.

Biomarker Concentrations: The highest concentrations as well as the greatest vari-
ability are displayed within the n-C16 fatty acid record, with concentrations of 11�1016
µg/g OC (fig.4.5). In contrast, the lowest variability is revealed in the n-C22 alcohol record,
with concentration of 86�651 µg/g OC. n-C26 Fatty acids and n-C26 alcohols, show a quite
similar range of concentrations throughout the record, with values of 39�815 µg/g OC and
22�849 µg/g OC, respectively. The sum of n-C27, n-C29, n-C31 and n-C33 alkanes (n-
C27�33 alkanes) is between 12 and 262 µg/g OC.
All biomarker records exhibit low concentrations in units I and II, with an exception of the
n-C22 alcohols, which display the highest concentration in the lowermost sample (651 µg/g
OC). A sharp increase of biomarker concentrations characterizes the transition from unit II
to unit III. In unit III, all biomarkers exhibit high concentrations. In the lowest part of unit
IV, biomarker concentrations are still relatively high but start to drop until they reach a
minimum at c. 8.5 m core depth. After this minimum, all biomarker concentrations increase
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Figure 4.5: IRD, TOC and biomarker concentrations against core depth: The sediment fraction > 1mm
(IRD) is normalized to DW. Discrete values (counts) of IRD are displayed as bars. Concentrations of
TOC (red dots) are displayed in %. Biomarker concentrations are normalized to TOC. Boundaries between
lithological units I-IV of the sediment core are marked by dashed lines.

successively up to a core depth of c. 7 m and then display relatively stable concentrations
up to c. 3.5 m core depth. The so far quite uniform trends of the biomarker records, become
more variable in the upper part of the sediment core. Lowest concentrations of n-C27�33

alkanes, n-C22 and n-C26 alcohols are present between c. 2 and 1 m core depth. n-C16 and
n-C26 fatty acids exhibit lowest values at c. 2.5 and c. 0.5 m core depth. Exceptionally
high concentrations are displayed by n-C16 fatty acids at c. 1 m core depth.

4.3.4 Contemporary Plant Samples

Samples of kelp, tussock grass and moss from the catchment of Little Jason Lagoon were
analyzed to derive information on the compositional biomarker fingerprints of these charac-
teristic plant types. Concentrations of odd numbered n-alkanes as well as of even numbered
n-alcohols and n-fatty acids of the three contemporary samples are displayed in fig. 4.6.
The n-alkane and the n-fatty acid inventories of the kelp are dominated by LMW compounds
(n-C17 and n-C16, respectively) and are lacking in HMW compounds. The n-alcohol spec-
trum of this marine plant species shows high proportions of n-C16, n-C18 and n-C28. The
concentrations of n-alkanes, n-fatty acids and n-alcohols differ markedly in the kelp sample.
n-Fatty acid concentrations are two orders of magnitude higher than n-alcohol concentra-
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tions and four orders of magnitude higher than n-alkane concentrations.
The tussock grass exhibits highest proportions of HMW compounds in the spectra of
n-alkanes and of n-alcohols, with peak concentrations of n-C29 and n-C31 alkanes and
n-C26 alcohols, respectively. In the n-fatty acid spectrum, n-C16 and n-C20 reveal highest
concentrations.
The moss sample and the tussock grass both exhibit highest concentrations of HMW com-
pounds in their n-alkane and n-alcohol inventories, with peak values for n-C29 to n-C33

alkanes and for n-C22 to n-C26 alcohols, respectively. Highest concentrations in the n-fatty
acid spectrum are displayed by n-C16.

Figure 4.6: Biomarker inventories of contemporary samples, collected in the catchment of Little Jason
Lagoon. From left to right: Concentrations of odd-numbered n-alkanes (n-C15�n-C33), even-numbered
n-fatty acids (n-C14�n-C28) and even-numbered n-alcohols (n-C14�n-C28) in a kelp sample are displayed
as blue bar chart. Concentrations of odd-numbered n-alkanes (n-C19�n-C35), even-numbered n-fatty acids
(n-C14�n-C30) and even-numbered n-alcohols (n-C14�n-C28) in a sample of tussock grass are displayed as
yellow bar charts. Concentrations of odd-numbered n-alkanes (n-C19�n-C35), even-numbered n-fatty acids
(n-C14�n-C30) and even-numbered n-alcohols (n-C14�n-C28) in an unspecified moss sample are displayed
as green bar charts. All biomarker concentrations are normalized to DW and are reported in µg/g DW.
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4.4 Discussion

4.4.1 Diversity of Biomarker Sources on Land and in the Ocean

Terrigenous Biomarker Sources: Plant types that characterize the vegetation on the
island of South Georgia include tussock grass species, spread in the coastal lowlands, as
well as moss species, colonizing higher altitudes and steep slopes (Van der Putten et al.,
2009). Samples of both of these characteristic plant types reveal considerable proportions
of HMW n-fatty acids and of HMW n-alkanes in their biomarker inventories (fig. 4.6).
Contrasting the lipid compositions of the grass and the moss, a sample of marine kelp
is virtually lacking in HMW n-fatty acids and HMW n-alkanes. The absence of these
biomarkers is also characteristic for other marine organisms. Only few planktonic sources
of HMW n-alkanes (Lichtfouse et al., 1994) as well as of HMW n-fatty acids (Volkman
et al., 1998) were previously reported, but considered mostly negligible in marine sediments.
Therefore, it can be assumed that sedimentary HMW n-fatty acids and HMW n-alkanes in
the sediments of the record Co1305 likely derived from land plants, so that these compounds
can be interpreted as characteristic biomarkers of the terrestrial vegetation (e.g. Eglinton
and Hamilton, 1967; Volkman et al., 1998).
Mostly identical �14C values of co-occurring n-C26 fatty acids and n-C27�33 alkanes (fig.
4.4) support a common, probably exclusive terrigenous origin of these biomarkers in the
investigated coastal marine setting of LJL. Moreover, n-C26 fatty acids and n-C27�33 alkanes
not only reveal similar radiocarbon inventories but also a systematically higher depletion in
14C than n-C16 fatty acids or n-C22 alcohols of the respective sample depths. This indicates
that large proportions of "pre-aged" material might contribute to the sedimentary pools of
n-C26 fatty acids and n-C27�33 alkanes.

Marine Biomarker Sources: The ocean around South Georgia is generally highly pro-
ductive and has rich ecosystems (Borrione and Schlitzer, 2013), characterized by phyto-
plankton, zooplankton and vertebrate predators (Atkinson et al., 2001). However, strong
seasonal gradients in environmental conditions (e.g. sea-ice, light availability, temperature
and salinity), common for high-latitude coastal ecosystems, can cause a high variability in
the marine productivity as well as a succession in the community structure (Juul-Pedersen
et al., 2015). Large phytoplankton blooms that often occur around South Georgia are the
main drivers of primary production in this area (Borrione and Schlitzer, 2013), while ice-
algae may have seasonal importance (Juul-Pedersen et al., 2015). Small dinoflagellates and
diatoms (Thallasionema sp.) were found to dominate in the composition of phytoplankton
near the northern coast of South Georgia during austral summer (Ward et al., 2005). Besides
of phytoplankton, zooplankton produces as well a high amount of biomass around South
Georgia, which is 4-5 times larger than the average of the Southern Ocean (Atkinson et al.,
2001). Antarctic krill seems to be a dominant species of the zooplankton (Young et al.,
2014), although South Georgia, being mostly free of pack-ice, is no typical habitat for krill,
a species of the seasonal ice-zone (Atkinson et al., 2001). Different copepod species were
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observed to substantially contribute as well to the diversity of zooplankton at the northern
coast of the island (Ward et al., 2008).
LMW biomarkers like n-C16 fatty acids are generally considered to mainly originate from
phytoplankton in most sedimentary archives (e.g. Volkman et al., 1998). Actually, domi-
nant proportions of n-C16 fatty acids were detected in a multitude of marine phytoplankton
species (Ackman, 1989), but apparently, n-C16 fatty acids also dominate in the lipid com-
position of Antarctic krill around South Georgia (Fricke et al., 1984; Cripps et al., 1999;
Phleger et al., 2002; Ju and Harvey, 2004), as well as in several copepod species (Albers
et al., 1996; Kattner et al., 2003). Therefore, it can be assumed that n-C16 fatty acids
might characterize the majority of the marine biomass in the investigated setting, including
phytoplankton as well as zooplankton.
High abundances of n-C16 fatty acids in all analyzed plant samples (fig. 4.6) illustrate
that this unspecific biomarker is generally produced by all organisms (e.g. Meyers, 1997),
including marine as well as terrigenous species. However, fast remineralization of these la-
bile compounds commonly precludes that large fractions of land-derived n-C16 fatty acids
can survive lateral transport (Eglinton and Hamilton, 1967). Therefore, sedimentary n-C16

fatty acids can generally be considered to more strongly reflect inputs from the overlying
water column (Mollenhauer and Eglinton, 2007).
A predominantly marine origin of n-C16 fatty acids in the sedimentary record of LJL is
likely supported by �14C values of these compounds that are generally higher than those of
co-occurring terrigenous biomarkers (fig. 4.4). The substantial 14C depletion of terrigenous
biomarkers in the record can probably be attributed to the retention of land-derived organic
matter prior to deposition. n-C16 fatty acids, being relatively more enriched in 14C, there-
fore seem to unlikely include large proportions of terrigenous biomass but rather to reflect
a more recent production and rapid turnover of these compounds. Assuming that marine
organic matter probably experienced faster sedimentation than terrigenous material, n-C16

fatty acids can likely be expected to have mainly derived from autochthonous production
in the marine inlet.
Considering that autochthonous biomass can possibly be affected by particularly high ma-
rine reservoir ages of 700 to 1,300 years in sub-Antarctic regions (Berkman and Forman,
1996), it seems that "pre-aging" of terrigenous organic matter even exceeds the (possibly
high) reservoir age of marine organic matter at the study site.
Interestingly, not only n-C16 fatty acids but also n-C22 alcohols are relatively enriched in
14C, compared to the co-occurring terrigenous biomarkers (fig. 4.4). This indicates that
n-C22 alcohols in the sediments of LJL probably derived from mainly marine source organ-
isms as well. This find is surprising, because n-C22 alcohols are often generally attributed
to terrigenous sources in the literature (e.g. Meyers, 1997; Volkman et al., 1998).
Marine sources of n-C22 alcohols were investigated only in a few studies, since these com-
pounds are more unusual biomarkers of marine organisms. Anyhow, they were found to be
related to macrophyte brownalgae like sea-grass (Zostera muelleri) (Johns et al., 1980) or
to seagrass-associated algal epiphytes (Jaffé et al., 2001) as well as to cyanobacteria (Filley
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et al., 2001).
In lacustrine settings, n-C22 alcohols were found to be mainly derived from submerged or
floating macrophytes (Ficken et al., 1998b, 2002). A strong predominance of n-C22 alcohols
was also reported for freshwater microalgae (Eustigmatophytes sp.) (Volkman et al., 1998).
The high concentration of n-C22 alcohols in the lowermost biomarker sample of the Co1305
record (fig. 4.5) might indicate, that such freshwater microalgae were pioneer species in the
sedimentary stage of the record that predates the beginning of lacustrine sedimentation.
Reports of marine eustigmatophytes are sparse (Rampen et al., 2014) and even if the abun-
dances of unsaturated alcohols in these species were investigated (Volkman et al., 1992;
Méjanelle et al., 2003), there is apparently no data available that reveals the saturated alco-
hol composition of marine eustigmatophytes. Therefore, the potential role of these species
as sources of n-C22 alcohols in the setting of LJL cannot be evaluated.
It seems that despite of the common, probably mainly marine origin of n-C16 fatty acids
and n-C22 alcohols, which is indicated by the relatively enriched �14C values of these com-
pounds, source organisms of these biomarkers differ. Where n-C16 fatty acids likely derived
from most authochthonous species, n-C22 alcohols might have their origin in marine macro-
phytes. Based on the relatively small abundances of n-C22 alcohols in the analyzed kelp
sample (fig. 4.6), this species would not necessarily be considered as main source of these
biomarkers. Nevertheless, macrophyte brown algae seem to be a plausible sources of n-C22

alcohols, since kelp is a dominant species of the intertidal waters of the Southern Ocean,
producing immense quantities of biomass around South Georgia (Fraser et al., 2009), (fig.
4.7). Several macrofossils of kelp that were recovered from the sediments of LJL (details in
chapter 6), moreover document the presences of kelp in the marine inlet of LJL.

Figure 4.7: Left: Kelp near to the coast, Middle: Tussock grass stands, Right: Moss bank. Photos by M.
Leng and O. Bennike

Mixing of Organic Matter in the Sediments: Organic matter, containing the same
compounds, is mostly supplied from multiple sources and via different transport pathways
to the sedimentary site (Kusch et al., 2016). Whereas HMW n-fatty acids and n-alkanes
seem to originate from sources on land, and n-C16 fatty acids and n-C22 alcohols mainly
from marine biomass, the origins of n-C26 alcohols in the sediments of LJL are more unclear.
Like other HMW biomarkers, n-C26 alcohols are often generally attributed to terrigenous
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sources (e.g. Volkman et al., 1998; Pancost and Boot, 2004). Distributions of n-alcohols in
contemporary plants reveal a clear predominance and a high concentration of n-C26 alcohols
in the grass sample as well as a considerable proportion in the moss sample (fig. 4.6). The
proportion of n-C26 in the alcohol spectrum of the kelp is similar to that of n-C22.
Assuming that kelp is a common marine source of both n-C22 and n-C26 alcohols, differences
in the radiocarbon inventories of these biomarkers may reflect contributions of biomass de-
rived from tussock grass, since this species reveals a clear predominance of n-C26 but only a
small proportion of n-C22 alcohols. Variable mixing proportions of marine and terrigenous
sources of n-C26 alcohols are likely indicated by �14C values that are similar to those of
n-C16 fatty acids and n-C22 at 4-9 cm and at 988-991 cm core depth, but differing from
those of n-C16 fatty acids at 468-473 cm depth (fig. 4.4).
Variable mixing of organic matter from different sources in the sediments of LJL is also
indicated by the radiocarbon inventories of TOC. At 103-108 cm, where a large proportion
of marine organic matter is indicated by high concentrations of n-C16 fatty acids in the
sediments (fig. 4.5), TOC exhibits a �14C value that likely mainly reflects mixing of marine
and terrigenous organic matter (fig. 4.4). At most other depths, TOC reveals a stronger
depletion in 14C than all analyzed biomarkers. This might point to additional, more re-
fractory or "pre-aged" sources of organic matter in the sediments, possibly derived from
older soils or petrogenic material. Correlation of low �14C values of TOC with high IRD
concentrations (fig. 4.5 and fig. 4.4) may indicate that glacial activity has a considerable
impact on the supply of 14C-depleted organic material to the site of LJL .

4.4.2 Processes Explaining Biomarker Distributions and 14C Variability
in the record Co1305

Retention of Organic Matter in Intermediate Reservoirs: Since terrestrial plants
metabolize CO2 from the atmosphere, any deviation of the terrigenous compounds from the
atmospheric 14C signature can be attributed to their retention in intermediate reservoirs,
like soils and peat (Kusch et al., 2010b). The degree of 14C depletion that terrigenous
biomarkers exhibit at the time of deposition, therefore, depends on the time lag between
production and burial of these compounds (Eglinton et al., 1997).
Several factors can control the terrestrial residence time of individual biomarkers. These
factors comprise intrinsic properties of the respective compounds, like molecular structure
and size, polarity, reactivity and mineral association, as well as environmental factors like
climatic conditions, including temperature, precipitation and wind intensity, catchment size
and morphology, as well as drainage regimes and soil characteristics (Hedges et al., 1997;
Trumbore, 1997, 2009; Raymond and Bauer, 2001; Drenzek et al., 2007; Mollenhauer and
Eglinton, 2007; Douglas et al., 2014).
The potential of individual biomarkers to escape remineralization during retention and on
the pathway to a sedimentary site is mainly determined by the reactivity of the compounds
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and their physical protection (Eglinton and Hamilton, 1967; Hedges et al., 1997; Mollen-
hauer and Eglinton, 2007; Drenzek et al., 2007; Kusch et al., 2010b). An important factor
determining the intrinsic reactivity of individual biomarkers is their molecular structure.
With decreasing chain lengths, reactivities of the compounds generally increase (e.g. Dren-
zek et al., 2007). Fast remineralization of reactive biomarkers, such as LMW n-fatty acids,
restricts their potential of "aging" and results in generally young biomarker pools (Kusch
et al., 2016). In contrast, relatively low reactivities of HMW biomarkers enhance their po-
tential of preservation during storage and transport on land. At the time of deposition,
these biomarkers are therefore more likely “pre-aged”, since most durable compounds pos-
sibly have already survived a long period of intermediate storage before they reached the
sedimentary site (Eglinton et al., 1997; Drenzek et al., 2007; Kusch et al., 2010a, 2016). As-
sociation of organic matter with a mineral matrix is generally assumed to further increase
the probability of its preservation (Eglinton and Hamilton, 1967; Sun and Wakeham, 1994;
Canuel and Martens, 1996; Hedges et al., 1997; Mollenhauer and Eglinton, 2007).
Climatic conditions are the most fundamental environmental factors for the storage of or-
ganic matter, since plant production and heterotrophic decomposition are both mainly
forced by temperature and precipitation. A strong dependance between soil organic carbon
turnover and climate conditions is given, with fast turnover in warm and dry climates and
slow turnover in cool and wet environments (Trumbore, 1993; Mollenhauer and Eglinton,
2007; Tao et al., 2015). The climate of South Georgia, characterized by cool and moist
conditions, therefore probably favors generally low rates of remineralization and by that the
accumulation and retention of organic matter in terrestrial reservoirs. Delayed supply of
land-derived organic matter into LJL is likely reflected by sedimentary n-C26 fatty acids
and n-C27�33 alkanes that are generally depleted in 14C (fig. 4.4).
However, the general conformity of �14C values of co-occurring n-C26 fatty acids and
n-C27�33 alkanes in the sedimentary record Co1305 (fig. 4.4) appears counter-intuitive,
since intrinsic reactivities of these individual terrigenous biomarkers differ. HMW n-alkanes
have particularly low reactivities, allowing even petrogenic contributions to the sedimentary
biomarker pools (Ishiwatari et al., 1994), whereas HMW n-fatty acids, being relatively more
reactive, can be expected to be free of any contribution from petrogenic sources (Mollenhauer
and Eglinton, 2007). In accordance to the differing "aging potential" of these biomarkers,
HMW n-alkanes were founds to be more strongly depleted in 14C than co-occurring HMW
n-fatty acids in some marine environments (Pearson et al., 2001; Kusch et al., 2010b).
Similar �14C values of co-occurring n-C26 fatty acids and n-C27�33 alkanes indicate minor
contributions of petrogenic n-C27�33 alkanes to the sediments of LJL. Instead, considerable
fractions of both sedimentary biomarker pools possibly derived from common sources on
land and experienced similar processes during their pathway to the depositional site. In or-
der to explain the likely common fate of n-C26 fatty acids and n-C27�33 alkanes, it might be
assumed that large proportions of these biomarkers were contemporary introduced to the site
as components of particulate organic matter (POM), namely of plant debris. Contributions
of finer material, such as dissolved organic matter (DOM), are probably secondary since
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DOM mostly integrates differentially aged biomarkers from more complex sources (Ray-
mond and Bauer, 2001; Blair et al., 2003). An additional argument against the transport
of biomarkers as components of DOM is that recurring sorption and desorption processes
in subsurface soils would have likely further increased the heterogeneity of the biomarker
pools over time (Blair and Aller, 2012). Plant debris as a major source of n-C26 fatty acids
and n-C27�33 alkanes in the sediments of LJL was possibly mainly derived from soil sur-
faces rather than from erosion of different soil horizons. Biomarker ages are considered to
generally increase with soil depth (Douglas et al., 2014), so that, even if assuming similar
pre-aging of n-C26 fatty acids and n-C27�33 alkanes in individual plant particles, mixing of
plant debris from heterogenous soils would have unlikely resulted in similar �14C values of
the co-occurring compounds, since concentrations of these biomarkers likely differ consider-
ably.
It has been observed that plant debris constitutes a significant fraction of the total soil or-
ganic matter in Arctic environments and is therefore an important source of allochthonous
OC in marine sediments of theses regions (Tesi et al., 2016). Preservation of organic matter
in form of plant debris may also be favored in the sub-Antarctic region of South Georgia,
since climatic conditions and vegetation types are similar to those of the Arctic. The veg-
etation in high-latitude environments is composed of plant types like mosses, lichen and
evergreen plants, which contain low concentrations of soluble carbohydrates (Hobbie et al.,
2000), preventing fast degradation of the biomass. Heterotrophic decomposition is addi-
tionally inhibited by cold temperatures in these regions. Intermediate storage of organic
matter in soils and peats, which are possibly characterized by water logging or anaerobic
conditions, may additionally favor the preservation of plant debris on land.
Long residence times of plant debris on land are indicated by 14C depleted n-C26 fatty
acids and n-C27�33 alkanes in the sediments. The mountainous catchment of LJL and the
high precipitation on South Georgia may generally promote fluvial erosion and transport.
However, plant debris hydrologically behaves like sand. Therefore, the capacity of fluvial
processes to mobilize it is may limited (Goñi et al., 1998; Bianchi et al., 2002; Wakeham and
Canuel, 2016). Moreover, plant tissue probably needs long time to decompose to an extent
so that the critical mass (size and the density of the particles) is reached to be mobilized
by water.
Besides of the similarities of �14C values of co-occurring terrigenous biomarkers in the re-
spective samples of the record Co1305, the decrease of radiocarbon concentrations of n-C26

fatty acids and n-C27�33 alkanes with depth is also remarkably uniform. Constantly de-
creasing �14C values may imply relatively invariable source compositions and transport
mechanisms over time and might additionally point to only small influences of variable en-
vironmental conditions on the residences time of these biomarkers on land. Erosion and
mixing of old and heterogenous soils, as suggested for high energy drainage regimes, re-
sulting from steep reliefs (Raymond and Bauer, 2001), is not indicated in the investigated
environment. Assuming a vital role of the mass of the plant debris for its transport, a con-
stant decomposition rate over time may explain the relatively constant terrestrial residence
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time throughout the record. The deviation of �14C values in the uppermost sample from
this general trend (fig. 4.4) can most likely be attributed to the effect of bomb 14C rather
than to shorter retention of organic matter in recent times.

Post-Depositional Processes: Despite of their likely common sources and fates on land,
distributions of n-C26 fatty acids and n-C27�33 alkanes in the sediments of LJL differ,
particularly in the upper part of the record (fig. 4.5). Diverging abundances of these
biomarkers possibly result from changes in the composition of the terrestrial vegetation
over time. But more likely, they indicate that terrigenous biomarker records not only reflect
productivity on land but also variable impacts of post-depositional diagenetic alteration in
the sediments (Meyers, 1997).
It is well known that diagenetical behaviors of biomarkers differ. Degradation of individual
compounds is particularly active in surface sediments. Their concentrations decrease at
compound-specific rates and asymptotically approach a more or less stable background
value. However, quantitative relations between burial efficiency and redox conditions for
different biomarkers remain unclear (Meyers, 1997; Wakeham et al., 1997; Zonneveld et al.,
2010).
Since HMW n-fatty acids are inherently more prone to degradation than HMW n-alkanes,
ratios of HMW n-fatty acids and HMW n-alkanes can be used as an indicator of sedimentary
redox conditions (Cacho et al., 2000; Vonk et al., 2010). The underlying assumption for such
ratios is that both biomarkers derive from a common terrestrial source where the ratio is
fixed at some constant value. The ratio of n-C26 fatty acids and n-C29 alkanes (n-C29 is
the most abundant HMW n-alkane in the tussock grass as well as the moss sample) was
calculated in order to trace preservation conditions in the sediments of LJL (fig. 4.8). Since
n-C26 fatty acids have greater sensitivity to degradation than n-C29 alkanes, biomarker
ratios decrease when degradation is enhanced in the sediments e.g. by more oxic conditions,
and vice versa.
Co-variation of n-C26 fatty acid and n-C29 alkane abundances up to c. 3.5 m core depth
(fig. 4.5) result in quite constant ratios, which may indicate relatively invariable redox con-
ditions in the lower part of the record (fig. 4.8). Preservation of both biomarkers is possibly
mainly determined by the correlation between the rate of sediment accumulation and burial
efficiency of organic matter (Müller and Suess, 1979). Climate-driven changes in deposi-
tional conditions under which the material is buried can alter the degree of preservation of
sedimentary components (Mollenhauer and Eglinton, 2007). Above 3.5 m core depth, more
variable biomarker ratios may result because of such changes. Particularly severe degrada-
tion is indicated between c. 250 and 350 cm and between 4 and 70 cm core depth (fig. 4.8).
Distributions of n-C16 and n-C26 fatty acids are more similar throughout the entire record
(fig. 4.9), although chain lengths as well as main sources of these biomarkers differ. LMW
n-fatty acids are more reactive than their HMW homologues (Drenzek et al., 2007), result-
ing in a decomposition rate of n-C16 fatty acids which is 10 times higher during sinking
than that of n-C30 fatty acids (Meyers and Ishiwatari, 1993). Therefore it can be assumed
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Figure 4.8: Ratio of n-C26 fatty acid and n-C29 alkane abundances for the marine Unit IV of the core
Co1305 against depth. Red line marks the mean value of the ratio.

that LMW n-fatty acids also lose higher absolute amounts of their compounds during post-
depositional degradation. However, despite of possibly differing rates of remineralization,
good correlation (r2=0.75, excluding the samples at 103 cm depth) of n-C16 and n-C26 fatty
acid abundances indicates that under variable redox condition in the sediments, inherent
diagenetical behaviors of biomarkers from the same lipid class are more similar than of
biomarkers with similar chain-lengths (e.g n-C26 fatty acids vs. n-C29 alkanes).

Figure 4.9: Correlation of n-C16 and n-C26 fatty acid abundances in the record Co1305. Correlation
coefficient of the data points (green diamonds): r2= 0.75. Data point at 103 cm core depth (orange triangle)
is deviating from the linear regression.
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Preferential Preservation of Allochthonous over Autochthonous Biomarkers xx
n-C16 Fatty acids and n-C22 alcohols in the sedimentary record of LJL were considered
to mainly originate from autochthonous productivity. However, relatively short distances
between source areas of these biomarkers on land and the coastal marine depositional site
probably favor distinct allochthonous contributions to the respective sedimentary biomarker
pools.
Proportions of land-derived n-C16 fatty acids and of n-C22 alcohols in the sediments are
likely related to the intrinsic reactivities of these biomarkers. Whereas fast remineralization
of highly reactive n-C16 fatty acids possibly results in relatively small terrigenous contri-
butions, lower reactivities of n-C22 alcohols might allow larger proportions of land-derived
compounds in the sediments.
However, post-depositional processes may alter initial marine and terrigenous proportions
of n-C16 fatty acids and n-C22 alcohols over time, at likely different rates. It was observed
that the general loss of LMW n-fatty acids in sediments is associated with a depletion in
13C, indicating increasing terrigenous proportions with depth. Preferential preservation of
terrigenous compounds over their marine counterparts likely results because of the persisting
physical protection of labile allochtonous biomarkers, which only escaped remineralization
on land, because of their association to mineral matrices (Cranwell, 1981; Sun and Wake-
ham, 1994; Canuel and Martens, 1996; Goñi et al., 1998; Hedges et al., 1999; Ingalls et al.,
2004; Mollenhauer and Eglinton, 2007; Zonneveld et al., 2010; Blair and Aller, 2012).
Differing post-depositional alteration of initial proportions of n-C16 fatty acids and n-C22

alcohols is likely indicated by the relation between their �14C values. At 308-313 cm core
depth, n-C22 alcohols are more depleted in 14C than co-occurring n-C16 fatty acids (fig.
4.10). With depth, a shift in �14C values towards relatively stronger 14C depletion of n-C16

fatty acids likely indicates that preferential preservation of terrigenous biomarkers changes
initial compositions of n-C16 fatty acids to a higher extend than that of n-C22 alcohols.
Besides of the apparently generally differing loss rates of autochthonous fractions of these
biomarkers, variable preservation conditions in the sediments may also affect their respec-
tive degree of alteration. Moreover, it has to be considered that initial mixing proportions
of marine and land-derived biomarkers can vary over time because of changes in marine
productivity and terrigenous supply.

Temporal Variability of Marine Reservoir Ages in Little Jason Lagoon: The
surface ocean is the interface between the deeper ocean and the atmosphere. The spatial
and temporal variability of the surface ocean reservoir age is mainly determined by the
effects of upwelling of deep waters (low 14C activity) and biologically driven draw-down of
atmospheric CO2 (high 14C activity) into the surface ocean (Eglinton et al., 1997).
Exchange with the open ocean has probably an important impact on the marine reservoir
age in the setting of LJL. However, in this coastal marine environment additional effects
may influence the reservoir age variability of the DIC pool. Changes in phytoplankton pro-
ductivity, community structure, and vertical distribution related to wind-driven upwelling
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Figure 4.10: �14C (h) offsets of n-C27�33 alkanes, n-C22 alcohols, n-C26 alcohols, n-C26 fatty acids, TOC
in reference to n-C16 fatty acids (blue line). Error bars display the sum of the propagated uncertainties of
the respective samples and n-C16 fatty acids.

and mixing of the water column (Eglinton et al., 1997) might cause a stronger seasonal vari-
ation in LJL than in the open ocean. Moreover, supply of carbon-containing material from
land might affect the variability of surface ocean reservoir ages in this setting. Freshwater
inflow into the coastal marine inlet, derived from rain or melting snow may introduce a
less depleted 14C signature to the site. A temporal variability can therefore result from of
seasonality effects e.g. snow melt events.
Several studies have shown that glaciers can introduce large amounts of carbon to the ma-
rine environment (Hood et al., 2009; Singer et al., 2012; Bhatia et al., 2013; Spencer et al.,
2014). Sources of this carbon are included in the melting ice or can be derived from the
sediments and the bedrock underneath the glaciers. Melting ice exports dissolved organic
and inorganic carbon (DOC and DIC) to the ocean. Erosion of the glacier bed also intro-
duces DOC and DIC, but mostly particulate organic carbon (POC). Investigations of glacier
exported POC and DOC showed that 14C depleted organic carbon is generally associated
to POC, whereas DOC contains relatively enriched organic carbon (Raymond and Bauer,
2001; Goni et al., 2005; Bhatia et al., 2013; Marwick et al., 2015).
Correlation of 14C depleted TOC with high IRD concentrations (fig. 4.4 and 4.5) may reflect
large fractions of 14C-depleted POC that were mobilized by glacier erosion. Assuming that
POC cannot be remineralized efficiently during sinking, marine organisms are probably not
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affected by its 14C-depleted signature to a high extend. However, if DIC and DOC which
was contained in the ice is contemporary introduced to the site, marine organic matter may
exhibits particularly higher �14C values than TOC in the respective sediment depths. The
relatively enriched 14C signature of n-C16 fatty acids at 823 cm core depth, in contrast to
the relatively depleted 14C signature of TOC, may indicates that glaciers introduced both
depleted POC and enriched DOC.

4.5 Interpretation

4.5.1 Evaluation of Depositional Processes in the Course of the Sedimen-
tation History of Little Jason Lagoon

In the analyzed depths of the record Co1305, variable processes have apparently affected
the composition and the radiocarbon inventories of biomarkers in the sediments.

4-9 cm: A generally stronger 14C depletion of sedimentary n-C26 fatty acids and n-C27�33

alkanes in contrast to co-occurring n-C16 fatty acids and n-C22 alcohols is revealed in most
analyzed samples, clearly indicating long residence times of the terrigenous biomarkers on
land. However, n-C26 fatty acids, n-C27�33 alkanes and n-C22 alcohols reveal more similar
�14C values (fig. 4.4). This unlikely points to a faster transport of the organic matter in
recent times but rather to bomb 14C, contained in the terrigenous biomass. The relatively
more enriched �14C value of the n-C26 alcohols, in contrast to that of n-C22 alcohols, sup-
ports the suggestion of an influence of bomb 14C in the uppermost sample depth. Assuming
that both n-C22 alcohols and n-C26 alcohols contain the same contributions from marine
sources (presumedly from marine macrophytes), the differing radiocarbon inventories of
these biomarkers may be explained by high contributions of n-C26 alcohols from tussock
grass, a species that revealed only minor proportions of n-C22 alcohols.

103-108 cm: The sediments at 103-108 cm core depth are apparently characterized by
high proportions of marine biomass, indicated by highest concentrations of n-C16 fatty
acids and generally low abundances of HMW terrigenous biomarkers (4.5). The suggestion
of enhanced marine productivity is supported by the deviation of the n-C16 fatty acid con-
centration from the general co-variation with n-C26 fatty acids towards higher values (fig.
4.9) and by relatively 14C enriched TOC (fig. 4.4). Good preservation conditions in the
sediments, indicated by the ratio of n-C26 fatty acids and n-C29 alkanes (fig. 4.8), might
have resulted from the high rate of sediment accumulation at that time.
A possible environmental scenario that may have led to this configuration involves unfa-
vorable climatic conditions and sea-ice: Low abundances of terrigenous biomarkers in the
sediments may have been caused by low terrestrial productivity due to harsh climatic con-
ditions as well as by hampered input of terrigenous organic matter to the depositional site
because of sea-ice. Intense marine productivity and good preservation of the marine biomass
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possibly resulted from relatively short events of large phytoplankton blooms in the summer
months that may have alternated with a persistent ice-cover on the inlet during the rest of
the year. The ice could have diminished the ventilation of the water in the inlet, result-
ing in lower oxygen levels in the water column and/or at the sediment surface. Enhanced
preservation of the marine organic matter in the sediments may result from these conditions.
However, high primary production and high sedimentation rates are likely to have a greater
influence on the preservations of n-C16 fatty acids in the sediments.
It can be expected that large marine productivity has led to high initial proportions of ma-
rine n-C16 fatty acids in the sediments and good preservation conditions may have prevented
a significant post-depositional alteration of the initial source composition. Therefore, the
�14C value of n-C16 fatty acids at this depth might reflect the radiocarbon inventory of the
marine biomass most accurately in the record.

308-313 cm: The ratio of n-C26 fatty acids and n-C29 alkanes at 308-313 cm core depths
clearly points to particularly bad preservation conditions in the sediments (fig. 4.8). It can
thus be expected that selective loss of autochthonous n-C16 fatty acids is particularly severe
and the relative contribution of allochtonous n-C16 fatty acids therefore quite high at this
depth. That is probably even the case unless n-C16 fatty acids are more enriched in 14C
than co-occurring n-C22 alcohols (fig. 4.10), which were assumed to contain initially higher
terrigenous proportions.

468-474 cm: n-C16 fatty acids at 468-474 cm core depth seem to be relatively enriched
in 14C, comparing their �14C values to the samples above and below (fig. 4.4). Relatively
small amounts of highly "pre-aged" material in the sediments are indicated by a �14C value
of TOC similar to that of n-C26 fatty acids and n-C27�33 alkanes at this depth. Low IRD
concentrations support a minor input of organic carbon with low 14C activities from glacier
erosion (4.5).

612-617 cm: The low �14C value of TOC at 612-617 cm core depth coincides with a
short period of high IRD concentrations in the record (fig. 4.4 and 4.5). However, since
n-C16 fatty acids and n-C22 alcohols are also quite depleted in 14C, IRD might have not
derived from melting glaciers in the catchment of LJL but rather from sea-ice. Other than
glaciers, that can export huge quantities of fresh water (potentially relatively enriched in
14C) due to persistent melting of their ice, the potential of sea-ice is relatively restricted
in this regard. Contrary, sea-ice possibly hampers the CO2 exchange between water and
atmosphere and therefore leads to an increasing reservoir age of the surface water mass.
Consumption of relatively depleted DIC by marine organisms may then potentially have
resulted in relatively low �14C values of n-C16 fatty acids and n-C22 alcohols at this depth

720-724 cm: An exception to the good agreement between n-C27�33 n-alkanes and n-C26

fatty acids is displayed at 720-724 cm core depth, with lower �14C for n-C27�33 n-alkanes
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than for n-C26 fatty acids (fig. 4.4). The combination of n-alkanes of longer chain lengths (n-
C31 and n-C33) compared to other sample depths (tab. 4.1) most likely causes this deviation,
since intrinsic reactivities of compounds decrease with increasing chain length. However,
relatively more depleted n-C33 alkanes may also indicate a differing source composition of
this biomarker. Distributions of n-alkanes in the analyzed contemporary plant species reveal
that n-C33 alkanes are more characteristic for moss than for grass (fig.4.6). If decomposition
and/or transport proceeds more slowly for moss than for the grass, the higher proportion of
moss derived n-C33 n-alkanes in the sample may be reflected in the depleted �14C signature
of the n-C27�33 n-alkanes at this depth.
n-C16 fatty acids are considerably more depleted in 14C than n-C22 alcohols at 720-724
cm core depth (fig. 4.10). Preservation conditions in the sediments are apparently not
particularly bad (fig. 4.8), indicating that the depletion of n-C16 fatty acids might mainly
have resulted from the persistently higher loss rate of autochthonous compounds over time,
compared to n-C22 alcohols.

820-850 cm: A particularly low �14C value of TOC indicates high contributions of 14C-
depleted material to the sediments between 820 and 850 cm core depth (fig. 4.4). Massive
glacier activity, likely indicated by high IRD concentrations (4.5), potentially caused large
supply of 14C depleted POC from erosional products to the site. However, the relatively
high �14C value of n-C16 fatty acids at this depth likely indicates that high amounts of
melting ice have caused a large input of relatively enriched DIC (from gas inside the ice)
and DOC (formed by microbes inside the ice)(Bhatia et al., 2013), which may have lowered
local marine reservoir age at this time.
The large difference between the depleted �14C value of TOC and the relatively enriched
�14C value of n-C16 fatty acids may reflect the contrasting effects of the simultaneous
introduction of depleted POC and the enriched DOC and/or DIC to the site.

988-992 cm: Allochthonous proportions are probably above average for both n-C16 fatty
acids and n-C22 alcohols at 988�991 cm core depth, since inflow of ocean water during
marine transgression has likely introduced distinct amounts of terrigenous biomarkers to
the sediments. �14C values of n-C16 fatty acids and n-C22 alcohols, similar to those of the
terrigenous biomarkers, are caused by the enhanced terrigenous supply or possibly reflect
a strong alteration of the initial biomarker composition over time. However, the effect of
higher proportions of "pre-aged" terrigenous organic matter on the �14C values of n-C16

fatty acids and n-C22 alcohols is possibly partly compensated by lower reservoir ages at that
time, resulting from the mixing of fresh water and ocean water during transgression.

4.5.2 Considerations for Sediment Chronologies

In order to develop sediment chronologies for Antarctic marine records, n-C16 fatty acids
were already successfully applied as alternative material to TOC (e.g Ohkouchi, 2003).
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However, in coastal marine settings like that of LJL, allochthonous contributions of n-C16

fatty acids need to be considered, likely introducing a more depleted radiocarbon signature
to the sedimentary biomarker pool. Selective preservation of these land-derived fractions
in the sediments can further cause an increasing deviation of n-C16 fatty acid ages from
the sediment formation age with depth. The relation between �14C values of n-C16 fatty
acids and n-C22 alcohols in the record of LJL revealed that post-depositional alteration of
the composition of n-C22 alcohols likely happens at lower rates than for n-C16 fatty acids.
Therefore, it seems advantageous to combine n-C16 fatty acid and n-C22 alcohol ages, in
order to enhance the accuracy in the sediment chronology of the record of LJL. However,
variable marine reservoir ages and differing preservation conditions in the course of the sedi-
mentary record also affect the potential of these biomarkers to yield reliable estimates of the
time of sediment formation. Particular core depths, which can be assumed to be influenced
by such processes are marked in fig. 4.11. Ages of n-C16 fatty acids and of n-C22 alcohols
from these depth possibly need to be excluded from chronological applications.

Figure 4.11: On the left-hand side: �14C (h) of n-C22 alcohols, n-C16 fatty acids and TOC, in the middle:
Ratio of n-C26 fatty acids and n-C29 alkanes, on the right-hand side: IRD concentrations. Grey bars indicate
considerable effects of preservation conditions (derived from the ratio of n-C26 fatty acids and n-C29 alkanes)
and of possibly variable marine reservoir ages (derived from IRD concentrations) on �14C of n-C22 alcohols
and n-C16 fatty acids
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4.5.3 Considerations for Paleoenvironmental Reconstructions

Ubiquitously produced n-fatty acids are usually the most abundant lipids in aquatic sedi-
ments (Volkman et al., 1998). Therefore, even in settings that are characterized by very low
sedimentary TOC concentrations, they can often be detected. However, the interpretation
of n-fatty acid records in terms of changes in paleo-productivity might be complicated by
post-depositional diagenetic alterations of initial biomarker concentrations and proportions.
It can be expected that concentrations of all n-fatty acids are generally decreasing with
depth, as a result of their persistent decomposition over time. However, rates of decompo-
sition strongly differ for individual compounds, so that proportions of different biomarkers
are likely changing as well. Preferential degradation of more labile LMW n-fatty acids of
mostly marine origin in the sediments can therefore lead to overestimating the importance of
terrigenous contributions in the record (Meyers, 2003). In addition to the diagenetic alter-
ation of n-fatty acid distributions that relies on differing intrinsic reactivities of individual
compounds, depositional conditions at the sedimentary site can also modulate the degree
of their preservation (Sinninghe Damsté et al., 2002).
Changing redox conditions in the course of the sedimentation history in LJL are indicated
by variable ratios of n-C26 fatty acids and n-C29 alkanes, particularly in the upper part
of the record (fig. 4.8). It seems that LMW n-fatty acids as well as HMW n-fatty acids
are subject to variable diagenetic impacts in distinct phases of the record, so that confident
reconstructions of changes in terrigenous or marine productivity cannot be derived from
n-fatty acid in the setting of LJL.
HMW n-alcohols, like other HMW compounds, are often generally attributed to more or
less exclusive terrigenous sources (e.g Volkman et al., 1998). CSRA revealed that n-C26

n-alcohols in the sediments of LJL unlikely derived exclusively from terrigenous sources.
Therefore, records of n-C26 n-alcohols cannot be interpreted in terms of terrigenous pro-
ductivity in the investigated setting but they rather reflect mixing of terrigenous and marine
sources.
n-Alkanes are highly resistant to post-depositional diagenetic alteration (e.g Cranwell, 1981)
and are therefore often used as proxy to reconstruct paleoenvironmental changes i.e. ter-
rigenous productivity (e.g Ishiwatari et al., 1994). Variable petrogenic contributions of
n-alkanes can potentially bias vegetation-related signals. Investigation of radiocarbon in-
ventories of n-C27�33 alkanes and n-C26 fatty acids revealed that only minor contributions
of petrogenic n-alkanes can be expected in the setting of LJL. It is therefore likely that the
n-C27�33 alkane record traces environmental changes on land most accurately at the study
site.
Although n-C27�33 alkane records seem to be valuable for detecting environmental changes,
long time lags between synthesis of plant waxes and their deposition can complicate the
interpretation of the records at a high temporal resolution. In accordance to Douglas et al.
(2014), it seems therefore imperative to use CSRA sites specifically for testing and resolving
such complications.
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4.6 Conclusion

CSRA is a powerful tool to trace sources of biomarkers and biogeochemical processes in
the setting of LJL. The generally stronger 14C depletion of n-C26 fatty acids and n-C27�33

alkanes in contrast to co-occurring n-C22 alcohols and n-C16 fatty acids has revealed that
transport of n-C26 fatty acids and n-C27�33 alkanes to the sedimentary site is delayed. Faster
sedimentation of n-C22 alcohols and n-C16 fatty acids indicates that these biomarkers were
mainly produced in the water column, whereas n-C26 fatty acids and n-C27�33 alkanes
were derived from terrigenous sources and were stored in intermediate reservoirs prior to
deposition. The good matches between radiocarbon inventories of co-occurring n-C26 fatty
acids and n-C27�33 alkanes are interpreted as indicator for a common transport mechanism,
possibly to the introduction of these biomarkers as constituents of plant debris to the site.
Differing distributions of HMW n-fatty acids and HMW n-alkanes revealed variable preser-
vation conditions in the sedimentary record. It seems that HMW n-fatty acid records can
be strongly altered due to post-depositional diagenetic processes, so that interpretations of
these records in terms of changes in productivity are possibly misleading. HMW n-alkanes
seem to trace changes of terrestrial productivity most accurately in this setting, since they
are recalcitrant to degradation and since very minor contributions of petrogenic n-alkanes
do not alter their concentrations in the sediments to a high extent.
The differences between �14C values of co-occurring n-C16 fatty acids and n-C22 alcohols
indicates variable proportions of marine and terrigenous homologues in the respective sedi-
mentary biomarker pools. It seems that inherent diagenetical behaviors of these biomarkers
cause initially higher terrigenous contributions of n-C22 alcohols in the sediments compared
to relatively lower land-derived proportions of n-C16 fatty acids. The preferential loss of
marine homologues in the sediments however seems to result in increasing terrigenous pro-
portions of n-C16 fatty acids with depth. Relatively more 14C-enriched n-C22 alcohols in
deeper sediments therefore potentially better reflect the radiocarbon signature of marine
biomass than n-C16 fatty acids.
In order to establish a sediment chronology for the recored Co1305, it seems advantageous to
combine age information derived from n-C16 fatty acids and from n-C22 alcohols. Possibly
varying marine reservoir effects were encountered based on the radiocarbon inventories of
n-C16 fatty acids, n-C22 alcohols and TOC in the respective depths together with informa-
tion of IRD concentrations in the record.
An important finding of this study is that sources of HMW n-alcohols (C22 to C28) can-
not simply be derived from the chain lengths of these biomarkers, as is commonly assumed
when HMW biomarkers are ascribed to terrigenous origins. Therefore, it is crucial before
interpreting biomarker data in a paleoenvironmental context to first investigate biomarker
sources for each site specifically so that possibly inappropriate allocations of biomarkers to
generalized sources can be prevented.



Chapter 5

Disentangling Lateral Age
Distribution of Surface Sediments in
different Aquatic Environments of
South Georgia by Quantification of
OC Sources

5.1 Introduction

Several studies revealed that surface sediments of the Southern Ocean often provide radio-
carbon ages that exceed marine reservoir ages by hundreds to thousands of years (Gordon
and Harkness, 1992; Andrews et al., 1999; Domack et al., 1989; Licht et al., 1998; Ohk-
ouchi, 2003; Ohkouchi and Eglinton, 2008). This reflects the in some cases considerable
and spatially highly variable proportion of organic carbon with high or infinite 14C ages,
that is sourced from erosion and re-deposition of older land-derived sediments. Site-specific
influences on the amount of 14C-free ancient OC can depend for example on sediment ac-
cumulation rates and style of deposition. But it has been shown that one major variable,
determining bulk sediment ages, is the source of OC (Andrews et al., 1999).
Input of ancient OC is common at sedimentary sites where glaciers erode the bedrock of
the catchment (Smith et al., 2015). The shales and greywackes of the Cumberland series
(Gregory, 1915) are potential sources of ancient OC in the Cumberland Bay area of South
Georgia. Contributions of 14C-depleted OC to the sediments of Little Jason Lagoon are
already indicated by TOC ages that exceed the "pre-aged" terrigenous biomarker ages in
several depths of the record Co1305 (chapter 4). Highest deviations between TOC and
biomarker ages have been found to coincide with phases of high IRD input, pointing to
enhanced glacial activity in the watershed of the marine inlet or to the presence of sea-ice.
Today, glaciers are retreated from the catchment of Little Jason Lagoon as well as from the
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catchment of Allen Lake A (White et al., 2018), so that surface sediments can be expected
to lack in OC that is supplied by land-based glaciers. In contrast, the Cumberland Bay
fjord system is characterized by several tidewater glaciers, which have the potential to in-
troduce high amounts of allochtonous 14C-depleted organic matter to the sedimentary sites.
However, besides of potentially variable ancient OC contributions to the sediments of the
different aquatic environments, proportions of autochthonous organic matter (aquatic OC)
and of allochtonous plant and soil derived organic matter (terrigenous OC) may also vary,
since contrasting water and catchment properties characterize the different settings.
In order to derive information on the impact of these OC sources in surface sediments of
the different aquatic environments of the Cumberland Bay area, radiocarbon mass bal-
ance calculations can be applied, with aquatic, terrigenous and ancient OC as endmembers.
Biomarker ratios of HMW (n-C26, n-C28, n-C30) and LMW (n-C14,n-C16, n-C18) fatty
acids as well as of brGDGTs and crenarchaeol can be used to estimate proportional rela-
tions between aquatic and terrigenous organic matter in the sediments.
�14C values for the aquatic, terrigenous and ancient endmembers can be approximated as
follows: The ancient endmember can be assumed to consist only of organic matter that is
radiocarbon dead, so that �14Cancient can be defined as -1000 h. Results of the radiocar-
bon analyses of n-C26 fatty acids from the near surface and of a carbonate shell from the
surface of the core Co1305 from LJL (chapter 4 and chapter 6), give best approximations of
�14Cterrigenous and �14Caquatic for this environment, with values of -110 and -93 h, respec-
tively. However, smaller fractions of bomb 14C can possibly be expected in the uppermost
2 cm of the core than in 4-9 cm depth, where the analyzed n-C26 fatty acids come from. To
account for this possibility, the range of �14Cterrigenous can be defined from -110 to -264 h
for the setting of LJL. -264 h corresponds to a mean residence time of organic matter in
terrestrial reservoirs of 2,400 years. This maximum time of intermediate storage is derived
from radiocarbon ages of n-C26 fatty acids in the following analyzed depth (103-108 cm) of
the LJL record, where no influence of bomb 14C is given (details in chapter 6).
For the fjord and off-shore sites, values of �14Cterrigenous and �14Caquatic may be different
from those of LJL. Variable accumulation rates may result in surface sediments that pos-
sibly integrate longer or shorter time intervals of sediment formation, and therefore larger
or smaller fractions of bomb 14C. The distance of most fjord and off-shore sites to major
supply areas on land is greater than for the sites of the marine inlet. The longer transport
pathways might promote higher proportions of more refractory 14C-depleted terrigenous
organic matter in the surface sediments at these sites. Additionally, it has to be considered
that aeolian transport may account for a larger part of land-derived material in the fjord
and off-shore environments. The introduced radiocarbon signatures of wind-transported
terrigenous organic matter can be relatively enriched in 14C if the material derived from
abrasion of plant surfaces, or relatively depleted in 14C if it derived from exposed soils in
the catchment. To include all the various possibilities, a range of 0 to -358 h (0 - 3,500
years) for �14Cterrigenous can be employed for the fjord and off-shore sites.
�14Caquatic, particularly at the sites of Cumberland East Bay, may be similar to the values
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expected for LJL, since exchange of water is given between these two aquatic environments.
However, it has to be considered that marine terminating glaciers likely also introduce
14C-depleted as well as 14C-enriched DIC and DOC to the ocean (chapter 4), that can be
incorporated by marine organisms. Moreover, for the fjord but particularly for the off-shore
site, mixing with the open ocean surface water is possibly better than in LJL. To account
for these possible effects at the fjord and off-shore sites, a range of -56 to -156h can be
determined for �14Caquatic. The value of -156h corresponds to the highest observed marine
reservoir age of 1,300 years for the Southern Ocean (Berkman and Forman, 1996). -56 h
represents the global mean marine reservoir age of 400 years. This small value should cover
the possibility that inflow of melting ice, that is in good exchange with the atmosphere,
locally lowers the marine reservoir age substantially.
For the ALA site, the young TOC age of only 275 14C years sets the limits for possible
�14Cterrigenous and �14Caquatic values. Since input of "pre-aged" terrigenous material is
most certainly given and since high concentrations of HMW n-fatty acids and of brGDGTs
point to a large amount of terrigenous organic matter in the sediments, a lacustrine reservoir
effect can very likely be excluded to contribute to the age of the TOC. Therefore, �14Caquatic

can be defined as 0h. With �14Caquatic = 0h, a maximum proportion of aquatic organic
matter derived from n-fatty acids ratios, and a proportion of ancient OC > 0%, the maxi-
mum value for �14Cterrigenous is -70h for the lacustrine site.

5.2 Samples and Methods

5.2.1 Sediment Samples

Sediment samples from 12 sediment cores, that were retrieved within the fjords of Cum-
berland West and East Bays, at an off-shore site, in Little Jason Lagoon (LJL) and in
Allen Lake A (ALA), were analyzed (fig. 5.1, tab. 5.1). Coring at the fjord and the off-
shore sites was conducted with gravity and multi corer. Sediment cores from LJL and from
ALA were taken with gravity corer and a percussion piston corer from a floating platform
(Bohrmann, 2013). The uppermost two cm of the sediment cores of the sites PS81/258 and
PS81/259, located in Cumberland West Bay, PS81/260 and PS81/262 of Cumberland East
Bay, Co1302, Co1303, Co1304 and Co1305 of Little Jason Lagoon and Co1308 in Allen Lake
A, were subsampled for further analyses. From the sediment cores of the sites PS81/284
of Cumberland West Bay and of site PS81/283 of Cumberland East Bay, subsamples were
taken from 5-6 and 1-2 cm core depth, respectively. The amounts of all analyzed sediment
samples range between 1.4 g to 53.4 g.

5.2.2 High Performance Liquid Chromatography

Lipid biomarker extraction, separation into polarity fractions and quantification of n-fatty
acids was described in chapter 4. Prior to the measurement of GDGTs, a GDGT standard
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(C46) (Huguet et al., 2006) was admixed to the ether fraction of the biomarker samples.
The ether fraction was then filtered over PTFE filters (0,45µm x 4mm) using 1 ml of
hexane:isopropanol (95:5,v:v). GDGTs were analyzed using an Agilent 1290 UHPLC con-
nected to an Agilent 6460 QQQ equipped with an APCI ion source following the method
of (Schouten et al., 2007). GDGTs were analyzed in SIM mode and quantified according to
(Huguet et al., 2006).

5.2.3 Radiocarbon Analysis

Pre-treatment and 14C measurement of bulk sediment samples as well as conversion of fMC
data to �14C values and 14C ages was performed similarly as described in chapter 4.

5.2.4 Elemental Analysis

Elemental analyses of total nitrogen (TN) and total sulphur (TS) were conducted on ground
aliquots of sediment samples with a Vario Micro Cube combustion elemental analyzer (El-
ementar Corp.). On parallel samples, total carbon (TC) and total inorganic carbon (TIC)
contents were measured with a DIMATOC 2000 (Dimatec Corp.). Total organic carbon
(TOC) was quantified from the difference between TC and TIC.

5.2.5 Determination of Distances between Sedimentary Sites and Major
Supply Areas on Land

The distance between the respective sites and the main input pathway for land-derived
organic matter was determined using the Google Earth measuring tool (Google Earth, 2013).
The major sources of terrigenous supply in Cumberland East and West Bays are assumed to
be the marine terminating glaciers. The distance between the glacier front of the Norden-
skjöld glacier and respective sites of Cumberland East Bay, as well as between the glacier
front of the Neumayer glacier and the respective sites in Cumberland West Bay, were there-
fore determined. For the off-shore site (PS81/280), the distance to the closest shore of the
island was considered. Unfortunately, the major input pathways into LJL and the circula-
tion patterns within the marine inlet are not clear. It was assumed that a small stream,
entering the marine inlet on the western side, provides largest supply of allochtonous or-
ganic matter to the sites Co1302, Co1303 and Co1305. Therefore, the distances between the
stream and these sites were considered. For the site Co1304, surface run-off derived from
the proximal eastern shore of the inlet was assumed to deliver largest parts of land derived
organic matter to the site. For the ALA site, the distance to the shore of the hillside of the
catchment was determined.

5.2.6 #Ringstetra Index

For the estimation of the influence of in situ production of brGDGTs in the water column
or in the sediments, the weighted average number of cyclopentane moieties was calculated
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for the tetramethylated brGDGTs, according to Sinninghe Damsté (2016), as follows:

#Ringstetra = ([Ib] + 2 ⇤ [Ic])/([Ia] + [Ib] + [Ic]) . (5.1)

Roman numerals refer to brGDGT structures (fig. 2.1).
When #Ringstetra > 0.7, other sources than soil must also contribute to the brGDGTs in
the sediments (Sinninghe Damsté, 2016).

5.2.7 Three Endmember �14C Mass Balances

In order to quantify the contributions of terrigenous, aquatic and ancient endmembers to
the various sedimentary environments, a simple ternary mixing model was employed:

�14CTOC = x ⇤�14Cterrigenous + y ⇤�14Caquatic + (1� x� y)�14Cancient (5.2)

The model is based on �14C values of TOC and defined minimum and maximum �14C
values of each of the endmembers. The mixing model is further constrained by the ratio of
aquatic and terrigenous OC derived from n-fatty acids and GDGTs, respectively (Eq. 5.3
and 5.4):

x

(x+ y)
=

HMW n-fatty acids
(HMW n-fatty acids + LMW n-fatty acids)

, (5.3)

or

x

(x+ y)
=

(brGDGTs)

(brGDGTs+ Crenarchaeol)
. (5.4)

Computations were performed for each sample with x/(x+y) of n-fatty acids and x/(x+y)

of GDGTs, respectively. The �14C values of the aquatic and terrigenous endmembers were
varied, and combination of maximum and minimum of each were employed.

5.3 Results

5.3.1 Lateral Distribution of TOC Concentrations and Radiocarbon Ages

TOC concentrations are generally low (0.41 to 0.81%) in the surface sediments of the fjord
and off-shore sites (fig. 5.2 B). In the setting of LJL, surface sediments contain 2.82 - 3.03%
of TOC. Particularly high TOC concentration of 12.42% are displayed at the lacustrine site
of ALA.
TOC ages also strongly differ between the different aquatic environments. For the fjord and
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Figure 5.1: Location maps of the study sites: Red dots indicate the coring locations. (A) position of South
Georgia in the sub-Antarctic. (B) Study area on the island of South Georgia. (C) Sites of Cumberland
West and East Bays and off-shore site. Dashed lines mark the calving fronts of glaciers entering the fjords,
1: Neumayer, 2: Geikie, 3: Lyell, 4: Hamberg, 5: Harker, 6: Nordenskjöld. (D) Sites of the marine inlet,
Little Jason Lagoon. (E) Site of Allen Lake A.

Table 5.1: Overview of the coring locations of the investigated environments with their respective coordi-
nates, coring devices that were used to retrieve the sediment cores at these sites: piston percussion corer
(PC), gravity corer (GC), multi corer (MUC) and characteristics of the coring locations, including water
depth [m] and distance to the main supply area of land derived organic matter [m].

Coring Latitude Longitude Coring Water Depth Distance
Environment Location South East Device [m] [m]

Allen Lake Co1308 54.192000� 36.544750� PC 1.1 80

Little Jason Lagoon

Co1302 54.191667� 36.594300� GC 15.7 100
Co1303 54.192467� 36.594967� GC 15.8 100
Co1304 54.192583� 36.588683� GC 15.7 160
Co1305 54.192800� 36.591150� GC 15.8 290

Cumberland West Bay
PS81/258 54.337000� 36.388833� MUC 178 3,600
PS81/259 54.261333� 36.437667� MUC 262 13,800
PS81/284 54.265167� 36.437167� GC 259 13,700

Cumberland East Bay
PS81/260 54.246667� 36.582167� MUC 216 12,300
PS81/262 54.224833� 36.511833� MUC 234 18,000
PS81/283 54.215333� 36.538000� GC 193 16,200

Off-Shore Site PS81/280 54.457333� 35.842500� MUC 237 20,300
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Table 5.2: Coring locations of the investigated environments, surface sediment ages and biomarker concen-
trations in surface sediments

Environment Site TOC age HMW FA LMW FA brGDGT Cren
14C years [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC]

Allen Lake Co1308 273±37 2471 2806 65.2 0.05

Little Jason Lagoon

Co1302 1128±35 1441 11019 10.4 0.32
Co1303 1148±36 1267 5544 8.5 0.6
Co1304 1183±35 657 4719 5.7 0.4
Co1305 1192±35 863 3644 1.5 0.3

Cumberland West Bay
PS81/258 8212±52 419 2071 27.4 546.4
PS81/259 5154±46 281 2460 7.3 181.5
PS81/284 3525±36 32 423 0.7 12.6

Cumberland East Bay
PS81/260 9911±65 221 3219 11.8 163.2
PS81/262 4387±43 273 2213 8.7 244.5
PS81/283 12411±52 30 300 0.6 12.6

Off-Shore Site PS81/280 2019±39 84 721 6.3 186.4

the off-shore sites, surface sediment ages range between 2,020 14C years at the off-shore site
and 12,400 14C years at site PS81/283 (fig. 5.2 A). Surface sediments of LJL display an
uniform distribution of ages between 1,130 and 1,180 14C years. The lacustrine site reveals
the youngest sediment age (275 14C years) of the investigated aquatic environments.

5.3.2 Lateral Distribution of Sedimentary Biomarkers

Aquatic Biomarkers - LMW n-fatty acids and Crenarchaeol: LMW n-fatty acids
and crenarchaeol are present in all investigated environments (fjord, off-shore, inlet and
lacustrine environments). Concentrations of LMW n-fatty acids are relatively high at all
sites but especially in the surface sediments of LJL, with concentrations of 3,644 to 11,019
µg/g OC (fig. 5.2 C). At the fjord and off-shore sites, concentrations of LMW n-fatty acids
vary between 300 and 3,219 µg/g OC. Sediments of the ALA site display a concentration
of LMW n-fatty acids of 2,805 µg/g OC.

Crenarchaeol has highest absolute abundances at the fjord and off-shore sites (12.6 to 546
µg/g OC), excluding site PS81/283, where concentrations of just 0.58 µg/g OC were de-
tected (fig. 5.2 D). Concentrations of crenarchaeol range between 0.26 and 0.56 µg/g OC at
the LJL sites. In surface sediments of ALA, crenarchaeol is much less abundant (0.05 µg/g
OC) than at all other sites.

The highest fractional abundances of both aquatic biomarkers are revealed at the fjord
and off-shore sites (fig. 5.2 G,H).
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Figure 5.2: Distribution of (A) surface sediment ages in 14C years BP, (B) content of organic carbon in %,
(C) concentration of LMW n-fatty acids in µg/g OC, (D) concentration of crenarchaeol in µg/g OC, (E)
concentration of HMW n-fatty acids in µg/g OC, (F) concentration of brGDGTs in µg/g OC, (G) ratios of
n-fatty acids: Proportion of HMW n-fatty acids normalized to the sum of HMW and LMW n-fatty acids,
(H) ratios of GDGTs: Proportion of brGDGTs normalized to the sum of brGDGTs and crenarchaeol.
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Terrigenous Biomarkers - HMW n-fatty acids and brGDGTs: HMW n-fatty acids
and brGDGTs were detected in all sediment samples. Particularly high concentrations of
HMW n-fatty acids (2,471 µg/g OC) and of brGDGTs (65.2 µg/g OC) occur in the surface
sediments of the ALA site (fig. 5.2E, F). A relatively high brGDGTs concentration of 27.4
µg/g OC is also displayed at the fjord site PS81/258. All other marine sites (fjord, off-shore
and inlet sites) reveal similarly low abundances of brGDGTs, between 0.7 and 11.7 µg/g
OC.

In contrast, concentrations of HMW n-fatty acids are generally higher at the LJL sites
(863-1,441 µg/g OC) than at the fjord and off-shore sites (30.4 - 418 µg/g OC).

5.3.3 Proportions of Terrigenous, Aquatic and Ancient OC in Surface
Sediments of Different Aquatic Environments

Results of the three endmember isotopic mass-balance calculations are displayed in tab. 5.3,
including all combinations of minimum and maximum �14C values for the terrigenous and
the aquatic endmembers as well as ratios of theses endmembers derived from n-fatty acid
and GDGT ratios. In order to prevent that proportions of ancient OC < 0% result for the
sites of LJL and ALA when GDGT ratios are applied in the calculations, maximum �14C
values of the terrigenous endmember needed to be modified. Maximum �14Cterrigenous

values of -139 were determined for the LJL sites and of -40 for the ALA site.
Ternary mixing plots (fig. 5.3) illustrate that the small difference between minimum and
maximum values of �14Cterrigenous, results in a low variability within the obtained OC
proportions of the LJL and the ALA sites. More variable OC proportions result from the
variation of biomarker ratios in these setting.
For the sites of LJL, employment of n-fatty acid ratios in the calculations results in ancient
OC proportions of 1.7 to 5.4%, terrigenous OC proportions of 11 to 18.7% and aquatic OC
proportions of 76.5 to 85.9%. Based on GDGT ratios, ancient OC proportions of 0.04 to
4.2%, terrigenous OC proportions of 81.2 to 93.9% and aquatic OC proportions of 2.9 to
14.6% are obtained for the LJL sites.
For the ALA site, combinations including n-fatty acid ratios yield ancient OC proportions
of 0.01 to 4%, terrigenous OC proportions of 54.8 to 57% and aquatic OC proportions of
41.2 to 43%. For GDGT ratios, calculations obtain proportions of 0 to 4% of ancient OC,
96-100% of terrigenous OC and 0% of aquatic OC.
For fjord and the off-shore settings, neither biomarker ratios nor endmember �14C values
vary the obtained OC proportions at the respective sites substantially. However, between the
sites, highly variable contributions of OC sources are indicated. The different combinations
of endmember �14C values and biomarker ratios mostly result in smallest proportions of
terrigenous OC, with values between 1.8 and 14.9%, for all distributions. The obtained
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Table 5.3: Input parameters and results of 14Cmass balance calculations: Input parameters employed for
calculations are written in italics. Results of the calculations are written in regular font. When two �14C
values are listed in one row, the first was applied for calcucation including n-fatty acids ratios and the second
for calculations including GDGT ratios. Resulting proportions for all combinations of �14C values together
with n-fatty acid ratios are displayed in columns 6-8 and together with GDGT ratios in columns 9-11.

Results based on Results based on
Input Parameters n-Fatty Acid Ratios GDGT Ratios

�14
C ( h) Ratios Terr. Anc. Aqua. Terr. Anc. Aqua.

Station Terr. Aqua. FA GDGT (%) (%) (%) (%) (%) (%)

PS81/258

0 -56 0.17 0.05 6.2 62.5 31.3 1.9 62.3 35.8
0 -156 0.17 0.05 6.8 58.9 34.3 2.1 58.1 39.8

-264 -56 0.17 0.05 6.6 60.1 33.4 1.9 61.6 36.5
-264 -156 0.17 0.05 7.2 56.0 36.8 2.1 57.2 40.7

PS81/259

0 -56 0.10 0.04 5.5 45.0 49.5 2.2 44.8 53.0
0 -156 0.10 0.04 6.1 39.3 54.7 2.5 38.6 58.9

-264 -56 0.10 0.04 5.7 42.9 51.4 2.2 44.0 53.8
-264 -156 0.10 0.04 6.3 36.6 57.0 2.5 37.6 59.9

PS81/260

0 -56 0.06 0.07 1.9 69.5 28.6 2.1 69.5 28.4
0 -156 0.06 0.07 2.1 66.1 31.8 2.4 66.2 31.4

-264 -56 0.06 0.07 1.9 68.8 29.3 2.2 68.7 29.1
-264 -156 0.06 0.07 2.2 65.2 32.6 2.4 65.2 32.4

PS81/262

0 -56 0.11 0.03 6.4 39.6 54.0 1.8 39.3 58.9
0 -156 0.11 0.03 7.1 33.3 59.6 2.0 32.4 65.6

-264 -56 0.11 0.03 6.7 37.1 55.2 1.8 38.6 59.6
-264 -156 0.11 0.03 7.4 30.2 62.4 2.1 31.5 66.4

PS81/280

0 -56 0.10 0.03 8.2 18.7 73.0 2.4 18.4 79.2
0 -156 0.10 0.03 9.1 10.2 80.7 2.7 9.0 88.2

-264 -56 0.10 0.03 8.6 15.5 76.0 2.5 17.4 89.1
-264 -156 0.10 0.03 9.5 6.3 84.2 2.8 7.9 89.4

PS81/283

0 -56 0.09 0.52 1.8 77.8 20.5 11.3 78.3 10.4
0 -156 0.09 0.52 2.0 75.4 22.7 11.9 77.2 10.9

-264 -56 0.09 0.52 1.8 77.1 21.1 14.0 73.3 12.9
-264 -156 0.09 0.52 2.1 74.5 23.4 14.9 71.4 13.7

PS81/284

0 -56 0.07 0.05 5.1 32.5 62.3 3.4 32.4 64.2
0 -156 0.07 0.05 5.7 25.2 69.1 3.8 24.9 71.4

-264 -56 0.07 0.05 5.3 30.5 64.2 3.4 31.1 65.5
-264 -156 0.07 0.05 5.9 22.8 71.4 3.8 23.3 72.9

Co1302 -110 -93 0.12 0.97 11 4.75 84.2 93.9 3.2 2.9
-264; -139 -93 0.12 0.97 11.3 2.84 85.9 97 0.04 3

Co1303 -110 -93 0.19 0.94 17.7 4.85 84.2 90.7 3.5 5.8
-264; -139 -93 0.19 0.94 18.3 1.74 80.0 93.6 0.4 6

Co1304 -110 -93 0.12 0.93 11.6 5.41 83.0 89.4 4 6.7
-264; -139 -93 0.12 0.93 11.8 3.4 84.8 92.1 1 6.9

Co1305 -110 -93 0.19 0.85 18.1 5.39 76.5 81.2 4.2 14.6
-264; -139 -93 0.19 0.85 18.7 2.2 79.1 83.5 1.5 15

Co1308 0 0 0.47 1 54.8 4.0 41.2 96 4 0
-70; -40 0 0.47 1 57 0.01 43 100 0 0
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proportions of ancient and of aquatic OC range between 6.3 and 78.3% and between 10.4
and 89.4%, respectively.

Ancient Endmember Variability: Variation of biomarker ratios changes the obtained
proportions of ancient OC only to a small extend in all investigated environments. For com-
binations with constant �14Cterrigenous and �14Caquatic but varied biomarker ratios, derived
from GDGTs or from n-fatty acids, differences in the calculated ancient OC proportions of
0 to 3.9% result for the fjord and off-shore sites, of 1.2 to 3.3% for the sites of LJL and of
0-2% for the ALA site.
For the sites of LJL and of ALA, also the variation of �14Cterrigenous and �14Caquatic has
just a small impact on obtained proportions of ancient OC. Application of minimum and
maximum endmember �14C values results in a variability of 1.9 - 4.2% and of 4% for the
sites of LJL and of ALA, respectively.
For the fjord and off-shore sites, variation of endmember �14C values changes resulting
ancient OC proportions by 3.2 -12.4%. However, despite of the somewhat higher variability
at these sites, it seems that proportions of ancient OC in the sediments of all environments
can be narrowed quite precisely by mass balance calculations.

Terrigenous Endmember Variability: In contrast to ancient OC, the variability in
the obtained proportions of terrigenous OC is more strongly affected by differing ratios of
fatty acids and GDGTs than by variation of endmember �14C values. For the fjord and off-
shore sites, variation of biomarker ratios in the equations (with constant �14Cterrigenous and
�14Caquatic) causes a variability of 0.2 to 12.8% in the obtained proportions of terrigenous
OC. For the sites of LJL and of ALA, particularly high proportional differences result when
n-fatty acid or GDGT ratios are employed (63.1 to 85.7% and 23.1 to 41.2%, respectively).
When instead biomarker ratios are kept but �14Cterrigenous and �14Caquatic are varied in
the calculations, obtained proportions of the terrigenous OC differ by 0.2-3.5% at the fjord
and off-shore sites, by 0.2-3.6% at the LJL sites and by 2.3-4% at the ALA site.

Aquatic Endmember Variability: At the sites of LJL and of ALA, obtained aquatic
OC proportions are highly dependent on biomarker ratios. Application of n-fatty acid or
GDGT ratios (with constant �14Cterrigenous and �14Caquatic) results in differences of 61.9-
82.9% for the proportions of aquatic OC in the setting of LJL, and of 21.1-41.2% in the
setting of ALA. Variation of �14Cterrigenous and �14Caquatic only causes differences of 0.1-
2.6% for the sites of LJL and of 0-1.7% for the ALA site.
Variability of aquatic OC proportions at the fjord and off-shore sites is affected to a similar
extend by variation of �14Cterrigenous and �14Caquatic or of biomarker ratios. Combinations
with constant �14Cterrigenous and �14Caquatic but varied biomarker ratios, result in differ-
ences of 0.2 -11.7% for aquatic OC proportions at these sites. Keeping biomarker ratios and
varying endmember �14C values causes differences of 3.8 -11.2% in the obtained proportions
of aquatic OC.
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Figure 5.3: Ternary mixing diagrams for aquatic, terrigenous and ancient OC in surface sediments of fjord
and off-shore sites (blue circles), marine inlet sites (yellow triangles) and lacustrine site (green diamonds).
On the left side: Distributions based on n-fatty acid ratios. On the right side: Distributions based on GDGT
ratios. From top to bottom: Combinations of applied minimum and maximum �14C values for terrigenous
and aquatic endmembers, respectively: minimum - minimum, minimum - maximum, maximum - minimum
and maximum - maximum.
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5.4 Discussion

5.4.1 Terrigenous OC

Allochtonous input to the aquatic environments can be derived from multiple sources on
land. Actually, terrigenous OC can comprise both recent organic matter sources like plants
and soils as well as petrogenic (ancient) sources (Blair and Aller, 2012). However, in this
study, "terrigenous" refers just to OC sources which can be traced by terrigenous biomarkers
(i.e. brGDGTs and HMW n-fatty acids), including plants, soils and peat. Ancient OC can
be delimited from these sources, since it is not represented by the terrigenous biomarkers in
the sediments.
According to current knowledge, brGDGTs are most likely produced by Acidobacteria in
terrestrial environments (Weijers et al., 2007). Their abundances in aquatic sediments doc-
ument the input of soil and peat derived OC to the sites. In contrast, sedimentary HMW
n-fatty acids can be derived from organic matter of the standing vegetation, from plant
debris that can be incorporated in soils and peat or that is already completely decomposed.
Therefore, sedimentary HMW n-fatty acids potentially integrate OC from a wide range of
plant-derived organic material.
Fig. 5.4 displays the abundances of sedimentary brGDGTs in relation to those of HMW n-
fatty acids for the investigated sites of the three respective environments (lacustrine, marine
inlet, fjord+off-shore).

For the surface sediments of the fjord and off-shore sites, a quite consistent relationship
between abundances of brGDGTs and HMW n-fatty acids, expressed in a correlation coeffi-
cient of r2=0.77 (n=7), points to a laterally uniform composition of the terrigenous organic

Figure 5.4: Concentrations of brGDGTs against HMW n-fatty acids for fjord sites (blue circles), LJL sites
(yellow triangles) and ALA site (green diamond)



68 CHAPTER 5. QUANTIFICATION OF OC SOURCES

matter. This could indicate that considerable fractions of both biomarkers derive from com-
mon sources and were jointly introduced to the respective sites, most likely as soil-derived
organic matter. The role of aeolian transport cannot be clearly delimited but the good
agreement between brGDGT and HMW n-fatty acid abundances at the fjord and off-shore
sites indicates that additional contributions of HMW n-fatty acids are either minor or have
laterally uniform impacts. Differences in the proportions of sedimentary brGDGTs and
HMW n-fatty acids are highest between the different aquatic environments. Concentrations
of HMW n-fatty acids are generally higher at the LJL sites than at the fjord and off-shore
sites, whereas concentrations of brGDGTs are similar in both environments (excluding site
PS81/258). Conformity of brGDGT abundances across different marine environments may
indicate uniform dispersal of soil organic matter in the ocean and a high refractivity of
brGDGTs. Higher concentrations of HMW n-fatty acids in LJL likely point to an addi-
tional fraction of terrigenous organic matter that is preferentially deposited in the inlet.
Distinct amounts of unconsolidated plant debris may account for this additional source of
terrigenous organic matter in LJL. The hydrological behavior plant debris (details in chapter
4) possibly favored its accumulation at the coast-proximal sites of LJL and hampered the
transport off shore. Hydrodynamic sorting of size or density fractions might therefore result
in coastal sediments with high proportions of coarse, low-density material, including plant
debris (Tesi et al., 2016). High export efficiencies of plant-derived HMW n-fatty acids to the
more remote and deeper fjord and off-shore sites is possibly additionally prevented by per-
sistent dissolution of the "unprotected" plant tissue in the ocean. In contrast, preservation
of soil derived biomarkers is possibly enhanced because of their aggregation with protecting
mineral matrices (e.g. Cranwell, 1981).

Despite of the general attribution of brGDGTs to soil bacteria, these biomarkers can also
be derived from in situ production in the water column or in the sediments (e.g. Peterse
et al., 2009; Zell et al., 2015). Based on the observation that in situ-produced brGDGTs
are characterized by a much higher abundance of cyclic brGDGTs, the #Ringstetra index
was proposed for distinguishing between soil-derived and aquatic-derived brGDGTs (Sin-
ninghe Damsté, 2016). With increasing abundances of cyclic brGDGTs, #Ringstetra values
increase. Values > 0.7 indicate that other sources than soil must also contribute (Sinninghe
Damsté, 2016). In the investigated aquatic environments of South Georgia, in situ produc-
tion is negatively correlated to the total amount of brGDGTs. Small #Ringstetra values
of 0.09-0.16 and of 0.07 point to minor abundances of in situ-produced brGDGTs in the
surface sediments of LJL and of ALA, respectively. At the fjord sites, the threshold value
of 0.7 is only exceeded at sites PS81/280 (0.82) and PS81/284 (0.71). However, relatively
high indices of 0.40-0.65 possibly point to distinct amounts of in situ-brGDGTs, also at the
other fjord sites.
As already mentioned, exceptionally high brGDGT concentrations of 27.4 µg/g OC (fig. 5.2
F) at site PS81/258, markedly differ from those of all other marine sites. Abundances of
HMW n-fatty acids are as well particularly high (418 µg/g OC) at this site. Apparently,
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enhanced input of terrigenous organic matter, possibly together with good preservation con-
ditions in the sediments, characterizes sedimentation at this site. Recent plants and soils
are unlikely the source for this massive input, since steep slopes, encompassing Cumberland
East Bay, restrict vegetation and soils to the lower altitudes of the catchment, and by that,
limit their potential to provide large amounts of recent organic matter to the marine envi-
ronment. The specifically high input of terrigenous organic matter is most likely explained
by glacial supply from the Nordenskjöld Glacier, which erodes the peat bed that is exposed
in front of the ice edge and enters Cumberland West Bay proximal to site PS81/258. Ra-
diocarbon dating revealed that the peat sequence in front of the Nordenskjöld Glacier was
formed between 2230 ± 70 and 3330 ±70 yrs BP (Gordon, 1987). Therefore, contributions
of aged terrigenous OC from this peat source are likely covered by the range of assumed
�14C values for the terrigenous endmember.
The lacustrine sediments of the ALA site reveal considerably higher concentrations of both,
brGDGTs and HMW n-fatty acids, than all other sites (fig. 5.2 E, F). The significant role
of terrigenous input in ALA is likely a function of a comparatively large catchment area
relative to a small lake size. A high TOC concentration of 12.42 % indicates that organic
matter constitutes a large fraction of the sediments. The low water depth of c. 1 m possibly
facilitates fast sedimentation in this setting and enhances the burial efficiency of organic
matter. Additionally, the role of peat as source of terrigenous OC may has to be considered
as well, since preservation of organic matter is likely enhanced in peat and since anaerobic
conditions potentially favor the production of brGDGTs (Weijers et al., 2004).

5.4.2 Aquatic OC

The aquatic biomarkers, crenarchaeol and LMW n-fatty acids, represent different planktonic
communities. Crenarchaeol is produced by non-thermophilic Thaumarchaeota (Schouten
et al., 2013), whereas LMW n-fatty acids are derived from various planktonic species (Volk-
man et al., 1980), comprising phytoplankton and zooplankton.
Concentrations of crenarchaeol seem to be related to the respective aquatic environments,
with highest concentrations at the fjord and the off-shore sites, lower concentrations at the
LJL sites and particularly low concentrations at the ALA site. The water depth at the fjord
and off-shore sites is substantially deeper than in LJL and ALA (tab. 5.1). A correlation of
crenarchaeol concentration with water depth is likely an expression of archaeal habitats since
crenarchaeol is favorably produced at the thermocline (Schouten et al., 2013). As the ther-
mocline is 60-120 m deep around South Georgia (Ward et al., 1995), the shallow-water sites
of LJL and ALA (tab. 5.1) unlikely provide a favorable habitat for crenarchaeol-producing
archaea.
Like for the terrigenous biomarkers, the surface sediments of site PS81/258 also display
an exceptionally high concentration of crenarchaeol (fig. 5.2 D). This likely results from
a fuelling effect due to the enhanced nutrient supply that is caused by the high input of
terrigenous organic matter to the site. However, distinct amounts of allochtonously supplied
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crenarchaeol may also contribute, since crenarchaeol was found to occur in soils and peat,
however, in way lower amounts than in the ocean (Weijers et al., 2004).
LMW n-fatty acid concentrations are particularly high at the sites of LJL (fig. 5.2 C), in-
dicating good production and/or preservation conditions in the inlet. The shallower water
depth of LJL, in comparison to the fjord and off-shore sites, possibly enables a faster sedi-
mentation of LMW n-fatty acids and therefore may enhances the burial efficiency of these
biomarkers in this environment. However, it has to be considered that higher proportions
of land derived LMW n-fatty acids may contribute to the LJL and ALA sites, due to the
proximity of the sites to the terrigenous source area of these biomarkers.
No significant correlation between abundances of LMW n-fatty acids and crenarcaeol is given
for any of the investigated environments. This lack of coherence between aquatic biomarkers
possibly resulted from locally variable planktonic community compositions and/or differing
reactivities of LMW n-fatty acids and crenarchaeol. To date, the only study that investi-
gated reactivities of co-occurring sedimentary n-fatty acids and crenarchaeol was recently
published by Kusch et al. (2016). In this work, CSRA data revealed similar reactivities of
n-fatty acids and crenarchaeol in marine sediments from the Back Sea under variable re-
dox regimes. Although, different reactivities cannot certainly be ruled out based on a single
study, variable and complex oceanographic controls, including bathymetry, hydrographic sit-
uations, nutrient supply and grazing pressure (Juul-Pedersen et al., 2015) probably mainly
determine the magnitude of primary production as well as the abundance and composition
of phytoplanktonic species at the different sites and by that the biomarker composition in
the sediments.

5.4.3 Ancient OC

The shales and greywackes of the Cumberland series (Gregory, 1915) are a source of ancient
OC in the study area. While GDGTs and n-fatty acids are good proxies for determining
aquatic and terrigenous OC, the bulk sediment ages give a tentative approximation of the
impact of ancient OC to the sites, since �14C of ancient OC is much different from aquatic
and terrigenous OC.
Decreasing bulk sediment ages with increasing distance of the sites to the Nordenskjold
Glacier in Cumberland East Bay and to the Neumayer Glacier in Cumberland West Bay,
respectively (excluding site PS81/283-1) (fig. 5.2), indicate that erosional products of the
Cumberland series are discharged by the marine terminating glaciers and are dispersed into
the fjords by currents. Physical erosion of sedimentary rocks often accounts for large parts
of the input of ancient OC into fjord systems (Cui et al., 2017). In mountainous tributaries
large petrogenic POC contribution of up to 80% were found (Häggi et al., 2016).
In LJL and ALA, more local processes like streams and aeolian transport may bring pet-
rogenic material into the system. However, the very similar bulk sediment ages at the four
sites of LJL may point to good mixing in the inlet and therefore might indicate that ancient
OC is mainly introduced as dissolved fraction within the ocean water from outside of the
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inlet rather than as particulate organic matter from the catchment. The young surface sed-
iment age at the ALA site supports the interpretation of a low fluvial and aeolian transport
efficiency for ancient OC.

5.4.4 OC Distributions in Fjords and Off-Shore

Although the ratios differ significantly for n-fatty acids and GDGTs at the respective fjord
and off-shore sites (fig. 5.3), the mixing proportions between the aquatic, terrigenous and
ancient endmembers varies in a relatively small range. Moreover, the variation of the aquatic
and terrigenous endmember �14C values also has only a minor effect on the mixing propor-
tions. This relatively small variability can be explained by the high impact of ancient OC.
The significantly different �14C signature of the ancient endmember, weighs much more
than shifting relative proportions between aquatic and terrigenous endmembers or varying
maximum and minimum �14C of these endmembers, which have more similar �14C values
than ancient OC. The relatively high contributions of ancient OC to the surface sediments,
therefore, mainly determine the variability in the calculated proportions of the three OC
sources at the fjord and the off-shore sites. Despite of the relatively small variability, dis-
tinct amounts of brGDGTs derived from in situ production hamper the quantification of OC
sources based on GDGT ratios. Therefore, mean OC proportions resulting only from the
calculations with n-fatty acids ratios and minimum and maximum �14C values of aquatic
and terrigenous endmembers, displayed in fig. 5.5 for each site, are further discussed.

Figure 5.5: Proportions of aquatic (blue), terrigenous (green) and ancient (grey) OC at the respective fjord
(map A) and off-shore sites (map B). Proportions are mean values derived from calculations with n-fatty
acid ratios and minimum and maximum endmember �14C values
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Lateral Trends: Fjords are glacially eroded valleys with steep vertical gradients that were
formed during glacial periods. They are often characterized by high terrestrial sediment
supply, anoxic or sub-oxic conditions and high sedimentation rates (Huguet et al., 2007;
Smith et al., 2015).
Marine terminating glaciers likely deliver largest parts of allochtonous OC as well as distinct
amounts of freshwater to the fjords of Cumberland East Bay and Cumberland West Bay.
Despite of distinct contributions from smaller glaciers of the tributary fjords, most significant
supply is likely derived from the voluminous Neumayer and the Nordenskjöld glaciers.
Distribution patterns of OC sources exhibit clear spatial trends within the fjords and off-
shore. Just site PS81/283 does not follow these general trends, possibly because of site-
specific characteristics, that will be discussed later.
The marine terminating glaciers in Cumberland East and West Bays apparently supply large
amounts of sedimentary material to the fjords. Due to erosion of the local bedrock, ancient
OC introduced within the sedimentary load, yields high proportions in the sediments at the
glacier proximal sites PS81/258 and PS81/260 (59.8% and 67.5%, respectively)(fig. 5.5).
However, lowest TOC concentrations at the sites nearest to the glacier fronts (0.49 % at site
PS81/258 and 0.35 % at site PS81/260) (fig. 5.2) point to sediments derived from glacial
erosion that are also rich in mineral fractions. Dilution of ancient OC and increasing TOC
concentrations indicate that the impact of glacially supplied material on sediment compo-
sition decreases with increasing distance to the glaciers. The consistence of these opposing
trends is expressed by a high negative correlation (r2=-0.98) between TOC concentrations
and ancient OC proportions. It further indicates that largest fractions of ancient OC are
introduced from point sources (glaciers) and are then uniformly dispersed within the lin-
ear fjords. Terrigenous OC has just minor and relatively similar contributions (2-8.8%)
to the sediments. The lack of a clear spatial trend in the proportions of terrigenous OC
may indicate, that glaciers do not supply terrigenous OC to the sites, exclusively. During
precipitation or snowmelt events, terrigenous organic matter is probably also discharged by
surface run-off and irregular small streams directly from the coasts into the fjords. Since
terrigenous OC has just minor proportions, sediment composition is mainly characterized
by ancient and aquatic OC. Gradients of these OC sources are inversely related, so that
proportions of aquatic OC increase towards off-shore conditions.

Site-Specific Variability: Absolute amounts of the different biomarkers vary consider-
ably between the fjord sites. It can therefore be assumed that specific characteristics of
the respective settings, e.g. oceanographic conditions or topography, may have variable
influences on the productivity of distinct planktonic communities or the deposition and
preservation of n-fatty acids and GDGTs from land.

Sites PS81/258 and PS81/260, located closest to the glacier fronts of the Nordenskjöld and
the Neumayer glacier, respectively, reveal several differences of their biomarker abundances
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and sediment ages. The distance between site PS81/260 and the Neumayer glacier with
12.3 km is greater than the distance of 3.6 km between site PS81/258 and the Norden-
skjöld glacier (tab. 5.1). However, surface sediments of site PS81/260 are somewhat older
(9911±65 14C years), than those of the site PS81/258 (8212±52 14C years) (tab. 5.2). This
might be explained by differing activities of the glaciers. Whereas low activity characterizes
the Nordenskjöld Glacier, the majority of the 20 km long Neumayer Glacier recently falls
within the ablation zone, so that the glacier undergoes accelerated retreat (Gordon et al.,
2008). Enhanced erosion during glacial retreat (Cui et al., 2016) may be illustrated by the
high sediment age at site PS81/260.
Sediments of site PS81/258 are characterized by large amounts of terrigenous biomarkers,
likely derived from erosion of the peat bank that is exposed in front of the Nordenskjöld
Glacier (Gordon, 1987). Crenarchaeol producing archaea are apparently favored by the nu-
trient supply, reflected by particularly high crenarchaeol concentrations at this sedimentary
site. It seems that other planktonic species do not profit from allochtonous nutrients in a
same extend, since LMW n-fatty acid concentrations are not as increased at this site (tab.
5.2 and fig. 5.2 C, D). This can possibly be explained by a high turbidity of the ocean water
at the site PS81/258, possibly caused by large supply of terrigenous soil (peat) material by
the glacier. The habitat of most planktonic species is maybe restricted to a small euphotic
zone at the water surface, whereas archaea in deeper waters are possibly more unaffected
and can profit from the additional nutrient input at this site.
In contrast, at the site PS81/260, the amount of terrigenous biomarkers is much lower than
at the site PS81/258, but the concentration of LMW n-fatty acids ist quite high (tab. 5.2
and fig. 5.2 C). The apparently large productivity at this site may be associated with the
fast retreat of the Neumayer Glacier. Freshwater discharge may causes a stable stratification
of the water column in the fjord, which can have important influences on the productivity in
this systems, since meltwater introduces nutrients that get mixed within the surface layer,
including silica and iron, which are often limiting nutrients for phytoplanktonic production
(Atkinson et al., 2001; Borrione and Schlitzer, 2013; Juul-Pedersen et al., 2015).

Atkinson et al. (2001) observed an increase in C/N ratios with increasing water depth at
different sites in the Cumberland Bays. Sediments of most of the investigated fjord and
off-shore sites of this study reveal C/N ratios of 5-8, typical for marine phytoplankton (e.g
Meyers, 1997). Particularly high C/N ratios of 40.7 and 41.8 were detected at the sites
PS81/258 and PS81/260, respectively. When nitrogen availability is limited, high marine
productivity can generate organic matter that is lipid-rich and nitrogen-poor (Meyers, 1994).
Partially decoupled C and N cycles with fast remineralization of N in the surface layer and
export of C to the sediments may account for these exceptionally high values (Atkinson
et al., 2001), which are similar to the C/N values, reported for inner fjord environments
in the Arctic (Winkelmann and Knies, 2005). However, at site PS81/259, which is located
relatively far from the Neumayer glacier in Cumberland East Bay, a C/N value of 53.6 can
unlikely be explained by exceptionally high marine productivity, since biomarker concen-
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trations display quite moderate values. This site is located in the deepest water (262 m) on
the oceanward side of the moraine which separates the inner from the outer basin. Possi-
bly, this site is sheltered by the moraine ridge, so that bottom currents cannot disturb the
sediments to a high extend and rich benthic communities can possibly evolve at this site.
Consequently, preferential diagenetic remineralization and uptake of nitrogen by benthic
organisms (Winkelmann and Knies, 2005) and not remineralization in the surface water
possibly caused the high C/N value at site PS81/259.

As mentioned, the sediment composition at site PS81/283 does not follow the lateral trend
of OC source or age distributions. An exceptionally high TOC age that corresponds to 73.2-
78.3% of ancient OC characterize the sediments at this site. The topographically exposed
position of PS81/283, located on top of an ancient moraine near the entrance of Cumberland
East Bay (Bohrmann, 2013), probably hampers recent sediment accumulation. Winnowing
of recent sediments due to ocean currents is indicated by generally low biomarker concen-
trations (fig. 5.2) in the surface sediments. Exposure of the relict moraine sediment surface
is likely. Interestingly, the TOC age of the moraines’ surface sediments corresponds to the
timing of the ACR. If the material that formed the moraine derived from abrasion of surface
sediments in Cumberland East Bay by the advancing Neumayer Glacier during the ACR,
the TOC age possibly mainly reflects the age of this material and does not result from the
mixing of ancient, marine and terrigenous OC. However, compound-specific radiocarbon
data of n-C16 fatty acids from this site (compiled by S. Berg) indicates that at least these
compounds derive from recent sedimentation.

5.4.5 OC Distributions in the Costal Marine Inlet (LJL)

The young surface sediment ages set the limits for possible contributions of ancient OC at
the LJL sites, so that neither variation of biomarker ratios nor endmember �14C values
change the calculated proportions of ancient OC to a high extend (tab. 5.3). Variation
of �14Cterrigenious and �14Caquatic has also only a small effect on the obtained mixing
proportions, since the applied minimum and maximum endmember �14C values are well
constrained by the results of the CSRA. However, the very different biomarker ratios have a
significant impact on the resulting proportions of aquatic and terrigenous OC. An underesti-
mation of aquatic OC by the GDGT ratio seems likely, because crenarchaeol is not favorably
produced in the shallow water of the inlet. Since crenarchaeol unlikely reflects aquatic pro-
ductivity appropriately in LJL, n-fatty acid ratios are more reliable for the quantification
of OC sources in this setting. Means of the resulting proportions derived from calculations
with n-fatty acids ratios and variable �14C values are shown in fig. 5.6. Very similar
proportions of the OC sources at all sites possibly point to good mixing within the inlet.
Steep gradients, which characterize the watersheds of the settings, generally favor high dis-
charge velocities but also a heterogenous input via discrete streams. Highest concentrations
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of HMW fatty acids as well as of brGDGTs (fig. 5.2) at sites Co1302 and Co1303, on the
western site of LJL likely result from of their proximity to a permanent stream which enters
the inlet close to these sites.

Figure 5.6: Proportions of aquatic (blue), terrigenous (green) and ancient (grey) OC at the respective sites
of LJL (map A) and ALA (map B). Proportions are mean values derived from calculations with n-fatty acid
ratios and minimum and maximum endmember �14C values

5.4.6 OC Distributions in the Lacustrine Environment (ALA)

In the lacustrine environment, high variability of the obtained OC proportions is mainly
controlled by the differing biomarker ratios. The application of minimum and maximum
endmember �14C values in the mass balance calculations, affects the results just slightly
(tab. 5.3). The composition of the lake sediments is characterized by very small amounts
of ancient OC, already indicated by the young sediment age. Substantial input of land-
derived biomass to the sediments is reflected by particularly high concentrations of both
HMW fatty acids and brGDGTs. It has been suggested that considerable fractions of
brGDGTs in lacustrine sedimentary archives can derive from in situ production in the water
column or in the sediments of the lake (Tierney and Russell, 2009; Loomis et al., 2011; De
Jonge et al., 2015; Weber et al., 2015). However, a very low #Ringrtetra value of just 0.1
points to insignificant in situ production at the ALA site. Despite of the consistently high
concentrations of both terrigenous biomarkers, the proportions of aquatic and terrigenous
OC differ strongly, when fatty acid or GDGT ratios are applied in the calculations. The
very low concentration of crenarchaeol indicates, that the shallow-lake environment is no
favor crenarchaeol production. Possibly, crenarchaeol even do not derived from aquatic
production in this setting, but from the high input of soil organic matter. Other than in



76 CHAPTER 5. QUANTIFICATION OF OC SOURCES

marine sediments, where proportions of soil-derived crenarchaeol are mostly insignificant
when compared to the high marine production, in the lacustrine environment of ALA, low
aquatic productivity and large input of soil organic matter likely increases the proportion
of soil-derived crenarchaeol in the sediments significantly. The reliability of the GDGT
ratio likely suffers from both the input of soil derived crenarchaeol as well as the very low
production in the lake. Therefore, proportions of OC sources derived from n-fatty acid
ratios more likely reflect the actual composition of the sediments of Allen Lake A. Means of
OC proportions derived from n-fatty acid ratios and minimum and maximum �14C values
are displayed in fig. 5.6.
In contrast to all marine sites, where concentrations of LMW n-fatty acids are about 4-15
times higher than those of HMW n-fatty acids, at the ALA site, concentrations of HMW
n-fatty acids higher than those of LMW n-fatty acids. This is probably the result of a lower
aquatic productivity combined with high terrigenous input in the lacustrine environment.
Large seal populations, which were observed in the vicinity of the lake (Bohrmann, 2013),
may introduce considerable amounts of feces into the lake. Eutrophication of the small wa-
ter mass may result in anoxic conditions in the lake. Good preservation of organic matter
due to low oxygen levels might partly explain the particularly high organic content in the
sediments of ALA.

5.5 Conclusion

Quantification of OC sources revealed high proportions of ancient OC in the surface sedi-
ments of the fjord sites, likely introduced by the marine-terminating glaciers entering Cum-
berland East and West Bays. At sites of the marine inlet and especially of the lake relatively
small contributions of ancient OC were estimated. It seems that chemical weathering and
fluvial discharge contributes only minor fractions of ancient OC to the sites, whereas me-
chanical erosion of the bedrock is likely very efficient in terms of mobilizing ancient OC.
The application of GDGT ratios for estimating the relation between aquatic and terrigenous
OC has turned out to be not useful in any of the investigated settings. In the settings of
the lake and the marine inlet, GDGT ratios are biased because crenarchaeol is not prefer-
ably produced in the shallow waters of these environments. At the fjord and off-shore sites,
where absolute amounts of brGDGTs are relatively small, in situ production of brGDGTs
has a considerable impact. Ratios of n-fatty acids seem to have a high potential to reflect
aquatic and terrigenous organic matter in all investigated environments reliably. However,
it need to be considered that distinct amounts of LMW n-fatty acids may derive from land,
particularly in settings near to the coast or in the small lake. Well-constrained endmember
�14C values likely further enhance the quality of the mixing model.
In many studies dual mass-balance calculations using �14C and �13C were applied to de-
termine proportions of three endmembers in sediments (Drenzek et al., 2007; Tao et al.,
2015; Galy et al., 2008; Galy and Eglinton, 2011; Kuli et al., 2014; Cui et al., 2016). The
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attribution of �13C values to the different endmembers is often a challenge in this approach.
In particular, distinguishing and quantifying "pre-aged" terrigenous OC of vascular plant
origin and ancient OC from rock erosion can be difficult, because each may be depleted
in both �14C and �13C. A confident differentiation between terrigenous OC and ancient
OC is, however, extremely important, because different rates of OC cycles in the respective
reservoirs have an impact on global biogeochemical cycles. Therefore, quantification of OC
sources by �14C mass balances and using biomarker ratios, e.g. n-fatty acids ratios, for
characterizing proportions of aquatic and terrigenous OC is possibly a promising approach
to overcome these difficulties.
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Chapter 6

Environmental History of South
Georgia

6.1 Introduction

High-resolution records, which document past climatic and environmental changes, are
scarce in the sub-Antarctic. South Georgia, as one of the few landmasses in the Southern
Ocean, is an important geographical location for the investigation of paleoenvironmental
processes in this region (Gordon et al., 2008). Glacial activity was extensively studied on
South Georgia in order to identify major climatic transitions in the past as well as recent
climatic trends (Clapperton et al., 1989; Bentley et al., 2007; Gordon et al., 2008; Hodgson
et al., 2014; White et al., 2018). However, the investigated geomorphological evidences in
theses studies document only single, often chronologically poorly constrained, excerpts of the
environmental history. Continuous records of lake sediments (Rosqvist and Schuber, 2003)
or peat sequences (Van der Putten et al., 2009) provide further insights into the evolution
of the terrestrial environment of South Georgia. Correlation of these paleoenvironmental
reconstructions is, however, not always fully consistent.

In order to contribute to a refined picture of the environmental history of South Georgia,
two continuous sedimentary records are investigated in this chapter, based on a multi-proxy
approach. The sediment cores were derived from different aquatic environments, a marine
inlet (Little Jason Lagoon) and a lake (Allen Lake A), both located at the north-eastern
coast of the island.
The lacustrine sequence Co1308 from Allen Lake A has great potential to reveal a high-
resolution record of the evolution of terrestrial biosphere, since sedimentation in this lake is
mainly determined by local processes in its small watershed. The coastal-marine sequence
Co1305 of Little Jason Lagoon can unveil a multitude of information on past marine and
terrestrial biospheres as well as on glacial activity. It may provide an important link be-
tween terrestrial and oceanic environments of this region. Deriving reliable age estimates of
sediment formation is a topical problem in sub-Antarctic marine environments. Compound-
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specific radiocarbon analysis of individual biomarkers was applied to address this challenge,
facilitating the development of a confident sediment chronology for the coastal marine record
of Little Jason Lagoon. The investigation of lacustrine together with marine sedimentary
records from South Georgia, based on the comprehensive analysis of bulk sedimentary and
molecular data, enables the identification of significant environmental transitions that are
recorded in both settings. Moreover, system dependent variability of processes or differing
sensitivities of the environments can be traced. Combination of complementary information
from both aquatic environments therefore holds the opportunity to distinguish between re-
gional implications of climatic changes and local processes, and moreover to better constrain
the timing of environmental transitions.

6.2 Material and Methods

6.2.1 Samples

Sediment cores from Little Jason Lagoon (Co1305) and from Allen Lake A (Co1308) were
investigated to derive high resolution sedimentation histories of these aquatic environments.
Coring procedure and subsampling of the composite core Co1305 was described in chapter 4.
At site Co1308, coring was performed with a Russian Peat Corer and with c. 50 cm overlap.
Five half-cores with maximum length of 1 m per core, were recovered. Prior to processing,
all half-cores were stored at 4�C. Correlation of the sediment sections was performed based
on XRF data and resulted in a composite record of 2.33 m length. For biomarker analysis,
discrete subsamples of 4 cm from the inner part of the cores were taken every 16 cm. The
remaining sediments were continuously subsampled into 2 cm slices. All subsamples were
freeze-dried and homogenized.

6.2.2 Radiocarbon Analysis

Pre-treatment and subsequent (compound-specific) radiocarbon analysis of biomarker and
TOC samples of both records was described in chapters 4 and 5.
In addition to these samples, macrofossils of terrestrial plants (from Co1305 and Co1308)
and of marine carbonate shells (from Co1305) were submitted to radiocarbon analysis.
Decarbonization with 1% HCl was preformed for these samples for 10 h at room temperature,
prior to combustion and conversion to elemental carbon (details chapter 4). Radiocarbon
measurement was undertaken at the Cologne AMS facility.

Calibration of Radiocarbon Data Radiocarbon ages of all samples were calibrated in
order to derive calendar years, using the software CALIB 7.1 (Stuiver, M., Reimer, P.J.,
and Reimer, R.W., 2018, CALIB 7.1 [WWW program] at http://calib.org).
The atmospheric calibration curve SHcal, which was developed for samples of terrigenous
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origin from the Southern Hemisphere (McCormac et al., 2004), was used to calibrate ra-
diocarbon ages of HMW biomarkers and of plant macrofossils. It was further applied for
the calibration of a 14C age of the lacustrine TOC sample, assuming that sediments of the
record Co1308 dominantly consist of terrigenous organic matter and that contained aquatic
OC is free from hardwater effects.
Samples of marine origin (marine macrofossils) or of mainly marine origin (n-C16 fatty acids,
n-C22 alcohols and TOC) of the record Co1305 were calibrated by means of the calibration
curve Marine13 (Reimer et al., 2013). The recent marine reservoir age in the coastal marine
setting was determined based on the 14C age (720 years) of a carbonate shell, recovered from
the surface sediments of LJL. The global mean of the marine reservoir effect (400 years),
included as default option in the calibration software, was adjusted for the local deviation
(�R) of +320 years (Stuiver et al., 1986).
The temporal variability of marine reservoir ages cannot be determined based on the present
data, so that �R=320 years was applied for the calibration of all marine-derived ages. Vari-
able contributions of terrigneous carbon sources to the n-C16 fatty acid, n-C22 alcohol and
TOC samples were neglected for the calibration.

6.2.3 Biomarker Analysis

Extraction of biomarkers from sediment samples of the record Co1305, their separation into
polarity fractions and measuring of biomarkers was described in chapter 4 in detail. These
procedures were similarly performed for the analysis of biomarker samples of the record
Co1308. Briefly, total lipids were extracted from freeze-dried and homogenized biomarker
samples (1.5 - 27.3 g) by accelerated solvent extraction. Total lipid extracts were desulfurized
and saponified prior to separation into neutral and acid fractions. Extraction of neutral
lipids with dichloromethane was repeated 6-13 times for each sample. For the isolation
of fatty acids from the remaining solution, 8-33 cycles of dichloromethane extraction were
needed. After methylation of the fatty acid fractions, extraction of FAMEs with hexane was
performed 5-17 times for each of the samples.

6.2.4 Elemental Data

Elemental analyses of total sulphur (S), nitrogen (N), and carbon (C) as well as of total
carbon (TC), total organic carbon (TOC) and total inorganic carbon (TIC) was performed
on aliquots of the 2 cm sediment subsamples of the record Co1308. The procedures were
described in chapter 4 and 5.
C/N ratios were calculated for each sample of Co1308 and Co1305, using the concentrations
of TOC and of total N.

6.2.5 Carbon Preference Index

The carbon preference index (CPI) describes those of n-alkanes with an odd number of
carbon atoms to the proportion with an even number of carbon atoms. CPI was calculated
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for all samples of both records (Co1308 and Co1305) according to Bray and Evans (1961)
as follows:

CPI25�33 = 0.5 ⇤ (C25 + C27 + C29 + C31 + C33)

(C24 + C26 + C28 + C30 + C32)
+

(C25 + C27 + C29 + C31 + C33)

(C26 + C28 + C30 + C32 + C34)
, (6.1)

6.2.6 BIT Index

The Branched and Isoprenoid Tetraether (BIT) index is based on the relative abundance
of brGDGTs versus crenarchaeol and is calculated according to Hopmans et al. (2004) as
follows:

BIT = [Ia+ IIa+ IIIa]/[Ia+ IIa+ IIIa+ crenarchaeol] . (6.2)

The BIT index characterizes the relative amounts of soil-derived organic matter in marine
and lacustrine sediments. Roman numerals refer to brGDGT structures (fig. 2.1).

6.2.7 TexL
86

Sea surface temperature (SST) was calculated based on the TexL86 regional calibration for
polar and sub-polar oceans, according to Kim et al. (2010):

TexL86 = LOG(GDGT2/(GDGT1 +GDGT2 +GDGT3) , (6.3)

GDGT1, GDGT2, GDGT3 are isoGDGTs, containing 1, 2, and 3 cyclopentane moieties,
respectively. The residual standard error for SST estimates, derived from the TexL86 calibra-
tion, is ±4�C (Kim et al., 2010).

6.2.8 MBT’/CBT

Mean annual air temperature (MAAT) and soil pH were calculated according to the re-
vised soil calibration of Peterse et al. (2012), using the Methylation of Branched Tetraethers
(MBT’) and the Cyclization of Branched Tetraethers (CBT) indices and the following trans-
fer functions:

MBT 0 = [Ia+ Ib+ Ic]/[Ia+ Ib+ Ic+ IIa+ IIb+ IIc+ IIIa] , (6.4)
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CBT = log([Ib+ IIb]/[Ia+ IIa]) , (6.5)

MAAT = 0.81� 5.567 ⇤ CBT + 31 ⇤MBT 0 , (6.6)

pH = 7, 9� 1, 97 ⇤MBT 0 . (6.7)

Roman numerals refer to brGDGT structures (fig. 2.1). The error for MAAT estimates
and soil pH, derived from the soil calibration of Peterse et al. (2012), is ±4.8�C and ±0.7,
respectively.

6.2.9 MSAT

Mean summer air temperature was calculated according to the regional calibration of Foster
et al. (2016):

MSAT = 18.7 + (80.3 ⇤ Ib)� (25.3 ⇤ IIa)� (19.4 ⇤ IIIa) + (369.9 ⇤ IIIb) (6.8)

Roman numerals refer to brGDGT structures (fig. 2.1). The root mean squared error
(RMSE) for MSAT estimates derived from the regional calibration is ±2.3 �C (Foster et al.,
2016).

6.3 Results and Discussion

The establishment of robust sediment chronologies is fundamental for the reconstruction
and interpretation of paleoenvironmental changes from sedimentary proxies. Calibrated
14C ages of sedimentary organic material are mostly the basis for the development of sed-
iment chronologies (Mollenhauer and Rethemeyer, 2009). To achieve good chronological
control, the investigated organic material has to meet some criteria.
Macrofossils which can be attributed to specific sources are often the preferred sample type
for radiocarbon analysis. It is generally assumed that 14C ages of terrestrial macrofossils
represent the time of sediment formation in lacustrine sedimentary environments most accu-
rately, since terrestrial plants record the atmospheric radiocarbon signature and since they
are assumed to be rapidly transported into the lakes (e.g. Gierga et al., 2016).
In marine sediments, terrestrial macrofossils are often scarce or have experienced interme-
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diate storage of unknown duration prior to deposition.
Marine macrofossils are mostly more abundant in these environments and can be used for
radiocarbon analysis instead. However, reservoir effects need to be considered when the
targeted material has a marine origin.
In sub-Antarctic regions, marine carbonates are often not sufficiently well preserved (e.g.
Licht et al., 1998). 14C analysis of TOC is mostly no alternative when macroscopic organic
remains are lacking in the sediments, since mixing of allochthonous and autochthonous OC
sources complicates the interpretation of 14C ages. When significant contributions of aged
or ancient OC are contained in the sediments, 14C analysis can result in a severe overesti-
mation of the time of sediment formation.
An alternative to the radiocarbon analysis of macroscopic remains or TOC is the measure-
ment of 14C concentrations of individual sedimentary biomarkers.
Using terrigenous biomarkers for chronological purposes is problematic for marine sediments
because of long residence times of these biomarkers in terrestrial reservoirs (Pearson et al.,
2001; Smittenberg et al., 2004; Uchida et al., 2005; Uchikawa et al., 2008). 14C ages of
biomarkers that are mainly derived from marine organisms can be expected to reflect the
time of sediment deposition in marine environments most accurately (Eglinton et al., 1997;
Mollenhauer and Rethemeyer, 2009). Sediment chronologies based on radiocarbon ages of
n-C16 fatty acids were already successfully developed for records from the Southern Ocean
(Ohkouchi, 2003; Ohkouchi and Eglinton, 2008; Yamane et al., 2014).

6.3.1 Sediment Chronology - Co1308

Sample types that were considered for the establishment of a sediment chronology for the
ALA record comprise plant macrofossils as well as n-C29+31 alkanes (tab. 6.1). The organic-
rich sediments of the record Co1308, containing large amounts of macroscopic plant remains,
enabled the recovery of plant macrofossils from four evenly distributed depths between 16
and 233 cm of the composite core Co1308. From the sediments of 4-8 cm core depth, HMW

Table 6.1: fMC values of biomarker compounds are corrected for blank and derivatization. Calibration 14C
ages was performed with Calib 7.1. Calibration curve SHcal was used for terrestrial samples and calibration
curve marine13 was used for marine samples and TOC. For marine samples �R = 320 was used. Results
cal BP display the median age probability (2 sigma uncertainty). + and � display the age range.

depth sample type compound F14C 14C age Cal age
[cm] fMC [years BP] [years BP] + -

0�2 TOC 0.967 ± 0.004 273 ± 37 289 40 21
4�8 alkanes n-C27 0.804± 0.007 1751 ± 74 1624 127 196
4�8 alkanes n-C29+31 0.771± 0.006 2090 ± 64 2020 139 153

16�18 terrestrial plant 0.729 ± 0.004 2536 ± 40 2581 159 156
72�79 terrestrial plant 0.588 ± 0.003 4266 ± 44 4742 26 133

144�146 terrestrial plant 0.468 ± 0.003 6106 ± 48 6921 109 143
231�233 terrestrial plant 0.349 ± 0.002 8455 ± 49 9443 83 76
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n-alkanes (n-C27 and n-C29+31) were submitted to CSRA by Sonja Berg. Calibrated ages of
all chosen samples together, display a remarkably consistent (nearly linear) trend, increasing
from 2020 yrs cal BP at 4- 8 cm with sediment depth to 9443 yrs cal BP at 231-233 cm
(fig. 6.1). Extrapolation of this age-depth trend to the surface of the record results in a
sediment surface age of c. 1,900 years. The much younger TOC age (289 yrs cal BP) of
the surface bulk sediments is not consistent with this age estimate. The difference between
the age of the TOC sample and the extrapolated age estimate can have several reasons: 1.
A hiatus between the surface and 4 cm core depth, 2. Virtually no sediment accumulation
in the last ⇠ 1,900 years, 3. A large proportion of aquatic organic carbon with an ambient
14C signature in the TOC sample, or 4. a significant contribution of bomb 14C to the
TOC sample. The first three explanations were all rejected because sediment properties
neither indicate a hiatus nor very minor accumulation rates. A high proportion of aquatic
organic carbon in the surface sediments, which is indicated by a C/N ratio of 7, is also not
supported by biomarker ratios and calculated OC proportions (chapter 5). It seems most
likely that surface sediments are rich of terrigenous organic matter which contains bomb
14C. The whole bomb peak is even possibly integrated in the surface sediments of ALA.
Because of the very consistent age-depth trend of macrofossils and n-C29+31 alkanes, an
invariable MRT of the terrigenous material of 1,900 years was inferred for the agemodel.
The function, that connects the radiocarbon ages of the considered samples and which was
extrapolated to the surface, was simply moved from an origin at 1,900 years to an origin

Figure 6.1: Calibrated ages (years BP) of terrestrial macrofossils, TOC, n-C29�31 alkanes and n-C27 alkanes
from core Co1308. Dashed line: uncorrected agemodel resulting from polynominal fitting of calibrated ages
of macrofossils and n-C29�31 alkanes. Solid line: Inferred agemodel for the record Co1308, corrected for a
mean residence time of 1,900 years)
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at 0 years, in order to derive a sediment chronology which is corrected for the MRT of
terrigenous organic matter on land (fig. 6.1).

6.3.2 Sediment Chronology - Co1305

Different sample types that were obtained from the sedimentary record Co1305 were submit-
ted to radiocarbon analysis. These samples comprise marine and terrigenous macrofossils,
various biomarkers as well as TOC of bulk sediments (tab. 6.2). The investigation of ra-
diocarbon inventories of individual biomarkers revealed that HMW n-alkanes and n-fatty
acids, which are derived from terrestrial vegetation, are considerably "pre-aged" at the time
deposition (details in chapter 4). Plant macrofossils of a few core depths have similar 14C
ages as co-occurring terrigenous biomarkers. Sedimentary n-C16 fatty acids and n-C22 al-
cohols are indicated to likely mainly originate from marine sources in the setting of LJL
(details in chapter 4). Calibrated 14C ages of theses biomarkers can therefore be assumed to
yield reliable age estimates of sediment formation, so that they can be employed to develop
a reliable sediment chronology for the record Co1305.

Figure 6.2: Calibrated ages (years BP) of n-C16 fatty acids, n-C22 alcohols and carbonates as marine
components and terrestrial plant macrofossils and n-C26 fatty acids as terrestrial components against depth.
Black line: agemodel of Unit IV and III for the core Co1305, derived from ages of marine samples. Dashed
line shows possible agemodels of units I-III. Grey line: agemodel of terrigenous samples derived from n-C26

fatty acid ages. On the right hand side: red line indicates the mean residence time (MRT) of terrigenous
organic matter against core depth. MRT is derived from the difference of the agemodel of terrigenous
compounds and the agemodel of marine compounds.
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Table 6.2: fMC values of biomarker compounds are corrected for blank and derivatization. Calibration
of 14C ages was performed with Calib 7.1. Calibration curve SHcal was used for terrestrial samples and
calibration curve Marine13 was used for marine samples and TOC, with �R = +320. Calibrated ages (in
years BP) display the median age probability. + and � display the age range.

depth sample type compound F14C corrected 14C age Cal age
[cm] fMC [years BP] [years BP] + �

surface carbonate 719 ± 42 recent
0�2 TOC 0.862 ± 0.004 1192 ± 35x 494 49 59
4�9 fatty acids n-C26 0.881 ± 0.012 1022 ± 106 880 197 204
4�9 alkanes n-C29+31 0.882 ± 0.012 1008 ± 106 868 198 191
4�9 alcohols n-C22 0.897 ± 0.014 x872 ± 129 192 220 192
4�9 alcohols n-C26 0.925 ± 0.013 x624 ± 113 585 154 145

10�12 terrestrial plant 662 ± 39 605 51 56

103�108 fatty acids n-C16 0.876 ± 0.011 1060 ± 100 374 158 230
103�108 fatty acids n-C26 0.752 ± 0.010 2295 ± 112 2254 286 256
105�107 TOC 0.779 ± 0.004 2003 ± 43x 1243 82 92
105�107 marine plant 1082 ± 40x 403 76 99
105�107 carbonate 1055 ± 44x 377 88 90

264�266 carbonate 1179 ± 42x 485 62 73

308�313 fatty acids n-C16 0.778 ± 0.010 2022 ± 107 1254 246 226
308�313 fatty acids n-C26 0.692 ± 0.010 2963 ± 118 3075 283 239
308�313 alkanes n-C29+31 0.700 ± 0.012 2870 ± 138 2974 383 251
308�313 alcohols n-C22 0.747 ± 0.014 2338 ± 146 1591 322 309
310�312 TOC 0.660 ± 0.004 3337 ± 44x 2788 103 88

468�473 fatty acids n-C16 0.756 ± 0.010 2251 ± 110 1488 253 220
468�473 fatty acids n-C26 0.630 ± 0.011 3709 ± 134 4008 401 321
468�473 alkanes n-C27+29 0.646 ± 0.012 3505 ± 150 3741 358 361
468�473 alcohols n-C26 0.690 ± 0.013 2979 ± 147 3097 307 333
472�474 TOC 0.633 ± 0.003 3678 ± 37x 3220 115 116

612�617 fatty acids n-C16 0.590 ± 0.010 4235 ± 133 3901 371 348
612�617 fatty acids n-C26 0.539 ± 0.010 4970 ± 145 5677 269 244
612�617 alkanes n-C27+29 0.559 ± 0.012 4666 ± 175 5299 363 453
612�617 alcohols n-C22 0.608 ± 0.013 3992 ± 170 3595 454 420
614�616 TOC 0.466 ± 0.003 6138 ± 52x 6238 118 125

720�725 fatty acids n-C16 0.544 ± 0.010 4896 ± 145 4780 424 364
720�725 fatty acids n-C26 0.485 ± 0.010 5814 ± 160 6585 393 309
720�725 alkanes n-C31+33 0.449 ± 0.012 6429 ± 219 7268 399 488
720�725 alcohols n-C22 0.583 ± 0.013 4337 ± 178 4041 468 472
722�724 TOC 0.457 ± 0.004 6289 ± 65x 6382 159 124

820�825 fatty acids n-C16 0.572 ± 0.010 4483 ± 139 4234 377 394
820�825 fatty acids n-C26 0.443 ± 0.010 6537 ± 174 7386 296 392
848�850 TOC 0.314 ± 0.002 9305 ± 51x 9634 176 124

940�942 terrestrial plant 0.362 ± 0.006 8172 ± 127 9070 350 377
988�993 fatty acids n-C16 0.378 ± 0.009 7822 ± 199 7967 385 380
988�993 fatty acids n-C26 0.344 ± 0.009 8573 ± 219 9543 621 517
988�993 alkanes n-C29+31 0.366 ± 0.010 8078 ± 227 8926 530 499
988�993 alcohols n-C22 0.414 ± 0.012 7079 ± 230 7252 427 518
988�993 alcohols n-C26 0.376 ± 0.012 7864 ± 250 8698 614 530
990�992 TOC 0.299 ± 0.002 9686 ± 63x 10206 191 144
990�992 terrestrial plant 0.333 ± 0.004 8832 ± 101 9842 133 285

1029�1031 terrestrial plant 9798 ± 37 11197 48 77
1034�1036 terrestrial plant 0.204 ± 0.002 12768 ± 61x 15160 208 294
1040�1042 TOC 14172 ± 415 16186 1289 1227
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A few marine macrofossils that were recovered from the upper part of the sediment core
provide supplementary robust 14C data that can be used for the agemodel. The good match
between the radiocarbon ages of a carbonate shell and of n-C16 fatty acids at 103 cm core
depth (tab. 6.2, fig. 6.2) supports the assumption that n-C16 fatty acids reliably reflect
the radiocarbon signature of marine biomass. Nevertheless, the general assignment of n-C16

fatty acids and n-C22 alcohols to marine sources is simplified (for the calibration of their
14C ages, these biomarkers were assumed to be 100% marine). Proportions of marine and
land-derived homologues of these biomarkers in the sediments were considered to mainly
depend on the relation between marine productivity and terrigenous supply as well as on
the extend of post-depositional alteration of their initial compositions over time. In order
to minimize the impact of "pre-aged" terrigenous biomarkers, only the sample that yielded
the youngest 14C age at a respective depth was considered for the sediment chronology.
Age estimates of samples from two investigated core depths seem to be potentially biased
because of specific environmental factors. At 371 cm, particularly intense post-depositional
degradation of marine biomass is assumed to have altered radiocarbon inventories of sed-
imentary n-C16 fatty acids and n-C22 alcohols substantially. Radiocarbon ages of these
samples were therefore excluded from a chronological application. At a depth of 823 cm
not redox conditions in the sediments but a temporally lowered marine reservoir effect was
assumed to be responsible for the relatively young 14C age of the n-C16 fatty acid sample
(fig. 6.2). It is generally assumed that the variation of reservoir ages was quite small for
the surface-water mass of the Southern Ocean during the mid to late Holocene (Van Beek
et al., 2002; Hall et al., 2010). However, spatial variability is just poorly documented and
reconstructions of past ventilation changes are very challenging. Recent modeling results
suggest at least a distinct Holocene variability and local differences of marine reservoir ages
for the Atlantic sector of the Southern Ocean (Balmer et al., 2016; Sarnthein et al., 2015).

In the coastal marine setting of LJL, local processes may have had a considerably higher
impact on the temporal variability of reservoir ages. Rapid melting of the local glaciers may
have caused a high IRD supply at 823 cm core depth but also significant fresh-water supply,
which possibly lowered the marine reservoir age in LJL at that time substantially. Another
factor, which may contributed to a lower marine reservoir age is possibly an increasing wind
strength that may enhanced the CO2 exchange between atmosphere and ocean. Anyhow,
�R was not varied for the calibration of 14C ages because reservoir age variability cannot
be definitely constrained and therefore remains speculative. The n-C16 fatty acid sample
from 823 cm core depth was therefore not considered for the chronology.

Based on these considerations, a likely confident sediment chronology was compiled for Units
III and IV of the LJL record (fig.6.2). The agemodel was derived by polynomial fitting of
the chosen calibrated biomarker and macrofossil 14C ages. For the lacustrine stage of the
record (Unit II), chronological control is weak, since compound-specific radiocarbon data is
not available and since analyzed plant macrofossils are likely "pre-aged". However, linear
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extrapolation of the agemodel of Unit III and IV to the basis of the lacustrine stage of the
record yielded an approximate age of basal lake sediment formation of roughly 10,000 yrs
BP.
A potential uncertainty in the calibration of all marine-derived radiocarbon ages that were
used for the establishment of the sediment chronology is the estimate of the recent local
marine reservoir age. It is not clear if 14C enrichment in the ocean water, as a consequence
of nuclear weapons testing, may have affected the 14C age of the carbonate shell, which was
used for the reservoir correction (�R =+ 320).

6.3.3 Mean Residence Time of Organic Matter in Terrestrial Reservoirs

The fate of terrigenous organic matter buried in coastal marine sediments was investigated
in a number of studies (Eglinton et al., 1997; Uchida et al., 2001; Smittenberg et al., 2004;
Goni et al., 2005; Drenzek et al., 2007; Mollenhauer and Eglinton, 2007; Kusch et al., 2010a;
Vonk et al., 2010; Galy and Eglinton, 2011; Feng et al., 2013; Tao et al., 2015). It was
widely observed that this material is often depleted in 14C, possibly because of long trans-
port pathways and multiple retention possibilities, which might have caused long time lags
between synthesis and subsequent deposition of the organic matter. Therefore, it is gen-
erally assumed that investigations of radiocarbon inventories of terrigenous biomarkers in
marginal marine sediments are important to obtain information on environmental processes,
but their application for chronological purposes is hampered by high mean residence times
(MRTs).
For lacustrine environments, MRTs of terrigenous biomarkers are highly unexplored. Small
lakes with small watersheds are assumed to reveal a tighter coupling between terrestrial and
lacustrine environments, leading to a rapid transfer between these systems. Additionally, a
constant turnover of nearby vegetation is inferred to result in a dominance of fresh material
in the terrigenous input (Uchikawa et al., 2008).
Since plant macrofossils are sometimes scarce in lacustrine sediments and hard-water effects
possibly preclude that aquatic plant remains can be used for radiocarbon dating, the appli-
cability of terrigenous biomarkers for the establishment of lacustrine sediment chronologies
was investigated in a few studies (Uchikawa et al., 2008; Douglas et al., 2014; Gierga et al.,
2016). Close agreement between terrigenous biomarker and macrofossil ages was found by
Uchikawa et al. (2008) and Gierga et al. (2016), whereas "pre-aged" biomarkers (by 20–520
years) are reported by Douglas et al. (2014).
The investigated lacustrine environment of ALA appears to be very different from the lakes
in these studies. "Pre-aging" of terrigenous biomarkers and of macrofossils appears to be
relatively severe (c.1900 years) and constant over time.
In order to derive a chronology of terrigenous biomarkers of the LJL record, polynomial
fitting of n-C26 fatty acids ages was performed. The difference between the agemodels of
marine samples and of terrigenous biomarkers can be interpreted as MRT of terrigenous
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organic matter in intermediate reservoirs (Douglas et al., 2014). The red line in fig. 6.2
indicates the variability of MRTs throughout the record Co1305. MRTs seem to be some-
what higher (⇠ 2,000 - 2,600 years) in the setting of LJL than of ALA. A longer transport
pathway due to a larger catchment of LJL in contrast to ALA may explain the higher MRTs.
However, the magnitude of "pre-aging" of terrigenous organic matter is very similar for both
environments. Therefore, superordinate processes that affect both environments similarly
may have had a major influence on the radiocarbon inventories of terrigenous organic mat-
ter. Similar 14C ages of plant macrofossils and co-occurring terrigenous biomarkers (tab.
6.2) indicate a common fate of the material. This find supports the argumentation, that
large fractions of the terrigenous biomarker pools likely derived from plant debris in the
sediments. These findings are important, since plant macrofossils are often investigated
exclusively, when sufficient amounts are found in lake sediments. If processes like inter-
mediate storage are not fully understood for the investigated depositional systems, ages of
terrigenous organic matter can be misleading. When respective samples are used for sedi-
ment chronologies, considerable deviations from the time of deposition can result and lead
to false chronologies. It seems therefore recommendable to always investigate radiocarbon
inventories of different sample types, in order to identify site-specific effects.

6.3.4 Biomarkers and Proxies - Co1308

Figure 6.3: Lithological profile of the core Co1308, biomarker and proxy records against sediment age.
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The 2.33 m long composite core Co1308 comprises c. 7480 years of sedimentation history
in Allen Lake A (fig. 6.3). It consists of generally dark brown, organic-rich sediments which
include plenty of macroscopic plant remains. The sedimentary record can be subdivided in
two distinct units that are characterized by differing sediment properties. The transition
between the units occurs at c. 1.1 m core depth (around c. 4,000 cal BP) and is visibly
marked by a color change, from more yellowish brown sediments in the lower Unit I to-
wards more reddish brown sediments in upper Unit II. The sediment color gives a tentative
approximation of the variability of the organic matter content in the sediments. Generally
lower TOC concentrations in Unit I (3.3 - 8.1 %) contrast higher concentrations in Unit
II (10.5 - 16.5%). Lowest TOC contents were detected within two distinct sediment lay-
ers of lighter color that occur between 2.15 - 2.33 m and between of 1.42 - 1.64 m core
depth. In contrast, a small band of darker sediments at c. 5 cm core depth exhibits a
particularly high TOC concentration. Besides of the variations that are displayed within
and between the two units, TOC shows a generally increasing trend from the bottom to
the top of the sedimentary record. Quite the same increasing trend is also displayed for the
water content of the sediments, increasing from 51.8 - 69.3% in Unit I to 74.5 - 83.3% in
Unit II. A strong co-variation between TOC and water contents is given for the entire record.

Assuming a mainly aquatic origin of n-C22 alcohols also in the lake, small autochthonous
contributions are indicated by generally low abundances of n-C22 alcohols throughout the
record (fig. 6.3). Concentrations are similar in both units and exhibit values between 12
- 76 µg/g OC. An exception is displayed around 5,300 cal BP, where a higher n-C22 al-
cohol concentration of 116 µg/g OC was detected. However, this peak coincides with the
lowest TOC concentration in the record and therefore possibly reflects a higher proportion
of aquatic organic matter in the TOC of the sediments, rather than a particularly high
autochthonous productivity at that time. HMW n-alkanes, that are assumed to represent
terrestrial productivity most accurately, display differing concentrations in Units I and II.
Except a relatively low concentration of 417 µg/g OC at the base of the record, sediments
of Unit I are characterized by generally higher abundances of HMW n-alkanes (962 - 1487
µg/g OC) than those of Unit II (369 - 1287 µg/g OC) (fig. 6.3). The highest concentration
of HMW n-alkanes in Unit II coincides with a high concentration of coarse sediments (grains
> 1mm), possibly pointing to increased erosion between c. 2,500 and 2,000 cal BP. The
generally decreasing concentrations of HMW n-alkanes between c. 7,200 and c. 1,000 cal
BP can not be interpreted as indicator for a general reduction in terrestrial productivity,
since TOC concentrations show an increasing trend in this period. The decreasing con-
centrations of HMW n-alkanes more likely indicate a transition in the plant communities.
The climax vegetation of South Georgia is characterized by the dominance of tussock grass
species (Leader-Williams et al., 1987). In earlier stages of plant succession, moss species
have played a significant role. n-Alkane distributions of contemporary plants revealed high-
est abundances of n-C29 and n-C31 in the tussock grass sample and of n-C31 and n-C33

in the moss sample. The ratio of these n-alkanes ((n-C29+n-C31)/(n-C31+n-C33)), termed
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grass/moss ratio, may be used to identify changes in the composition of the vegetation
in the catchment of ALA throughout the sedimentation history. In Unit I, generally low
grass/moss ratios of 0.9 - 1.2 point to a dominance of moss species between c. 7,450 and c.
4,000 cal BP. In Unit II, a dominance of grass species is indicated by generally higher ratios
of 1.2 - 1.4. A distinct drop to a value of 1 around 200 cal BP potentially indicates that
grasses were temporary replaced by mosses at that time. The general trend of increasing
proportions of grasses likely reflects plant succession in the study area. The inverse relation
between decreasing concentrations of HMW n-alkanes and increasing proportions of grasses
can therefore potentially be interpreted as a result of generally lower HMW n-alkane con-
centrations in grasses than in mosses. This is possibly the case if mosses contain more lipids
than grasses, which might reveal higher proportions of sugars in their tissue. If so, the vari-
ability in the sum of HMW n-alkane record possibly integrates both changes in productivity
and changes in plant communities.
A further indication for high abundances of mosses in Unit I is revealed by the n-C21 alkane
record which shows particularly high concentrations of 495 - 727 µg/g OC between c. 7,000
and 5,300 cal BP (fig. 6.3). n-C21 alkanes were found to be dominant in the n-alkane in-
ventory of Hennediella heimii, a bryophyte species that occurs in saline environments, such
as coastal salt marshes (Harada et al., 1995). This halophyte moss is a dominant species
in the Antarctic environment (Barrett et al., 2006) and was also found on South Georgia
(Van der Putten et al., 2009). The trend of n-C21 alkane concentrations is not consistent
with the trend of the grass/moss ratio throughout the record. Concentrations of n-C21

alkanes increase between the beginning of the record at 7,450 cal BP from 36 µg/g OC to a
peak concentration of 727 µg/g OC around 6,400 cal BP. From that time on, concentration
decreases again and exhibits quite constant values of 37-181 µg/g OC from c. 4,700 cal
BP to present. Since Hennediella heimii apparently enhances the upward migration of salt
solutions (Barrett et al., 2006), the abundance of n-C21 alkanes in the lacustrine record may
be interpreted as indicator for the influence of ocean water in the catchment of the ALA,
which is located proximal to the shore of Allen Bay. The course of the n-C21 alkane record
therefore possibly documents the variability of the RSL.
Mid-molecular-weight (MMW) n-alkanes are characteristic for aquatic (submerged or float-
ing) plant species (Ficken et al., 2000) as well as for Sphagnum species (Ficken et al., 1998a).
The course of the MMW n-alkane record resembles the variability that is displayed by the
n-C21 n-alkane record, with generally high concentrations of 798 -1387 µg/g OC in Unit I
(except in the lowermost depth, where concentrations of just 197 µg/g OCoccur) and lower
concentrations of 213-912 µg/g OC in Unit II. The attribution to aquatic plants or to ter-
restrial mosses is not clear, but the similarity between the MMW n-alkane and the other
n-alkane records suggests a common terrestrial source of these biomarkers. Highest concen-
trations of MMW n-alkanes coincide with relatively high C/N ratios between 6,500 and 5,500
cal BP, supporting a terrigenous origin of these biomarkers. The C/N variability within the
sedimentary sequence is relatively small, with values of 7.4 - 8.4 in the uppermost and the
lowermost parts of the record and with values of 8.7 to 10.4 between c. 6,500 and 700 cal BP.
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Low CPI values point to high proportions of even-numbered n-alkanes in the sediments
of Co1308. Since metabolization by microbes favors even numbered chain lengths, CPI
can be used as an indicator for degraded sources of n-alkanes (Cranwell, 1981). However,
CPI values vary for different plant species, so that CPI variability can also reflect changing
sources of n-alkanes. The contemporary moss sample revealed a CPI value of c. 10, whereas
the tussock grass sample had a value of c. 20 (Berg et al., 2019). CPI values successively
decrease from 8.8 to 4.8 between the bottom to the top of the record, likely pointing to
increasing proportions of degraded n-alkanes in the sediments. An exception for this trend
is displayed by a relatively high value of 8.1 around 2,800 cal BP. Together with decreasing
CPIs, grain-size of the sediments increases from clay and silt in Unit I to silt with increasing
proportions of fine sand in Unit II. Consistently with the fine sand fraction, also the record of
coarser grains of > 1 mm increases in Unit II and reaches particularly high counts between
2,500 and 2,000 cal BP. The vegetational change in the catchment of the lake may have
favored the transition in grain size. The fine material in the lower part of the record likely
consists of larger fractions of fresh moss organic matter, indicated by similar CPI values
of sedimentary n-alkanes and contemporary moss sample. The moss-dominated vegetation
in Unit I, possibly retained large parts of coarser material within the moss layer. With an
increasing proportion of more unconsolidated tussock grass stands, run-off possibly canal-
ized between the stands and transported higher fractions of coarser sediments to the site.
Increasing heterogenity of the sediments in the course of the record and higher fractions of
degraded material were possibly mobilized during the grass-dominated phase. However, the
consistently decreasing CPI values throughout the record can also partly reflect progressive
degradation of n-alkanes since the time when vegetation establishment at the end of the
LGM.

6.3.5 Biomarkers and Proxies - Co1305

The subdivision of the sedimentary record Co1305 into four Units was discussed in chapter
4. The beginning of lacustrine sedimentation, marking the transition between Unit I (the
diamictic base of the record) and Unit II can only be anticipated to have happened around
c. 10.000 years BP. A detailed interpretation of the onset of lacustrine sedimentation, will
be given in later in this chapter.

The lacustrine stage of the record Co1305, comprising the time interval between c.10,000
and 7,300 cal BP, is characterized by generally low concentrations of aquatic as well as of
terrigenous biomarkers (fig. 6.4). Highly variable TOC concentrations of 0.8-2.3% may in-
dicate large fluctuations in the supply of clastic material to the site or variable preservation
conditions in the lacustrine environment. The vegetation in the watershed of the lake seems
to be dominated by high proportions of mosses, indicated by relatively small grass/moss
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Figure 6.4: Biomarker and proxy records of Co1305 against sediment age. Dashed vertical lines indicate the
inferred sediment ages of Unit II, derived from extrapolation of the agemodel of Unit IV and III.

ratios of 0.9 - 1. CPI values of 8.1-9.4, which are similar to the CPI of the recent moss
sample, likely support the predominance of this vegetation type during the lacustrine stage
of the record. High pH values of 7.7 are an indicator for just poorly developed, young soils
in the catchment of the lake. The fresh soil signal in the sediments supports the interpreta-
tion that CPI values do not reflect degraded n-alkanes but the source of the plant biomass.
Irrespective of the seemingly high concentration of HMW n-alkanes in mosses, lacustrine
sediments reveal only low abundances of these biomarkers (33 to 91 µg/g OC). Therefore, it
can possibly be assumed that vegetation density was low between 10,000 and 7,300 cal BP.
However, despite of an apparently low productivity of the terrestrial biosphere, dominant
contributions of terrigenous organic matter to the sediments are indicated for largest parts
of in the lacustrine stage by C/N ratios of 8.5-9.7. An exception is reveled at c. 9,600 cal
BP, where a C/N ratio of just 6.2 may points to a short period of relatively high proportions
of aquatic organic matter in the sediments. In contrast to the persistently low concentra-
tions of HMW n-alkanes, n-C22 alcohols and n-C16 fatty acids exhibit generally increasing
concentrations between 10,000 and 7,300 cal BP, resulting in a high proportion of aquatic
sedimentary biomass at the transition from Unit II to Unit III, which is reflected by a C/N
ratio of 6.2 around 7,300 cal BP. The variability of n-C16 fatty acid concentrations (27 -
330 µg/g OC) is much higher than that of n-C22 alcohols (86 - 146 µg/g OC), possibly sup-
porting the suggestion of variable preservation condition in the lacustrine stage of the record.
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Transgression from lacustrine towards marine conditions (Berg et al., 2019) started c. 7,300
cal BP and ended c. 7,000 cal BP. The sediments of this stage reveal high TOC concentra-
tions of 2.6 % and a large proportion of terrigenous organic matter, indicated by C/N ratios
of 8.8 - 9.6. A marked peak in the record of HMW n-alkanes supports a particularly high
supply of terrigenous biomass to the sediments (fig. 6.4). However, the large abundances of
HMW n-alkanes (396-457 µg/g OC) unlikely result from high terrigenous productivity alone.
Intense erosion of catchment areas, which had only minor contributions to the sedimenta-
tion in previous phases, may partly have caused the high amounts of terrigenous organic
matter in the sediment. Erosional products from these areas are apparently characterized
by a relatively low pH of 7.2 which indicates large proportions of aged soils. If assuming
that the lake level was way below the sill of LJL when the marine transgression started,
entering ocean water probably flushed the slopes of the catchment and mobilized organic
matter of older soil deposits. Additionally, mosses which likely colonized the steep flanks
of the watershed were possibly eroded to a high extend by the inflowing water, causing
particularly low grass/moss ratios of 0.8 -1 during thetransgression.
High erosion rates may have caused a large nutrient supply to the aquatic site at that time.
Enhanced aquatic productivity is likely reflected by high concentrations of n-C22 alcohols
and n-C16 fatty acids in the sediments (297-412 and 880-891, respectively). However, al-
lochtonous supply of marine biomass, transported within the ocean water, may also have
contributed to the high abundances of sedimentary n-C22 alcohols and n-C16 fatty acids.
Erosion of land surfaces, which seems to have largely dominated the composition of sedi-
mentary organic matter at the beginning of the transgression, likely decreased at the end
of this phase. When full marine conditions established around 7,000 cal BP, a C/N ratio
of 7 indicates high proportions of marine biomass in the sediment composition. Plankton
species, which were possibly not as vital in the brackish waters, were likely favored from
that time on.
Multiple effects apparently determined the sediment composition during the marine trans-
gression, including high terrigenous and marine productivity as well as increased erosion of
land-derived organic material. Enhanced preservation conditions due to high sedimentation
rates possibly also played an important role for the distribution of biomarkers during this
stage of the record.
A short time interval after the marine transgression, between c. 7,000 and 6,600 cal BP,
reveals still high concentrations of marine as well as of terrigenous biomarkers (fig. 6.4). A
dominant contribution of terrigenous organic matter to the sediments is indicated by C/N
ratios between 9.7 and 8 and a maximum concentration of HMW n-alkanes of 312 µg/g
OC. TOC has a constant concentration of 1.8% between c. 7,000 and 6,600 cal BP and
then decreases gradually to a minimum of 0.9 % around 5,500 cal BP. Concentrations of
n-C22 alcohols and of n-C16 fatty acids decrease as well from values of 369 and 761 µg/g
OC at c. 6,600 cal BP to values of 141 and 158 µg/g OC at c. 5,500 cal BP, respectively.
HMW n-alkane concentrations show a distinct drop after c. 6,600 cal BP and display lowest
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abundances of 49 µg/g OC around 5,500 cal BP. C/N ratios of 7 - 7.7 likely reflect the
decreasing proportion of terrigenous organic matter during this period.
A transition in composition of the terrestrial vegetation is indicated by increasing grass/moss
ratios up to 1.3 around 6,400 cal BP. The assumption of the succession of grass species is
also supported by increasing CPI values, which exhibit a maximum of 19.5, close to the
CPI of a recent grass sample, around 6,000 cal BP. However, despite of the establishment
of new plant communities in the catchment of LJL, low pH values of 7.1 - 7.2 apparently
point to a persistent erosion of aged soils until 6,000 cal BP, possibly caused by a further
increasing RSL after the marine transgression. After 5,500 cal BP, erosion of mainly recent
soils is indicated by higher pH values. However, the development and aging of these soils
has resulted in a persistent decrease from a pH of 7.4 around 5,500 cal BP to a pH of 6.8 in
present times.
After 5,500 cal BP, when TOC and all biomarkers displayed minima of their abundances,
concentrations slowly increase again until c. 4.200 cal BP. In this phase of the record,
grass/moss ratios remain stable but CPI values vary between 12 and 15.7, possibly indicat-
ing variable contributions of degraded n-alkanes to the site, rather than variable sources.
A small variability in the concentrations of TOC (2 -2.4%), of C/N ratios (7.1- 6.3) and of
HMW n-alkanes (47-243 µg/g OC) is revealed for the time interval between c. 4,200 and 500
cal BP, pointing to relatively constant environmental conditions. n-C22 alcohol and n-C16

fatty acid concentrations are also quite uniform during this period with values of 189-216
µg/g OC and of 231-608 µg/g OC, respectively. However, around 3,200 cal BP particularly
high concentrations of n-C22 alcohols (412 µg/g OC) and a low BIT Index of just 0.4 may
point to a period of exceptionally high marine productivity.
Between c. 500 cal BP and present, nearly all records display a high variability. A high
marine productivity is indicated for the period between 500 and 140 cal BP by n-C16 fatty
acids concentrations of 632 -1067 µg/g OC. These high abundances of n-C16 fatty acids con-
trast low HMW n-alkane concentrations of 41- 154 µg/g OC during this phase. However,
low abundances of HMW n-alkanes unlikely reflect low terrigenous productivity but rather
a differing composition of plant communities. Particularly high proportions of grasses are
indicated by an exceptionally high grass/moss ratios of c. 1.5 during this period. Increased
erosion of (degraded) soils in this grass-dominated environment is likely reflected by BIT
indices of 0.6-0.9 as well as by relatively low CPI values of 11.0-11.6. Between 140 cal BP
and present, BIT indices are particularly high (0.8-0.9). The low pH of just 6.8 of the surface
sediments may suggests a higher contribution of aged soils in recent times.

6.3.6 GDGT-derived Temperature Reconstructions - Co1305

Besides of the utilization of GDGTs as lipid biomarkers, the correlation of their structural
differences with environmental factors like air temperature, sea-surface temperature or soil
pH, enables their application as environmental proxies. Several temperature calibrations and
temperature proxies were developed based on investigations of the distributions of aquatic-
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derived isoGDGTs, as well as of soil-derived brGDGTs, in sedimentary archives.
The coastal marine setting of LJL enables the application of temperature proxies that are
based on marine isoGDGT as well as on soil-derived brGDGTs.

Tex86 proxy for SST reconstructions: The Tex86 temperature proxy was developed
based on the observation that the number of cyclopentane moieties in aquatic-derived
isoGDGTs apparently increases with growth of temperature (Schouten et al., 2002). A
high correlation of Tex86 with the annual mean temperature of the upper mixed layer of
the ocean enables the application of Tex86 for reconstructing sea surface temperature (SST)
(Kim et al., 2008). However, applying the Tex86 temperature proxy in high latitudes is
complicated, because the crenarchaeol regio-isomer (cren’), which is included in the Tex86
proxy, is apparently insensitive to temperature variability in the polar oceans. A regional
calibration (TexL86), excluding cren’, was therefore developed for these regions (Kim et al.,
2010).

For the record of LJL a TexL86-based SST reconstruction was performed. In fig. 6.5a,
reconstructed SSTs are displayed as temperature anomalies (the local deviation from the
mean SST of the record). The revealed SST variability of the LJL record can be subdivided
in three distinct phases. Between c. 7,200 and c. 3,700 cal BP, SSTs are generally low
and therefore result in mostly negative or slightly positive temperature anomalies of +1.8
to -18.7�C. In contrast, exclusively positive temperature anomalies of +3.2 to +18.1 �C
characterize the period between c. 3,700 and c. 800 cal BP. For the time interval between c.
800 cal BP and present, reconstructed SSTs display a smaller amplitude than in the previous
phases (-4.1 to +6.1�C) but a relatively high temporal variability. The unrealistically high
absolute variability of SSTs indicates that the TexL86 apparently do not perform well in
LJL, as also observed in other high latitude regions (Ho et al., 2014). However, even if
absolute SSTs are not reliable, the SST variability can may be compared other temperature
reconstructions derived from this record, so that similarities and differences of general trends
e.g. between air and water temperatures can be identified and potential biases can may be
encountered.

MBT’/CBT proxy for MAAT reconstructions: The Methylation of Branched Tetra-
ethers (MBT) and the Cyclization of Branched Tetraethers (CBT) indices (MBT/CBT) rely
on the apparent adaptation of brGDGT producing soil bacteria to growing conditions in
the soils. Distributions of brGDGTs in a global soil dataset revealed that soil pH and mean
annual air temperature (MAAT) are the major environmental factors for the structural
variability of brGDGTs (Weijers et al., 2007). Alteration of the number of cyclopenpentyl
moieties changes the membrane fluidity of brGDGTs, so that soil bacteria can survive in
unfavorable habitats, when they reduce the permeability of their membranes. Apparently,
the number of cyclopentane moieties in the brGDGTs can be related to soil pH, whereas
the number of methyl groups can be related to both soil pH and MAAT (Peterse et al.,
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Figure 6.5: GDGT-derived Temperature Reconstructions for the records Co1308 and Co1305. Reconstructed
temperatures are not displayed as absolute values but as temperature anomalies (the local deviation from
the mean value of the record).

2009). Based on these relationships, and under consideration of an extended calibration soil
dataset, the revised (MBT’/CBT) was developed by Peterse et al. (2009).

Several uncertainties have to be considered, because of the calibration of the MBT’/CBT
proxy against MAAT and because of potential biases in the analyzed brGDGT records. De-
spite of the high correlation between MBT’/CBT and MAAT in the investigated global core
top calibration data set, it can be assumed that MBT’/CBT would probably even better
relate to soil-surface temperatures. However, soil temperatures are not documented at high
spatial and temporal resolution so that they cannot be employed for a global calibration
purpose. On larger regional or global scales, it is particularly true that MAAT and soil-
surface temperature are virtually equal, because soil temperatures are largely governed by
air temperatures. But, on a local scale the offset between the air and soil temperatures can
be quite variable. The scatter resulting from this potentially variable relationship translate
into a standard error of estimates of ca. 4 �C in the calibration of MBT’/CBT with MAAT
(Weijers et al., 2011a).
Besides of the uncertainties that derive from the calibration of the proxy against MAAT, a
seasonal bias can be introduced to the temperature signal when brGDGT-producing bacte-
ria have a preferential growing season (Peterse et al., 2012). Generally lower correlations for
high latitudes than for temperate regions were observed in the global core top dataset which
may partly relate to the stronger seasonality in these regions. A temporal variability of the
vegetation cover, of the precipitation amount or intensity as well as of the variable sources
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Table 6.3: Results of temperature reconstructions, BIT indices and #Ringstetra indices of the record Co1305.

Little Jason Lagoon - Co1305

Kim Peterse Sinninghe-Damsté
et al. 2010 et al. 2012 et al. 2016

depth years SST CBT MBT’ MAAT BIT #Ringstetra
[cm] cal BP (�C) (�C)

0 0 9.1 1.04 0.55 12.0 0.85 0.16
4 4 15.9 1.06 0.45 8.6 0.83 0.11
55 63 12.2 0.53 0.38 9.5 0.61 0.32
103 140 8.0 0.44 0.41 11.0 0.64 0.32
128 188 14.5 0.47 0.39 10.2 0.76 0.34
176 296 14.8 0.48 0.35 8.8 0.76 0.35
210 385 20.7 0.47 0.32 8.2 0.78 0.34
234 454 8.4 0.53 0.37 9.3 0.80 0.34
258 527 18.3 0.42 0.33 8.7 0.66 0.42
308 712 13.2 0.41 0.36 9.6 0.64 0.41
371 1031 23.1 0.48 0.30 7.5 0.71 0.36
418 1331 20.3 0.49 0.31 7.7 0.69 0.34
468 1708 18.6 0.47 0.34 8.7 0.65 0.39
522 2285 18.7 0.50 0.30 7.2 0.62 0.32
572 2779 15.3 0.47 0.32 8.1 0.63 0.47
612 3140 30.3 0.00 0.35 11.8 0.37 0.65
671 3576 17.7 0.48 0.36 9.1 0.69 0.33
720 3993 1.2 0.20 0.27 8.1 0.53 0.51
770 4471 13.9 0.14 0.32 9.8 0.47 0.52
820 5002 2.5 0.28 0.26 7.2 0.52 0.47
868 5561 -0.3 0.19 0.27 8.0 0.50 0.54
912 6115 -2.2 0.28 0.37 10.8 0.54 0.45
938 6462 -6.6 0.18 0.39 11.8 0.51 0.51
962 6795 0.65 0.38 9.0 0.72 0.24
988 7169 11.8 0.81 0.35 6.9 0.64 0.26
1010 8225 0.62 0.08 -0.3 0.99 0.43
1028 8772 10.7 0.46 0.12 2.0 0.99 0.30
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Table 6.4: Results of temperature reconstructions and #Ringstetra indices of the record Co1308

Allen Lake A - Co1308

Peterse Sinninghe-Damsté Foster
et al. 2012 et al. 2016 et al. 2016

depth years CBT MBT’ MAAT #Ringstetra MSAT
[cm] cal BP (�C) (�C)

0 0 1.19 0.30 3.4 0.07 7.0
4 154 1.11 0.40 6.9 0.09 8.2
12 459 1.05 0.34 5.4 0.09 7.8
28 1058 0.96 0.34 6.0 0.09 9.0
44 1644 0.92 0.34 6.2 0.12 8.7
60 2215 0.86 0.31 5.6 0.14 7.7
76 2772 0.88 0.31 5.6 0.12 8.7
92 3314 0.89 0.23 2.8 0.16 6.8
103 3679 0.68 0.36 8.0 0.18 12.0
119 4197 0.66 0.22 4.0 0.16 11.7
135 4702 0.57 0.24 4.9 0.24 11.3
156 5342 0.48 0.23 5.3 0.26 16.1
164 5580 0.64 0.26 5.2 0.19 10.7
180 6044 0.58 0.21 4.0 0.20 11.5
196 6494 0.66 0.20 3.3 0.18 8.5
212 6930 0.73 0.23 3.7 0.16 11.0
228 7351 0.87 0.29 5.0 0.16 9.0

of brGDGTs can further increase the uncertainty of the correlation between MBT’/CBT
and MAAT (Sun et al., 2011).

Reconstructed MAATs of the LJL record vary between 7.2 -12�C. For the period between c.
5,700 cal BP and present, the MAAT variability shows similar trends as the TexL86- derived
SSTs, including maximum temperatures at c. 3,200 cal BP (fig. 6.5 a,c). Between c. 5,700
and 7,200 cal BP, positive MAAT anomalies contrast negative SST anomalies.

6.3.7 GDGT-derived Temperature Reconstructions - Co1308

MBT’/CBT proxy for MAAT reconstructions: The application of the MBT’/CBT
proxy is often hampered in lacustrine environments because of high amounts of brGDGTs
that were produced within the lakes (Tierney and Russell, 2009; Weijers et al., 2011b).
However, #Ringstetra indices which display small values for the entire record of ALA (tab.
6.4), indicate that in situ production is only of minor importance in the sediments of the
investigated lake site. Therefore, MAATs were reconstructed for the brGDGT record of
ALA, based on the MBT’/CBT proxy (fig. 6.5 c). The displayed MAAT variability is quite
small for most parts of the record (3.4-6.9�C) and generally lower than for LJL. Only between
3,680 and 3,450 cal BP, minimum and maximum values of 2.8 and 8�C were calculated.
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Regional calibration for MSAT reconstructions: Because of the generally poor per-
formance of GDGT-derived temperature reconstructions in high latitude environments, a
regional calibration based on 32 lacustrine records from Antarctica and the sub-Antarctic
was developed by Foster et al. (2016). Distributions of brGDGTs in these lakes showed
stronger correlations with mean summer air temperature (MSAT) than with MAAT, pos-
sibly due to the seasonality of their production. Other than for MBT’/CBT, correlation of
the brGDGT composition with temperature is apparently stronger than with soil pH in this
dataset. Furthermore, a great importance of GDGT-IIIb in cold lacustrine environments
was discovered in this study (correlation with MSAT r2 = 0.76). Based on theses findings,
the regional MSAT calibration was developed, based on a weighted sum of IIIa, IIIb, IIa
and Ib.

Reconstructed MSAT of the ALA record display a variability of 7.0-16.1�C (fig. 6.5 d). As
for MBT’/CBT-derived MAAT estimates, a marked transition is also indicated by MSAT
between c. 3,700 and 3,300 cal BP. Before this period, MSATs display mostly positive
temperature anomalies. Between c. 3,300 cal BP and present, temperature anomalies are
always negative.

6.3.8 Evaluation of Temperature Reconstructions

The spatial proximity between ALA and LJL, both located at low altitudes on the north-
eastern coast of South Georgia, suggests generally similar climatic conditions at these sites.
However, it might be assumed that local differences, e.g. in the amplitudes of air tempera-
tures, are possibly favored by site-specific environmental factors of the respective settings.
At the site of LJL, orographic effects of the high mountain ranges, which encompass the
marine inlet, potentially affect the local temperature variability. Particularly high air tem-
peratures may occasionally be favored in this setting by föhn effects of the persisting south-
westerly winds, crossing the mountain ridges (Gordon et al., 2008). On the other hand,
shadowing effects of the mountains during distinct times of a day (or seasons) might pro-
mote prolonged periods of locally low air temperatures. These opposing orographic impacts
might be expected to potentially cause relatively large temperature variations (on different
timescales) in the setting of LJL.
Such orographic effects are probably of minor importance for the local temperature vari-
ability at the ALA site, which is located at a more exposed position on Lewin Peninsula,
near the coast. It can be assumed that the setting of ALA experience a strong maritime
influence, possibly resulting in a relatively small local amplitude of air temperatures.

Site-specific variability of the local amplitudes of air temperatures may partly explain dif-
ferences between MAAT estimates derived from the ALA and the LJL record (fig. 6.5
a,c). However, besides of these potential local differences, it can be expected that general
temperature trends are similar in both settings. The lack of coherence in reconstructed tem-
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peratures, therefore might point to additional environmental differences between the sites,
which strongly affect the distribution of brGDGTs in the aquatic sediments.

Most suspicious in the MAAT and MSAT reconstructions that were derived from the
brGDGT record of the ALA site, is a distinct shift (or a high variability) of tempera-
tures between c. 3,680 and 3,450 cal BP (6.5 c,d). The grass/moss ratio indicates that the
proportion of grasses reached a plateau at that time, after a gradual increase. The vegeta-
tional succession in the catchment of ALA is accompanied by several sedimentological and
biogeochemical changes in the lake sediments, e.g. of sediment color, grain size, TOC and
biomarker concentrations (fig. 6.3), supporting a marked environmental transition in the
lacustrine setting. Since succession of plant communities points to generally ameliorating
climatic conditions, the opposing MSAT trend from mainly positive temperature anoma-
lies before c. 3,680 cal BP to negative temperature anomalies after 3,450 cal BP (6.5 d),
seems to reflect changing soil properties rather than climatic influences. An alteration of the
habitat of soil bacteria may have led to a change in bacterial communities or to an adapta-
tion to environmental factors by structural modification of brGDGTs. Correlations between
significant changes in reconstructed MAAT (derived from MBT’/CBT) and environmental
transitions were previously documented. A considerable drop of reconstructed MAAT from
a peat record was found to coincide with a transition from the Carex dominated fen peat
to Sphagnum dominated bog peat (Weijers et al., 2011b). Humidity was also considered
to have an effect on the MBT index, since Huguet et al. (2010) found lower MBT indices
at wetter fen sites and higher MBT indices at drier bog sites. It seems plausible that en-
vironmental changes might have overprinted the temperature signal in the brGDGT record
of the ALA site. Therefore, brGDGT-based temperature reconstructions derived from this
site are likely biased and need to be rejected from further considerations.

Such drastic environmental changes are not indicated by the sediment properties of the
LJL record. The grass/moss ratio is quite constant at this site, assuming that vegetational
transitions were not as pronounced. Therefore, it can be expected that the brGDGT-based
temperature reconstructions derived from the record of the LJL site are much less biased
by these environmental changes and may result in more reliable MAAT estimates for this
region. Different from sedimentary sites that are supplied by large river systems, the site
of LJL receives sediments from a relatively small catchment area. Mixing of soil types
that have different degradabilities, and that are therefore exported on different timescales,
distorting the temperature record (De Jonge et al., 2016; Sinninghe Damsté, 2016) is not
indicated in the setting of LJL.

Despite of the unrealistic absolute temperatures derived from the Tex86 proxy, the relatively
good match in the general trends, compared to the MBT’/CBT derived temperatures, may
indicate that the SST variability can be derived by Tex86 in the setting of LJL. However,
a good accordance between the trends of the Tex86 and the MBT’/CBT proxies is revealed
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for most of the record. The mismatch in the older part of the record can point to erosion of
older soils from warmer periods, so that MAAT is overestimated. More likely, MAAT and
SST really differed at that time. The high IRD supply may indicate that air temperature
was high, resulting in high melting rates. Inflow of large amounts of ice and melt water into
the inlet may simultaneously have reduced SST in this environment.

6.4 Interpretation

6.4.1 Start of Sedimentation in LJL: > 15,200 - < 11,200 cal BP

At the base of the sedimentary record Co1305 from LJL, diamictic sediments document a
former glaciation at the coring site, where the prospective lake and later the marine inlet
evolved. A plant remain that was recovered from the deepest lake sediments at 10.34 m,
few centimeters above the diamicton, yielded an age of 15,160 ± 250 cal BP (tab. 6.2 and
fig. 6.2). To date, the oldest direct evidence for ice-free conditions on South Georgia is
documented by the onset of lacustrine sedimentation in Block Lake on Tønsberg peninsula,
prior to 18,600 cal BP (Rosqvist et al., 1999). Other records from South Georgia provide
basal ages of peat and sediment sequences of c. 12,000 to 9,000 cal BP (tab. 6.5 ), marking
the start of the Holocene. The find of the plant remain in the sedimentary record of LJL
reveals that on Lewin Peninsula deglaciation took place prior to 15,160 ± 250 cal BP, since
soil development was apparently far enough progressed to enable plant succession in ice-free
areas. This supports the idea of a rapid ice retreat from the shelf to the islands shortly after
the LGM maximum extend (Barlow et al., 2016; Graham et al., 2017). Fast colonization of
early ice-free refugia, indicated for Tønsberg peninsula (Rosqvist et al., 1999), can therefore
also be expected for Lewin Peninsula.
Interestingly, just five centimeter above this find, a second plant remain (from a sediment
section not included in the composite profile) reveals an age of just 11,200±60 years cal
BP. The large temporal offset between the ages of the two plant remains matches quite well
the timing of glacier advances in Cumberland Bay (c. 15,170 and 13,340 yr ago) associated
to the ACR (Graham et al., 2017). Re-advance of local glaciers in the course of the ACR
is also documented by "Stage 3" moraines (termed by Clapperton et al. (1989)) around
LJL (White et al., 2018), indicating that plant succession was probably restricted in the
watershed of LJL, at that time.
Based on the ages of the two plant remains, the onset of lacustrine sedimentation at site
Co1305 can be drawn by different scenarios (indicated by dashed lines in fig. 6.2)):
1. Lacustrine conditions established after the deglaciation that followed the LGM (prior to
c. 15,200 cal BP). The lake was then overridden by re-advancing glaciers during the ACR,
interrupting sedimentation until the glaciers retreated again at the end of the ACR (prior to
c. 11,200 years cal BP). However, if assuming that site Co1305 experienced a further glacia-
tion after the establishment of lacustrine conditions, alternating lacustrine and diamictic
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sediments would be expected in the lower part of the record. Since a disruption of lacus-
trine sedimentation cannot be identified based on sediment properties, the first scenario
appears unlikely. The second scenario, implying a sedimentation rate of just 1 cm/1000
years, seems also quite unrealistic. Moreover, ice-free conditions at site Co1305 during the
ACR seem implausible, since an extensive glaciation in this area is indicated by sub-aquatic
moraines in the fjords of the Cumberland Bay (Graham et al., 2017), as well as by moraines
around present shore of LJL (White et al., 2018).

2. The lake formed after the post-LGM glacier retreat but remained unaffected by the
re-advancing ACR glaciers that did not reach the site. The particularly severe cooling in
the South Atlantic sector during the ACR (Pedro et al., 2015) restricted glacial and fluvial
inflow into the lake and/or favored a persistent ice cover on the lake, resulting in a very
small lacustrine sedimentation rate between c. 15,200 and 11,200 cal BP.
3. First ice-free conditions after the LGM prevailed somewhere else in the catchment of LJL,
but the site Co1305 remained glaciated, or at least the lake was not yet formed, at that
time. Re-advancing ACR glaciers covered the vegetation and plants that grew in ice-free
areas were stored under the ice until the end of the cold period. Formation of the lake
started just by the end of the ACR and the older plant remain, that has been released by
the melting ice, was deposited at the site shortly after the onset of lacustrine sedimentation.

Therefore, an onset of lacustrine sedimentation at site Co1305, only after the glacier retreat
that followed the ACR, appears most likely. Melting of the ACR glaciers, possibly caused
a rapid infill of the newly exposed basin of LJL with debris-laden meltwater prior to the
commence of lacustrine sedimentation at the site. A transition from coarse diamictic ma-
terial at the base of the record Co1305 to finer water-rich diamictic sediments are possibly
a witness of this process. However, the time of lake formation may still be overestimated
by the younger plant age of 11200±60 years cal BP. At other depths of the record, ages of
plant remains indicate distinct "pre-aging" of the terrigenous organic material. Therefore,
lacustrine sedimentation possibly started just 10.000 cal BP or later, when glaciers were al-
ready extensively retreated from the lower zones of the north-eastern coast of South Georgia
(Rosqvist and Schuber, 2003).

6.4.2 Lacustrine Stage of LJL: < 11,200 - c. 7,300 cal BP

The early Holocene that started on the Southern Hemisphere c. 11,000 years BP with the
establishment of an interglacial climate (Nielsen et al., 2004) is reflected by the lacustrine
sequence of the LJL record. This sequence comprises c. 70 cm and ends with a marine
transgression around 7,300 cal BP. The low sedimentation rate during the lacustrine stage
as well as the fine lamination of the sediments point to a low energy discharge regime during
that period. The IRD record documents continneous glacial activity in the catchment. This
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Table 6.5: Basal peat and lake sediment radiocarbon dates. This overview is taken from Van Der Putten
and Verbruggen (2005)

Sample Type Author Age cal BP

lake sediments Rosquist et al. (1999) 19550-18050
peat Clapperton et al. (1987) 9690-9420
peat Barrow et al. (1983) 12150-9650
peat Clapperton et al. (1989) 11600-10550
peat Smith (1981) 11050-10500
peat Smith (1981) 11200-10250
peat Smith (1981) 9920-9550
peat Smith (1981) 9760-9530
peat Van der Putten and Verbruggen (2005) 10700-9900
peat Van der Putten and Verbruggen (2005) 9410-9030
peat Van der Putten et al. (2004) 10560-10230
peat Van der Putten et al. (2004) 11200-10550
lake sediments Van der Putten and Verbruggen (2005) 9500-9140
lake sediments Van der Putten and Verbruggen (2005) 10400-9970

supports the assumption that the local glaciers were already extensively retreated when
lacustrine sedimentation started in LJL. Advanced deglaciation at the beginning of the
early Holocene is as well indicated by the onset of lake sediment and peat accumulation
in many records of South Georgia between c.11,000 to 9,000 yrs BP (tab.) (Smith, 1981;
Rosqvist et al., 1999; Van der Putten et al., 2004; Van Der Putten and Verbruggen, 2005; Van
der Putten et al., 2009). Evidences from palynological studies reveal that nearly all plant
species were already present on the north-eastern shore of South Georgia at the beginning
of the Holocene (Barrow, 1983; Van Der Putten and Verbruggen, 2005). This indicates
that plants survived in refugia that remained ice-free during the ACR and rapidly colonized
ice-free zones after ice retreat (Rosqvist et al., 1999; Smith, 1981; Björck et al., 1991; Van
der Putten et al., 2009). Rapid colonization of the uncovered land by plants is indicated by
the continuous record of HMW n-alkanes in the lacustrine stage (6.4). CPI values of 8.1-
9.4 support that n-alkanes, most likely, derived from fresh vegetation and not from older
degraded sources in the catchment. However, generally low concentrations of HMW n-
alkanes in the lacustrine sediments of LJL, indicate that productivity on land was restricted
at that time (fig. 6.4). Low terrestrial productivity in the study area may hve been due
to a cooling trend between 9000 and 7000 cal BP that is documented in the sub-Antarctic
(Bianchi and Gersonde, 2004), may caused the .

6.4.3 Mid-Holocene Hypsithermal: c. 7,500 (7,300) - 5,800 cal BP

A climatic optimum in the sub-Antarctic region, between c. 7,500 and 6,000 years BP, is
indicated by e.g particularly high SSTs of the Ross Sea (Steig, 1998; Michalchuk et al., 2009)
(fig. 6.6). For South Georgia, a general warming trend after 8,400 cal BP (Rosqvist et al.,
1999) and a mid-Holocene warm peak at 6,100 cal BP (Rosqvist and Schuber, 2003) were
identified in lacustrine records from Tønsberg Peninsula.
Consistent with the observed warm phase in these studies, reconstructed MAATs of the LJL
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record reveal positive temperature anomalies between 7,000 and 5,800 cal BP (fig. 6.6d).
Generally high concentrations of HMW n-alkanes and of n-C21 alkanes (fig.6.7e,g), as well
as a low grass/moss ratio point to dominant proportions of mosses in the catchment of ALA
at that time (fig.6.7f) . Relatively wet climatic conditions after 6,200 cal BP are possibly
indicated by the establishment of Juncus sp. (fig.6.7 h), a species of flushed wet habitats
(Clapperton et al., 1989). In contrast to the positive temperature anomalies of the MAAT
record, reconstructed SSTs display negative values during the same phase (fig. 6.5b). This
situation might have resulted because high air temperatures may have caused melting of
the local glaciers at that time. Increasing IRD counts after 6,500 cal BP together with
decreasing TOC concentrations point to glacial supply of clastic sediments to the site. The
inflow of large quantities of glacial melt water possibly caused low water temperatures in
LJL, explaining the low SST estimates. Peak MAAT temperature anomalies around 6,500
cal BP (fig. 6.5a), coincide with the drainage of an ice-dammed lake in Stormness Bay (prior
6.300 years BP (Bentley et al., 2007)), supporting a possibly strong effect of air temperatures
on the loss of continental ice at that time.
Just MAATs of the time after 7,000 cal BP are considered for the interpretation, because
erosion of aged soils during transgression potentially has biased the MAAT reconstruction
in the period before by possibly integrating temperature signals of broader time span.

Rising RSL - Coastal Erosion: Since the last glacial termination, persistent melting of
the polar ice masses caused an immense release of fresh water into the oceans and led to a
dramatic eustatic sea level rise. Isostatic uplift of the island of South Georgia, caused by the
vanishing continental ice load after the LGM, compensated a part of the effect, but around
7,300 cal BP relative sea level (RSL) apparently rose above the sill of LJL. As a consequence,
ocean water flooded the basin of LJL and replaced the fresh water of the lake. Erosion of
older soils from the adjacent slopes of LJL is indicated by relatively low pH values at that
time (fig. 6.4). CPI values of 8.5 - 12 and low grass/moss ratios of 0.8 -1 indicate high
contributions of moss biomass to the sedimentary material during the marine transgression.
Inundation of the low-lying parts of the catchment likely reduced the vegetated area of the
catchment. The relatively long duration of the transgression and the weak lamination of
the sediments support that inflow of ocean water into the LJL basin probably happened
gradually and not by an abrupt flooding event.
Rising of the RSL, that is documented by the marine transgression in LJL between 7,300
and 7,000 years BP, continued beyond this event. Raised beaches in the adjacent Enten
Valley (Barlow et al., 2016) indicate that a highstand was probably reached when the sea
level was c. 8 m above of the sill, which connects LJL with the Cumberland fjord in recent
times. Persisting coastal erosion until 6,600 cal BP, as a consequence of the progressively
rising RSL, is indicated in the setting of LJL by relatively high C/N ratios of 8 to 9.3 and
a BIT index of 0.7 (fig. 6.4). Relatively low pH values of 7.1 may even point to further
erosional inputs until c. 6,000 cal BP.
The setting of ALA lies c. 17 m above the assumed sea-level highstand of +8 m. However,
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due to the position of the lake proximal to the shore, an influence of ocean water in the
catchment of ALA can be expected. The strikingly consistent increase of n-C21 alkane
concentrations between c. 7,500 and c. 6,000 cal BP, as well as the equally consistent
decrease after 6,000 BP may document the effect of sea spray or the accessibility of salt
water from upward migration for the habitat of salt marsh mosses. Optimum conditions for
halophytic vegetation around 6,000 cal BP can be interpreted as a result of the proximity
between ocean and lake, marking peak RSL at this time.
Based on pH values of LJL and on the n-C21 alkane record of ALA, a highstand of RSL
around 6,000 cal BP is indicated. Compared to the study of Barlow et al. (2016), the
assumed timing of peak RSL post-dates the minimum age estimate of the formation of
raised beaches in Enten Valley (4,350 ± 100 years BP) but pre-dates than the most probable
modeled highstand (c. 8,000 years BP).
raised beaches in Enten Valley (4,350 ± 100 years BP) but is early than the most probable
modeled highstand (c. 8,000 years BP).

6.4.4 "Neoglacial": c. 5,800 - c. 4,500 cal BP

A rapid cooling followed the mid-Holocene hypsithermal and led to negative temperature
anomalies in the MAAT record of LJL between c. 5,800 - c. 4,500 cal BP (fig. 6.6d).
This cooling trend and the establishment of a "neoglacial" climate was observed in several
regions of the world (Hodell et al., 2001). It caused e.g. glacier re-advances in Antarctica
between 6,000 and 4,500 cal BP (Michalchuk et al., 2009) and in South America and New
Zealand between 5,400 and 4,900 cal BP as well as sea ice expansion in the Atlantic sector
of the Southern Ocean around 5,000 cal BP (Hodell et al., 2001). The block lake record
from Tønsberg Peninsula documents cooler climatic conditions between 5,200 and 4,400 cal
BP for South Georgia (Rosqvist and Schuber, 2003), characterized by glacier re-advances
(Clapperton et al., 1989; Bentley et al., 2007; White et al., 2018).
The particularly high IRD record of LJL (fig. 6.6c) supports the assumption of a pronounced
glacial activity during that period, also in the setting of the marine inlet. Glaciers of
the catchment as well as icebergs from the Neumayer Glacier, which entered the inlet,
are possible sources of the IRD. Variable CPI values possibly point to varying erosion of
degraded n-alkanes by glaciers (fig. 6.4). The re-advance of glaciers was probably not
only caused because of cooler temperatures but also because of high precipitation during
this phase. Humid climatic conditions are indicated by maximum abundances of Juncus
sp. (fig. 6.7h) and high concentrations of mosses (fig. 6.7f) in the catchment of ALA.
Large abundances of mosses were also found in peat sequences from Stromness Bay, which
were deposited in the time interval c. 8,000 to 4,000 cal BP (Van der Putten et al., 2009).
Low TOC concentrations in both the ALA and the LJL record (fig.6.6a,b) likely reflect
a generally reduced productivity at that time and possibly dilution of organic matter by
clastic material. Relatively high pH values of 7.4 point to development of fresh soils in the
setting of LJL in this phase (fig. 6.4).
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Figure 6.6: TOC records of Co1305 and Co1308, MAAT and IRD record of Co1305 against time. Regional
overview of climatic reconstructions.

6.4.5 Late Holocene Hypsithermal: c. 4,500 - c. 2,700 cal BP

A period of significant warmth, the so-called hypsithermal, followed the "neoglacial" and
is indicated in several records from the Antarctic and sub-Antarctic region (Bentley et al.,
2007). On the South Shetland islands, a gradual warming and increasing humidity is sug-
gested for the period between 4,000 and 2,500 yrs BP, with an optimum at 3,000 yrs BP
(Björck et al., 1993). A warming trend is also evident in the Block lake record of South
Georgia for the time interval 4,400 to 3,800 cal BP (Rosqvist and Schuber, 2003).
The MAAT record of LJL indicates a short period of positive temperature anomalies be-
tween 4,500 and 4,300 cal BP and significant warmth around 3,100 cal BP (fig.6.6d). Glacier
retreat after 4,000 years BP in Cumberland East Bay (Bentley et al., 2007) and in Enten
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Figure 6.7: Selected biomarker and proxy records of Co1305 and Co1308 against time.

Bay (Barlow et al., 2016) apparently followed the climatic change. In LJL, a decreasing
influence of glacial supply is not only visible in the low IRD record at that time (fig.6.6c),
but also by a shift towards generally younger TOC ages which point to decreasing propor-
tions of glacially supplied ancient OC (details in chapter 4). Increasing TOC concentrations
between c. 4,500 - c. 2,700 cal BP in both the LJL and the ALA record (fig. 6.6a,b) indicate
increasing productivity due to ameliorated climatic conditions. A marked transition in plant
communities towards a landscape with higher proportions of grasses is indicated by increas-
ing grass/moss ratios of the ALA record (fig.6.7f). Increasing aridity as a consequence of
the southward shift of the westerlies at c. 4,000 cal BP is seen in a number of proxy records
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of South America (Bentley et al., 2007). A transition towards dry climate conditions is may
indicated in the setting of ALA by the replacement of Juncus sp. by Acena sp. around 4,000
cal BP, coinciding with maximum concentrations of Acena sp. and Poacea sp. pollen that
where found in the record of Fan Lake of South Georgia (Strother et al., 2015) (fig.6.7f,i,j).
Warm and dry conditions are also indicated at Kanin Point between 4,400 and 3,400 cal
BP (Van der Putten et al., 2009) and on Tønsberg Peninsula between 4,100 and 2,800 cal
BP (Van der Putten et al., 2004). However, negative temperature anomalies between 4,300
and 3,600 BP (fig.6.6d) indicate a short break of the warming trend in the study area.
The prominent advance of South Georgia tidewater glaciers around 3,600 years BP may be
associated to decreasing temperatures at that time and not as suggested by Bentley et al.
(2007), to high precipitations. Around 3,300 to 3,100 cal BP, high IRD concentrations in
LJL were possibly caused by high air temperatures, indicated by positive MAAT anomalies
(fig. 6.6 c,d). Peak concentrations of LMW fatty acids and n-C22 alcohol as well as a small
BIT index (fig. 6.4) point to an intensification of the marine productivity at that time, pos-
sibly associated to particularly high temperatures and possibly also to an increased nutrient
supply from the melting glaciers.

6.4.6 Climate Deterioration : c. 2,700 - c. 800 cal BP

Climate deterioration after the late Holocene "climate optimum" is indicated by negative
temperature anomalies between c. 2,700 - c. 800 cal BP (fig. 6.6d). A transition to cool
and wet conditions after 2,700 cal BP is also revealed in other lacustrine records from South
Georgia (Rosqvist and Schuber, 2003; Strother et al., 2015; Foster et al., 2016). Glacier
advances in Cumberland Bay are indicated for the Nordenskjöd Glacier after 2,000 cal BP
(Gordon, 1987) and for tidewater glaciers of the Moraine fjord between 1,500 and 1,300 cal
BP (Clapperton et al., 1989). However, low IRD records between 1,600 and 1,200 cal BP
in LJL indicate that glaciers are retreated to higher altitudes in the catchment of LJL at
that time (fig. 6.6c). Despite of a deterioration of climatic conditions, this phase seems
to be characterized by a relatively stable productivity, reflected by only minor changes in
biomarker and TOC records of both sites (fig. 6.4 and 6.3).

6.4.7 High Climatic Variability: c. 800 cal BP - Today

The phase between c. 800 cal BP and present seems to be characterized by variable climatic
conditions, possibly associated to short-term climatic events. Around 700 cal BP (1,250
AD), slightly positive temperature anomalies and high terrigenous as well as marine pro-
ductivity are indicated in the LJL record (fig. 6.4 and 6.6 d), possibly associated with the
Medieval Warm Period (MWP). Slightly negative temperature anomalies between c. 600
cal BP (1,350 AD) and cal 300 BP (1,650 AD) may reflect the Little Ice Age (LIA) climatic
event. Concentrations of HMW n-alkanes in the LJL record are quite low at that time as
well as TOC concentrations in ALA (fig.6.7b and 6.6b). A particularly high grass/moss
ratio, together with a BIT index of 0.8 and a low CPI in the setting of LJL (fig. 6.4)
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may indicate a clear predominance a grass and high erosion rates of soils and degraded
n-alkanes. A high marine productivity and/or good preservation conditions are indicated
by high concentrations of n-C16 fatty acids. The cold event seems to have ended with a
sharp temperature increase, culminating around 150 BP (1,800 AD). IRD concentration in-
creases simultanously, but also n-C16 fatty acids reach a maximum concentration and high
CPI values point to the input of fresh terrigenous organic matter. It seems that biomarker
trends and MAAT reconstructions are possibly not fully consistent in this phase. An offset
between different signals is associated with variable pathways of the sedimentary material
(e.g. high MRT of terrigenous components). This effect is possibly expressed because of the
high resolution of the data in this part of record.
An offset between different signals is may associated to variable pathways of the sedimentary
material (e.g. high MRT of terrigenous components). This effect is possibly expressed
because of the high resolution of the data in this part of record.

6.5 Conclusions

The investigation of individual biomarkers for a chronological purpose was beneficial in or-
der to develop a confident sediment chronology for the coastal marine record Co1305 of
Little Jason Lagoon. The combination of n-C22 alcohol ages along with n-C16 fatty acid
ages resulted in a chronology of c. 10,000 years.
The lacustrine sediment chronology for the record Co1308 of Allen Lake A was based on
calibrated radiocarbon ages of terrigenous macrofossils and HMW n-alkanes and yielded a
basal age of 7,500 years. It was found that despite of a small catchment and a small lake size,
biomarkers as well as macrofossils are severely "pre-aged" in this setting. Similar 14C ages
of plant macrofossils and terrigenous biomarkers pointed to common sources and transport
mechanisms of these materials. Because of the remarkably coherent age-depth relationship
between both sample types in the record, a constant deviation of 1,900 years was applied
for the chronology.
The good match between the timing of transitions in both records indicates that the sedi-
ment chronologies, that were derived from different sample types, are likely reliable. More-
over, similar trends in the records suggest significant environmental changes of regional
extend.
After a lacustrine stage in the setting of LJL, when the prospective marine inlet was dis-
connected from the ocean, marine transgression started around 7.300 cal BP. Fully marine
conditions established around 7.000 cal BP but RSL seems to have further increased until
c. 6.000 cal BP. Indications on RSL development were found in both records. In the LJL
record C/N ratios, BIT indices and pH values indicate a RSL highstand between 6,600 and
6,000 cal BP. The concentration of n-C21 alkanes in the sediments of ALA was interpreted
as indicator for RSL fluctuations in the lacustrine environment, based on the assumption
that n-C21 alkanes are characteristic biomarkers of salt marsh mosses. n-C21 alkanes have
not been used before to reconstruct RSL variations, but possibly they have good potential
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to identify salt-rich habitats.
An important environmental transition is indicated to have happened around 4,000 cal BP,
when climatic conditions ameliorated after a cold period. In the lacustrine core Co1308 of
Allen Lake A several changes were traced at that time, probably associated to the dominant
effect of plant succession in this setting. The changing landscape is apparently character-
ized by a transition from moss dominated vegetation to a grass dominated vegetation and
a replacement of Juncus sp. by Acena sp.. Vegetational changes appear to be recorded in
the distribution of HMW n-alkanes in the sediments of ALA. It seems that the vegetational
succession has a dominant effect on several sedimentological and biogeochemical properties
of the record and can therefore mislead environmental interpretations e.g. of productiv-
ity based on the sum of HMW n-alkanes or of temperature signals derived from brGDGT
distributions.



Chapter 7

Summarizing Remarks and
Perspectives

The studies comprising this thesis identified various depositional processes affecting distri-
butions and radiocarbon inventories of terrigenous and marine biomarkers in aquatic sedi-
ments of South Georgia. Compound-specific 14C ages of different sedimentary biomarkers
were evaluated with regard to their potential for chronological applications. The investiga-
tion of two continuous sedimentary records from a lake and a marine inlet resulted in the
reconstruction of Holocene environmental changes of the study area.

Retention of Organic Matter on Land: Transport of terrigenous organic matter from
land into aquatic environments was found to be delayed by approximately 1,900 to 2,600
years. Similar radiocarbon ages of terrigenous biomarkers (HMW n-fatty acids and HMW n-
alkanes) and of marcroscopic plant remains indicates that large fractions of the sedimentary
pools of terrigenous biomarkers likely derived from plant debris and not from heterogenous
soil reservoirs. Climatic conditions were assumed to have a major controlling function on the
preservation and storage of the organic matter in the sub-Antarctic setting of South Georgia.

An important question arising from the find that transport of terrigenous organic matter
is delayed relates to the paleoenvironmental information of this material in sedimentary
archives. When "pre-aged" terrigenous organic matter in the sediments is co-occurring with
more recently produced compounds, interpretations of paleoenvironmental signals may re-
late to different times. The parallel variations of marine and terrigenous biomarkers (n-C16

and n-C26 fatty acids) in most parts of the record Co1305, therefore, appear somehow
doubtful. However, they can possibly be explained by the strong impact of preservation
conditions in the sediments on the distributions of both respective biomarkers. Moreover,
the temporal resolution in the record is possibly too low to reveal distinct offsets between
the abundances of n-C16 and n-C26 fatty acids. Not only when comparing biomarkers of
marine and terrigenous origin, temporal offsets need to be considered. This is also the case
when deriving MAAT reconstructions from brGDGTs with a certain MRT in soils and re-
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lating the variability in other biomarker records to these temperature estimates.
Therefore, it appears necessary to better constrain the delay in the deposition of different
biomarkers more specifically. Whereas many investigations focussed on the 14C of biomark-
ers in marine sediments, there are only few 14C studies on biomarkers in soils. More system-
atic studies are needed in order to better understand 14C distributions in soils, including
different soil components (e.g. biomarkers, size or density fractions). It is desirable to not
only investigate 14C ages in depth profiles of soils, but also on the entire transport pathway
from source to sink regions. Moreover, influences of variable climatic conditions, discharge
regimes, catchment sizes, topography etc. need to be considered in these studies. Since
pathways of soil components can be very complex in large watersheds, these systems likely
offer various interpretations due of a range of opposed effects. For the identification of most
important environmental factors for the transport of soil components, small catchments like
that of ALA are possibly good study sites.

Carbon Redistribution from Land to the Ocean: Transport of terrigenous (plant
and soil) organic matter was assumed to mainly rely on fluvial processes, indicated by the
irregular distribution of HMW n-fatty acids in fjord sediments. In contrast, clear distribu-
tional trends of ancient OC in the fjords of Cumberland Bay point to an exclusive role of
glaciers for the mobilization of this material by mechanical erosion of the bedrock. This find
is in concert with other studies, which revealed that OC from petrogenic sources in fjords
derived mainly from physical erosion of sedimentary rocks.

Burial of OC in marine sediments is an important mechanism of long-term carbon seques-
tration. Continental margins are known as highly productive areas, which play a major
role in the global carbon cycle. Fjords are characterized by particularly high rates of OC
burial, so that these environments may have considerable importance for climate regulation
on glacial–interglacial timescales. Distinguishing between different carbon sources is very
important, because timescales of carbon transitions between reservoirs vary. Quantification
of OC sources in aquatic sediments, however, is a topical problem. To derive the pro-
portional contributions of three endmembers, and therefore to distinguish between different
allochtonous OC fractions, dual isotope mass balances based on �14C and �13C were applied
in several studies. A challenge in this approach is the attribution of �13C to the different
land-derived endmembers. �14C mass balance calculations with ratios of biomarkers (e.g.
n-fatty acids) seem promissing to overcome the difficulties of potentially non-conclusive �13C
values. CSRA of biomarkers additionally helps to constrain endmember �14C values.

Marine Sediment Chronologies based on Radiocarbon Ages of Biomarkers: Cal-
ibrated 14C ages of marine biomarkers (n-C16 fatty acids and n-C22 alcohols) were applied
to develop a sediment chronology for the coastal marine record Co1305 of Little Jason La-
goon. It seems that 14C ages of these biomarkers can yield a confident approximation of the
time of sediment formation in the study area.
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Compound-specific radiocarbon ages of n-C16 fatty acids were previously employed to es-
tablish marine sediment chronologies in coastal Antarctic regions. However, the coastal
marine setting of Little Jason Lagoon differs from these Antarctic environments by the fact
that supply of terrigenous material also introduces n-C16 fatty acids to the site. Here, com-
bination of 14C ages of labile n-C16 fatty acids together with ages of more refractory n-C22

alcohols seems to improve the accuracy of the chronology. In the upper part of the record,
n-C16 fatty acids yield more precise age estimates, whereas is the lower part, younger ages
of n-C22 alcohols indicate smaller fractions of "pre-aged" terrigeneous compounds.
Despite the elaborate laboratory preparation procedure, radiocarbon analysis of biomarkers
seems to be particularly eligible to establish or enhance sediment chronologies. The inves-
tigation of different biomarkers is very useful to trace diagenetical differences and to select
the most promising material for chronological purposes.

Lacustrine Sediment Chronologies based on Radiocarbon Ages of Plant Macro-
fossils: The sediment chronology for the lake record Co1308 was developed based on
calibrated radiocarbon ages of terrigenous macrofossils and HMW n-alkanes. Because of
the remarkably coherent age-depth relationship between both sample types in the record, a
constant deviation from the time of production of 1,900 years was applied for the chronology.

Allen Lake A is very small and has also a small watershed. The considerable "pre-aging"
of terrigenous organic matter in this environment challenges the general assumption that
macrofossils are transported with small delay in such environments. Cool and moist cli-
matic condition together with the slowly decomposing character of the investigated plant
types possibly accounted for the good preservation of the material on land. This find is im-
portant, since plant macrofossils are often investigated exclusively, when they are found in
sufficient amounts in lake sediments. When processes like intermediate storage are not fully
understood for the investigated depositional systems, ages of terrigeneous organic matter
can be misleading. When respective samples are used for sediment chronologies, consider-
able deviations from the time of deposition can result and lead to weak chronologies. It
seems therefore recommendable to investigate different sample types to identify site-specific
effects.

Effect of Plant Succession on Sedimentological and Biogeochemical Proxies:
Plant succession from a moss-dominated vegetation to a grass-dominated vegetation was
identified to have caused several sedimentological and biogeochemical changes in the sed-
iments of the lake record Co1308. Mosses were assumed to contain higher concentrations
of lipids than grasses, so that distributions of HMW n-alkanes in the sediments were in-
terpreted to reflect the inputs of a respective plant community, rather than terrigenous
productivity as a whole. It was assumed the replacement of a relatively dense moss cover
by single grass stands resulted in the erosion of sediments of larger grain sizes, which were
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previously retained by the mosses. Suspicious and implausible changes of reconstructed air
temperatures from brGDGTs, coinciding with the proposed vegetational transition, pointed
to changing soil properties and adaptation of brGDGT producing soil bacteria to these
changes.

All the sedimentological and geochemical changes in the record Co1308 impressively demon-
strate how vegetational succession can change soil characteristics as well as transport mech-
anisms. The effect of these changes on the distribution and composition of biomarkers can
distort the interpretation of corresponding proxies. Particularly when long records are an-
alyzed, the effect of environmental changes on the used proxies has to be considered. The
effect of vegetational changes can be expected to be particularly strong in the setting of
Allen Lake A, because of its small catchment size. Reasons why such a clear succession
did not happen in the setting of LJL are probably a more diverse vegetation and more
diverse soils as well as other environmental factors (like glaciers) that influence the terres-
trial biosphere. Analysis of plants from the catchment (more species than in this study)
seems recommendable to identify endmembers of sedimentary biomarkers, so that changes
in biomarker distributions associated to vegetational changes can be identified.

More Unusual Biomarkers for Environmental Reconstructions: An important
finding of this study is that sources of HMW n-alcohols (C22 to C28) cannot simply be
derived from the chain lengths of these biomarkers, as commonly assumed when HMW
biomarkers are ascribed to terrigenous origins. This indicates that it can be crucial to
investigate biomarker sources for each site specifically to prevent possibly inappropriate al-
location of biomarkers to generalized sources.

n-Alkanes with intermediate chain lengths, like n-C25, were found to be characteristic for
Sphagnum species. The potential of n-C21 alkanes as specific biomarkers of halophyte moss
species was not yet investigated. Further studies would be desirable to assess the validity of
n-C21 alkanes records for the characterization of the influence of sea water in coastal marine
environments and to reconstruct changes of the RSL.

Investigation of Lacustrine together with Marine Records: A high-resolution re-
constructions of Holocene environmental and climatic conditions have been obtained based
on two sedimentary records, Co1305 from Little Jason Lagoon and Co1308 from Allen Lake
A. The investigation of independent records from the same region seems advantageous to
distinguish between regional implications of climatic changes and more local processes. The
identification of significant environmental transitions, recorded in both settings, further
helps to better constrain the timing of these events and to evaluate the accuracy of the
respective sediment chronologies. It seems therefore desirable, particularly in regions where
age control is limited, to combine the data of independent aquatic environments to derive a
refined picture of environmental changes in the study region.
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